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ABSTRACT

Ascospores of Neurospora tetrasperma normally contain nuclei of both mating-type idiomorphs (2 and
A), resulting in self-fertile heterokaryons (a type of sexual reproduction termed pseudohomothallism).
Occasional homokaryotic self-sterile strains (either a or A) behave as heterothallics and, in principle,
provide N. tetraspermawith a means for facultative outcrossing. This study was conceived as an investigation
of the population biology of N. tetrasperma to assess levels of intrastrain heterokaryosis (heterozygosity).
The unexpected result was that the mating-type chromosome and autosomes exhibited very different
patterns of evolution, apparently because of suppressed recombination between mating-type chromo-
somes. Analysis of sequences on the mating-type chromosomes of wild-collected self-fertile strains re-
vealed high levels of genetic variability between sibling A and e nuclei. In contrast, sequences on
autosomes of sibling A and @ nuclei exhibited nearly complete homogeneity. Conservation of distinct
haplotype combinations on A and @ mating-type chromosomes in strains from diverse locations further
suggested an absence of recombination over substantial periods of evolutionary time. The suppression
of recombination on the N. fefrasperma mating-type chromosome, expected to ensure a high frequency
of self fertility, presents an interesting parallel with, and possible model for studying aspects of, the

evolution of mammalian sex chromosomes.

N 1927, SHEAR and DODGE described a new ascomyce-
tous fungal genus, Neurospora, in an article that
included morphological species descriptions as well as
detailed genetic analyses of sexual cycles (SHEAR and
DoDGE 1927). One of the species, Neurospora crassa,
later became an important organism for studies of ge-
netics and biochemistry. The N. crassa sexual cycle is
typical of that of the truly heterothallic (selfsterile)
species of the genus (reviewed by Raju 1980, 1992b).
Sexual reproduction results in a diploid nucleus that
undergoes meiosis and a subsequent mitosis to form
eight haploid ascospores, which are contained within a
specialized structure called an ascus. The contents of
an N. crassa ascus therefore represent a meiotic tetrad,
elaborated to four pairs of ascospores by the postmei-
otic mitosis. An ascospore germinates to produce a veg-
etative mycelium that is haploid and homokaryotic
(possessing genetically identical nuclei). Mating in N.
crassa is controlled by a single multi-gene locus on the
largest chromosome, representing linkage group I,
which we refer to here as the mating-type chromosome.
Successful matings occur only between strains with dif-
ferent sequences at the mating-type locus. The two alter-
native sequences at this locus, A and g, historically were
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referred to as alleles. However, they are now termed
idiomorphs, because the encoded structural genes do
not share detectable sequence homology (GLASS et al.
1990; METZENBERG and GLASS 1990; STABEN and YANOF-
SKy 1990). During meiosis, the A and a idiomorphs seg-
regate, with the result that each ascus possesses four A
and four a ascospores.

The mating-type chromosomes of the heterothallic
species in the genus Neurospora differ substantially in
the regions of the ¢ and A mating-type idiomorphs
(GLaSs et al. 1988). In their possession of nonhomolo-
gous regions that control critical aspects of sexual re-
production, in addition to homologous regions, the
mating-type chromosomes resemble the sex chromo-
somes of heterogametic organisms such as humans. In
the interest of clarity and expediency, we refer in this
article to nonmating-type chromosomes of Neurospora
as autosomes.

Among the species described by SHEAR and DODGE,
N. crassa and N. sitophila were eight-spored heterothal-
lics with the life cycle described above. In contrast, an-
other species, N. tetrasperma, produced asci with four
spores that were larger than those of the eightspored
species. These ascospores germinated to produce self-
fertile (homothallic) mycelia. SHEAR and DODGE made
two important observations that provided the first
strong evidence that the mycelium of N. tetrasperma is a
heterokaryon containing separate nuclei of the two mat-
ing types (DODGE 1927; SHEAR and DODGE 1927). First,
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they demonsirated that occasional small ascospores ger-
minated to produce strains that were self-sterile and that
in fact were heterothallic, producing successful matings
only when crossed with similarly derived mycelia of op-
posite mating type. These homokaryotic ascospores typi-
cally appear in asci that possess three heterokaryotic
ascospores and two smaller homokaryotic ascospores,
instead of the usual four. Second, SHEAR and DODGE
obtained evidence for the evolutionary conservation of
mating-type genes among species in the genus by dem-
onstrating that self-sterile N. ftetrasperma mycelia could
initiate mating with either N. crassa or N. sitophila, but
only when the proper mating-type combinations were
employed. The conservation of the A and ¢ idiomorphs
in N. tetrasperma was later proven by introgression into
N. crassa (METZENBERG and AHLGREN 1973).

