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ABSTRACT

There are two naturally occurring functional alleles of the recombination hotspot cog, which is located
3.5 kb from the his-3 locus of Neurospora crassa. The presence of the cog" allele in a cross significantly in-
creases recombination in the Ais-3 region compared to a cross homozygous for the cogallele. Data obtained
shortly after discovery of cog™ suggested that it was fully dominant to cog. However, a dominant cog" con-
flicts with observations of hotspots in Saccharomyces cerevisiae and Schizosaccharomyces pombe, in which recombi-
nation is initiated independently of homolog interactions, and suggests recombination mechanisms may
differ in Neurospora and yeast. We present evidence that cog alleles are codominant in effect on both al-
lelic recombination in his-3and crossing over between loci flanking Ais-3. In addition, we show that genetic
background variation has at least a twofold effect on allelic recombination. We speculate that variation
in genetic background, together with the complexities of recombination in crosses bearing close mutant
alleles, accounts for the previous conclusion that cog* is dominant to cog.

EIOTIC recombination is the process that shuf-
fles genetic information during sexual reproduc-
tion. In conjunction with segregation of homologous
chromosomes, recombination generates progeny with
gene combinations that differ from those of either par-
ent, thus increasing the variation upon which selection
can act. Outcomes of recombination include crossing
over (MORGAN and CATTELL 1912), an apparent break-
age and rejoining of chromosomes in which the copy
number of alleles is unchanged, and gene conversion
(LINDEGREN 1953), where one parental allele increases
in number at the expense of the other (MITCHELL 1955;
FoGgeL and HursT 1967). Conversion and crossover
events can be distinguished with certainty only by analy-
sis of all eight meiotic products, as is possible in four-
and eight-spored fungi in which the products of each
meiosis are held within a single ascus. However, it has
been shown that prototrophic progeny from heteroal-
lelic crosses are usually generated by gene conversion
events and that most exchanges between distant genetic
markers result from crossovers (MITCHELL 1955; STAD-
LER 1959; MURRAY 1960; P. J. YEADON, F. ]. BOWRING,
D. R. StADLER and D. E. A. CATCHESIDE, unpublished
results).

Crossovers are not randomly distributed along chro-
mosomes but tend to be clustered (LicHTEN and GOLD-
MAN 1995; BAUDAT and Nicoras 1997; JEFFREYS el al.
1998) in regions termed hotspots (HoLLIDAY 1968). Tet-
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rad analyses indicate that crossovers are more likely close
to alocus that has experienced conversion (OLIVE 1959;
STADLER 1959; MURRAY 1960; LISSOUBA ¢f al. 1962). In
addition, evidence of gene conversion has been found
close to hotspots for crossing over (Borts and HABER
1989; JEFFREYS et al. 2001; GUuILLON and DE Massy 2002;
JeFFREYS and NEUMANN 2002). The association between
conversion and crossing over suggests that the same
mechanism is responsible for both outcomes and this
has been a central feature of recombination models
(SzosTAK et al. 1983; SUN et al. 1991; NASSIF et al. 1994;
PAQuEes and HABER 1999). Recent studies suggest that
crossover and noncrossover products arise from differ-
ent pathways and that the decision between the two
outcomes is made after initiation but before production
of a recombination intermediate (ALLERS and LICHTEN
2001; HunTER and KrLeckNER 2001). However, both
conversion and crossing over are thought to be initiated
by the same mechanism.

In Saccharomyces cerevisiae, initiation of recombination
is by a double-strand break (DSB) in one homolog, prob-
ably generated by the Spol1 protein (KEENEY et al. 1997).
SPOI11 homologs have been found in all eukaryotes in
which they have been sought, including flies (McKim and
HavasHI-HAGIHARA 1998), worms (DERNBURG et al. 1998),
mammals (ROMANIENKO and CAMERINI-OTERO 1999),
plants (GRELON et al. 2001), and the filamentous asco-
mycete Neurospora crassa (F. J. BOWRING, P. J YEADON, R. J.
STAINER and D. E. A. CATCHESIDE, unpublished results),
suggesting conservation of the initiation mechanism.

The Neurospora recombination hotspot cog, located
centromere-distal of the his-3locus (BOWRING and CATCHE-
SIDE 1991; YEADON and CATCHESIDE 1995a, 1998), influ-
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ences allelic recombination within his-3 and crossing
over in the chromosomal segments surrounding the
gene (ANGEL ¢t al. 1970). Two cog phenotypes, high (cog™)
and low (cog) frequency recombination, have been de-
scribed (ANGEL el al. 1970), with the chromosome that
bears cog™ almost exclusively experiencing conversion
(CATCHESIDE and ANGEL 1974; YEADON and CATCHE-
siDE 1998). Although there are multiple differences be-
tween the cogregion (YEADON and CATCHESIDE 1995a)
sequences of cog™, cog™, and cog™, all of which are cog,
and cog", the only naturally occurring cog™ allele known
(YEADON and CATCHESIDE 1995b, 1999), a 10-bp sequence
including two single-nucleotide polymorphisms (SNPs)
is required for the high-frequency recombination phe-
notype (YEADON and CATCHESIDE 1998). Recombina-
tion is known to be initiated >2.2 kb from the 3" end
of his-3 (YEADON et al. 2001) and a peak in conversion
close to these SNPs (YEADON and CATCHESIDE 1998)
suggests that initiation may occur at this location, which
is ~3.4 kb from his-3.

