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Crossovers (COs) shuffle genetic information and allow balanced
segregation of homologous chromosomes during the first division
of meiosis. In several organisms, mutants demonstrate that two
molecularly distinct pathways produce COs. One pathway produ-
ces class I COs that exhibit interference (lowered probability of
nearby COs), and the other pathway produces class II COs with
little or no interference. However, the relative contributions, ge-
nomic distributions, and interactions of these two pathways are
essentially unknown in nonmutant organisms because marker seg-
regation only indicates that a CO has occurred, not its class type.
Here, we combine the efficiency of light microscopy for revealing
cellular functions using fluorescent probes with the high resolu-
tion of electron microscopy to localize and characterize COs in the
same sample of meiotic pachytene chromosomes from wild-type
tomato. To our knowledge, for the first time, every CO along each
chromosome can be identified by class to unveil specific character-
istics of each pathway. We find that class I and II COs have differ-
ent recombination profiles along chromosomes. In particular, class
II COs, which represent about 18% of all COs, exhibit no interference
and are disproportionately represented in pericentric heterochroma-
tin, a feature potentially exploitable in plant breeding. Finally, our
results demonstrate that the two pathways are not independent
because there is interference between class I and II COs.
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Eukaryotic sexual reproduction involves meiosis, a specialized
cell division in which DNA duplication in a diploid cell is

followed by two cell divisions to produce four haploid cells. The
first division, Meiosis I, involves crossing over and chiasmata for-
mation between each pair of homologous chromosomes, thereby
ensuring separation of the homologs and formation of two haploid
cells, each with one complete set of replicated chromosomes. The
second division, Meiosis II, is a mitosis-like division in which the
two sister chromatids separate to yield four haploid cells that di-
rectly or indirectly form gametes. Because these four products are
genetically unique due to crossing over and independent segrega-
tion of homologous chromosomes during Meiosis I, meiosis plays
an important role in creating genetic diversity in sexually repro-
ducing organisms.
Crossing over during meiosis is tightly controlled so each pair

of homologs has at least one “obligate” crossover (CO) that
ensures balanced reductional segregation, but the presence of a
CO reduces the likelihood of another CO in its vicinity, a phe-
nomenon referred to as CO interference (1, 2). Significant pro-
gress has been made recently in illuminating the molecular
events of meiotic recombination and the control of crossing over
(3–8). The initiating event of meiotic recombination in most
organisms is formation of numerous DNA double-strand breaks
(DSBs). Homolog-dependent repair of a DSB may follow any
one of at least three pathways: (i) non-CO that may result in a
short gene conversion; (ii) CO with interference (class I COs,

produced by pathway P1); or (iii) CO without interference (class
II COs, produced by pathway P2) (6, 7, 9). The interfering CO
pathway involves the resolution of double Holliday junctions,
which requires many proteins including the ZMM group (ZIP1-4,
MSH4-5, MER3) and the MutL homolog 1 (MLH1)/MLH3 com-
plex (6, 10). The noninterfering CO pathway depends primarily on
the Mus81/Mms4 endonuclease complex in budding yeast (MUS81/
EME1 complex in plants and animals) (5–7, 11–14).
Meiotic COs occur in association with two cytological structures,