The formation of self-fertile (A + a) ascospores in N.
tetrasperma is now understood to derive from pro-
grammed meiotic spindle alignment, nuclear movement
and ascospore delimitation, with the result that each
ascospore receives one nucleus of each mating type dur-
ing ascus development. Each ascospore receives a and
A nuclei produced from a single diploid nucleus. The
fidelity of this process is dependent on the segregation
of a and A idiomorphs at the first division of meiosis
(Figure 1A). Although ascus development differs in im-
portant respects between N. tetrasperma and the eight-
spored species, chromosome structures of N. tetrasperma
are virtually indistinguishable from those of N. crassa,
and gene order appears to be conserved (Howe and
HaysMAN 1966; PERKINS 1985; discussed below).

Apparent homothallism (self fertility) of the general
type exhibited by N. tetrasperma is referred to as pseudo-
homothallism or secondary homothallism. It has arisen
independently in diverse fungi, including Podospora an-
serina and  Gelasinospora letrasperma, two organisms
placed in the same ascomycetous family as Neurospora
(Sordariaceae), as well as the common commercial
mushroom Agaricus brunnescens (Langton and Elliott
1980). However, the genetic and cellular mechanisms
of pseudohomothallism differ substantially.

In N. tetrasperma, as many as 10% of the ascospores
and 20% of the conidia receive only one nuclear type
and are therefore selfsterile. Thus, there would appear
to be excellent potential for facultative outcrossing in
nature (Raju 1992a; Raju and Perkins 1994). The pres-
ent study was initiated to assess the level of intrastrain
genetic variability” in wild-collected strains of N. tetra-
sperma toward the goal of estimating the degree of out-
crossing. Quite separate from the question of outcross-
ing potential, our results revealed that N. tetrasperma
possesses a pattern of chromosome evolution that is
most readily explained by suppressed recombination

*We have avoided the terms heterozygous and homozygous in this
context. Most cells of N. tetrasperma are heterokaryotic, not diploid,
and for that reason, these terms are considered by some geneticists
to be inappropriate for stages in the life cycle other than the fusion
nucleus of the ascus.

on the mating-type chromosome. Recombination on N.
letrasperma autosomes appears to be normal relative to
other members of the genus. This pattern of chromo-
some evolution presents both an interesting case of ad-
aptation to accommodate a particular life history and
an example of chromosome evolution that in several
respects parallels that of mammalian sex chromosomes.

MATERIALS AND METHODS

Strains: We employed 11 heterokaryotic (parental) N. tetra-
sperma strains representing diverse locations. Each heterokaryon
was separated into a pair of A and @ homokaryotic sibling strains.
One pair (854, 85A) consisted of designated species-tester strains
(PERKINS, TURNER and BARRyY 1976) that were derived from a
common laboratory parental strain of unknown geographic ori-
gin. The other 10 pairs were chosen from the collection of
Davip PERKINS, Stanford University (PERKINS 1976; PERKINS and
TURNER 1988). Parental strains were chosen to represent a range
of geographic separation from same-site to different continents,
A more complete description of the strains and their origins is
given by JACOBSON (1995).

Genetic analysis: Genetic variability at specific loci was de-
termined by assaying restriction fragment length polymor-
phisms (RFLPs) in N. tetrasperma sequences homologous to
cloned sequences from N. crassa. All but one of these se-
quences were derived from the genomic cosmid library of
VOLLMER and YANOFsKY (1986). The cosmid sequences in-
cluded four that were mapped in N. ¢rassa to the mating-type
chromosome and three others that mapped to autosomes
(Figure 2). An eighth sequence was obtained as a lambda
phage clone (AL-1A) carrying a portion of the N. crassa qa
gene cluster (GILES et al. 1985), generously provided by ROB-
ERT GEEVER, University of Nevada. This sequence was chosen
specifically to examine polymorphism in a sequence that
maps close to the centromere of an autosome (Figure 2).

Genomic N. tetrasperma DNAs were purified using the
method of STEVENS and METZENBERG (1982). Cosmid DNAs
were labeled with digoxigenin-tagged dUTP, and blot hybrid-
ization and detection were performed using the Lumiphos
system of Boehringer-Mannheim.