The presence of cog™ increases allelic recombination
frequency ~6-fold and crossovers between his-3 and the
centromere-distal gene, ad-3, ~4-fold when compared
to similar crosses in which cog is homozygous (CATCHE-
siDE and ANGEL 1974). The trans-acting rec-2 gene im-
poses an additional level of regulation of recombination
in this region of LG I as the dominant allele, rec-2*, has
an epistatic effect (SM1TH 1968; CATCHESIDE 1979). In
the presence of rec-2", recombination between his-3 al-
leles is reduced 30-fold in crosses containing cog" and
4-fold in crosses of homozygous cogto the same low level
(ANGEL et al. 1970). In addition, recombination events
that occur in the presence of rec-2* appear to be initiated
at the 5’ end of Ais-3 and not at cog (CATCHESIDE and
ANGEL 1974; YEADON and CATCHESIDE 1998). It seems
likely that the allelic recombination frequency attribut-
able to each cog allele reflects the frequency with which
recombination is initiated there and that the rec-2* prod-
uct prevents initiation at either cog allele (CATCHESIDE
and ANGEL 1974).

Study of haploid meiosis indicates that the timing,
frequency, and distribution of DSBs are independent
of interhomolog interaction in S. cerevisiae (DE Massy
et al. 1994; GILBERTSON and STAHL 1994) and in Schizo-
saccharomyces pombe (YOUNG et al. 2002), suggesting that
recombination is initiated independently at each allele
of a particular hotspot. If recombination is initiated
by a DSB at cog in Neurospora and each initiation is
independent of initiation at the other cogallele, the six-
fold increase in allelic recombination in crosses hetero-
zygous for cog”/ cog (CATCHESIDE and ANGEL 1974) im-
plies that DSBs occur 11 times more frequently at cog"
than at cogand predicts that a heteroallelic cross homo-
zygous for cog” would yield close to twice as many recom-
binants as one in which cog" is heterozygous. However,
ANGEL et al. (1970) found that, in crosses heteroallelic
for his-3 K26/K874, there was little difference in the al-

lelic recombination frequency between cog” homo- and
heterozygotes, leading to the conclusion that cog” is fully
dominant to cog. Although rec-2" reduces allelic recom-
bination in cog/ cog diploids fourfold, there is no appar-
ent decrease in crossovers between Ais-3 and ad-3 in the
same diploids, even though CATCHESIDE and ANGEL
(1974) estimated that it should have been detectable.

In yeasts, no naturally polymorphic recombination
hotspots have yet been found. The ade6-M26 mutation
in S. pombe increases conversion in ade6 10- to 15-fold
when compared to the closely linked ade6-M375 muta-
tion (Gutz 1971; Fox and SmrtH 1998). During recom-
bination M26 is preferentially converted to wild type
(Gutz 1971), so the M26 chromosome, like that carry-
ing cog®, is usually the recipient of information. The
use of an opal suppressor mutation, sup9, allowed mea-
surement of meiotic intragenic recombination with M26
heterozygous or homozygous (PONTICELLI et al. 1988).
PoNTICELLI et al. (1988) concluded that crosses homozy-
gous for M26 yielded 10 times more recombinants than
those lacking M26. Moreover, recombination frequency
in M26 homozygotes was approximately the sum of the
two heterozygous frequencies. However, since ade6-M26
sup9 spores form colonies only 50% as efficiently as
ade6" sup9spores, PONTICELLI et al. (1988) doubled the
numbers of recombinants in the homozygous assay to
reach this conclusion, so codominance of M26 and wild-
type ade6 hotspot alleles is far from certain.

Like cog*, M26 increases crossing over nearby. The sub-
stitution of M26 for M375 results in a 2.5-fold increase
in intrachromosomal crossing over, from 0.3 to 0.8%
(ScrucHERT and KoHLI 1988). In contrast, the wra4-aim—
tps16 genetic interval flanking ade6 is not strongly af-
fected by the presence of M26. The genetic distance
increases to 12.5 cM, compared to the 11.8 cM measured
in the absence of M26 (ZAHN-ZABAL et al. 1995). ZAHN-
ZABAL et al. (1995) found that M26 convertants experi-
ence exchange between ura4-aim and tps16 at the same
frequency as M375 convertants and concluded that the
slight increase in crossing over is due to the higher
frequency of conversion at M26 and the resultant in-
crease in conversion-associated crossovers.

With the exception of ade6-M26, all other artificial hot-
spot polymorphisms have been generated by deletion
of part of the promoter region of the gene in which
recombination was studied. Deletion of the ade6 pro-
moter removes the hotspot activity of M26 only when
the deletion is in cis to M26, with no effect of the deletion
in trans (ZAHN-ZABAL et al. 1995). Strangely, the conver-
sion frequency in ade6 in the absence of M26 is unaf-
fected by the same deletion, whether n cis or in trans
to M375.

In S. cerevisiae, homozygous deletion of a poly(dA-dT)
tract in the promoter region of ARG4 (A9) reduced
conversion of the arg4-RV mutation to 0.8% from the
wild-type level of 7.4% (N1coLas et al. 1989). Unlike the
ade6 promoter deletions in S. pombe (ZAHN-ZABAL el al.
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1995), diploids heterozygous for A9 yielded a similarly
low frequency of arg4-RV conversion of ~1% (6 tetrads
of 562; N1covrAs et al. 1989). To our knowledge, there ap-
pear to be no data on the effect of ARG4 A9 on cross-
ing over.

