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ABSTRACT

Gene conversions and crossing over were analyzed along 10 intervals in a 405-kb region comprising
nearly all of the left arm of chromosome VII in Saccharomyces cerevisiae. Crossover interference was detected
in all intervals as measured by a reduced number of nonparental ditypes. We have evaluated interference
between crossovers in adjacent intervals by methods that retain the information contained in tetrads as
opposed to single segregants. Interference was seen between intervals when the distance in the region
adjacent to a crossover was <~35 cM (90 kb). At the metl3 locus, which exhibits ~9% gene conversions,
those gene conversions accompanied by crossing over exerted interference in exchanges in an adjacent
interval, whereas metl3 gene conversions without an accompanying exchange did not show interference.
The pattern of exchanges along this chromosome arm can be represented by a counting model in which
there are three nonexchange events between adjacent exchanges; however, maximum-likelihood analysis
suggests that ~8-12% of the crossovers on chromosome VII arise by a separate, noninterfering mechanism.

N meiosis, recombinational repair of double-strand
breaks (DSBs) that results in gene conversion is fre-
quently accompanied by crossing over (FOGEL and HURST
1967), whereas an identical DSB is only rarely crossover
associated in mitotic cells (MALKOVA et al. 1996). In
mitotic cells, crossovers between homologous chromo-
somes may lead to disadvantageous loss of heterozygos-
ity; but in meiosis, crossovers play an important role not
only in promoting genetic diversity, but in ensuring
proper chromosome segregation (reviewed by ROEDER
1997; Z1ckKLER and KLECKNER 1999; WALKER and HAaw-
LEY 2000).

Intimately connected to the problem of crossover con-
trol at a single locus is the phenomenon of crossover
or chiasma interference, in which the proportion of
closely spaced crossovers is lower than what would be
expected from a random distribution. Interference is
seen in multifactor crosses that produce fewer double
recombinants than are expected on the assumption of
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independence of crossing over in two monitored inter-
vals. Interference can also be measured by a lower-than-
expected incidence of nonparental ditypes (i.e., four-
strand double crossovers) within a single interval. In
budding yeast, mutations such as zip1, msh4, or mlhl, which
reduce crossing over, also appear to eliminate the con-
straints of interference (Ross-MaAacpoONALD and ROEDER
1994; Sym and ROEDER 1994; KHAZANEHDARI and BORTS
2000). In contrast, mus81 or mms4 mutations reduce ex-
changes without affecting interference (DE LOS SANTOS
et al. 2003). These observations support the idea that
budding yeast have two pathways leading to crossovers,
but only one of which imposes interference.

How one recombination event might influence an-
other, at distances of tens of kilobases in yeast and much
greater distances in flies and mammals, is not well un-
derstood. Various models have been proposed to ex-
plain interference, ranging from those in which the
constraint is established at the time the DSB is first
processed to those in which Holliday junction (HJ) re-
solvases themselves resolve a fixed number of intermedi-
ates as noncrossovers after having first resolved one
intermediate as a crossover (KING and MORTIMER 1990;
Foss et al. 1993; ZHAO et al. 1995; STORLAZZI et al. 1996;
KaBACK et al. 1999; COPENHAVER et al. 2002; FUJITANT
et al. 2002). In “counting” models, the choice of which
intermediates will be resolved as crossovers could occur
within ordered clusters of recombination intermediates
(StAHL et al. 2004, accompanying article, this issue).
Models based on the relief of stress along the axis be-



50 A. Malkova et al.

tween homologous chromosomes (STORLAZZI et al. 1995;
BORNER et al. 2004) may also have some aspects of count-
ing, depending on the uniformity of stress along the
chromosome axis. Counting models can account for
the distribution of crossovers along chromosomes in
Neurospora and Drosophila (Foss et al. 1993; MCPEEK
and SPEED 1995; ZHAO ef al. 1995; COPENHAVER el al.
2002), with such models being somewhat more robust
than models such as that of KING and MORTIMER (1990),
which envision inhibitory signals spreading from the
site of a crossover. A recent study of crossovers in tetrads
from Arabidopsis concluded that the goodness of fit
to a counting model was significantly improved by an
additional assumption that there are in fact two types
of crossovers, one with and one without interference.
One set of exchanges may be related to the establish-
ment of synapsis between homologs and be noninterfer-
ing, whereas later crossovers would obey the constraints
of interference (COPENHAVER ¢l al. 2002). Similar consid-
erations appear to apply to crossovers in humans (Hous-
wORTH and STAHL 2003). Hence there would be a “sprink-
ling” of (perhaps) randomly distributed exchanges that
would appear as closely spaced double crossovers in excess
of the strict rules imposed by the various models.

The idea that the majority of noncrossovers might
arise in a mechanistically different fashion from cross-
overs has its roots in studies of gene conversion by tetrad
analysis in several fungi. STADLER (1959), studying Neuro-
spora, first noted that only those gene conversions that
were accompanied by crossing over caused crossover
interference in adjacent intervals; that is, gene conver-
sions accompanied by crossing over were associated with
areduction in additional crossovers in the next adjacent
genetic interval, whereas gene conversions resolved as
noncrossovers showed no interference. A similar conclu-
sion was reached by MorTIMER and FocEeL (1974) for
tetrads of Saccharomyces cerevisiae; however, their data
are subject to criticism. Two different loci, arg4and hisl,
served as the focus of their study. In the arg4 case, they
considered a gene in which there were three hetero-
allelic markers. If, for example, only arg4-16 exhibited
gene conversion, then two alleles within the same gene,
arg4-17 and arg4-19 (3.3 and 0.2 cM away, respectively),
were considered to be the flanking markers. If, however,
arg4-16and arg4-17 coconverted, then the flanking marker
was considered to be thrl, 18 cM away. This shifting frame
of reference makes it difficult to assess effects on recom-
bination in still more distant intervals. Similarly, at the
hisl locus, data for conversion of different alleles were
combined with those from interallelic reciprocal recom-
bination, where all markers segregated 2:2. These data
contain several unexpected results. First, conversions of
hisI-2 not associated with exchange led to strong nega-
tive interference in the 2.5-cM arg# to hisI-1 interval (that
is, a coefficient of coincidence of 3.3 rather than 1.0).
There was no such effect on the opposite side, where the
genetic distance to the flanking marker, arg6, was 11 cM

and the adjacent interval (arg6-trp2) was 20 cM. In a
similar fashion, conversions of hisI-1 that were accompa-
nied by crossing over nearly completely prevented cross-
ing over in the adjacent hisI-2 to arg6 interval (a coeffi-
cient of coincidence of 0.09); this value is much lower
than most estimates of interference, where the coeffi-
cient of coincidence is between 0.5 and 0.2 (see below).
No such strong interference was seen on the opposite
side of hisI-2, where the flanking markers are more
distant; the coefficient of coincidence was not different
from 1.0. The striking high negative interference in one
case and unusually strong positive interference in an-
other could be explained if there were not two recombi-
nation events, one a gene conversion within the first inter-
val and the other a crossover in the adjacent interval,
but rather a single recombination event in which AisI-2
was converted, hisI-1 was restored, and a crossover oc-
curred between hisI-1 and arg4. Such events are analo-
gous to those seen among physical intermediates of recom-
bination involving a marker that could not be readily
mismatch corrected (ALLERS and LicHTEN 2001a,b).

To determine whether gene conversions without an
associated crossing over in yeast are indeed different in
their ability to exert interference from gene conversions
with crossing over, we created a well-marked chromo-
some arm from which we could obtain detailed informa-
tion about gene conversions, crossing over, and interfer-
ence. We chose a 405-kb interval including most of the
left arm of chromosome VII, which we divided into 10
intervals, using a set of auxotrophic and other markers
isolated in the Y55 strain background (McCuUSKER and
HaBER 1988b). Three drug-resistance markers and a
nutritional marker (URA3) were introduced by gene tar-
geting. One of these markers, metl3-YIE, shows a sig-
nificant level of gene conversion, ~9%, while three or
more flanking markers on each side have 10-fold lower
levels of non-Mendelian segregation. Thus few tetrads
had to be eliminated because flanking markers were
uninformative. From the analysis of >2500 tetrads we
were able to establish that gene conversions with cross-
ing over exhibit interference comparable to that seen
in the analysis of intergenic crossing over. Gene conver-
sions not associated with exchange did not perceptibly
interfere with crossing over in adjacent intervals. In
addition we present a description of crossing over along
the entire chromosome arm, providing a large database
that can be used to test various models of interference.
We find that the fit of the counting model to the distri-
bution of crossovers along this chromosome arm is im-
proved by the addition of ~8-12% of noninterfering
exchanges.