Tree-building methods: RFLP data were subjected to tree-
building analyses using several different parsimony (bootstrap
and nonbootstrap) and distance procedures (Fitch, Kitsch
and UPGMA) available in PAUP version 3.1 (SWOFFORD 1993;
partial results presented here) and PHYLIP version 3.5
(FELSENSTEIN 1993; results not shown), respectively. For these
analyses, individual restriction fragments were scored as ei-
ther present or absent in each of the 22 homokaryotic strains
(APPENDIX). Fragments were assumed to be identical if their
mobilities were indistinguishable. Parsimony analyses with
PAUP employed matrices of presence/absence scores. Dis-
tance values for nonparsimony analyses were obtained with
the same matrices using the PAUP *‘Show Distance Matrix’’
option.

The scoring of restriction fragments as individual charac-
ters in principle is less desirable than scoring based on the
presence or absence of individual restriction sites, because
in the former case individual characters are frequently not
independent (SWOFFORD and OLSEN 1990). The method of
scoring employed here was required by the large data set.
The presentation of trees is intended primarily to dramatize
the different patterns of evolution observed for the mating-
type chromosomes and autosomes, and only secondarily to
suggest possible phylogenetic relationships.
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RESULTS AND DISCUSSION

Different patterns of evolution for different chromo-
somes: Our results present an intriguing and somewhat
complex picture of chromosome evolution among dif-
ferent N. tetrasperma strains. Most striking is the observa-
tion that hybridization with probes from the mating-
type chromosome produced results very different from
those obtained with autosomal probes. In nearly every
instance, RFLP differences were observed in sibling A
and a nuclei when we hybridized with any of four mat-
ing-type chromosome probes (Figure 3A and APPENDIX,
Figure Al and Table Al), demonstrating a high degree
of intrastrain polymorphism for linkage group I se-
quences. Trees produced based on RFLPs among these
mating-type chromosome sequences revealed cluster-
ing primarily influenced by mating type and only sec-
ondarily influenced by geography (Figure 4A). In con-
trast, sequences from three autosomes exhibited nearly
complete intrastrain homogeneity (Figure 3B; APPEN-
DIX). Trees produced based on autosomal RFLPs re-
vealed close affinities between sibling a and A strains,
and the observed clustering reflected the geographical
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mothallism in N. ftetrasperma. (A) Programmed
spindle alignment and nuclear positioning nor-
mally lead to delimitation of four heterokaryotic
ascospores (nuclear envelopes are not shown).
We note that mature ascospores actually possess
several nuclei of each mating type as a result of
mitotic divisions that occur during spore matura-

between the mating-type locus and the centro-
mere (shown in youngest ascus) would result in
the formation of single mating-type ascospores.
In the same manner, repeated crossing over on
autosomes can lead to loss of variability at other
loci. The genetic composition of ascospores in
this hypothetical example reflects the polarity of
chromatid separation at the second meiotic divi-
sion. This ascospore arrangement would be ex-
pected in one-half of the crossover asci. There is
an equal probability of obtaining a normal (a +
A} arrangement. (C) An occasional N. tetrasperma
ascus possesses three large heterokaryotic asco-
spores and two small homokaryotic ascospores.
(D) A typical ascus of an eight-spored, truly het-
erothallic species such as N. crassa is shown for
comparison.

A"’/

origins of the strains, with the caveat that substantial
genetic differences were observed among subgroups
from Louisiana (Figure 4B). The general features of
the trees presented, including all features relevant to
the conclusions presented in this article, were the same
with all methods of analysis. These included bootstrap
and nonbootstrap parsimony methods with PAUP, and
Fitch, Kitsch and UPGMA methods with PHYLIP (re-
sults summarized in Figure 4 legend). The results were
so consistent that our initial DNA preparation from
Hawaiian strain P5564, which gave an apparent anoma-
lous result in preliminary analyses, was first suspected,
and then confirmed, to be derived from a mixed culture
contaminated with a strain from Louisiana (Figure 3).
The very different modes of evolution exhibited by mat-
ing-type chromosomes and autosomes are also revealed
by the results of an analysis in which we assigned a
haplotype designation to each unique variant observed
with cosmid probes (Table 1; APPENDIX). The combined
results provide dramatic evidence that correct interpre-
tations of the course of evolution, drawn from compara-
tive-genetic information, are subject to pitfalls when
based on data from single loci or on invalid assumptions
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FIGURE 2.—Map locations of cloned sequences used as hy-
bridization probes (shown in bold) and several reference loci
(presented with reference to N. crassa linkage groups). Non-
cosmid gene locations are from PERKINS et al. (PERKINS et al.
1982; PERKINS 1992), except for the location of the ga gene
cluster, which is from CENTOLA and CARBON (1994). Loca-
tions for cosmid sequences were determined by multicent
mapping (METZENBERG ¢! al. 1984; METZENBERG and GROTE-
LUESCHEN 1993). The map is drawn approximately to scale.
®, the positions of centromeres.

