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Viable gamete formation requires segregation of homologous
chromosomes connected, in most species, by cross-overs. DNA
double-strand break (DSB) formation and the resulting cross-overs
are regulated at multiple levels to prevent overabundance along
chromosomes. Meiotic cells coordinate these events between
distant sites, but the physical basis of long-distance chromosomal
communication has been unknown. We show that DSB hotspots up
to ∼200 kb (∼35 cM) apart form clusters via hotspot-binding pro-
teins Rec25 and Rec27 in fission yeast. Clustering coincides with
hotspot competition and interference over similar distances. With-
out Tel1 (an ATM tumor-suppressor homolog), DSB and crossover
interference become negative, reflecting coordinated action along a
chromosome. These results indicate that DSB hotspots within a lim-
ited chromosomal region and bound by their protein determinants
form a clustered structure that, via Tel1, allows only one DSB per
region. Such a “roulette” process within clusters explains the ob-
served pattern of crossover interference in fission yeast. Key struc-
tural and regulatory components of clusters are phylogenetically
conserved, suggesting conservation of this vital regulation. Based
on these observations, we propose a model and discuss variations in
which clustering and competition between DSB sites leads to DSB
interference and in turn produces crossover interference.
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During meiosis, the diploid chromosome set in somatic cells is
reduced to a haploid set to form gametes for sexual re-

production. Successful chromosome segregation requires that
the two parental homologs segregate from each other at the first
meiotic division, in sharp contrast to mitotic divisions, in which
sister chromatids segregate from each other. Meiotic homolog
segregation requires their mutual recognition. In most eukary-
otic species this entails formation, by homologous genetic re-
combination, of a physical connection in regions of extensive
DNA sequence identity. In addition to these connections (called
“cross-overs”), cohesion between sister chromatids, by cohesin
protein complexes, is required to form tension between homo-
logs, which facilitates the onset of proper homolog segregation
(1). A crossover too near another may leave too little cohesion to
effectively hold the homologs together and thereby provide the
necessary tension. Consequently, most species have evolved a
mechanism of communication along chromosomes to prevent
cross-overs from occurring too near each other. This phenome-
non, called “crossover interference,” was discovered over 100 y
ago (2), but its mechanism has remained elusive.
Homologous recombination, including crossover formation,

occurs at high frequency during meiosis and is initiated by the
formation of DNA double-strand breaks (DSBs) by Spo11 (or its
homolog) and several essential partner proteins (Fig. 1A) (3).
Repair of a DSB by interaction with the homolog can lead to a
crossover, measured genetically by the formation of reciprocal
recombinants between homologs appropriately marked. A hier-
archical combination of factors shapes the genome-wide topog-
raphy of meiotic DSBs. Like cross-overs, DSBs are controlled in
both frequency and distribution along chromosomes (3). Short
chromosomal intervals with especially high frequency of DSBs

(called “DSB hotspots”) are separated by cold regions with rela-
tively low DSB frequency. In the fission yeast Schizosaccharomyces
pombe, studied here, DSB hotspots occur roughly 30–50 kb apart,
and nearly all are bound with high specificity by three small, puta-
tively coiled-coil proteins, Rec25, Rec27, andMug20, which are also
required for the formation of nearly all DSBs at nearly all hotspots
(4). These hotspot-determinant proteins appear to form a complex
with Rec10, which is required for all meiotic DSB formation
and recombination genome-wide. These four proteins, with other
chromosomal components, form linear elements (LinEs) related to
the synaptonemal complex (SC) of other species (4, 5). Thus, LinE
proteins dictate the formation of both DSBs at hotspots and chro-
mosomal structures. We report here that these functions are related
and have a common purpose—the physical coordination of DSB
formation to prevent their overabundance along chromosomes.
We find that DSB hotspots bound by LinE proteins form 3D

clusters that encompass chromosomal regions of ∼200 kb. We also
observe competition between DSB hotspot sites and interference
between DSBs occurring on the same molecule, with both these
effects extending over similar physical distances as hotspot clus-
tering. We propose a model in which limiting the number of
breaks within a cluster produces both DSB interference and hot-
spot competition; we present evidence that this limitation is im-
posed by the DNA damage-response protein kinase Tel1 (an
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ATM homolog, a tumor suppressor) (6–8). Because DSBs give
rise to cross-overs, this proposed model leads to a mechanism for
crossover interference and provides a means of communicating
the DNA state between distant points regardless of chromosome
physical size.