Regions in which the crossover rate is elevated also
exist in the human genome (JANSON et al. 1991; OUDET
et al. 1992; HUBERT et al. 1994). Recombination hotspots
have been identified at several human loci (CHAKRA-
VARTI et al. 1984; OUDET et al. 1992; Y1P et al. 1999), in-
cluding within the human major histocompatibility
complex class II region (CULLEN et al. 1995). At one of
the six hotspots in this region (JEFFREYS et al. 2001),
DNA2, the FG11G/A polymorphism, appears to alter the
crossover frequency in sperm (JEFFREYS and NEUMANN
2002). Haplotype-specific PCR primers were used to am-
plify recombinant DNA molecules from sperm taken from
men heterozygous for various SNPs within the 5.5-kb am-
plification region. Two FG11G/G homozygotes yielded
recombinant molecule frequencies of 0.1 X 107> and
0.7 X 107° while three of five A/G heterozygotes gave
frequencies of between 2 X 107° and 3 X 107° (with
the most extreme values in the other two men at 0.9 X
107%and 10 X 107°), suggesting that FG11A significantly
increases the activity of the DNA2hotspot (JEFFREYS and
NEUMANN 2002). In addition, in recombinant molecules
from FG11A/G heterozygotes, the FG11G SNP is over-
represented, suggesting that, as in other hotspot allele
heterozygotes (Gutz 1971; CATCHESIDE and ANGEL
1974; Nicoras et al. 1989), the FG11A strand is usually
the recipient of information (JEFFREYS and NEUMANN
2002). Since the crossover frequency (2.6 X 107°%) in
the single A/A homozygote falls in the middle of the
range for A/G heterozygotes, one might conclude that
the FG11A hotspot allele is fully dominant to the FG11G
allele. However, the wide range of frequencies in the
heterozygotes shows that factors other than the FGI11
SNP have a large effect on crossing over at DNA2, mak-
ing conclusions drawn from a single homozygote highly
unreliable.

In recent years, we have constructed Neurospora strains
that carry cog" in cis to his-3 mutant alleles K480, K504,
and K1201, allowing analysis of additional allele pairs,
which are farther apart than the 215 bp separating K26
and K874 (YEapoON and CATcHESIDE 1999). K26/K874
diploids yield a low frequency of His* progeny com-
pared to those with more distant pairs of mutant sites
(ANGEL ¢t al. 1970), increasing the chance that mea-
sured recombination frequencies will be confounded by
random variation. Higher recombination frequencies
yielded by distant allele pairs reduce the impact of ran-
dom factors and are likely to aid differentiation between
His" frequencies from cog” hetero- and homozygotes.
We have also constructed both cog™ and cog stocks that
are mutant in the centromere-proximal gene lys-4, and
cog™, cog, and rec-2" strains that are mutant in the centro-
mere-distal gene ad-3, allowing measurement of the ef-

fect of all possible cog and rec-2 genotypes on exchange
in the his-3 region.

MATERIALS AND METHODS

Construction of strains: The genotypes of all strains used
in this study are listed in Table 1. The Ais-3 mutation K26 was
generated in a Lindegren Y8743 strain (ANGEL et al. 1970) and
thus all nonrecombinant K26 strains have the high-frequency
(cog") recombinator allele, cog™. K480, K874, and K1201 muta-
tions were generated in Emerson a strains (ANGEL ef al. 1970)
and so all nonrecombinant strains bearing these alleles have
the low-frequency (cog) recombinator allele, cog™. The cog al-
lele found in St. Lawrence 794, cog”™ (YEADON and CATCHE-
SIDE, 1995a), has the same sequence as cog™ and is also cog"
(YEADON and CATCHESIDE 1995b). Lindegren A carries an al-
lele of cog with a sequence different from that of cog" and
cog‘”’ (YEADON and CATCHESIDE, 1995b, 1999), but appears to
have a low-frequency recombination phenotype identical to
that of cog™.

Recombinant cogt K874 strains T4395, T11110, T11113
(YEADON and CATCHESIDE 1995a), T11125, T11126, T11132,
and T6275 all have his-3from Emerson aand cog™, each gener-
ated by a crossover in the his-3 to cog interval. The K480 cog"
strains, T11760, T11761, T11762, T11763, and T11764 and
the K1201 cog" strain T11281 were constructed in the same
way. Similarly, T11153 is his-3 K874 cog™ and has his-3 from
Emerson a and cog®”” (YEADON and CATCHESIDE 1995a). K26
cog strains T11284 and T11318 have his-3 from Lindegren
Y8743 and cog™. T11805 (his-3K1201 cog") has a mosaic version
of cog, phenotypically cog®, from T11257 (YEADON and CATCHE-
SIDE 1998).

T11317, T12010, T12011, T12012, and T12013 are descen-
dants of T11281 and are therefore all K1201 cog*. Likewise,
T10997, T10998, and T9149 are descendants of T6275 and
are K874 cog". T10997 carries the dominant rec-2", so crosses
to this strain have substantially reduced recombination in the
his-3 region (SMITH 1968; ANGEL ¢t al. 1970). T12078-T12081
are His™ progeny of T11805 and T10998. T11997, a K1201 de-
scendant of T11317 and phenotypically cog, was generated by
an unselected conversion event within cog, which was detected
by sequencing. T11311 and T11313 (his-3 K874 cog) each have
his-3 from Emerson a and cog™'. F3300, from the collection of
D. G. Catcheside, is rec-2" and supposedly cog®, although SNP
analysis suggests it is cog:

T11039, T11041, and T11043 [Fungal Genetics Stock Cen-
ter (FGSC) nos. 6526, 6077, and 6098, respectively] were gen-
erated in St. Lawrence 74A (OVERTON ¢ al. 1989) as was cog (YEA-
DON and CATCHESIDE 1995a). T11058 and T11059 are progeny
of T11039, T11061, and T11062, and T11063 of T11041,
T11065, and T11066 from FGSC no. 6085 (A, his-3 1-226-0503,
cog™ rec-2"), also generated in St. Lawrence 74A (OVERTON et al.
1989), and T11067 of T11043. Thus, these strains carry a vari-
ety of mutant his-3 alleles, but are all cog.

T11782 and T11789 were made by replacement transfection
of the his-3 K458 recipient strains T11644 and T11630 (YEa-
DON et al. 2001), respectively, with a PCR product including
his-3 K26.