synaptonemal complexes (SCs) that link each pair of homologous
chromosomes throughout their lengths during pachytene and late
recombination nodules (RNs) that are ellipsoidal structures on SCs
(15). Every SC has at least one RN, each RN marks a CO site,
and most RNs contain MLH1 protein (16–19). RNs are too small
(50-100 nm) to be resolved using light microscopy (LM), but they
can be readily visualized by transmission electron microscopy
(EM), particularly in 2D spreads of SCs (18). Antibodies to
MLH1 protein have been used as immunofluorescent probes to
map class I COs on SCs (e.g., refs. 19 and 20). Pathway 2 (P2),
which was revealed using mutants of the P1 pathway, produces
class II COs, and these class II COs showed no interference in the
marker intervals studied (21–23). The P1 pathway produces the
majority of COs, and the P2 pathway accounts for ∼5–30% of
COs (8, 11, 21). CO distributions have been effectively modeled
by assuming that class II COs are independent from class I COs
(24). However, class II COs have not been independently mapped
on chromosomes (12), and little is known about the properties of
each pathway or whether they interact in wild-type organisms.
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Here, we describe an advanced approach that uses SC spreads
from wild-type tomato (Solanum lycopersicum, 2n = 2x = 24) to
directly identify the pathway of origin for each CO in individual
meiotic nuclei. For this, we superimposed the immunofluores-
cent LM image of an SC spread showing MLH1 foci (class I
COs) onto an EM image of the same SC spread showing RN
locations (all COs). RNs that coincide with MLH1 foci (MLH1-
positive RNs) mark class I COs, and RNs that do not coincide
with MLH1 foci (MLH1-negative RNs) are considered to mark
class II COs. Because EM is time-consuming, this approach takes
advantage of both the relative speed of LM and the high reso-
lution of EM, allowing us to analyze RNs on 1882 tomato SCs.

Results and Discussion
Characteristics of MLH1-Positive and MLH1-Negative RNs. RNs were
identified by EM based on their association with SCs, size,

morphology, and staining intensity (18), and then RNs were
classified as MLH1-positive or MLH1–negative using the cor-
responding LM image superimposed over the EM image (Fig. 1
and SI Appendix, Fig. S1). Using this same approach, we were
unable to detect a distinct or reproducible MUS81 immunola-
beling signal on tomato SC spreads, so we were not able to de-
termine whether MLH1-negative RNs contain MUS81 protein
(SI Appendix, Fig. S2). Perhaps our inability to cytologically de-
tect MUS81 is related to the observation that Mus81–Mms4 acts
as a single heterodimer (25), whereas Mlh1 appears to have a
structural role also (26). Regardless, in the absence of an ef-
fective antibody to MUS81 protein, we classified and mapped
RNs from nuclei in which each of the twelve chromosomes had
at least one MLH1 focus to minimize the chance that an RN was
not labeled with MLH1 antibodies for technical reasons (see SI
Appendix, SI Materials and Methods for details and tests of se-
lection criteria). This criterion is based on the observation that
SCs without MLH1 foci are rare in tomato and other organisms,
indicating that Class I COs are responsible for the obligate CO in
each bivalent (3, 19, 27, 28). However, we cannot exclude the
possibility that some of the unlabeled RNs may have contained
MLH1 protein that was not detected in our assay. Using 162
nuclei that fit the criterion mentioned, we were able to map RN
positions on 1882 individual chromosomes that were identified
based on relative length and kinetochore position (arm ratio;
SI Appendix, Tables S1 and S2 and Dataset S1). We observed
a mean of 18.8 RNs per nucleus, with 15.4 (82%) MLH1-positive
RNs and 3.4 (18%) MLH1-negative RNs (SI Appendix, Fig. S3).
This frequency of MLH1 foci is similar to the 15.0 MLH1 foci
per nucleus observed earlier for tomato (19). We found that a
large fraction of SCs (1,419 of 1,882, 75%) had no MLH1-negative
RN, and about 85% (392 of 463) of the remaining SCs had only one
MLH1-negative RN (SI Appendix, Table S3).
Several studies (13, 14) have shown that class II COs are ca-

pable of forming functional chiasmata, so we compared diaki-
nesis chiasmata patterns with those predicted from RNs to
evaluate whether MHL1-negative RNs in tomato mark crossover
sites (Table 1 and SI Appendix, Fig. S4). We found that MLH1-
positive RNs alone were not good predictors of chiasma config-
urations, whereas including both RN types was a good predictor
of chiasma configurations. Thus, it is probable that both MLH1-
negative and MLH1-positive RNs mark crossover sites, which is
consistent with evidence from a number of organisms that (all)
RNs give rise to COs (3). Presumably, any recombination inter-
mediates that are resolved by MUS81 as non-COs (6, 29) are not
cytologically distinguishable as RNs on mid- to late-pachytene
SCs from tomato.
Once the two RN types were distinguished by immunolabeling,

we evaluated their morphology and staining characteristics and
observed clear differences. MLH1-positive RNs stained more
darkly than MLH1-negative RNs and were significantly larger in
both length (parallel to the SC) and width (transverse to the SC;
Fig. 1 and SI Appendix, Fig. S5 and Table S4). These differences
in RN size and density are likely to indicate differences in pro-
tein components (other than MLH1) between the two RN types
and are consistent with molecular and genetic studies showing
that different proteins are involved in the two CO pathways (6, 7,
30). More speculatively, RN size differences might indicate DNA
tract length differences in the two CO pathways.