(expressed or implied) regarding life history or genome
structure.

Suppressed recombination on the mating-type chro-
mosome: There appears to be a near or total absence
of recombination among the loci examined on the mat-
ing-type chromosome. Strong evidence for this is ob-
served as conserved cosmid-defined haplotype combi-
nations on A and a chromosomes from diverse parental
strains (Table 1). The conservation of haplotype combi-
nations, along with mating type, is most readily appar-
ent among four parental strains, P2356 and P2361 from
New Zealand, and P586 and P583 from Hawaii. Despite
the fact that the regions examined span a substantial
distance on the N. crassa mating-type chromosome (Fig-
ure 2), the results suggest no recombination among
them since the evolutionary divergence of these strains.
Similarly, we found no evidence for recombination
among these loci in the other N. tetrasperma strains ex-
amined. This is most evident in the results presented
in Figures 3A and 4A; it is less clear in Table 1, wherein
close affinities among certain haplotypes are obscured
by the summary presentation.

Our results complement those of crossing experi-
ments reported by Howe (1963) and HOWE and HAys-
MAN (1966), who observed reduced recombination

among several linkage-group I genes in N. tetrasperma
relative to that observed in N. crassa. For example,
among 154 progeny derived from homokaryotic asco-
spores, no recombination was observed between an al-
bino locus and the mating-type locus. Similarly, no re-
combination was observed between the mating-type
locus and the gene for cycloheximide resistance in 42
progeny (see Table 3 in Howe and HAysmMaN 1966).
The N. crassa loci for cycloheximide resistance and al-
bino are on the opposite chromosomal arm from the
mating-type locus, and they exhibit recombination fre-
quencies =40% with the mating-type locus (PERKINS el
al. 1982; D. PERKINS, personal communication). HOWE
and HAYSMAN suggested that relative to N. crassa, N.
tetrasperma might possess rearrangements on the mat
ing-type chromosome. Given the distribution of loci ex-
amined in our study and this previous study, it now
appears that the observed results reflect a more general
suppression of recombination on the N. tetrasperma mat-
ing-type chromosome, rather than differences in gene
arrangement involving large segments of the chromo-
some. Our results do not preclude the possibility that
small local rearrangements contribute to suppression
of recombination. The results of HOWE and HAYSMAN
and those reported here (see below) argue for normal
levels of recombination on autosomes.

Suppression of recombination on the mating-type
chromosome of N. tetrasperma should be adaptive to-
ward the goal of preserving self-fertility. Ordered nu-
clear movements during meiosis in this species, re-
sulting in spindle overlap during the second meiotic
division, typically produce heterokaryotic self-fertile as-
cospores, wherein a and A nuclei have been derived
from a single parental diploid nucleus (Figure 1A; RAJU
1992a). This pathway is dependent on first division seg-
regation of mating-type idiomorphs. A crossover be-
tween the mating-type locus and the centromere would
permit production of ascospores with either two a or
two A nuclei with a concomitant loss of self fertility
(Figure 1B). Assuming that gene locations are con-
served among members of the genus Neurospora, such
recombination events are predicted to be relatively
common, given the recombination frequency (>10%)
between the mating-type locus and centromere in N.
crassa (PERKINS ¢f al. 1982). We note that recombination
on autosomes will in like manner produce ascospores
homokaryotic for loci on those chromosomes but with-
out loss of selffertility.