MATERIALS AND METHODS

Strains: Diploid strain MAG100 was derived by a series of
auxotrophic and drug-resistant mutations isolated in the ho-
mothallic Y55 strain background (McCusker and HABER
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1988b). The alleles ade>-Y7, lys5-Y2, met13-Y1E, cyh2-Y1, trp5-Y1,
and lewl-YI have been given Y prefixes to distinguish them
from alleles in these genes isolated in other backgrounds. The
temperature-sensitive mutation, ¢r/3-2, was previously described
(McCusker and HABER 1988a,b). Heterothallic (%0) haploid
derivatives were constructed by knocking out the HO gene
(ho::LEU2). Three drug-resistant markers were introduced by
the methods of WAcH et al. (1994) and GOLDSTEIN et al. (1999).
The nourseothricin-resistance gene (NAT) was introduced
into YGL131c, ~6.6 kb distal to MET13. The hygromycin
B-resistance (HPH) gene was inserted into ORF YGL121c, 6.5
kb proximal to MET13. The kanamycin-resistance (KAN) gene
was inserted in an intergenic region located between nucleo-
tides 166195 and 166294, based on the chromosome VII DNA
sequence of S. cerevisiae posted at the Saccharomyces Genome
Database (http:/genome-www.stanford.edu/Saccharomyces/).
The final strain, MAG100, shown in Figure 1, was constructed
from two haploids of genotype MATa wra3-Y1 ade>-Y7 LYS5
MET13 HPH CYH2 c¢ri3-2 trp5-Y1 leul-Y1 and MATo wra3-Y1
ADES5 KAN lys5-Y2 NAT met13-Y1E cyh2-Y1 CRL3 TRP5 LEUI.

Subsequently, these haploid parents were modified to create
diploid YFS0407. The long ade>-KAN region was subdivided
by inserting URA3 in an intergenic region between CHCI and
POX1, deleting nt 107806 to 107906. Similarly, the long HPH-
¢yh2 interval was subdivided by insertion of the BLE (bleomy-
cin-resistance) marker (GATIGNOL ¢t al. 1987) in an intergenic
region between GUPI and SCY1 by deletion of the region of
chromosome VII from nt 352596 to 352696. The MET13-con-
taining haploid parent of diploid MAG100 was also crossed
to an isogenic strain carrying the met13-5 allele (MCCUSKER
and HABER 1988b) to produce a haploid carrying the same
markers but with met13-5 instead of MET13. When crossed to
the original met13-1 parent, this yielded a new diploid heteroal-
lelic for metl3-1/metl3-5.

Genetic analysis: Diploids were grown in yeast extract-pep-
tone-dextrose (YEPD) medium and sporulated at 30°, as de-
scribed previously (McCuskerR and HABER 1988b). Tetrads
were dissected on YEPD and germinated at 25° or 30°. Auxotro-
phic markers were scored by replica plating to standard nutri-
tional drop-out media lacking one amino acid. The tempera-
ture-sensitive ¢r/3-2allele was scored by replica plating to YEPD
plates subsequently incubated at 37°. Resistance to antibiotics
was scored by replica plating to YEPD plates containing 10 mg/ml
cycloheximide, 25 mg/ml nourseothricin, 300 wg/ml hygro-
mycin B, or 300 pg/ml kanamycin.

Tetrad analysis and calculation of interference: Tetrad data
were analyzed using MacTetrad, version 6.9 written by Jona-
than Greene, Warren Voth, and David Stillman. Map distances
between markers were calculated by the formula of PERKINS
(1949), where map distance (in centimorgans) = 100([6NPD +
(TT)]/[2 X [PD + NPD + TT1]), where PD, NPD, and TT stand
for parental ditype, nonparental ditype, and tetratype, respec-
tively. Perkins’s formula is valid in the absence of chromatid
interference for intervals in which the number of exchanges
greater than two is negligible. Interference was determined
in two ways. First, interference within a single genetic interval
was identified when the observed number of NPD tetrads was
significantly lower than that expected on the basis of the for-
mula %[1 =TT — (1 — (3TT/2)*?)] (PapaziaN 1952), where
TT is the fraction of tetratype asci. Second, interference be-
tween crossovers in two intervals was determined by comparing
the distribution of tetrad types (PD, NPD, and TT) in an ad-
jacent interval for the case when the initial interval exhibited
either a TT or NPD pattern (indicative of crossing over) or a
PD pattern (taken as indicative of no crossing over). These two
distributions were compared by chi-square (x?) tests using the
interactive chi-square site at http:/faculty.vassar.edu/lowry/
VassarStats.html. The crossover distribution was also evaluated

by comparing the calculated map distances using the Stahl
Lab Online Tools at http:/groik.com/stahl/. Tetrads in which
one of the markers had undergone gene conversion or post-
meiotic segregation were excluded from these analyses. Be-
cause most markers, except MET13 and URA3, showed very
low levels of gene conversion, this did not prove to be a
problem.

To compare the distribution of crossovers among individual
tetrads, tetrads were grouped by the number of apparent cross-
overs they contain. For example, a tetrad with six parental
ditype intervals, one tetratype interval, and one nonparental
ditype interval has three apparent crossovers. The maximum
number of apparent crossovers observed in the data was seven.
For each model, the probability of obtaining a tetrad with zero
to six apparent crossovers was calculated using the Poisson dis-
tribution and the formula by MATHER (1935); for the inter-
ference-only case we used the formulas of BAILEY (1961) and
ZHAO et al. (1995). The probability distribution developed by
COPENHAVER ¢t al. (2002) was used for the two-pathway model.
The remaining probability for seven or more apparent cross-
overs was used for the last class. The expected number of
tetrads in each class is just the total number of tetrads times
the probability of the class. One sees a much better fit using
a model that includes interference. The SAS codes used to
conduct the statistical analyses assessing the two-pathway hy-
pothesis for chiasma interference and assessing chromatid
interference are available from E. A. Housworth upon request.

Maximum-likelihood analysis: The method described in
COPENHAVER ¢t al. (2002) was used to determine m, the fixed
number of noncrossover events between nearest-neighbor
crossovers, and p, the proportion of noninterfering crossover
events.

RESULTS

Interference is observed in all intervals of the left arm
of chromosome VII: Two different diploids, MAG100 and
YFS0407, were analyzed (Figure 1A). In MAG100 (set
IT), the 405-kb left arm of chromosome VII was subdi-
vided into 9 intervals. In YFS0407 (set I) there were 11
intervals, created by the insertion of the URA3 and BLE
genes, but difficulties in scoring the BLE marker led to
a consideration of only 10 intervals. Set I includes 2076
complete tetrads; set II contains an additional 1451 tet-
rads. Overall, the results from the two diploids were
quite similar (Table 1A), but there were some systematic
differences that obliged us to treat the two data sets
separately. The map lengths for the 9 elementary inter-
vals in set I are all greater than those in set I, and for
4 of the intervals the differences are significant (Stahl
Lab Online Tools). These intervals are lys5-NAT, HPH-
cyh2, cyh2-crl3, and trp5-leul. We do not know the origin
of these differences, but suspects are the BLE and URA
genes inserted in the set I diploid; there may also be
differences in the way cells were grown and sporulated
in the two laboratories that collected these sets of data.

As shown in Table 1B, MET13 showed a substantial
level of gene conversion (8.9%) whereas other markers
experienced gene conversion at levels ranging from 1.3
to 0.3%, except for URA3 in set I, which had 6.3% gene
conversion.

Generally, the map distances are consistent with those
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reported previously, as summarized in the chromosome
VII genetic map of the Saccharomyces Genome Data-
base. The overall genetic map, adding up each of the
nine intervals, indicates that there were 3.31 crossovers/
meiosis (165.7 cM for set I), or 2.44 kb/cM. For set 11
there were 3.88 crossovers/meiosis (194.1 cM), or 2.09
kb/cM. Compared to the physical distances of the inter-
vals, we find that there are no exceptionally “hot” or
“cold” intervals. The values ranged from 1.6 to 3.5 kb/
cM (Table 1A).

All of the intervals examined showed significant cross-
over interference. In all but the two smallest intervals
(NAT-MET13 and METI13-HPH), for which there were
not enough data, this was evident from the reduced
number of NPDs compared to the expected value, calcu-
lated from the equation of PApaziaN (1952). These data
are shown in Table 2. The ratios of observed numbers
of NPD to the expected value were generally between
0.1 and 0.33. Statistical uncertainties around the small
numbers of NPDs observed for the HPH-cyh2 interval
render the values for that interval unreliable.