Distribution of MLH1-Positive and MLH1-Negative RNs. A common
CO pattern observed in many organisms is a high level of COs in
distal euchromatin and a low level of COs in pericentric het-
erochromatin, whether assayed using linkage maps, chiasmata,
RNs, or MLH1 foci (e.g., refs. 16, 19, 20, and 31–33). Similarly,
we found that 95% of RNs occurred in euchromatin and only 5%
of all RNs were located in the roughly 30% of SC length in
pericentric heterochromatin (Fig. 2 and SI Appendix, Table S5).

Fig. 1. Identifying MLH1-positive and MLH1-negative RNs using consecutive
light and electron microscopy of the same SC spread (SI Appendix, Fig. S1). (A)
LM view of a complete set of 12 tomato SCs labeled with antibodies to MLH1
(green) and SMC1, an SC component (magenta). (B) Area boxed inA, enlarged.
(C) Fluorescent LM image from B superimposed over the corresponding por-
tion of the EM image. Two complete SCs, each with a kinetochore (k), are
shown along with a part of another SC. Numbered arrowheads point to RNs
that are visible by EM. Four RNs (numbers 2–5) correspond to sites ofMLH1 foci
(MLH1-positive RNs), whereas two RNs (numbers 1 and 6) do not correspond to
MLH1 foci (MLH1-negative RNs). (D) Enlarged view of RNs without the LM
overlay. MLH1-positive RNs (numbers 2–5) are larger than MLH1-negative RNs
(numbers 1 and 6). (Scale bars: 4 μm for A–C and 250 nm for D.)
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We found, however, that the presence of pericentric hetero-
chromatin does not affect both RN types equally because only
3% of all MLH1-positive RNs were located in pericentric het-
erochromatin compared with nearly 17% of all MLH1-negative
RNs. Class II COs predominated over class I COs in hetero-
chromatin in absolute numbers also (90–72, respectively). Pos-
sibly, the comparatively higher frequency of MLH1-negative
RNs in heterochromatin is related to the high frequency of re-
petitive sequences (32). Such sequences may be more likely to
form unusual and complex recombination intermediates that can
be resolved as COs by the MUS81-dependent CO pathway (6,
29, 34, 35). At a more applied level, modifying local re-
combination frequencies in pericentric regions is an important
challenge for plant breeding (e.g., for positional cloning), and
knowing that heterochromatic regions are more prone to class II
COs may lead to new strategies to promote COs in those regions,
e.g., by mutating the FANCM gene that has been shown to
specifically suppress class II COs in Arabidopsis (14).
Furthermore, the individual distributions of MLH1-positive RNs

and MLH1-negative RNs were significantly different (Kolmogorov–
Smirnov P value < 0.04) for all chromosomes except 11. In ad-
dition to the differences of RN distributions in heterochromatin,
in most tomato chromosomes MLH1-negative RNs were dis-
proportionately observed on the short arms, whereas MLH1-
positive RNs were overrepresented on the long arms (Fig. 2 and
SI Appendix, Table S6). This difference is particularly striking for
chromosome 6 in which 54% of all MLH1-negative RNs were
observed in the short arm (23% of chromosome length) com-
pared with only 7% of all MLH1-positive RNs. We observed a
significant positive correlation between RN frequency and SC
length for MLH1-positive RNs (SI Appendix, Fig. S6; see also ref.
19). For MLH1-negative RNs, we were unable to detect a sig-
nificant correlation (at the standard 5% level) between RN
frequency and SC length. Nevertheless, the P value for the hy-
pothesis of no correlation was low (0.07), suggesting that there
might be a positive correlation that simply was not detectable
given the low numbers of MLH1-negative RNs in our observa-
tions. However, when class I COs were blocked in Arabidopsis
msh4 mutants (22), again no correlation between the numbers of
residual chiasmata (from class II COs) and chromosome length
was detected.
We also investigated whether synaptic initiation patterns cor-