Culture methods and media: These were as described by
BOwRING and CATCHESIDE (1996), except that crosses were
supplemented with 200 pwg/ml r-histidine, 500 wg/ml r-ala-
nine, 500 pg/ml r-arginine, 200 wg/ml adenine, and 400 p.g/ml
L-lysine as required. Vegetative cultures were supplemented
with 200 pwg/ml r-histidine, 500 pg/ml r-arginine, 500 pg/ml
L-alanine, 400 pg/ml adenosine, and 400 pg/ml 1-lysine as
required.

Recombination assays: Ascospores were harvested from a
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TABLE 1

Neurospora stocks

Stock no.

Genotype

T4395, T11110/18/25/26/32/53
T10998

T6275

T9149

T10997

T4396, T11092, T11127
T11093/099/104/105/117
T11089

T11311, T11313

T11045

T11281

T11317

T11805
T12010/11/12/13
T9144

T9194, T11997

T11801, T11802

T10988

T10989

T11782

T11789

T11286

T11284

T11318

F3300

T11760,764

T11681

T12078,/79

T12080,/81

T11081

T4400
T11039 (FGSC no. 6526)
T11041 (FGSC no. 6077)
T11043 (FGSC no. 6098)
T11051

T11057

T11058

T11059

T11061/62/63
T11065/66

T11067

A his-3 K874 cog™; rec-2

A his-3 K874 cog™; ad-3; rec-2

a his-3 K874 cog"; rec-2

a his-3 K874 cog™; ad-3; am rec-2
A his-3 K874 cog™; ad-3; am rec-2*
A his-3 K874 cog™; rec-2

A his-3 K874 cog™; am rec-2

A his-3 K874 cog"; ad-3; am rec-2
a his-3 K874 cog™'; am rec-2

a his-3 K874 cog™; ad-3; am rec-2
A his-3 K1201 cog"; ad-3; am rec-2
A his-3 K1201 cog™; am rec-2

a lys-4 his-3 K1201 cog"; am rec-2
a his-3 K1201 cog"*; rec-2

A his-3 K1201 cog™; am rec-2

a his-3 K1201 cog™; am rec-2

a lys-4 his-3 K1201 cog™; am rec-2
A arg-1 his-3 K26 cog"; am rec-2

a arg-1 his-3 K26 cog"; am rec-2

A his-3 K26 cog"; rec-2

a his-3 K26 cog™; rec-2

A arg-1 his-3 K26 cog™; ad-3; am rec-2
A arg-1 his-3 K26 cog™; ad-3; am rec-2
a his-3 K26, cog™; am rec-2

A arg-1 his-3 K26 cog™; rec-2*

a his-3 K480 cog™; am rec-2

a lys-4 his-3 K480 cog™ ad-3; am rec-2
a lys-4 cog"; ad-3; am rec-2

A lys-4 cog™; ad-3; am rec-2

A cog” ad-3; am rec-2

a cog™ ad-3; rec-2

A his-3 1-306-0218 cog™; rec-2*

A his-3 1-226-0408 cog™; rec-2*

A his-3 1-234-0567 cog™; rec-2*

a his-3 1-306-0127 cog™; rec-2*

a his-3 1-306-0127 cog™; am rec-2
a his-3 1-306-0218 cog™; am rec-2
A his-3 1-306-0218 cog™; am rec-2
A his-3 1-226-0408 cog™; am rec-2
A his-3 1-226-0503 cog™; am rec-2
A his-3 1-234-0567 cog™; am rec-2

The stock numbers for strains with the same genotype may be abbreviated. For example, T11110/13 indicates
that T11110 and T11113 have the same genotype. The am allele is K314, arg-1 is K166, lys-4is STL4, and ad-3 is
KI118. All strains except T11039, T11041, T11043, and T11058 include the colonial temperature-sensitive
mutation cot-1 C102t. In the absence of rec-2", cog™ has the high-frequency recombination phenotype cog™;
both cog™ and cog™* have the low-frequency recombination phenotype cog.

single crossing tube in distilled water. After estimation of the
number of spores by hemocytometer, an appropriate volume
was added to 20-ml layer agar (0.8% Difco agar, 2% sucrose,
2% Vogel’s N medium) kept at 60°. Following serial dilution
in layer agar and incubation at 60° for 45—70 min, 3-ml aliquots
of the highest and lowest dilutions were plated onto selective
and nonselective medium, respectively. Plates were incubated
overnight at 20° and then moved to 34° for 24—48 hr to express
cot-1 and to restrict colony size. The dilution factor between
selective and nonselective plates varied from 1/1600 to 1,/100
for allelic recombination assays and from 1/10 to 1/100 for
intergenic assays, depending on the recombination frequency.

Statistical analysis of recombination data: For his-3 K1201/
K874 heterozygotes (Figure 1), his-3 K26/K874 heterozygotes
(Figure 6), lys-4 ad-3 (Figure 4), and his-3 ad-3 transheterozy-
gotes (Figure 5), data from crosses homozygous for cog" were
compared to those from crosses heterozygous for cog'/cog.
The significance of any difference between frequency distribu-
tions was determined by a two-tailed #test. Since the data are
expressed as frequencies, each frequency was transformed
(P— sin™! \/?) before comparison. Each comparison of fre-
quency distributions was also subjected to an f-test to assess
the level of variance in each distribution and thus to determine
whether to perform a #test for equal or unequal variances.
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K1201 F1GURE 1.—Allelic recombination in

his-3 T [cog” PF diploids heteroallelic for K1201/K874.