To the extent that suppressed recombination on the
mating-type chromosome of N. tetrasperma reflects se-
lection against ascospores that are homokaryotic for
mating type, this mechanism of reinforcing pseudoho-
mothallism is opposite that observed for other pseudo-
homothallic ascomycetes. P. anserina and G. tetrasperma
appear to produce ascospores heterokaryotic for mat-
ing type as a result of an obligatory crossover that en-
sures second division segregation of opposite mating-
type loci (reviewed by RAJU and PERKINS 1994). Taken
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FIGURE 3.—RFLP patterns revealed by hybridization with digoxigenin-labeled cosmid sequences. Strains are arranged such
that (starting from the left) adjacent a and A strains are siblings derived from single wild-collected parental strains. The locations
of origin are shown (the origin of parental strain 85 is unknown). All genomic DNAs were digested with HindIII. Cosmid probes
are indicated in the left margin. (A) Results obtained with mating-type chromosome probes. Note frequent differences between
a and A sibling strains, and frequent similarities between nonsibling strains of the same mating type. (B) Results obtained with
autosomal probes (LG, linkage group). Note that sibling @ and A strains typically have identical patterns. The lanes representing
Hawaiian strain P556a possess extra bands that were discovered to result from contaminating DNA from strain P535 from
Louisiana (discussed in text). Contaminating bands, identified by replicate experiments with DNA preparations from single-

conidium isolates, were not scored in tree-building analyses.

together, however, the modified recombination systems
of N. tetrasperma, P. anserina and G. tetrasperma appear
to reflect strong natural selection for reduced occur-
rence of ascospores homokaryotic for mating type.
Reduced recombination has been proposed as a
mechanism for maintaining pseudohomothallism in

Agaricus bisporus (SUMMERBELL et al. 1989; KERRIGAN et
al. 1993). It appears that N. tetrasperma differs from A.
bisporus in possessing a greater level of suppression and
in having suppression restricted to the mating-type
chromosome.

To date we have little information concerning the
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FIGURE 4.—Parsimony trees constructed from RFLP data.
(A) Tree constructed based on the mating-type chromosome
sequences. Note clustering based primarily on mating type.
(B) Tree constructed based on autosomal sequences. Note
the strong similarity typically observed between sibling @ and
A strains, as well as clustering based on geographical origins.
The trees presented are 50%-majority-rule consensus trees
obtained from bootstrap (100 data sets) parsimony (heuristic)
analysis using PAUP. Boxed numbers represent the percent-
age of bootstrap trees that support the grouping of strains to
the right of the particular internode. Only values =80% are
shown. Other numbers represent the number of steps (or
differences) along given branches as deduced by parsimony
analysis. The trees were rooted using the PAUP ‘“‘midpoint™
option. Nonbootstrap parsimony analysis (heuristic) of the
mating-type chromosome data produced 12 equally parsimo-
nious trees (length = 173, consistency index = 0.532), one

mechanism by which recombination is suppressed on
the mating-type chromosome. We examined the possi-
bility that DNA methylation is responsible by employing
methylation-sensitive and -insensitive restriction endo-
nucleases that recognize the same base pair sequence
(GATC). We found no evidence that the sequence ex-
amined (that corresponding to cosmid probe 8:1H of
the mating-type chromosome) is methylated in either
a or A strains (Figure 5).

Although the genetic data reported by HOWE and
HAysMAN (1966) revealed reduced recombination rela-
tive to V. ¢crassa on the mating-type chromosome, a small
number of recombinational events were detected be-
tween mating-type-chromosome genes. This observation
that recombination is greatly reduced, but not abolished,
may help explain the complex nature of the tree we
obtained using sequences from mating-type chromo-
somes (Figure 4A). For example, siblings P535a and
P535A grouped together, as did P514a and P5144, even
though the siblings exhibited numerous differences with
respect to each other (as indicated by branch lengths).
This relationship may reflect interplay over evolutionary
time between the competing forces of recombination
(working to homogenize sibling mating-type chromo-
somes) and mutation (working to create divergence).

Implications for N. tetrasperma population biology:
Do our results permit assessment of outcrossing in N.
tetrasperma? There are two reasonable interpretations of
our data. The observed homogenization of autosomal
sequences could result either from selfing with crossing
over (on the autosomes) or from matings among closely
related individuals at the population level as a result of
facultative heterothallism. It is instructive to consider
the potential genetic consequences of the reproductive
system of this organism. Paradoxically, in the absence of
crossing over, pseudohomothallism in N. tetrasperma can