Crossover interference can also be determined in a
three- or four-factor cross by comparing the observed
number of double crossovers to that expected on the
assumption of no interference. We detected interfer-
ence by first choosing an interval and identifying tetrads
that were PD ws. those that contained a crossover (TT
and NPD). Then, we compared the distributions of all

both the URA3 marker and
a BLE marker (not shown)
that subdivides the ¢yh2-crl3
interval but was not used
in the subsequent genetic
analysis. (B) Expected wvs.
observed numbers of cross-
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in MATERIALS AND METH-

oDps. The observed distribu-

tion is shown with solid
bars. Also shown is the pre-
dicted distribution assum-
ing the two-pathway model
in which m = 3 and 8% of
crossovers are noninterfer-

ing (shaded bars).

tetrad types in an adjacent interval (PD, NPD, or TT)
for those that were either noncrossovers or crossovers in
the firstinterval . This approach retains the information
contained in tetrads that is lost when the data are re-
duced to an analysis of single segregants. As an example,
consider Table 3A, in which the interval under consider-
ation is the centromere-adjacent trp5-leul region. We
chose all tetrads in this interval in which there was evi-
dence of crossing over (TT + NPD) and analyzed all
of these tetrads for the distribution of tetrad types in
each of the other intervals defined by adjacent markers
(hereafter called elementary intervals). These results
were compared with the distribution of tetrad types in
the same intervals when there was no detected crossover
event in the trp5-leul interval (PD). The significance of
the difference in the distributions of tetrad types in
adjacent intervals was then determined by contingency
x* tests. We also calculated the map distances for each
of these cases, using Stahl Lab Online Tools, which test
for the significance of differences between map lengths
calculated from tetrad types. By the x? test, the Pvalue
in set I (0.034) suggests that interference extends into
the ¢yh2-crl3 interval as well (Table 3A). This conclusion
is supported by the observation that the difference in
the calculated map lengths is also statistically significant
for both data sets. For intervals further removed, inter-
ference was not detected.

This approach allowed us to examine the relatively
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TABLE 1

Recombination in the left arm of chromosome VII

Set ade5,7-URA3 URA3-KAN ~ KAN-lys5

lys5-NAT ~ NAT-HPH HPH-cyh2

cyh2-crl3 cri3-trp5 trp5-leul

A. Crossovers in nine intervals”
I PD:TT:NPD 1082:827:14 1138:756:15 1234:780:5 1478:557:6 1724:332:0 1805:240:6 846:1168:401201:843:13 1520:539:4

cM 23708 222 =*08 201 *06 145 *=0.6 81 * 0.4
866:539:11 882:526:11 1193:234:2 1160:269:4 492:887:50 842:568:13 941:481:6

II PD:TT:NPD 366:980:77

6.7+ 05 343 = 1.0 224 £ 0.7 13.7 = 0.6

cM 50.7 = 1.7 21.4 £09 209 £09 86 0.6 102 =*=0.7 415 *=14 227+ 1.0 18.1 = 0.8

kb 49 58.3 49 45 13.1 29.7 98.2 35 27.8
Avg.kb/cM, 2.1 2.6 2.4 2.5 1.6 3.5 2.6 1.6 1.7

ade5,7 URA3 (set1) KAN lys5 NAT met13 HPH cyh2 orl3 rp5 leul
B. Conversion at eleven markers’
3:1 7/3 113 25/10 14/14 104/65 3/4 7/2 4/11 6/9 2/4
1:3 7/10 18 6/5 10/5 79/65 7/6 6/5 5/2 2/17 1/3
Frequency 0.008 0.063 0.013 0.012 0.089 0.006 0.006 0.006 0.007  0.003
Other (no.) 4:0 (1) 4:0 (6) 4:0 (1) 0:4 (2) 04 (2) 0:4 (1) 04 (1) 40 (2 40 (2) 40 (1)
0:4 (1) 0:4 (2) 4:0 (2)

“To determine the map length in each elementary interval along chromosome VII, 2076 four-spore tetrads (set I) and 1451 four-spore tetrads
(set II) were scored. The centromere is to the right. Those tetrads exhibiting non-Mendelian segregation of either marker defining a given
interval are not included. Map distances and standard errors in centimorgans (cM) were calculated with the aid of Stahl Lab Online Tools
(http:/groik.com/stahl/), on the basis of the formula cM = 100 X (TT + 6NPD)/2(PD + NPD + TT), which assumes that all intervals are
subject to no more than two crossover events. Physical distances were determined from data in the Saccharomyces Genome Database (http:/

genome-www.stanford.edu/Saccharomyces/).

"Non-Mendelian segregations observed in the 2076 analyzed tetrads of set I and the 1451 tetrads of set II (entered as set I/set II). For

Frequency and for Other, data from the two sets are combined.

small interval between NAT and HPH (ignoring what
occurred at the MET13 locus between these two drug-
resistance markers; Table 3E). A crossover between NAT
and HPH caused interference in both adjacent intervals
(lys5-NAT and HPH-cyh2). In set I, where map distances
were somewhat shorter, we could see that interference
also extended into the next two adjacentintervals (KAN-
lys5 and ¢yh2-crl3). It could be that set II failed to detect
interference simply because there are fewer tetrads. On
the other hand, it could be because interference falls off
with linkage map distance, not with physical distances.

In a similar fashion, we see that crossovers in each
selected interval exert interference on the immediately
adjacent intervals, but not necessarily over a longer dis-
tance. We summarize the genetic distance over which
interference could be detected in Table 4, which shows
the length of the intervals on either side of a selected
interval, containing crossovers (TT or NPD), over which
interference could be detected in at least one of the two

sets of data. The extent, or reach, of interference to the
left and to the right of each selected interval in which
there was crossing over was calculated as the distance
between the midpoint of the test interval and the mid-
point of the most distant interval in which interference
was seen, using set I data (Table 4). For 14 such cases,
the mean length over which interference was detected
was 30.8 = 11.8 cM, corresponding to 78.6 = 29.0 kb.
These data include five instances in which interference
extended beyond the last marker used in the analysis
and thus the mean “reach” of interference will be some-
whatlarger. The longest genetic length over which inter-
ference was seen was 60.7 cM; the longest physical dis-
tance over which there was interference was 154.2 kb,
about one-third of the chromosome arm. The shortest
genetic distances over which interference was confined
were 17.3 and 18.7 cM; in these two cases, interference
did not extend another 21.2 or 20.5 ¢cM (or another
53.7 or 64.0 kb), respectively.

TABLE 2

Interference as judged by NPD ratios

Set  ade5,7-URA3  URA3-KAN KAN-lys5 lys5-NAT

NAT-HPH

HPH-cyh2 cyh2-crl3 crl3-trp5 trp5-leul

1 0.21 = 0.06
11 0.52 £ 0.04

0.28 £ 0.07 0.09 £ 0.04 0.25 = 0.10
0.31 = 0.09 0.33 £0.1

0.0 1.57 £ 064 0.25 =0.04 0.21 =0.06 0.18 = 0.09
0.37 = 0.26 0.55 £0.26 0.33 = 0.05

0.32 = 0.09 0.22 = 0.09

The ratios observed NPD:expected NPD, with standard errors, were calculated with the aid of Stahl Lab Online Tools( http://groik.
com/stahl/) according to the formula of PApazIAN (1952), for which ratios significantly less than unity demonstrate interference (see

MATERIALS AND METHODS) .
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TABLE 3