Results
Hotspots for Meiotic DSB Formation Compete with Each Other over
∼200-kb Regions. To assess communication between DSB hot-
spots along a chromosome, we first determined the effect of
adding or deleting a hotspot on the frequency of DSBs at nearby
hotspots. We assayed genome-wide the immediate product of
DSB formation—DNA covalently linked to Rec12 (Spo11
homolog) (Fig. 1A)—by immunoprecipitation of Rec12-DNA
complexes and hybridization to tiling microarrays (9). By com-
paring two strains with and without the single base pair mutation
ade6-3049, which creates a strong DSB hotspot (10), we observed
that DSBs at hotspots flanking ade6-3049 were reduced, com-
pared with the nonhotspot control, as far as ∼100 kb to each side
(Fig. 1B). Conversely, when we deleted the natural hotspot mbs1
on a different chromosome (11), DSBs became readily detect-
able at minor hotspots, previously barely visible, up to ∼100 kb
on each side of mbs1 (SI Appendix, Fig. S1). In both experiments
DSBs far from the manipulated hotspot, or on the other two
chromosomes, arose at nearly the same frequency (Fig. 1C). This
effect, called “DSB competition,” is locally limited to an ∼200-kb
region encompassing the break site (Fig. 1D). This interval size is
similar to the average distance between DSBs [∼60 DSBs across
the 12,600-kb genome (12)]. This outcome is consistent with only
one DSB being made per ∼200-kb region (within a “cluster” as
discussed below). DSB competition has also been reported in
budding yeast but over somewhat shorter distances (up to
∼70 kb) (13–17). In both yeasts, however, these distances cor-
respond to ∼25–35 cM, somewhat less than the genetic distance
(50 cM) resulting from one crossover (Discussion).

In Fission Yeast, DSB Hotspots Compete in cis but Not in trans. To test
if this form of communication (hotspot competition) occurs
along only one of the two parental homologs (in cis) or also
extends between homologs (in trans), we tested the effect of
having two nearby hotspots on the same or on different homo-
logs (Fig. 2). Our first test used two previously studied hotspots,
ade6-3049 and an inserted copy of ura4+ about 15 kb away
(called “ura4A”) (18, 19). When alone and heterozygous,
ura4A gave 3.6% DSBs. When ade6-3049 was added only in
trans, this DSB level was not significantly changed (3.1% DSBs;
P > 0.07 by unpaired t test). However, when ade6-3049 was
added only in cis, the DSB level of ura4A was significantly re-
duced by about half, to 1.65% DSBs (P < 0.0005 by unpaired
t test). Therefore, ade6-3049 competed against ura4A signifi-
cantly more in cis than in trans (1.65% vs. 3.1% DSBs at ura4A;
P < 0.0001 by unpaired t test) and may, in fact, not compete at all
in trans. Furthermore, each individual hotspot showed about
twice the DSB level when homozygous as when heterozygous,
suggesting that there is little if any self-competition in trans.
Additional comparisons of the data show that the stronger hot-
spot, ade6-3049, was not significantly competed by the weaker
hotspot, ura4A. In a second assay of DSB competition, using two
artificial hotspots about 45 kb apart, we also found competition
in cis but not in trans. In this case the slightly weaker hotspot
competed against the slightly stronger one (SI Appendix, Fig. S2).
In Saccharomyces cerevisiae DSB competition occurs both along
and between the two homologs (13–17, 20). In S. pombe we
conclude that DSB competition occurs along only one homolog.

Interference of DSB Formation Along One DNA Molecule Is also
Limited to ∼200-kb Regions. The analysis above showed that
DSB hotspots compete with one another on the same homolog
but not between homologs. To assess the ability of a DSB to
interfere with DSB formation at another site on a given chro-
matid (i.e., along one DNA molecule), we assayed the frequency