of which was identical to the bootstrap tree presented here.
All trees derived from the mating-type chromosome, includ-
ing distance trees, possessed two clusters of New Zealand and
Hawaiian strains, one comprised of all ¢ and another com-
prised of all A strains from these locations. All of these trees
also possessed three relatively long branches representing
three pairs of strains (P535a, P535A; P510a, P505a; and
P5104, P5054). Sibling strains P5144 and P5144 shared a
node (were closest neighbors) in Fitch and all parsimony
trees, but not in Kitsch and UPGMA trees. Sibling strains
85A and 85a shared a node in Fitch, UPGMA and six of 12
maximum parsimony trees. Nonbootstrap parsimony analysis
of the autosomal data produced five equally parsimonious
trees (length = 74, consistency index = 0.595), none of which
was identical to the bootstrap tree presented here (length
= 76, consistency index = 0.579). The trees derived from
autosomal data all exhibited separate clusters of strains from
Hawaii and New Zealand, as is shown here in B. Not surpris-
ingly, all A and a siblings were nearest neighbors in all trees.
The general branching pattern observed for strains from Lou-
isiana was the same in all except the UPGMA tree, which
placed the pair of P514 siblings closer to the P505 and P510
strains than to the P535 strains. The data matrices employed
(representing band scorings by strain) and a list of restriction
fragments by size are presented in the APPENDIX.
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stituted heterokaryons. This homogeneity would be re-
stricted to autosomes, since successful matings occur
only when strains differ at the mating-type locus. A
given strain would remain heterokaryotic with respect
to the mating-type idiomorph and, in the absence of
crossing over, with respect to other loci on the mating-
type chromosome.

One aspect of our results supports the possibility of
mating among closely related strains, as opposed to
selfing alone, as contributing to the high levels of homo-
geneity observed for autosomal sequences. Sequences
from the ga gene cluster exhibited the same general
RFLP pattern as other autosomal sequences (i.¢., sibling
aand A strains exhibited identical RFLP patterns, while
substantial geographical polymorphism was evident
among parental strains; results not presented). In N.
crassa, and presumably also in N. tetrasperma, the ga gene
cluster is tightly linked to the centromere, with no cross-
overs between the ga gene cluster and the centromere
observed in several hundred N. crassa asci (CASE and
GiLES 1976). In the absence of crossing over, selfing
alone should not produce the results observed here.
Our results with ga sequences are compatible, however,
with the alternative hypothesis that genetic homogene-
ity results from matings at the population level.

We currently have no information to support matings
in nature between strains from different geographic
locations. To the contrary, attempted matings between
N. tetrasperma strains from diverse locations (laboratory
outcrosses) very frequently result in sexual dysfunction,
with abnormalities ranging from reduced ascospore via-
bility to complete sterility ( JacoBsON 1995). This fact,
coupled with the observed suppressed recombination
on the mating-type chromosome, suggests the possible
accumulation of recessive mutations on that chromo-
some, with any given recessive allele sheltered by a func-
tional allele on the sibling homologue. This hypothesis
may require an explanation for the fact that it is typi-
cally possible to obtain @ and A homokaryons capable
of growing on minimal medium, which argues against
an accumulation of recessive mutations lethal in the
vegetative phase. Assuming that within-population mat-
ings occur among N. letrasperma strains in nature, a sce-
nario can be envisioned in which loci on the mating-
type chromosome that are required for sexual repro-
duction or development (mating-type locus excluded)
are targets for loss of one functional allele, whereas
recessive alleles that prevent vegetative growth or asex-
ual reproduction would be selected against in homokar-
yotic ascospores or conidia. It remains to be determined
whether genes responsible for sexual dysfunction reside
on the mating-type chromosome.

The possibility that sexual dysfunction results from
combinations of recessive alleles is perhaps most plausi-
ble in instances where laboratory crosses abort early in
sexual development, before ascospore formation. This
explanation seems less credible in those instances, more
frequently observed (JACOBSON 1995), where asco-