Interference for nine intervals taken pairwise

Set ade5,7-URA3 ~ URA3-KAN KAN-lys5 lys5-NAT NAT-HYG HYG-cyh2 cyh2-crl3 crl3-trp5
A. trp5-leul
I TT + NPD 280:217:5 319:180:3 318:212:1 398:137:1 455:86:0 467:70:3 233:303:5 473:69:0
(246 £1.7) (19.7x14) (205*=12) (13.3=1.1) (8.0 £0.8) 8.2=*x1.2) (30.8%=1.5) (6.4 £0.7)
PD 792:607:9 810:572:12  909:562:4  1070:417:5  1258:244:0  1372:168:3 605:861:35 727:773:13
(235 £0.9) (23.1x1.0) (199=*0.7) (15.0%x0.7) (8.1 £0.5) (6.0+0.5) (35.7*£1.2) (28.1%*0.9)
x> P 0.72 0.10 0.51 0.28 0.92 0.15 0.09 <0.0001
Sig. SE (cM) No No No No No No Yes Yes
11 TT + NPD 130:323:22 292:177:3 294:177:2 392:87:0 379:102:2 172:302:8 395:85:3
(479 = 2.7) (20.7=1.5) (19.9=*=1.4) (9.1+0.9) (11.8*£1.3) (36.3*x1.9) (10.7*=1.4)
PD 230:641:55 562:351:8 575:340:9 783:143:2 764:162:2 313:575:40  441:482:10
(52.4 = 2.2) (21.7*+1.2) (21.3*=1.2) (8.4*0.7) (9.4*£0.8) (439*19) (29.1x1.2)
x> P 0.40 0.87 0.54 0.25 0.09 0.03 <0.0001
Sig. SE (cM) No No No No No Yes Yes
Set ade5,7-URA3  URA3-KAN KAN-lys5 lys5-NAT NAT-HPH HPH-cyh2 cyh2-crl3 trp5-leul
B. crl3-trp5
1 TT + NPD 446:344:7 485:295:6 504:326:3 614:229:0 712:137:0 742:104:1 465:376:11 786:68:1
(242 *=13) (21.1*x12) (20.7*=1.0) (13.6=0.8) (8.1 £0.6) (6.520.7) (25.9=*x1.4) (4.3 £0.6)
PD 622:479:7 644:454:9 721:447:2 848:325:6 994:194:0  1046:135:5 375:789:29  727:470:3
(235 £1.0) (229=*1.1) (19.60.8) (15.3%=0.9) (8.2 0.5) (7.0+0.7) (40.4*=14) (20.3+0.8)
X2 P 0.82 0.30 0.64 0.69 1.0 0.74 <0.0001 <0.0001
Sig. SE (cM) No No No No No No Yes Yes
11 TT + NPD 138:394:39 354:212:4 353:212:5 474:96:1 477:94:1 266:300:11 492:88:0
(55.0 = 2.9) (20.7=1.4) (21.2=*=1.5) (8.9 £0.9) (8.7+0.9) (31.7%x1.9) (7.6 =0.7)
PD 220:566:38 499:312:7 511:305:6 696:134:1 665:167:3 223:579:38  441:389:6
(48.2 = 2.1) (21.6 £ 1.2) (20.7*=1.2) (84x0.7) (11.1x0.9) (48.0x2.0) (25.4=1.2)
X P 0.15 0.88 0.95 0.76 0.09 <0.0001 <0.0001
Sig. SE (cM) No No No No No Yes Yes
Set ade5,7-URA3 ~ URA3-KAN KAN-lys5 lys5-NAT NAT-HPH HPH-cyh2 crl3-trp5 trp5-leul
C. cyh2-crl3
| TT + NPD 617:492:5 636:465:11 742:443:1 876:314:4  1047:154:0  1110:92:4 818:382:4 895:306:2
(234 £09) (239*=1.1) (189=x0.7) (14.2x0.8) (6.4 =0.5) (4.8+0.6) (16.9=*x0.8) (13.2+0.7)
PD 452:328:9 495:281:4 482:329:4 585:239:2 659:175:0 687:148:2 375:456:9 605:231:2
(242 £1.4) (19.6x1.1) (21.7*=1.1) (152%0.9) (10.5*=0.7) (9.6 £0.8) (30.4*+1.3) (14.5%x0.9)
x> P 0.13 0.02 0.13 0.23 <0.0001 <0.0001 <0.0001 0.30
Sig. SE (cM) No Yes (neg.) Yes No Yes Yes Yes No
11 TT + NPD 247:629:45 578:328:9 577:327:9 782:140:2 792:137:3 617:300:11 615:306:4
(48.8 = 2.0) (209+1.2) (209=x1.2) (8.2x£0.7) (8.3+0.8) (19.7*x1.3) (17.8x1.0)
PD 114:334:32 276:201:2 291:192:2 395:89:0 358:128:1 223:264:2 313:170:2
(54.8 = 3.1) (222*14) (21.0x14) (92%+0.9) (188=*1.2) (282x14) (188=*1.4)
x> P 0.22 0.051 0.22 0.17 <0.0001 < 0.0001 0.50
Sig. SE (cM) No No No No Yes Yes No
(continued)

Gene conversions without exchanges are noninterfer-
ing: In some models of recombination, all gene conver-
sions arise from a common process in which Holliday
junctions are resolved. The act of resolving these inter-
mediates might be the signal that is transmitted along
the chromosome axis, resulting in interference. In this
case, one might imagine that gene conversions without

crossovers would be just as likely to interfere with adja-
cent crossover events as gene conversions that are ac-
companied by crossing over. If, however, gene conver-
sions arising without an associated crossover occur by a
mechanism that is distinct from one that leads to gene
conversions with crossovers, then the two types of events
might have quite different effects on interference.
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(Continued)
Set ade5,7-URA3 ~ URA3-KAN KAN-lys5 lys5-NAT NAT-HPH cyh2-crl3 crl3-trp5 trp5-leul
D. HPH-cyh2
1 TT + NPD 125:103:0 142:82:3 169:72:1 195:49:0 232:13:0 150:91:5 140:105:0 171:73:0
(22.6 £1.7) (22.0x2.7) (16.1x1.9) (10.0=x1.3) (2.7+0.7) (246=*3.0) (21.4*1.6) (15.0=1.5)
PD 944:715:13  986:661:12 1051:699:4  1264:504:6  1482:316:0 687:1075:35 1046:729:13 1327:463:4
(23.7+0.9) (22.1*0.8) (20.6*+0.7) (15.2*0.7) (8.8+0.5) (35.8*x1.1) (226*0.8) (13.6%x0.6)
X: P 0.34 0.38 0.01 0.01 <0.0001 <0.0001 0.35 0.23
Sig. SE (cM) No No Yes Yes Yes Yes No No
II  TT + NPD 76:174:16 152:113:3 191:76:2 245:25:1 129:135:5 170:94:1 164:103:1
(50.6 = 4.1) (244x23) (16.4%=2.0) (5.7+1.4) (30.7x2.7) (189*1.8) (20.3*=1.8)
PD 287:792:60 701:421:8 681:442:9 943:206:1 358:747:45  665:466:11  764:374:5
(50.6 = 1.9) (20.8 £1.0) (21.9*=1.0) (9.2+0.6) (442=*1.7) (23.3*1.1) (17.7%=0.9)
x> P 0.43 0.24 0.004 0.001 <0.0001 0.16 0.09
Sig. SE (cM) No No Yes Yes Yes Yes No
Set ade5,7-URA3 ~ URA3-KAN KAN-lys5 lys5-NAT HPH-cyh2 cyh2-cri3 crl3-trp5 trp5-leul
E. NAT-HPH
1 TT + NPD 168:140:4 198:111:2 224:99:1 290:37:0 316:11:2 175:150:4 194:135:2 244:85:1
(26.3 £2.3) (19.8*£1.9) (16.2*1.6) (5.7£0.9) (35*14) (264*22) (222*18) (13.8*1.5)
PD 904:678:9 931:636:13  999:675:4  1179:519:6  1482:228:4 659:1011:36  994:701:11 1258:452:3
(23.0 2 0.8) (22.6*0.9) (20.8*+0.7) (16.3x0.7) (74+05) (36.0x1.1) (225*0.8) (13.7*0.6)
X: P 0.26 0.29 0.002 <0.0001 <0.0001 <0.0001 0.99 0.92
Sig. SE (cM) No No Yes Yes Yes Yes No No
1I TT + NPD 65:156:12 142:89:2 197:36:2 207:26:0 89:129:13 135:92:5 145:85:2
(48.9 = 4.1) (21.7+23) (10.2=*=2.1) (5.6*1.0) (44.8*x44) (263x3.1) (209=*23)
PD 296:810:64 708:445:9 680:485:9 943:241:4 395:746:36  696:467:7 783:388:4
(51.0 = 1.9) (21.5+1.0) (23.0*x1.0) (11.2*0.8) (409*=15) (21.8x1.0) (17.5%0.8)
x> P 0.71 0.99 <0.0001 0.001 0.03 (neg.) 0.06 0.25
Sig. SE (cM) No No Yes Yes No No No
Set ade5,7-URA3 ~ URA3-KAN KAN-lys5 NAT-HPH HPH-cyh2 cyh2-cri3 crls3-trp5 trp5-leul
F. lys5-NAT
1 TT + NPD 291:219:3 321:187:4 475:81:2 525:37:0 510:48:1 241:306:12  331:225:4 422:137:1
(23.1 £ 1.4) (20.6*=1.5) (8.3*x1.1) (3.3 +0.5) (4.8*0.8) (33.8*x20) (222=*x14) (128=*1.0)
PD 776:591:10 795:560:11  754:697:3  1179:290:0  1264:191:4 585:850:26 848:607:7  1070:395:3
(23.6 £0.9) (229*1.0) (24.6=*0.7) (9.9*+0.5) (74*0.6) (344=11) (222=0.8) (141=*=0.7)
x> P 0.94 0.21 <0.0001 <0.0001 0.006 0.36 0.72 0.28
Sig. SE (cM) No No Yes Yes Yes No No No
II TT + NPD 125:372:30 406:122:3 494:36:2 451:77:1 194:319:17  311:213:4 349:177:2
(52.4 = 2.8) (13.2 £1.3) (4.5*+1.0) (7.8+1.0) (39.7x£23) (224*15) (17.9x1.3)
PD 231:590:46 452:414:8 680:197:0 681:188:3 291:547:30  511:344:9 575:290:4
(499 = 2.1 (264*+1.2) (11.2%+0.7) (11.8%x0.9) (41.9+1.8) (23.0*x1.3) (18.1x1.0)
x> P 0.47 <0.0001 <0.0001 0.001 0.50 0.86 1.0
Sig. SE (cM) No Yes Yes Yes No No No
(continued)