relate with the patterns of the two RN types. In tomato, synapsis
usually begins in distal euchromatin, and pericentric hetero-
chromatin synapses last (36). Using chromosome arm-specific
DNA probes for markers in distal euchromatin of three chromo-
somes (9, 10, and 12), we observed that synapsis was initiated in
long arms more often than short arms for all three chromosomes

(SI Appendix, Table S7 and Fig. S7). Combining the observed
distributions of RN types with these synaptic patterns indicates
that MLH1-positive RNs are more likely to be in earlier syn-
apsing parts of chromosomes, and MLH1-negative RNs are
more likely to be in the later synapsing parts (short arms and
pericentric heterochromatin). Assuming that recombination
events are spatio-temporally coordinated with DNA replication
in tomato as demonstrated for barley (37), one explanation for
these RN patterns could be that distal euchromatic regions
replicate and initiate recombination first, leading to early CO
designation and a high frequency of class I COs. Interference
from early class I COs would lead to a higher proportion of class
II COs occurring away from the initiation regions (see below for
evidence of interaction between the two pathways). Furthermore,
any recombination intermediates that form among the repetitive
sequences in pericentric heterochromatin may be more likely to have
aberrant structures that require MUS81 for resolution (34), leading
to a comparatively high frequency of MLH1-negative RNs in
heterochromatin.

Interference Characteristics of the Two Pathways. For all chro-
mosomes, the numbers of MLH1-positive RNs per SC were
not Poisson-distributed (P < 10−16), and MLH1-positive RNs
showed significant interference (inferred Gamma model pa-
rameter ν ∼ 7; SI Appendix, Figs. S8 and S9 and Table S8). These
results were expected because MLH1 marks class I COs that
have been shown to interfere in animals and birds (27, 28, 38)
and in tomato (19). In contrast, the numbers of MLH1-negative
RNs per SC closely followed a Poisson distribution (P > 0.6), and
we found no significant interference among MLH1-negative RNs
for any chromosome (ν ∼ 1; SI Appendix, Fig. S8 and Table S8).
These results are consistent with our hypothesis that MLH1-
negative RNs mark class II COs because class II COs have been
reported to be noninterfering and randomly distributed among
chromosomes in mutants defective for the P1 pathway (8, 11, 21,
23). The novelty here is the demonstration that class II COs are
not interfering with each other in a wild-type background in
which both pathways are intact and this lack of interference
extends over the whole genome.

The Two Crossover Pathways Interact. We next asked whether there
is any interaction between the two pathways. First, we tested the
hypothesis that the distribution of the numbers of MLH1-negative
RNs per SC is the same whether the SCs have one, two, or three
MLH1-positive RNs. Pooling all chromosomes together, the
P value was less than 10−9, indicating that the number of MLH1-
negative RNs per SC is not independent from the number of
MLH1-positive RNs on the same SC. This result was also

Table 1. Chiasmata (Xta) configurations observed from diakinesis nuclei compared to chiasmata
configurations predicted using all RNs on SCs or only MLH1-positive (MLH1+) RNs on SCs

Average no. per nucleus (SD)

Chiasmata No. nuclei Rods* Rings† Total Xta‡

Observed 100 7.9 (1.8) 4.1 (1.7) 16.0 (1.8)
Predicted

All RNs 132§ 7.6 (2.0) 4.4 (2.0) 16.4 (2.0)
MLH1+ RNs only 132§ 9.3 (1.7) 2.6 (1.7) 14.6 (1.8)