A 1200 The centromere is at the left of the
h_{_si-3 ] [cog’ | figure. The mutant sites are separated

K874 by 1605 bp (YEADON and CATCHESIDE

K1201 1000{ ! 1999). PF is the frequency of His" prog-

1) T [og_ ' eny yielded by each cross, multiplied by

B v 10°. His" frequencies were obtained from
his-3 I [cog” 800 - cog+ homozygotes (A: T12010 X T4395,

K_S"M ! T12011 X T4395, T12012 X T4395,

K1201 00! ' T12013 X T4395, T12010 X T11126,

1 _ - t T12010 X T11153, T12011 X T11113,

& 1 — lcog T12011 X T11126, T12011 X T11132,
- 400 1 T12011 X T11153, T11805 X T4395,

h'{"si-e ] Leog T11805 X T10998, T11317 X T6275,

K874 X and T11317 X T9149), cog/cog™ (B:

K1201 200 ' T11997 X T4395, T11997 X T11110,

his-3 ] [cog T11997 X T11113, T11997 X T11125,

D _ ' ' T11997 X T11132, T11997 X T11153,
TR — lcog, A C D E and T11801 X T10998), cog"/ cog het-

K874 erozygotes (C: TI1805 X T11089,

T11317 X T11045, T11281 X T11311,

and T11281 X T11313), cog homozygotes (D: T11801 X T11089, T9144 X T11311, T9144 X T11313, and T9144 X T11045),

and a rec-2" heterozygote (E: T11805 X T10997).

To determine heterogeneity of recombination frequencies
from repeats of a single cross or within a single genotype, a
X* test was used to assess the probability that the colony counts
could differ by chance. Where repeat crosses gave homoge-
neous counts and the data set was large (Figures 1 and 2),
repeat counts were combined to give a single recombination
frequency.

Determination of flanking markers in His* progeny: Approx-
imately 100 His™ progeny were extracted from his-3 K1201/
K874 heterozygotes that were also heterozygous for lys-4 and
ad-3 (Figure 4), homozygous for cog* (type A, Figure 1), het-
erozygous for cog"/cog (Figure 1, type B), homozygous for
cog (Figure 1, type D) and heterozygous rec-2/rec-2* (type E,
Figure 1). Each strain was tested for a requirement for lysine
or adenosine.

RESULTS

Allelic recombination frequency is elevated in cog*
homozygotes: While it was thought that cog™ is dominant
to cog (CATCHESIDE and ANGEL 1974), we find that the
His" frequency is higher when cog" is homozygous than
when it is heterozygous (Figures 1-3), with the excep-
tion of crosses heteroallelic for K26,/K874 (Figure 6),
discussed below. For crosses heteroallelic for K1201/
K874 (Figure 1), the His" frequency from crosses homo-
zygous for cog® (Figure 1A; 786/10° viable spores) is
greater (P =4 X 107Y) than that (343/10°) when cog*
and K874 are in cis (Figure 1B). When cog™ and K1201
are in cis (Figure 1C), the recombination frequency is
somewhat lower (218/10°%), but still higher than that
from crosses homozygous for cog (32/10% Figure 1D).
Similarly, for diploids heteroallelic for K874,/K480, the
recombination frequencies are 257/10°, 171/10°,160,/107,
and 16/10° (Figure 2, A-D, respectively). For diploids
heteroallelic for K1201/K26, the recombination fre-
quencies are 253/10°, 140/10°, 112/10°, and 41/10° (Fig-
ure 3, A-D, respectively). Therefore, it appears that cog" is

not dominant to cog but that the hotspot alleles operate
codominantly to influence the frequency of allelic re-
combination at his-3.

Crossing over is elevated in cog" homozygotes: cogt
copy number also has a substantial effect on crossing
over in chromosomal intervals flanking his-3. Crosses
homozygous for cog” yield on average 10.8% Lys" Ad"
(Figure 4A) and 7.5% His" Ad" (Figure bA) progeny,
which is double the frequencies of 4.7% Lys" Ad" (Fig-
ure 4B) and 3.7% His" Ad" (Figure 5B) from crosses
heterozygous for cog’. The increase is significant, with
P=3X10"* (Figure 4) and P= 6 X 1077 (Figure 5). We
thus conclude that cog™ and cogoperate codominantly to
influence the frequency of exchange in the his-3 region.

Heterogeneity of assay data and the effect of genetic
background on recombination: Repeat assays of the
same cross almost invariably yield consistent recombina-
tion frequencies. For example, three assays of T11997 X
T11110 gave His" frequencies of 327,/10°, 330/10°, and
346/10° (x* heterogeneity test gives P = 0.88). Four
repeat Lys™ Ad" assays of T11805 X T10998 also gave
homogeneous crossover frequencies (P = 0.07), and
similar results were obtained for 13 other repeat assays
(Pvalues range from 0.02 to 0.77). These data show that
technical variations, sampling error, and other random
factors have little effect on the recombination frequen-
cies measured in this study. (Recombination assay data
are available in Tables Al and A2 in an electronic appen-
dix at http:/www.genetics.org/supplemental/.)

In contrast, recombination frequencies from crosses
of strains with the same cog, his-3, and rec-2 alleles can
be variable. Since recombination frequencies do not vary
between repeats of the same cross, other factors must
be affecting recombination in these crosses. For crosses
of the his-3K1201 cogstrain T11997 to T11110, T11125,
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Ficure 2.—Allelic recombination in dip-
loids heteroallelic for K874 /K480. The cen-
tromere is to the left of the figure. The
mutant sites are separated by 888 bp (YEa-
DON and CATCHESIDE 1999; YEADON ef al.
2002). PF is the frequency of His" progeny
yielded by each cross, multiplied by 10°. His"
frequencies were obtained from a cog™ ho-
mozygote (A: T11125 X T11760), two cog/
cog” heterozygotes (B: T4396 X T11760 and
T4396 X T11764), a cog™/ cog heterozygote
(C: T11125 X T11681), and a cog homozy-
gote (D: T4396 X T11681).