Among 3527 tetrads pooled from set I and set II,
there were 311 MET3 conversions that could be scored
as crossovers or as noncrossovers for the flanking mark-
ers. In 145 of those tetrads (46.6%), the conversions
were crossovers for NAT-HPH. The data in Table 5 dem-
onstrate that the map length for the lys5-NAT interval,
adjacent to the NAT-HPH interval, is significantly lower

among crossover MET13 conversions than among non-
crossovers. This difference could be due to positive in-
terference between crossover MET13 conversions and
crossing over in the neighboring interval, or it could
be due to negative interference between noncrossover
METI3 conversions and crossing over in the neigh-
boring interval, as discussed in the Introduction. We
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TABLE 3
(Continued)
Set ade5,7-URA3  URA3-KAN lys5-NAT NAT-HPH HPH-cyh2 cyh2-crl3 crl3-trp5 trp5-leul
G. KAN-lys5
I TT + NPD 407:312:4 521:203:3 700:81:2 679:100:0 703:72:1 333:428:16  449:325:4 566:213:0
(23.2x1.2) (15.2=%1.1) (5.9 =£0.8) (6.4 = 0.6) (5.0+0.6) (33.7x1.6) (224*1.1) (13.7=0.8)
PD 648:490:8 598:548:12  809:767:9 999:224:0  1051:166:3 482:720:22  721:497:7 909:315:3
(235 £1.0) (26.8*+1.1) (25.9*0.8) (9.2 £0.6) (7.5£0.6) (34.8=*x12) (220=*09) (13.6=0.7)
X P 0.92 <0.0001 <0.0001 0.002 0.004 0.25 0.86 0.51
Sig. SE (cM) No Yes Yes Yes Yes No No No
11 TT + NPD 173:350:23 422:121:4 454:91:0 429:113:3 203:319:18  319:207:9 359:178:2
(44.7 = 2.5) (13.3 £1.4) (84%0.8) (120x1.3) (3895*x23) (244=*x19) (17.6=1.3)
PD 186:619:53 452:399:7 708:140:2 701:151:1 276:548:30  499:350:4 562:288:4
(54.6 = 2.3) (25.7 +1.2) (8.9 £0.8) (9.2*0.7) (426=*19) (219=1.1) (18.3=1.0)
x> P < 0.0001 <0.0001 1.0 0.12 0.13 0.06 0.81
Sig. SE (cM) Yes Yes No No No No No
Set ade5,7-URA3 ~ KAN-lys5 lys5>-NAT NAT-HPH HPH-cyh2 cyh2-cri3 crl3-trp5 trp5-leul
H. URA3-KAN
I TT + NPD 525:234:4 560:204:2 571:190:1 649:113:0 673:83:2 285:461:15  463:295:6 584:182:1
(169 = 1.1) (141 £1.0) (129=*0.9) (7.4 £0.6) (6.3£0.8) (36.2=x1.6) (21.7=13) (12.3=0.9)
PD 541:580:9 598:519:2 795:316:5 931:198:0 986:139:3 495:613:23  644:479:6 810:317:2
(28.1 £1.0) (23.7*x0.8) (15.5=*0.9) (8.8 £0.6) (7.0 £0.7) (83.2=*x14) (228=*=1.0) (14.6=0.8)
x> P <0.0001 <0.0001 0.09 0.13 0.41 0.02 0.22 0.04
Sig. SE (cM) Yes Yes Yes No No No (neg.) No Yes
Set KAN-lys5 lys5-NAT NAT-HPH HPH-cyh2 cyh2-cl3 crl3-trp5 trp5-leul
1. ade5,7-KAN
11 TT + NPD 672:365:8 636:394:8 874:168:0 852:187:3 366:639:35  604:423:10  696:340:5
(19.8 £1.1) (21.3*x1.1) (8.1 =£0.6) (9.8+£0.8) (40.8x1.7) (23.3x1.1) (17.8=1.0)
PD 186:170:3 231:122:3 296:63:2 287:75:1 114:233:14  220:135:3 230:129:1
(26.2+1.9) (19.7+1.9) (10.4=*x15) (11.2+x1.3) (43.9*+3.0) (21.4*x19) (18.8*1.5)
x> P 0.0001 0.46 0.45 0.29 0.44 0.57 0.34
Sig. SE (cM) Yes No No No No No No
Set URA3-KAN KAN-lys5 lys5-NAT NAT-HPH HPH-cyh2 cyh2-cl3 crl3-trp5 trp5-leul
J. ade5,7-URA3
| TT + NPD 589:233:4 498:315:1 601:222:0 687:144:0 728:100:3 336:478:19  485:348:3 615:220:2
(15.6 £ 1.0) (19.7%+0.9) (13.5*0.8) (8.7%+0.7) (7.1+0.8) (35.5*x1.6) (21.9*1.0) (13.9*0.9)
PD 541:515:10 648:404:3 776:286:5 904:168:0 944:122:3 452:599:18  622:437:9 792:278:2
(27.0 £ 1.1)  (20.0*+0.9) (14.8*0.9) (7.8 = 0.6) (6.6 0.7) (33.1=x13) (23.0=1.1) (13.5=0.8)
x> P <0.0001 1.0 0.92 0.37 0.69 0.49 0.41 0.89
Sig. SE (cM) Yes No No No No No No No

can distinguish these by comparing the map distances
in Table 5 with the corresponding map distances for
the entire data set (average of sets I and II in Table 1).
For the crossover MET13 conversions, that ratio is 0.39,
indicative of positive interference. For the noncrossover
METI13 conversions, the ratio is 1.03, a value that fails
to support the observation of MORTIMER and FOGEL
(1974) that suggested there is negative interference be-
tween noncrossover conversions and nearby crossing
over. In the other adjacent interval (HPH-cyh2), we
failed to see a significant difference in the frequencies

of tetrad types or estimated map distances for the cross-
over vs. noncrossover MET13 conversions. However, we
note that when all crossovers in the NAT-HPH interval
were analyzed, there was clear interference in both lys5-
NAT and HPH-cyh2 adjacent intervals (Tables 3 and 4).

Random-spore analysis of MET13 gene conversions:
It was possible that a larger number of METI3 gene
conversions might increase the statistical significance of
any interference in the HPH-cyh2 interval. To address
this possibility, we crossed the METI3-containing hap-
loid parent of diploid MAG100 with an isogenic strain
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TABLE 4

Summary of interference measured between intervals

ade5-KAN ~ KAN-lys5  lys5>-NAT ~ NAT-HPH  HPH-cyh2  cyh2-crl3  orl3-trp5  trp5-leul

cM (set I) 44.0 20.1 14.5 8.1 6.7 34.3 22.4 18.7
cM (set II) 50.7 21.4 21.0 8.6 10.2 41.5 22.7 18.1
kb 107.3 49 45 13.1 29.7 98.2 35 27.8
ade5-KAN 1, 2
KAN-lys5 1,2 1,2 1 1
lys5-NAT 1, 2 1, 2 1,2
NAT-HPH 1 1 1,2 1,2 1
HPH-cyh2 1, 2 1,2 1, 2 2
cyh2-crl3 1 1 1, 2 1, 2
crl3-trp5 1, 2 1, 2
trp5-leul 1, 2 1,2
Reach L

cM =32.1 17.3 =60.7 36.0 27.9 28.4 46.4

kb =78.2 47.0 =154.2 97.5 85.4 66.6 98.0
Reach R

cM 32.1 36.0 18.7 27.9 20.5 28.4 =18.1

kb 78.2 97.5 50.5 85.4 64.0 66.6 =314

Numerals 1 and 2 refer to data sets I and II, respectively. When both tests for interference were significant
(see MATERIALS AND METHODS), the numeral is shown in italics. Row headings correspond to Table 3, A-],
whereas the column headings correspond to the entries in Table 3. (The entries for ade5-KAN from set I do
not appear in Table 3.) Reach L and Reach R indicate the distances over which interference was detected, by
one or both tests in set I, to the left and right in the table. Distances were measured from the middle of the
test interval to the middle of the most remote interval in which the interference was detected by one or
both tests. The sporadic examples of significant positive interference, separated from the intervals showing
interference around the selected interval, in Table 3, were not more frequent than expected by statistical
fluctuation and were not entered in this table. Similar examples of apparent negative interference in Table 3,

of comparable frequency, are not entered in this table.