*Rods = bivalents with at least one chiasma (one or more RNs) in only one arm. Chromosome 2 was always
counted as a rod with one chiasma in the long arm.
†Rings = bivalents with at least one chiasma in both chromosome arms.
‡The average total number of chiasmata observed per diakinesis nucleus is not significantly different from the
value predicted using all RNs (P > 0.1, t test) but is significantly different from the value obtained using only
MLH1-positive RNs (P < 0.001, t test).
§The same 132 nuclei (each a complete set of 12 individually identified SCs) were evaluated for predicted chiasma
configurations based on RN patterns.
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significant for individual chromosomes 3, 5/12, 10, and 11 (Fisher’s
exact test, all P values provided in SI Appendix, Table S9). Fur-
thermore, the numbers of MLH1-negative and MLH1-positive
RNs were negatively correlated (significant for six chromosomes
individually; all P values provided in SI Appendix, Table S10).
Second, we tested whether SC distances (measured in μm of

SC length) between MLH1-positive and MLH1-negative RNs
present on the same SC were compatible with no interference.
This test takes into account the specific distributions and in-
terference properties of each type of RN. When pooling all
chromosomes together, we found a lower-than-expected fre-
quency of MLH1-negative RNs close to MLH1-positive RNs
(Fig. 3A), indicating significant interference between the two
RN types (P value < 10−41). This result was confirmed for most
individual chromosomes and also when genetic distances were
used instead of SC distances (SI Appendix, SI Materials and
Methods, Figs. S10 and S11, and Table S11).
Comparison of Fig. 3A with Fig. 3B (a similar analysis as in Fig.

3A, but between MLH1-positive RNs) shows that interference
extends further between pairs of MLH1-positive RNs (up to
about 13 μm of SC, SI Appendix, SI Materials and Methods) than
between mixed pairs of MLH1-positive RNs and MLH1-negative
RNs (up to about 8 μm of SC). This pattern also holds true for all
individual chromosomes and for genetic distances (SI Appendix,
Figs. S12 and S13 and Table S12). Similar analysis between pairs
of MLH1-negative RNs was not informative because of the low
number (n = 70) of bivalents with two or more MLH1-negative
RNs. The much smaller P values obtained when using SC dis-
tances compared with using genetic distances for both class I-class
I COs and class I-class II COs are consistent with the hypothesis

that interference between COs depends on physical distances
rather than genetic distances, although the exact mechanism re-
sponsible for interference remains unsolved (2, 39, 40).
Previous work (19, 41) showed that early recombination

nodules (ENs, that are believed to correspond to DSBs) have low
levels of interference (ν ∼ 2). To investigate whether interference
among ENs is sufficient to account for the level of interference
between MLH1-positive and MLH1-negative RNs, we compared
the physical SC distances over which interference extends in the
two cases. For ENs, interference effects become negligible be-
yond a distance of 0.3 μm of zygotene SC axis (see figure 4 of ref.
41) compared with 8 μm distance between MLH1-positive and
MLH1-negative RNs. Because the estimated physical lengths of
zygotene and pachytene bivalents is similar (25 and 20 μm SC
length, respectively; SI Appendix, Table S1; ref. 41), it is likely
that interference between precursors would be negligible beyond
0.3 μm in pachytene chromosomes also, allowing us to conclude
that precursor (DSB) interference is not sufficient to explain the
interaction between interfering and noninterfering pathways.
The question of interference between class I and class II COs

had not been amenable to investigation before our study because
it was not possible to reliably specify individual class I and class II
COs on the same chromosome. Our combined LM and EM
method overcomes this hurdle to explicitly demonstrate in-
teraction between the two CO pathways. Previously, it had been
speculated that class I and class II COs might interfere because
of a signal produced by class I COs to which class II COs would
be sensitive (19, 42). Although we cannot confirm that such
a signal exists, our results demonstrate that interpathway in-
terference does occur, and that the physical extent of this
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appropriate length relative to the other chromosomes. The short arm of chromosome 2 is entirely heterochromatic, and the distal segment is usually asynapsed
and/or broken off (and often lost) in SC spreads, explaining the lack of any RNs in that region. Only MLH1-negative RNs were observed on the retained short arm
of chromosome 2. Except for the near-metacentric chromosomes 5/12 and 11, all chromosomes have a higher fraction of MLH1-negative RNs on the short arm and
in the pericentric heterochromatin compared with MLH1-positive RNs (SI Appendix, Table S6). Black dots on the X-axis represent centromere positions.
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interference is much greater than that observed between early
RNs. Furthermore, we found that synapsis tends to occur first in
the long arm of chromosomes. A plausible scenario linking these
observations is that the first CO (presumably the obligatory one)
is produced by pathway P1 and arises where synapsis initiates,
predominantly on the long arm. Subsequently, interference
resulting from the P1 CO would affect both class I and class II
COs and lead to enrichment of class II COs on the short arms.
Given that interaction between the two CO pathways is in-