Fig. 1. DSB hotspots compete with each other over
∼200-kb regions. (A) Rec12 (Spo11 homolog; green
ball) forms DSBs, remains covalently linked to 5′
ends, and is removed by an endonuclease to expose
3′ single-stranded tails (30, 58). Tails invade homol-
ogous DNA to form joint DNA molecules, resolved to
form cross-overs as shown or non–cross-overs. Each
line is ssDNA, blue and red from each parent; dashed
lines indicate newly synthesized DNA. (B) DSBs are
reduced at hotspots within ∼100 kb of the Rec25,
Rec27-dependent ade6-3049 hotspot (4, 10, 24).
Shown is DSB frequency, measured by ChIP-chip of
Rec12-DNA covalent complexes, on part of Chr
3 with (ade6-3049; red line) or without (ade6-3057;
blue line) a hotspot. (C) DSB frequency is increased
only on the chromosome with hotspot alteration.
(Upper) Natural hotspot mbs1 on Chr 1 (mbs1+ vs.
mbs1-20 deletion). (Lower) ade6 hotspot on Chr 3
(ade6-3049 vs. ade6-3057). (SI Appendix, Fig. S1) (11).
Individual points (+) are microarray values at other
hotspots ≤50 kb of each side of the compared hot-
spot. Heat maps (densest in magenta) indicate den-
sities of other points. Scales, log10. (D) Competition
extends ∼100 kb on each side of a hotspot. Hotspot
peaks surrounding mbs1 or ade6-3049 were inte-
grated in the presence or absence of mbs1 or ade6-
3049; each hotspot’s DSB ratio was plotted against
its distance from mbs1 or ade6-3049. Values >1 in-
dicate more breakage in the absence of each hot-
spot. Data were averaged (blue line) using a 50-kb
sliding window in 25-kb steps. Median ratio is 0.95
(solid red line); dashed red lines indicate median ±
two SD.
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of DNA molecules broken at each of two nearby hotspots. DSB
frequency was assayed by Southern blot hybridization of DNA
extracted from meiotic cells, cut by an appropriate restriction
enzyme, and separated by gel electrophoresis. A radioactive
probe homologous to DNA located between the two chosen
hotspots, about 15 kb apart, allowed concurrent assay (i.e., on
the same Southern blot hybridization) of the frequency of DNA
broken at one or the other or both hotspots (Fig. 3A). We found
that doubly broken DNA was three to five times less frequent
than expected from breakage at the two sites independently (i.e.,
the product of the frequency of breakage at each individual site)
(Fig. 3 B and C and SI Appendix, Fig. S3). Thus, breakage at one
site interferes with breakage at the other on the same DNA
molecule. We observed DSB interference under multiple con-
ditions for inducing meiosis (21, 22) and between several ad-
ditional hotspot pairs on different chromosomes, ranging
from ∼15–125 kb apart (Fig. 3D and SI Appendix, Figs. S3–S5).
The extent of DSB interference, like that of DSB competition,
decreased with distance, however, and became markedly less
at ∼200 kb (Figs. 1 and 3 and SI Appendix, Figs. S3–S5 and
Table S1).
DSB interference and DSB competition may reflect the same

phenomenon (Discussion), but their assays are different: In-
terference assays one DNA molecule encompassing two hot-
spots, whereas DSB competition assays all four chromatids
(DNA molecules) at a site distant from the one genetically al-
tered. They are also conceptually distinct: Interference indicates
that breakage at two nearby hotspots on the same DNA mole-
cule occurs less frequently than expected from independent
breakage at the two sites. Competition indicates that the overall
frequency of breakage across a region is dependent on the
presence or absence of another nearby hotspot. Because DSB
interference and competition have similar distance dependencies
and could plausibly stem from the same phenomenon, we infer

that they do; but because their assays are different and could be
mechanistically different, we refer to them with different terms.

Tel1 DNA Damage-Response Protein Kinase Controls DSB and
Crossover Interference. In a mutant (tel1Δ) lacking the Tel1 pro-
tein kinase (ATM homolog) important for the DNA damage re-
sponse (6), DSB interference was eliminated (Fig. 3), as reported
in budding yeast (8). In fact, in fission yeast we observed more
doubly broken DNA than expected from independent breakage,
indicating negative DSB interference. [Interference (I) is quanti-
tatively defined as 1 – CoC, where CoC (coefficient of coinci-
dence) = RD/R1·R2; RD is the frequency of double events, and R1
and R2 are the frequencies of the individual events. Thus, ob-
serving more double events than expected from independence
yields negative interference.] Negative interference was observed
in tel1Δ mutants over distances from ∼15 kb to 125 kb but not
significantly at 250 kb (Fig. 3 C and D and SI Appendix, Figs. S3–
S5 and Table S1). These results support the notion that protein
phosphorylation by Tel1 kinase is involved in controlling com-
munication along meiotic chromosomes (Discussion) (8).
Furthermore, double cross-overs in the two adjacent genetic

intervals ura2–leu2–lys7, each with a strong DSB hotspot ∼15 kb
apart (4, 12), were also observed at a higher-than-expected fre-
quency in the tel1Δ mutant (I = −0.85 ± 0.072, n = 16; P <
0.0001 by one-sample t test) (Table 1 and SI Appendix, Table S2).
Consistent with this result, we observed negative DSB in-
terference between these two DSB hotspots in the tel1Δ mutant
(SI Appendix, Fig. S5). This negative crossover interference
shows that cross-overs in fission yeast can be formed within a
limited chromosomal region in a concerted fashion in tel1Δ. In
tel1+ we observed a low but significant level of positive crossover
interference (I = 0.28 ± 0.033, n = 17; P < 0.0001 by one-sample
t test) (Table 1 and SI Appendix, Table S2); a previous report also
found low but significant positive interference (0.33 and 0.29) in