carrying the met13-5 allele (J. MCCUSKER and J. E. HABER,
unpublished data), which recombines with met13-1 to
produce METI3 prototrophs. The diploid was sporu-
lated and asci were digested with 2% B-glucuronidase
(Sigma, St. Louis) to produce random spores, which
were plated on medium lacking methionine. A total of
945 MET13spores were analyzed and scored for markers
on chromosome VII as well as for mating type. All the
spores were apparently haploid, on the basis of their
ability to mate. There was an almost 1:1 ratio of spores

that were ade5 vs. ADES, as expected for a marker very
far away on the same chromosome arm. Among the 945
MET13spores, 466 (49.4%) were associated with a NAT-
HPH crossover, in good agreement with the frequency
of 46.6% obtained from dissected tetrads. Considering
only the 479 noncrossover cases, 370 (77.2%) appar-
ently involved gene conversion of met13-1 (linked to
NAT) and the remainder were conversions of met13-5.

Among the MET13random spores that were crossover
associated, we found statistically significant interference

TABLE 5

Tetrad types for conversions at metl3

ade5-KAN KAN-lys5 lys5-NAT HPH-cyh2 cyh2-crl3 crl3-trp5 trp5-leul
Among 145 33:106:4 103:40:0 124:20:0 132:11:1 69:68:7 81:64:0 92:51:1
crossovers (cM)* (45.5 = 4.0) (14.0 £ 1.9) (6.9 +14) (59 =23 (38253 (221 =21) (198 £2.8)
Among 166 52:100:9 105:55:0 114:48:2 143:22:1 53:109:2 98:65:1 121:42:2
noncrossovers (cM)*  (47.8 = 5.2) (17.2 £ 1.9) (183 £3.0) (84 *2.2) (369 =2.9) (21.7*26) (164 = 3.0)
X2 P 0.07 0.28 0.0009 0.18 0.0075 0.57 0.095
Significant SE (cM)’ No No Yes No No No No

“ Centimorgans were calculated as in Table 1.

’Significance of the difference between the estimated map lengths for the crossover and the noncrossover metl3 conversions

(see MATERIALS AND METHODS).
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TABLE 6

Analysis of interference based on random spores

Random spores Individual spores from Set II tetrads

Met" spores Met" spores Nonselected Nonselected
that are that are NAT-HPH NAT-hph NAT-HPH Total
NAT-hph Crossovers noncrossover Crossover spores NAT-hph and
NONCrossovers (P < 0.0001) spores (P = 0.0005) NAT-HPH spores
A. Crossing over in the lys5-NAT interval among individual spores*
Crossovers 82 37 518 25 543
Noncrossovers 397 429 2063 212 2275
x? P (interference) 0.29 (none) <0.0001 (positive) 0.48 (none) 0.0012 (positive)

Random spores Individual spores from Set II tetrads

Met" spores Met" spores Nonselected Nonselected
that are that are NAT-HPH NAT-hph NAT-HPH Total
NAT-hph Crossovers noncrossover Crossover spores NAT-hph and
NONCrossovers (P = 0.0015) spores (P = 0.029) NAT-HPH spores
B. Crossing over in the HPH-cyh2 interval among individual spores*
Crossovers 57 27 266 13 279
Noncrossovers 422 439 2346 222 2568
x> P (interference) 0.18 (none) 0.007 (positive) 0.67 (none) 0.042 (positive)

The x* Pvalues at the heads of columns 2 and 4 compare the crossovers in those columns to the noncrossovers in columns 1 and 3,
respectively. The x? Pvalues in the last rows of parts A and B compare the data in those columns with the total number of NAT-hph and
NAT-HPH segregants in set II, treated as single spores. Random spores were obtained from a yeast diploid strain obtained by a cross
between haploid strains isogenic to those used for tetrad analysis (Table 1, set II). The diploid used to generate Met”™ random spores
was derived from the haploids MATo lys5 NAT met13-1 cyh2 KAN and MATa ade5,7 leul HPH trp5 metl13-5 crl3. The randomness of the
spores was verified by monitoring phenotypes at both the ADE5, 7 and the LEUI loci (480 Ade™ and 465 Ade*; 434 Leu™ and 511 Leu™).
Among Met* spores, there were 466 crossovers (371 Nat™ Hph™ and 95 Nat™ Hph™) and 479 noncrossovers (370 Nat™ Hph™ and 109
Nat™ Hph*) for the flanking markers. The inequalities in both the crossover and noncrossover classes suggest that 78% of Met" spores
are the result of conversion of met13-1. This bias is expected from the sign and magnitude of the slope of the conversion gradient at
the METI13 locus, where met13-5 is at the low-conversion end (J. MCCUSKER and J. E. HABER, unpublished data).

“A comparison of MET13 prototrophic random spores derived from a met13-1/met13-5 diploid (first two columns) with equivalent
segregants obtained by treating the 1451 tetrads in set II as individual spores (last two columns). Only NA7-containing spores were
counted so that crossover and noncrossover events were counted only once, to permit statistical comparisons with the random Met*

spore data.

in both the lys5-NAT and HPH-cyh2 intervals (Table 6).
In contrast, there was no notable interference, either
positive or negative, exerted by MET3 gene conversions
that were not crossover associated. We also treated the
complete tetrads of set II as if they were random spores,
selecting all segregants that carried NAT and either did
or did not carry HPH (the diploid MAG100 carries the
same markers as the diploid used for random spore
analysis). Here, too, we found that those unordered
spores containing a NAT-HPH crossover exerted inter-
ference on both the lys5-NAT and HPH-cyh2 intervals.
We therefore conclude that MET13 gene conversions,
accompanied by a crossover between NAT and HPH,
exert interference on both adjacent intervals.
Evidence for a class of noninterfering crossovers amid
many interfering crossovers: (COPENHAVER et al. 2002)
suggested that there may be two types of crossover events
in meiosis, only one of which causes interference. In the
absence of pairing sites that are seen in flies and worms
(Hawrey 1980; Rost et al. 1984; VILLENEUVE 1994;

DERNBURG el al. 1996; McKiM et al. 1998), an initial set
of DSB repair interactions between homologous chro-
mosomes may be required to promote chromosome
pairing and to permit subsequent recombination events
between homologs. STAHL et al. (2004) have suggested
that exchanges resulting from early DSB repair might
not show interference. To examine this question, we first
determined the pattern of recombination in each tetrad
(available as supplementary data at http:/www.genetics.
org/supplemental/). We then applied the maximum-like-
lihood analysis approach presented by COPENHAVER et al.
(2002), based on the assumption that crossovers would be
a mixture of those distributed by a mechanism imposing
interference (the counting model), and the remainder
distributed without interference.

A likelihood-ratio test was conducted to determine
whether a model for crossing over that included two
pathways, one subject to interference and one not sub-
ject to interference, fits the yeast tetrad data better than
the model that includes only interference (see COPEN-
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HAVER et al. 2002 for the mathematical details of the
analysis). The yeast strains used in the Haber and Stahl
labs differed, and the results for the analyses on the
separate data sets are statistically significantly different.
Thus, we consider the data sets individually. Further,
since the mathematical model views gene conversions
as point events that would not be observable, we threw
out all tetrads with any markers that did not segregate
2:2. While it is also possible to view non-2:2 segregating
markers as “missing data” and use all the tetrads in the
analysis, the computation with missing data is much
more complicated, mainly because the significance of
the results must be computed via simulation. For the
analysis, we used the markers ADES5, KAN, LYS5, NAT,
HPH, CYH2, CRL3, TRPI, and LEUI (i.e., we did not
use the markers MET13 or URA3).