hibitory (the numbers of COs in each pathway are negatively
correlated and there is interference between nearby COs), it
seems likely that some kind of balance exists between the path-
ways that is probably related to the drive to maintain total CO
levels per nucleus by CO homeostasis (43, 44). However,
mutants in the P1 pathway do not appear to have any compen-
satory increase in class II COs and vice-versa (8). One exception
to this generalization was reported for mus81−/− male mice in
which elimination of class II COs resulted in a significant in-
crease in the number of MLH1 foci (but not of chiasmata) per
nucleus (12). Future experiments using our combined LM and
EM method with mutants in P1 and/or P2 CO pathways should
help to address this apparent contradiction and elucidate any
balancing interactions between the two pathways.
Overall, simultaneous mapping of MLH1-positive RNs (class I

COs) andMLH1-negative RNs (class II COs) has provided access, to
our knowledge for the first time, to the characteristics of the separate
CO formation pathways in a wild-type organism. This breakthrough
reveals that (1) distribution patterns of class I and class II COs differ
along chromosomes, (2) class II COs do not interfere with each
other, and (3) there is interference between class I and class II COs.

Materials and Methods
Additional details of experimental and statistical procedures are provided in
SI Appendix, SI Materials and Methods.

SC Spreading and Immunolabeling. Primary microsporocytes in pachytene
from the highly inbred cherry tomato line (LA4444) were used to prepare SC
spreads on 0.6% Falcon plastic-coated slides as described in refs. 45 and 46. SC
spreads were treated with DNase I, then immunolabeled with affinity-puri-
fied chicken anti-SlSMC1 diluted 1:50 and affinity-purified rabbit anti-SlMLH1
diluted 1:50 followed by goat anti-chicken Dylight 649 and goat anti-rabbit
AlexaFluor 488, both from Jackson Labs and diluted 1:500 (19, 45–47). Fluo-
rescence microscopy was performed using a 100× Plan-Apo objective with an
adjustable iris and a Leica DM5000 microscope equipped for both phase
contrast and fluorescence microscopy with narrow band-pass FITC and TRITC
filter cubes and zero pixel shift.

Fluorescence LM and EM. Red and green signals for each spread were captured
individually using a cooled Hamamatsu monochrome 1,344 × 1,044 pixel
camera and IP Lab software (ver 4). Because some MLH1 foci were quite
small and dim, we used long exposure times to be sure that even dim foci

would be imaged. Images for each spread were artificially colored using
IPLab and merged using Photoshop CS2. After LM images were captured,
the cover glass on each slide was removed carefully, and slides were stained
with phosphotungstic acid (46). Plastic was lifted from each slide onto grids,
and SC spreads previously imaged by fluorescence were photographed at
a magnification of 3,000× (generally requiring three to six images each)
using a JEOL 2000 EM.

LM–EM Image Analysis. EM negatives were scanned at 800 dpi using an Epson
Perfection V700 Photo scanner. A montage of each SC spread was assembled
using Adobe Photoshop CS2, and RNs were identified (18). The corresponding
fluorescent image was then layered over the EM montage, and each SC was
analyzed individually by precisely aligning the red (SC) and green (MLH1) com-
bined fluorescent image over the EM image of the same SC. Then, the MLH1
fluorescent signal at each previously identified RN position was assessed. Each
“unlabeled” RN was thenmore carefully evaluated using only the green channel
(instead of the red and green combined image), after additional temporary
enhancement of the green signal. If no green signal was observed under these
conditions, the RN was marked as an MLH1-negative RN. Only informative SC
spreads in which each chromosome had at least one (obligate) MLH1 focus were
selected for measurement using MicroMeasure 3.0 and subsequent analysis. In
some cases, one or more SCs in a set had to be excluded due to a lack of distinct
kinetochores or to the presence of stain precipitate at the EM level that partially
obscured SCs. SCs from these groups were used for counting the number of RNs
per SC set but were not used for mapping RN positions.