leag

and T11132 (Figure 1C), three his-3 K874 cog' strains
extracted from a single cross, recombination frequen-
cies are homogeneous (x? heterogeneity test gives P =
0.32). A similar result is obtained for crosses of T10989
(his-3 K26 cog®) to the same three strains (Figure 6A;
P = 0.10). However, if we include crosses of T11997
and T10989 to T11113 (Figures 1B and 6A, respec-
tively), which has the same parents as T11110, T11125,
and T11132, in each case the data become less homoge-
neous (P= 0.0002and 0.02, respectively). When T10989
is crossed to T11092, T11093, T11099, T11104, T11105,
T11117, and T11127 (Figure 6C), which are his-3 K874
cog strains with the same parents as T11110, T11113,
T11125, and T11132, the recombination frequencies
are substantially heterogeneous (P = 1.6 X 107%). In
addition, crosses of the his-3 K1201 cog* strain T12011
to his-3 K874 cog® strains T11113, T11126, T11132, and
T11153 (Figure 1A) yield homogeneous recombination
frequencies (P = 0.22), but data from T12011 X T4395

(a his-3 K874 cog" strain made >40 years ago; ANGEL
et al. 1970; Figure 1A) are substantially heterogeneous
(P=1 X 10""). These data suggest the existence of more
than one gene, each with a small effect on recombina-
tion, and that the parents of the K1201 and K874 strains
described above carried different alleles of these genes.

Crossover frequency also varies within crosses of a sin-
gle known genotype (Figures 4 and 5). T12078, T12079,
T12080, and T12081 are his-3* cog™ ad-3 progeny of a
cross between T11805 and T10998. The frequency of
His" Ad" progeny from crosses of these strains to T11782
and T11789 (his-3K26 cog™) falls into two distinct groups
(x? yields P = 4 X 107, with crosses to T12078 and
T12080 yielding frequencies of 8.8% (P = 0.99) and
those to T12079 and T12081 yielding lower frequencies
of 6.6 and 6.0%, respectively (P = 0.29; Figure 5). A
likely explanation is that alleles of a gene that affects
the frequency of crossing over in the his-3 region are
segregating in the progeny of T11805 and T10998.

F1Gure 3.—Allelic recombination in dip-
loids heteroallelic for K1201/K26. The cen-
tromere is to the left of the figure. The
mutant sites are separated by 1390 bp (YEa-
DON and CATCHESIDE 1999). PF is the fre-
quency of His" progeny yielded by each cross,
multiplied by 10°. His" frequencies were ob-
tained from cogt homozygotes (A:
T11317 X T10989 and T11281 X T10989),
cog/cog” (B: T9194 X T10988 and T9194 X
T11286), cog*/cog heterozygotes (C:
' T11317 X T11318 and T11281 X T11318),

and a cog homozygote (D: T9194 X
¢ T11284).
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F1GURE 4.—Crossing over between lys-4 and ad-3. The cen-
tromere, to the left of the figure, is represented by a solid
disc. The figure is not to scale. The frequency of Lys™ Ad*
progeny is given as a fraction of the total number of viable
spores. Lys" Ad* frequencies were obtained from four replicate
crosses of a single cog” homozygote (A: T11805 X T10998),
three cog' / cogheterozygotes (B: T11089 X T11805, T10998 X
T11801, and T10998 X T11802), two cog homozygotes (C:
T11089 X T11801 and T11089 X T11802), and three rec-2*
heterozygotes (D: T10997 X T11801, T10997 X T11802, and
T10997 X T11805).

T12078 and T12080 received the higher-frequency al-
lele, and T12079 and T12081 the lower-frequency allele.

Allelic recombination in K874/K26 heterozygotes:
Crosses homozygous for cog and heteroallelic for K26/
K874 yield a very low frequency of His" progeny (3/10°%;
Figure 6D), so we expect the contribution of initiation
at cog to have little effect on recombination in cog/ cog”
heterozygotes. When cog" and K874 are in cis (Figure 6B),
the His* frequency is 29/10°44/10° and when cog* and
K26 are in cis (Figure 6C), it is 14/10°-30/10°. From
crosses homozygous for cog™ (Figure 6A), the His" fre-
quency is 21/10°-31/10° viable spores. Thus, there is
no apparent increase in His" frequency when cog™ is
homozygous (for A and B, a #test yields P = 0.03; A
and C, P=0.39; Band C, P= 0.01). These data confirm
the previous results (ANGEL et al. 1970; CATCHESIDE and
ANGEL 1974) and show how analysis of a few K874,/K26
heterozygotes led to the conclusion that cog™ is fully
dominant to cog.

However, His" frequencies in K26 by K874 crosses are

— his-3 —TCtog ———— ad’ - A
—_ his3° __—T°ceqg ———ad-3—
- his-3__— cog —.ad — B
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F1GUrE 5.—Crossing over between his-3 and ad-3. The cen-
tromere is on the left. The figure is not to scale. The frequency
of His" Ad* progeny is given as a fraction of the total number
of viable spores. His" Ad" frequencies were obtained from
cog” homozygotes (A: T12080 X T11789, T12078 X T11782,
T12081 X T11789, and T12079 X T11782), cog*/cog hetero-
zygotes (B: T11081 X T11058, T4400 X T4395, T11081 X
T11089, T11081 X T11057, T11668 X T11782, T11667 X
T11789, and T4400 X T11113), coghomozygotes (C: T4400 X
T4396, T4400 X T11067, T4400 X T4396, T4400 X T11066,
T4400 X T11059, T4400 X T11063, T4400 X T11062, T4400 X
T11065, T4400 X T11061, and T4400 X T11058), and rec-2*
heterozygotes (D: T4400 X T11039, T4400 X T11043, and
T4400 X T11041).

heterogeneous for all genotypes in which cog™ is present
(Figure 6, A-C; x? heterogeneity tests yield P = 0.02,
P=0.001,and P= 1.6 X 107%, respectively), suggesting
the influence of factors other than cog.