Prior to the analysis reported below, tetrads from set
I that were determined to be highly unlikely under
either the interference-only or two-pathway recombina-
tion models were reexamined genetically and all were
determined to be misscored. These tetrads were then
entered correctly and used in the analyses throughout
the article. A rescoring of 200 randomly chosen tetrads
gave an overall tetrad-scoring error rate of ~2%. Not
all misscored tetrads lead to aberrantly large likelihood-
ratio values. However, a few do because misscoring can
lead to tight double recombinants, which are more likely
under the two-pathway model than the interference-
only model of recombination. Thus, in the analysis be-
low, we consider not only the results of the analysis of
the data, which most likely contain some errors, but
also how many tetrads of the sort that lend the greatest
support to the two-pathway hypothesis we can discard
from each data set and still retain statistical support for
the two-pathway hypothesis. If the statistical support for
the two-pathway hypothesis does not depend on only a
few tetrads, then the results are more robust against
data entry errors.

For the data of set I, the analysis is based on 1957
tetrads. The maximume-likelihood estimate of the inter-
ference parameter (which can be interpreted biologi-
cally as the number of noncrossover DSB repair events
that are required to occur between crossovers) is m =
3. The maximum-likelihood estimate of the proportion
of all crossovers that are in the interference-free pathway
is p = 0.08. The two-pathway model fits significantly
better than the interference-only model (significance
<0.01 as determined through simulations). The sup-
port for the two-pathway hypothesis does not depend
on only a few tetrads. If we throw out the top 1% of
tetrads, which have the greatest likelihood ratio support-
ing the two-pathway hypothesis, the remaining tetrads
still give statistically significant support to the two-path-
way hypothesis (significance <0.05 as determined
through simulations). That is, the support for the two-
pathway hypothesis does not depend on only a few tet-

rads for which the likelihood ratio is aberrantly large.
The predicted distribution of crossovers per tetrad for
the two-pathway model is shown in Figure 1.

From the data of set II, based on the analysis of 1337
tetrads, we calculate that m = 3 and p = 0.12 (signifi-
cance <0.01). For this analysis, we discarded not only
the tetrads with gene conversions at any marker but also
8 tetrads that had adjacent NPDs. While not all adjacent
nonparental ditypes are necessarily in error, a few of
these are likely to be in error and those few greatly but
erroneously increase the significance of the likelihood-
ratio test conducted. Since we cannotverify these tetrads
genetically, we conservatively chose to discard them.
The strong statistical support for the two-pathway hy-
pothesis remains even after we additionally throw out
the top 4 remaining tetrads supporting the two-pathway
hypothesis.

Thus from both sets of data, we estimate that, ac-
cording to a counting model, there would be three
intervening noncrossovers for each crossover. In addi-
tion, the best fit is achieved if there are an additional
8 and 12% of crossovers that are noninterfering.

Finally, both data sets were analyzed for chromatid
interference, to ask if there was a bias in the proportions
of double crossovers that occurred between two, three,
and four chromatids. We used the method described
by Znao et al. (1995). Because their algorithm takes time
that grows exponentially with the number of intervals
considered, we broke the eight intervals into three
groups of four intervals: the first four, the middle four,
and the last four. While not ideal, this approach mini-
mizes the number of separate analyses while being com-
putationally tractable. There is no evidence of chroma-
tid interference (Pvalue >0.10 in all cases), justifying
our use of Perkins’s and Papazian’s equations for esti-
mating map length and for detecting chiasma interfer-
ence, respectively.

DISCUSSION

We have analyzed crossing over and interference
along a 405-kb interval including nearly all of the left
arm of chromosome VII. These data provide for the
first time a sufficiently large set of tetrads from which
itis possible to analyze the general distribution of cross-
overs and their relationship to gene conversion and
interference. The intervals along this chromosome arm
are relatively uniform, with no exceptionally hot or cold
regions, unlike the well-studied chromosome III, where
the number of kilobases per centimorgan can vary by
more than fivefold for intervals of comparable distance
to those studied here (BAUDAT and Nicoras 1997).
Moreover, some intervals on chromosome III show little
or no interference, whereas all intervals tested on chro-
mosome VII show approximately a two- to threefold
disparity in the observed and expected numbers of dou-
ble crossovers. Evidence of a nonrandom distribution
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of crossovers is seen in Figure 1B, where the observed
number of exchanges in set I is compared with that
expected from a Poisson distribution of an average of
3.3 exchanges per chromosome arm. From these data
we draw several important conclusions.

First, gene conversions that are not accompanied by
crossing over are not interfering, whereas analogous
gene conversions that are associated with a crossover
impair crossing over in adjacent intervals. This observa-
tion confirms the conclusion made by MORTIMER and
FoGEL (1974), but places the conclusion on a firm statis-
tical footing. The lack of interference from noncross-
over gene conversions suggests that the mechanism that
leads to noncrossover outcomes may be fundamentally
different from that producing crossovers. This conclu-
sion supports the genetic and physical analyses of gene
conversions (PORTER et al. 1993; GILBERTSON and STAHL
1996; ALLERS and LicHTEN 2001a,b), indicating that
gene conversions without an associated exchange might
arise by synthesis-dependent strand annealing rather
than the cutting of double Holliday junctions (dH]Js).
In contrast, gene conversions with exchange appear to
require cutting of a pair of Holliday junctions.

Second, gene conversions associated with crossing
over cause interference similar to that caused by cross-
overs in the same interval that are not associated with
gene conversion. It is likely, given the isogenic origin
of the chromosomes used in these experiments, that
there are few, if any, additional mismatches in these
intervals other than those identified by mutations and
the insertion of the heterologies of the drug-resistance
markers. Hence, those intervals in which there is cross-
ing over, but no detectable gene conversion, may not
have experienced mismatch repair at all. If we remove
from Table 3E the instances in which NAT-HPH cross-
overs were accompanied by a gene conversion of MET'13
and examine only tetrads in which MET13 segregated
2:2, the distributions of tetrad types in the adjacent
LYS5-NATand HPH-CYH2intervals are statistically indis-
tinguishable from those seen in Table 5, examining only
those tetrads that had a MET13 gene conversion. We
conclude that crossover interference is apparently not
detectably influenced by mismatch correction associ-
ated with gene conversions.

Third, we detected interference over distances vary-
ing from ~20 ¢cM to >40 cM (100 kb), which is about
one-quarter of the total length of the chromosome arm.
We cannot distinguish whether genetic or physical mea-
sures of distance best describe the attenuation of inter-
ference, because the ratio of centimorgan to kilobase
does not vary considerably, although a previous analysis
of data from Drosophila suggested that genetic distance
rather than physical distance provides the better basis
for analysis (LANDE and StaHL 1993). There does not
appear to be a correlation between the size of the se-
lected interval undergoing a crossover and the extent
of interference in adjacent regions.

Molecular mechanisms governing crossing over and
interference: The double-strand break repair (DSBR)
model of SZosTAK et al. (1983) provided a robust frame-
work for thinking about the molecular events leading
to crossing over in meiosis.

A key feature of this model was the formation of dH]s.
The existence of fully ligated dHJs was demonstrated
in S. cerevisiae (SCHWACHA and KLECKNER 1994, 1995).
Implicitin the Szostak et al. model s that there should be
two outcomes of a DSB repair event—gene conversions
associated with crossing over and gene conversions with-
out crossover—and that these two outcomes should ap-
pear simultaneously. It is also possible that DSBR can
occur via dHJs that are not fully ligated (CromiIE and
LeacnH 2000). Such structures may not be stable even
when DNA is treated with cross-linking agents. Unli-
gated dH]Js could be stabilized by the Msh4, Mshb, and
Milh1 proteins (reviewed by STAHL et al. 2004). Recently
OsMAN et al. (2003) proposed that unligated strand-
invasion intermediates arising early during strand ex-
change could be resolved to produce crossovers without
generating stable dH]J intermediates.

Recently, investigations of meiosis in S. cerevisiae have
suggested that the processes of gene conversion and cross-
ing over are more complex, as there are several different
mechanisms that may simultaneously or sequentially
produce both noncrossover and crossover outcomes.
For example, in an ndtS80 mutant strain, where expres-
sion of later meiotic genes is prevented, noncrossovers
were unperturbed but crossovers were greatly reduced
and dH]Js remained unresolved (ALLERS and LICHTEN
2001a,b). Moreover, during ectopic interhomolog mei-
otic recombination, noncrossover products appeared
prior to crossovers in wild-type cells; in fact, noncross-
overs appeared at the same time that dHJs could first
be detected (ALLERS and LicHTEN 2001a,b). Taken to-
gether, these data provide evidence that there are at
least two pathways of meiotic recombination, one that
does not proceed through intermediates containing
dH]Js, producing noncrossovers, and a second process
in which dHJs are formed, leading primarily, if not ex-
clusively, to crossovers.