spores are produced but progeny are skewed away from
self-fertile heterokaryons. One possibility is that this lat-
ter type of sexual dysfunction is in reality the manifesta-
tion of incompatible allele combinations at heterokar-
yon incompatibility loci. Other species of Neurospora,
most notably N. crassa, are known to possess several
allelic heterokaryon incompatibility loci that prevent
the formation of stable heterokaryons between most
wild-collected strains (MyLYK 1976; PERKINS 1988). As a
natural heterokaryon, N. fetrasperma must in some man-
ner avoid heterokaryon incompatibility. One pathway
to this end would be to suppress the expression of a
given heterokaryon incompatibility locus. This appears
to be the case for the heterokaryon incompatibility
function of the mating-type locus, which in N. tetra-
sperma is suppressed by the tol gene (JACOBSON 1992).
An alternative pathway would be to maintain homoge-
neity at individual loci responsible for heterokaryon in-
compatibility (through selfing or otherwise). In this
context, it is possible to speculate that the lack of vari-
ability observed in our study for sequences on autoso-
mal chromosomes reflects selection to maintain allelic
compatibility at heterokaryon incompatibility loci,
rather than simply the cumulative, stochastic effects of
selfing or inbreeding. This explanation would appear
to imply for N. tetrasperma a strong hindrance to out-
crossing in nature.

Relationship to sex chromosome evolution: In mam-
mals, it is commonly assumed that sex chromosomes
have evolved via a pathway that includes, first, a break-
down in recombination and, second, a degeneration of
the chromosome that is responsible for the heteroga-
metic condition (usually designated the Y chromosome;
CHARLESWORTH 1978; RIcE 1987a,b, 1994). The sup-
pression of recombination along the length of the N.
tetrasperma mating-type chromosome presents an inter-
esting parallel with this proposed pathway. This parallel
will be even stronger if it can be shown that suppression
of recombination, together with pseudohomothallism,
has led to the accumulation of certain nonfunctional
alleles. Current theories proposed to explain the evolu-
tion of mammalian sex chromosomes are in some in-
stances intrinsically linked to the existence of two differ-
ent sexes, one being homogametic and the other
heterogametic. More specifically, it is proposed that the
great reduction in X-Y recombination permits the accu-
mulation on Y chromosomes of genes that are of benefit
to males but detrimental to females (sexually antagonis-
tic genes), a theory that cannot be applied easily to N.
tetrasperma. Degeneration of the Y chromosome has
been attributed to Muller’s ratchet and other forces
that come into play due to that chromosome’s essen-
tially asexual nature (CHARLESWORTH 1978; RICE
1987a,b, 1994), a theory that may well be applicable
to N. tetrasperma. N. tetrasperma could therefore prove
valuable to the study of sex-chromosome evolution, in
the sense that the development and testing of theories
independent of the genetics of gender will be possible.
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APPENDIX
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presented in Figure 3.
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TABLE Al

Scored restriction fragments in kilobase pairs

Mating-type chromosome Autosomes”

Cosmid 12:11E Cosmid 3:8B Cosmid 8:1H Cosmid 31:7G Cosmid 8:4G Cosmid 12:1H Cosmid 3:4C
Characters 1-27  Characters 28—46  Characters 47-63  Characters 64-99  Characters 1-16  Characters 17-40  Characters 41-50
12.1 20.1 14.5 13.0 19.2 154 20.3
11.3 18.8 9.4 9.4 14.1 12.5 18.8
8.9 18.1 7.8 9.0 129 11.9 16.4
8.4 17.7 7.2 8.7 11.9 10.6 15.1
7.9 15.7 6.6 8.4 10.8 9.9 13.1
7.7 14.4 6.3 8.1 10.6 9.8 11.1
6.4 12.8 6.1 7.7 10.5 8.4 10.1
6.2 11.5 5.5 7.5 8.5 8.2 8.7
6.0 10.3 4.9 7.4 8.0 6.4 4.6
5.2 9.7 4.1 6.8 7.9 6.0 3.6
4.2 8.8 3.2 5.9 7.0 5.6
3.7 8.1 3.1 5.3 6.7 5.4
3.7 5.3 2.6 5.0 6.5 5.0
3.6 2.0 24 4.3 4.1 4.8
34 1.9 2.2 4.1 34 4.6
34 1.6 1.4 4.0 2.9 4.1
3.3 1.5 1.3 3.8 3.8
3.1 1.3 3.7 3.2
29 1.1 3.5 3.1
2.7 3.3 3.0
2.6 3.2 2.5
2.5 3.1 2.1
2.3 2.8 1.7
2.2 2.7 1.4

2.0 2.6
1.8 2.3
1.7 2.0
1.9
1.9
1.7
1.6
1.5
1.5
1.4
1.4
1.3

Duplicate values in any given column represent fragments that were distinguishable on autoradiograms but that were the
same size measured to the nearest 0.1 kbp.
“Cosmids 8:4G, 12:1H and 3:4C represent linkage groups II, IV and VII, respectively.