Flanking marker exchange in progeny experiencing
allelic recombination: Forty-five percent (57/128) of
His" progeny of a K1201,/K874 diploid, homozygous for
cog", were recombinant for flanking markers lys-4 and
ad-3. Similar frequencies (P = 0.92) were obtained from
K1201/K874 diploids heterozygous for cog®/cog (44%
or 55/126), homozygous for cog (43% or 51/119), or
heterozygous for rec-27 (40% or 50/124).

The effect of rec-2* on allelic recombination and on
crossing over: As seen in crosses heteroallelic for
K1201/K874 (Figure 1), the presence of rec-2" signifi-
cantly reduces allelic recombination compared to that
measured in crosses homozygous for cog (P= 8 X 107%).
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FiGure 6.—Allelic recombination in crosses
heteroallelic for K874/K26. The centromere
is at the left of the figure. The mutant sites
are separated by 215 bp (YEADON and CAT-
CcHESIDE 1999). PF is the frequency of His"
progeny yielded by each cross, multiplied by
10°. His" frequencies were obtained from cog"
homozygotes (A: T10989 X T11113, T10989 X

' T11110, T10989 X T11125, T10989 X T11126,
and T10989 X T11132), cog/cog™ (B: T11318 X
' T4395, T11318 X T11113, T11318 X T11125,

and T11318 X T10998), cog"/cog hetero-
zygotes (C: T10989 X T11092, T10989 X
T11093, T10989 X T11099, T10989 X T11104,
T10989 X TI11105, T10989 X TI11117, and
' T10989 X T11127), and cog homozygotes (D:
: T11318 X T4396, T11318 X T11093,
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In contrast, rec-2" does not significantly reduce the fre-
quencies of either Lys™ Ad* or His* Ad* spores from
those seen in crosses homozygous for cog (Figures 4
and 5) with two-tailed #tests for equal variances yielding
values of P = 0.4 and 0.3, respectively.

DISCUSSION

cog alleles are codominant: Two copies of cog™ yield
twice as many local crossovers as a single copy. The lys-
4—ad-3 interval is 20 cM in crosses homozygous for cog*,
9.4 c¢M in those heterozygous for cog"/cog and 2 cM
in those homozygous for cog (Figure 4). Similarly, the
his-3-ad-3 interval is 15.5 cM in crosses homozygous for
cog’, 7.5 cM in crosses heterozygous cog" /cog, and 1.4 cM
in those homozygous for cog (Figure 5). Alleles of cog are
therefore codominant in effect on local crossing over.

In addition, in heteroallelic crosses, providing that
the mutant alleles are distant (Figures 1-3), two copies
of cog* result in approximately twice the average fre-
quency of allelic recombination as that of a single copy.
Thus we conclude that cog+ is not dominant to cog, but
rather that the two alleles operate independently of one
another to attract recombination events.

The relative frequency of recombination initiation at
cog and cog*: In any comparison of crosses carrying the
same pair of mutant his-3 alleles, the His" frequency
should be directly related to the rate of initiation at the
coghotspot. This rate, in the absence of rec-2", is depen-
dent on the cog alleles in the cross.

For crosses heteroallelic for K1201 /K874, the average
His" frequency (786,/10° viable spores) from crosses ho-
mozygous for cog™ is 25 times higher than that (32/10°)
from crosses homozygous for cog. For crosses heteroal-
lelic for K874/K480, the ratio is 16 (257/16) and for
those heteroallelic for K1201/K26, only 6 (253/41).
The previous estimate of an 11-fold increase in DSBs at
cog™ relative to cog, based on data from crosses heteroal-

T11318 X T11099, TI11318 X T11104,
T11318 X T11105, and T11318 X T11127).

lelic for K874/K26 (ANGEL et al. 1970), is consistent
with our estimate using the same allele pair (9-fold, or
27/3) and falls in the middle of the range of our esti-
mates. It is possible therefore that recombination is
initated as much as 25 times more frequently at cog™
than at cog.

Genetic background variation alters recombination
frequency: Although recombination frequency in the
his-3 region depends upon which alleles of cogand rec-2
are present, it seems that these are not the only factors
involved. His" frequency, for a single pair of mutant Ais-3
alleles, varies over a twofold range in crosses with identi-
cal cog and rec-2 genotypes (Figures 1-3 and 6). Cross-
over frequency varies in a similar way (Figures 4 and
5). Analysis of recombination frequencies from crosses
between strains with the same or similar genetic back-
grounds suggests that genes with small effects on recom-
bination segregate in our laboratory strains. Such an
effect has been detected previously, where allelic recom-
bination at the nit-2locus was found to vary with parental
provenance (CATCHESIDE 1970).

The effect of rec-2* on crossing over in the his-3 re-
gion: In a cog homozygote, recombination in Ais-3 is
reduced fourfold when rec-2" is present (Figure 1 and
CATCHESIDE and ANGEL 1974) and that which persists
appears to be initiated from the rec-2"-independent hot-
spotat the 5" end of %is-3 (CATCHESIDE and ANGEL 1974).
Therefore, if crossovers resulting from initiation at this
or other rec-2"-independent hotspots in the lys-4—ad-3
interval occur autonomously, unaffected by those gener-
ated by initiation at cog, the absence of rec-2" in a cross
should increase crossing over in this region. However,
between lys-4 and ad-3, crossovers occur at an average
frequency of 2.0% in cog rec-2 homozygotes and 1.7%
in crosses including rec-2" (Figure 4, C and D). In the
his-3—ad-3 interval, the equivalent average frequencies
are 1.4 and 1.0%, respectively (Figure 5, C and D). The
crossover frequency for each interval in cochomozygotes
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is thus unaffected by the presence of rec-2" (P = 0.4
and 0.3, respectively). How can this be?