Genetic Coordinates and Local Recombination Rates Along Chromosomes. SC
coordinates of COs (MLH1 foci and/or RNs) and the kinetochore were con-
structed from the curvilinear distance. Given the SC positions of all COs, the
genetic coordinate of an arbitrary point is defined as half the mean number
of COs detected between the left end of the SC and the point of interest, and
local recombination rates were measured in centiMorgan (cM) per μm along
the SC by defining uniform intervals and taking 50 times the mean number
of COs per μm in that interval.

Interference Strength Inferred Using the Gamma Model. The Gamma model
(48) describes CO formation and CO interference in a pathway. Its parameter
ν quantifies the strength of interference: Absence of interference corre-
sponds to the value ν = 1 and increasing interference corresponds to in-
creasing ν > 1. For any realization of COs on an SC, it is possible to calculate
its likelihood within the Gamma model assuming a value of ν (49); this allows
us to use the maximum likelihood method to determine for each chromo-
some its “optimal” ν, i.e., that which best fits the experimental data (50).
Note that even SCs with only zero or one RN contribute information to the
Maximum Likelihood estimation of ν. Confidence intervals for the fitted ν’s are
computed based on the Fisher information matrix using CODA software (50).

Tests of No Cross-Talk Between the Two CO Formation Pathways. Our first test
is based on the numbers ofMLH1-positive andMLH1-negative RNs on each SC
and applying a Fisher’s exact test on the frequencies of these pairs of num-
bers. To perform this test on data pooled over all chromosomes, we wrote an
implementation of Fisher’s exact test in which we compute the log-likelihood
of the data by summing log-likelihoods over all chromosomes. We then ob-
tain the P value of the test by comparing this log-likelihood with 109 log-
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Fig. 3. Distribution of distances (in μm SC) between
different types of RNs, pooled over all chromosomes.
(A) Distribution of distances between MLH1-positive
RNs (class I COs) andMLH1-negative RNs (class II COs).
(B) Distribution of distances (in μm SC) between pairs
of MLH1-positive RNs (class I COs). Histograms rep-
resent the experimental data. Vertical bars represent
95% confidence intervals for each bin of the histo-
gram. The expected distribution in the absence of
any interaction between class I and class II COs is
plotted as a solid line with the associated 95% con-
fidence intervals (dashed lines along the solid line).
Interference between class I and class II COs (A) and
between class I COs (B) is indicated by the lower than
expected frequency of events at short distances.
Similar figures for individual chromosomes are shown
in SI Appendix, Figs. S10 and S12.
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likelihood values obtained after reshuffling the list of MLH1-negative RNs
among all SCs to remove any correlation between MLH1-negative and MLH1-
positive RNs while keeping the exact same distribution of numbers of MLH1-
positive RNs and of MLH1-negative RNs. We checked this procedure by
ensuring that for individual chromosomes, we obtained the same P values
as when using the fisher.test() function in R.

Our second test is based on distances between MLH1-positive and MLH1-
negative RNs. We test for independence of the two pathways by comparing
the distributions of those distances when there is and when there is not
shuffling. The χ2 [function chisq.test() in R] test applied to the histograms
representing these distributions was used to produce P values.

Test of no P1-P1 Interference Based on Inter-CO Distances. In this case, the
observed distribution of distances between each class I CO and all other class I COs
on the same SC was compared with the distribution expected in the absence of
interactions, which was obtained again by a shuffling procedure. Specifically,
while keeping the same number of MLH1-positive RNs for each SC, we shuffled
their positions 1,000 times across the whole data set.
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