Noncrossover outcomes of gene conversion might fre-
quently result from an alternative DSBR mechanism
termed synthesis-dependent strand annealing (SDSA;
NasmyTH 1982; McGILL et al. 1990; GLOOR et al. 1991;
PAQuUES and HABER 1999; ALLERS and LicHTEN 2001b).
SDSA mechanisms differ from the SzosTAK et al. (1983)
model in that resolution of bimolecular intermediates
does notinvolve cutting of dHJs, and the donor chroma-
tid emerges from the interaction unaltered. Genetic evi-
dence supporting such mechanisms has been found in
both mitotic and meiotic cells (NAsMyTH 1982; McGILL
et al. 1990; GLOOR et al. 1991; PORTER et al. 1993; BEL-
MAAZA and CHARTRAND 1994; FErRcUsoN and HoLro-
MAN 1996; GILBERTSON and STAHL 1996; PAQUES et al.
1998; IrA et al. 2003; MERKER et al. 2003).
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Moreover, in budding yeast meiosis, there appears to
be more than one mechanism to generate crossovers.
Mutations in S. cerevisiae that eliminate the synaptone-
mal complex proteins Ziplp, Zip2p, or Zip3p; the cross-
over control proteins Msh4p, Msh5p, or Mlhlp; the
helicase Mer3p; and the exonuclease Exolp all cause
an approximately twofold decrease in crossing over,
without any reduction in gene conversions per se and
multiple mutants are similar to single mutants (Ross-
MacDpONALD and ROEDER 1994; Sym and ROEDER 1994;
HoLLINGSWORTH ¢/ al. 1995; KHAZANEHDARI and BORTS
2000; KiRkPATRICK et al. 2000; SYMINGTON et al. 2000;
Nakacawa and KoLoDNER 2002; BisHopP and ZICKLER
2004; BORNER ¢t al. 2004). Without these so-called ZMM
proteins (BORNER et al. 2004), recombination intermedi-
ates that would normally become crossovers are appar-
ently recovered as noncrossovers; and the remaining
crossovers do not exhibit interference. Recently, DE LOS
SANTOS et al. (2003) have provided evidence for asecond
crossover-producing pathway, by demonstrating that
Msh4/Mshb-independent crossovers in budding yeast
meiosis depend on the Mus81-Mms4 endonuclease. The
absence of Mus81-Mms4 does not affect interference.

COPENHAVER et al. (2002) suggested that, in yeast, as
well as mammals and green plants, there are two rounds
of DSBR. The rationale for two different crossover path-
ways stems from the observation that, unlike worms and
flies, S. cerevisiae apparently lacks meiotic chromosome
pairing sites that can be used to bring homologous chro-
mosomes into intimate alignment to promote meiotic
recombination (HAWLEY 1980; ROSE et al. 1984; DERN-
BURG et al. 1996; VILLENEUVE 1994; McKiM et al. 1998).
In this view, one set of presumably early recombination
events will be used for the purpose of synapsing homolo-
gous chromosomes and is not part of the subsequent,
larger set of recombination events that are subject to inter-
ference. STAHL et al. (2004) have suggested that those
organisms that rely on DSB repair rather than pairing
sites for synapsis also have two different recombination
machineries, one of which includes the Rad51p homolog
Dmclp plus two additional proteins, Mnd1p and Hop2p.
This trio of proteins is lacking in flies and worms, which
have pairing sites. The initial round of DSBR promotes
synapsis; crossovers arising from those intermediates are
independent of ZMM proteins and do not exhibit inter-
ference. A subsequent round of DSBR generates cross-
overs that are dependent on the ZMM proteins and
display interference.

How interference is established among the different
pathways leading to crossovers and noncrossovers is still
unknown at the molecular level. Recently, several arti-
cles have appeared concerning how interference is im-
posed during meiotic recombination in budding yeast.
An analysis of the effect of ZMM mutations on the forma-
tion of molecular intermediates and on crossing over
has led to the conclusion that the decision whether a
given recombination event will be resolved as a crossover

occurs prior to the formation of stable strand exchange
intermediates and independent of the formation of the
synaptonemal complex (BORNER et al. 2004). This con-
clusion is supported by the finding that Zip2 protein
assembles at sites of synapsis in a nonrandom fashion
even in the absence of the formation of the complete
synaptonemal complex, and that Zip2 is preferentially
associated with sites of crossing over (BORNER et al. 2004;
FuNG et al. 2004). Zip2 is found at sites of DSBs in a
rad50-Sstrain where the Spol1 protein that creates DSBs
is not removed and the DSB ends are not resected
(CHUA and ROEDER 1998); hence, at least in this patho-
logical condition, Zip2 assembles quite early in the pro-
cess of recombination. Moreover, HENDERSON and
KeeNEY (2004) have found an apparent crossover ho-
meostasis in a Spoll mutant that reduces crossing over
more than twofold, in that the number of Zip3 foci is
not reduced. One interpretation of these results postu-
lates that the designation of some sites to be preferen-
tially resolved as crossovers may be related to changes
in chromosome or chromatin structure early in the re-
combination process (BORNER et al. 2004). Recently
STAHL el al. (2004) extended the previous suggestion
(StAHL 1993) that several DSBs may be assembled into
clusters in which one of the DSBs is nonrandomly se-
lected to be resolved as a crossover. This suggestion
applies the ideas of a counting model to an earlier step
in DSBR.

Analysis of interference by chi-square (counting) mod-
els: We have analyzed these data in terms of a counting
(chi-square) model, modified to allow for the sprinkling
of a proportion of noninterfering crossovers that were
engaged in the initial synapsis of homologs (COPEN-
HAVER ¢! al. 2002; STAHL et al. 2004). As shown in Figure
1, this model provides a good description of the cross-
over distribution seen in S. cerevisiae as it does in other
organisms (COPENHAVER et al. 2002; HousworTH and
StanL 2003). In budding yeast, crossovers leading to
interference depend on Msh4, Zipl, and other ZMM
proteins. The absence of one or more of these proteins
reduces crossing over on average about two- to three-
fold; but in some intervals, the reduction is more severe.
A prediction of the modified counting model is that,
on chromosome VIIs left arm, with only 8-12% nonin-
terfering crossovers, the absence of Msh4 should reduce
crossovers to this low value. Evidence presented in the
accompanying article (STAHL et al. 2004) appears com-
patible with this conjecture, as a msh4 mutation reduces
crossing over in the metl3-cyh2 and cyh2-trp1 intervals to
~20% of wild-type levels.

According to a counting model, if one selects non-
crossovers in a particular interval, one should expect
that the next adjacent interval would have a greater
probability of an exchange than an interval selected at
random, i.e., negative interference. In Table 6 we exam-
ined crossovers and noncrossovers obtained both from
random spores and from tetrads. In both cases, spores
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with crossovers in the HPH-NAT interval showed clear
positive interference; but spores without an exchange
between HPH and NAT did not exhibit negative interfer-
ence. The increase should be the difference between
1/mand 1/(m + 1), where m is the number of non-
crossovers between consecutive crossovers. The absence
of negative interference may be obscured by the large
value of m and the presence of noninterfering cross-
overs distributed at random.

In considering whether the presence of some non-
interfering crossovers can significantly improve a model
for interference, we have focused our attention on the
counting model for the following reasons: (1) The
counting model provides a description of interference
that is superior to those provided by other models of
comparable, or less, simplicity (KING and MORTIMER
1990; McPEEK and SPEED 1995; ZHAO et al. 1995; Bro-
MAN and WEBER 2000; LiN et al. 2001); (2) since the
counting model has only one adjustable parameter (m,
the number of failures between each pair of adjacent
successes) the addition of another parameter (p, the
fraction of noninterfering crossovers) results in a model
that remains suitable for computerized analysis; (3) be-
cause the chi-square model is superior to that of KING
and MoRTIMER (1990) when no noninterfering cross-
overs are included, the KING and MoRrRTIMER (1990)
model is unlikely to be superior when such noninterfer-
ing crossovers are included in the analysis; and (4) the
counting model is at present the only model in which
the math and the biology have been shown to be quanti-
tatively congruent [by demonstrating that the observed
fraction of conversions accompanied by crossing over
equals the fraction of “successes” implied by the best-
fit value of m (Foss et al. 1993)].

The data set that we have created, with nine intervals
over a 405-kb region of one chromosome, should also
make it possible to test other conceptions of interfer-
ence once mathematical models of alternative mecha-
nisms are developed.
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