Perhaps we simply failed to detect the increase in
crossing over due to the absence of rec-2". We consider
this unlikely, as we detected a difference between 0.8
and 0.3% in mean His™ frequency for crosses heteroal-
lelic for K1201/K874 (Figure 1, A compared to B; P =
2 X 1079, despite highly heterogeneous data (for A,
P=4 X107 for B, P= 3 X 107%"). To obtain the cross-
over data, a similar number of colonies were counted
but spore suspensions experienced fewer dilutions than
in estimations of the yield of His* progeny from K1201/
K874 crosses, thus decreasing sampling error and in-
creasing our chance of differentiating between the fre-
quencies. In addition, the His* Ad™ frequencies (Figure
5, C and D) are no more heterogeneous (for C, P =
1 X 107% and for D, P =1 X 107 than the K1201/
K874 His* frequencies, so it seems improbable that a
real difference in frequency due to the presence of rec-
2" has been confounded by variation in genetic back-
ground.

If events initiated at cog were more likely than those
initiated at cogt to proceed by synthesis-dependent
strand annealing (NASSIF et al. 1994; PAQUES and HABER
1999), the absence of rec-2* would stimulate conversion
but not crossing over in a cog homozygote. If this were
the case, His" progeny of coghomozygotes would experi-
ence fewer crossovers than His" progeny extracted from
crosses where cog™ is present. However, the frequency of
flanking marker exchange is the same in His" progeny
from all crosses heteroallelic for K1201/K874 (P =
0.92).

We must therefore conclude that our original assump-
tion, that rec-2"-independent and cog-associated cross-
overs occur autonomously, is incorrect and that reduc-
tion of the latter yields an increase in the former type
of crossover. It may be that events are initiated autono-
mously but that, as cog-associated crossovers decrease,
events initiated elsewhere have an increased chance of
yielding crossovers, the phenomenon of crossover inter-
ference (MULLER 1916). Alternatively, since competitive
interaction between two nearby hotspots in S. cerevisiae
has been observed to reduce the activity of both (Xu
and KLECKNER 1995; FAN ef al. 1997), the lack of DSBs
at cogwhen rec-2" is present may increase the frequency
of initiation at other locations in the his-3 region.

cog" appears dominant in K26/K874 heterozygotes:
In crosses heteroallelic for distant his-3 alleles, a cog"
homozygote gives a His" frequency close to the sum of
the heterozygotes, suggesting that the His" frequency is
determined by the frequency of recombination initia-
tion. In contrast, in crosses heteroallelic for K26 and
K874 (Figure 6A), which are 215 bp apart (YEADON
and CATCHESIDE 1999), cog" homozygotes yield a His"
frequency lower than that of one of the heterozygotes
(P = 0.03), despite a presumed doubling in initiation
frequency. Alleles in close proximity experience co-con-

version more often than widely separated sites (Hrir-
LIKER et al. 1994; YEADON et al. 2002). Therefore, a re-
combination event initiated at cog (YEADON et al. 2001)
on the chromosome bearing K874 is less likely to termi-
nate between K874 and K26 to yield a His™ spore than
is a more distant allele pair. In addition, when nearby
alleles are co-converted, both mismatches may be in-
cluded in a single repair tract (MopRricH and LAHUE
1996). Thus, the probability that a conversion event
initiated on the K26 chromosome and covering K874
and K26 will result in a His™ spore is reduced compared
to a similar event involving remote alleles. However,
despite this effect, a cog" homozygote should yield His"
progeny at the sum of the two heterozygous frequencies,
whether the mutant alleles are close or distant.

Our His" frequencies are in most cases heterogeneous
within a single known genotype, suggesting segregation
of genes, unlinked to cog, that affect recombination.
K26/K874 heterozygotes are no exception, with the fre-
quencies yielded by K874 cog/K26 cog® crosses especially
heterogeneous (P = 1.6 X 107%). We therefore suggest
that variation in genetic background is responsible for
the apparent lack of additivity of our K26,/K874 recom-
bination frequencies. Since our strains are descendants
of those of D. G. Catcheside, genetic background varia-
tion is also a likely explanation for the previous nonaddi-
tive data (ANGEL et al. 1970; CATCHESIDE and ANGEL
1974). Itis clear that recombination involving K874 and
K26, the only allele pair available to CATCHESIDE and
ANGEL (1974) to test the dominance relationship of cog
and cog", is a special case, and that this relationship is
more easily investigated by analysis of crosses heteroal-
lelic for more distantly separated alleles.

We have shown that naturally occurring alleles of the
recombination hotspot cogare codominant. Since initia-
tion of recombination is thought to be independent of
interaction between homologs (DE Massy et al. 1994;
GILBERTSON and STAHL 1994; YOUNG et al. 2002), co-
dominance of hotspot alleles was predicted, but not
demonstrated prior to this study. This work supports the
conclusion that the frequency of conversion in crosses
homozygous for ade6 M26 in S. pombe is equal to the sum
of the two heterozygous frequencies (PONTICELLI et al.
1988), making it likely that all hotspot alleles operate
codominantly to influence recombination nearby.

We also present evidence that genes that influence
both conversion and crossing over are polymorphic in
laboratory strains of N. ¢rassa. Recombination at the natu-
rally polymorphic human DNAZ2 hotspot has yielded data
(JeFrFrEYS and NEUMANN 2002) that suggest that ge-
netic background may have a similar effect on recombi-
nation in humans. Identification and investigation of the
polymorphic genes involved in the genetic background
effect in Neurospora may assist with identification of
similar polymorphisms present in humans.

This work was supported by grants from the Australian Research
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