Fig. 2. DSB competition acts along a homolog (in cis) but not between homologs (in trans). ura4A (blue) and ade6-3049 (red) DSB hotspots on Chr 3 were on
the same (in cis; leftmost lane set) or different (in trans, second lane set) parental homologs. +, hotspot present; −, hotspot absent. DSBs were assayed at the
indicated times after induction of meiosis in rad50S [wild-type DSB distribution (59)]. Data (mean ± SEM; n = 3 or 4) show the percent of DNA broken at the
indicated hotspot (assay probe at the right end of the PmeI fragment). The fourth lane set from the left (no ade6 hotspot) shows that the ura4A hotspot is
reduced by ade6-3049 in cis (first lane set; ***P < 0.0005 by unpaired t test) but not in trans [second lane set; P > 0.07 by unpaired t test; N.S. (not significant)].
The first two lane sets show that ade6-3049 reduces the ura4 hotspot more in cis than in trans (***P < 0.0001 by unpaired t test). See SI Appendix, Table S3 for
individual data and SI Appendix, Fig. S2 for additional competitive pairs.
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two intervals tested (23). Thus, cross-overs appear not to be
formed in a simple random (independent) fashion as previously
supposed in this yeast (Discussion) (23). As expected, no signif-
icant crossover interference, either positive or negative, was
observed between intervals on different chromosomes in tel1+

(I = 0.02 ± 0.066, n = 16; P = 0.99 by one-sample t test) (SI
Appendix, Table S2B) or in tel1Δ (I = −0.10 ± 0.059, n = 16; P =
0.06 by one-sample t test) (SI Appendix, Table S2C). This out-
come bolsters the significance of the observed positive and
negative interference between adjacent chromosomal intervals in
tel1+ and tel1Δ, respectively. These results further show that re-
combination sites along a chromosome, but not between differ-
ent chromosomes, indeed communicate regionally in individual
meiotic cells, as also demonstrated by DSB competition and
DSB interference in wild-type populations (Figs. 1–3, Table 1,
and SI Appendix, Figs. S1–S5 and Tables S1–S3). Thus, in tel1

mutants both DSBs and cross-overs manifest negative interfer-
ence, a result of coordinated action along the chromosome.

Hotspots Physically Cluster over ∼200-kb Chromosomal Regions via
DSB Hotspot-Determining Proteins. DSB competition and DSB
interference indicate that breakage at one hotspot reduces or
eliminates breakage at another hotspot over a limited chromo-
somal region. We hypothesized that these effects result from
physical interaction of hotspots within this region. To test this
hypothesis, we assessed the close physical association of hotspots
bound by LinE proteins, which bind hotspots with high speci-
ficity, are required for the formation of most DSBs at nearly all
hotspots, and form nuclear foci visible by light microscopy of live
cells (Fig. 4A) (4, 24). We assayed the relative proximity (clustering)
of hotspot DNA using a modification of the chromosome-
conformation-capture (3C) technique, related to chromatin inter-
action analysis by paired-end tag sequencing (ChIA-PET) (25, 26),

Fig. 3. Interference of DSB formation at nearby hotspots depends on Tel1 DNA damage-response protein kinase. (A) Scheme for assaying DSB frequency at
either one or both hotspots (1 and 2) by Southern blot hybridization of DNA cut by restriction enzyme Z; the open box indicates the probe position. (B) DSB
interference between two hotspots about 15 kb apart near the left end of Chr 2. (C) The observed doubly broken fragment (red bars) is less frequent than
expected from independent breakage at the two hotspots (dark gray bars) in wild type but is more frequent than expected in tel1Δ. See SI Appendix, Figs. S3–
S5 and Table S1 for additional data. (D) DSB interference is positive in tel1+ but negative in tel1Δmutants. Error bars indicate SEM or range (SI Appendix, Table S1).

Table 1. Cross-overs show strong negative interference in tel1 mutants

Strain Crossover interval 1, %* Crossover interval 2, %† Double crossover observed, % Double crossover expected, % Interference‡

tel1+ 3.76 ± 0.26 17.5 ± 2.1 0.49 ± 0.081 0.67 ± 0.11 0.26 ± 0.051§

tel1Δ 3.02 ± 0.14 8.0 ± 0.54 0.47 ± 0.048 0.245 ± 0.025 −0.90 ± 0.048

In five (tel1+) and eight (tel1Δ) independent crosses, crossover recombination was assayed in the ura2 – leu2 – lys7 intervals (1 and 2, respectively), each of
which contains a strong Rec25, Rec27-bound DSB hotspot (4, 12). Data are mean ± SEM. See SI Appendix, Table S2A for individual data and SI Appendix, Table
S2 B and C for additional data. Bold face indicates mean values.
*Interval 1 is ura2 – leu2 on Chr 1.
†Interval 2 is leu2 – lys7 on Chr 1.
‡Interference = 1 – (double crossover observed/double crossover expected).
§The near-zero values for most intervals reported by Munz (23) may not be significantly different from the value reported here, since many fewer recombi-
nants were reported by Munz than were observed here. Two intervals showed weak but significant positive interference (I = 0.33 and 0.29).
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Fig. 4. Physical clustering of DSB hotspots is limited to an ∼200-kb chromosomal region. (A) Scheme for determining clustering of DSB hotspots bound by LinE
proteins, such as Rec27-GFP, which form a limited number of foci (or clusters of foci) in meiotic nuclei (Left) (31), perhaps corresponding to the steps in the Upper
row. DNA within each cluster is cross-linked to a tagged LinE protein and analyzed as indicated in the box (see text). (B) Analysis of DNA bound by Rec27-GFP,
which binds DSB hotspots with high specificity (4), shows preferential ligation of the ade6-3049 hotspot DNA to another hotspot ∼80 kb away (lower arcs; darker
lines indicate greater frequency). Ligated sequences were omitted if neither end mapped to a hotspot. The red line indicates DSB frequency relative to genome
median, determined bymicroarray hybridization (4). See also SI Appendix, Fig. S7. (C) Standard contact heat-map of ligations (hot–hot and hot–cold) in the 2,350–
2,700 kb region of Chr 1. DSB frequency relative to the genomemedian (red line, on a linear scale) is from ref. 12. The dashed line indicates positions 100 kb apart
on the chromosome; note that most of the intense interactions are within this limit, with the exception of ligations between two hotspots about 250 kb apart. See
also SI Appendix, Figs. S8–S10. (D) Summation of all ligations between the ade6-3049 hotspot and DNA within 500 kb of each side. (E) Distance between pairs of
sites ligated among all genomic hotspots with chromatin cross-links maintained until after ligation (red bars) or with cross-links removed just before ligation
(purple bars; blue where these values are greater than those with maintained cross-links). (F) Summation of ligations between all genomic hotspots with
chromatin cross-links maintained until after ligation (red line) or with cross-links removed just before ligation (pink line). Preferential ligations between nearby
hotspots are much less frequent and extend greater distances in the absence of the Rec8 cohesin subunit with (dark blue line) or without (light blue line)
maintenance of chromatin cross-links (see also SI Appendix, Fig. S13). (G, Left) Ligations between hotspots <100 kb apart are more frequent than those >100 kb
apart (***P < 0.001 by unpaired t test). (Right) The same data are shown on a log10 scale for clarity of low levels. Data are the number of ligations per kilobase;
mean values (thick horizontal bars) are flanked by the 25th and 75th percentiles (boxes) and 95th percentiles (whiskers). See SI Appendix, Fig. S6D for additional
data with Rec25 and with another tag for immunoprecipitation and SI Appendix, Figs. S6–S13 for additional data.
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which relies on DNA ligation frequency as a proxy for distance. We
cross-linked the DNA and closely bound proteins in meiotic cells,
extracted and mechanically sheared the chromatin, and immuno-
precipitated the hotspot-determinant proteins Rec25 or Rec27
(fused to appropriate epitope tags) to enrich for hotspot interac-
tions involving these proteins. We ligated the closely apposed DNA
ends and used paired-end sequencing to determine the genomic
locations of the ends ligated together (SI Appendix, Fig. S6).
This methodology differed in two important ways from typical

3C procedures, which likely would have failed to detect the
relatively infrequent physical interactions between hotspots an-
ticipated from our analyses above. First, after cross-linking the
chromatin, we randomly sheared it by sonication rather than
digesting it with a site-specific nuclease (27). This modification
disrupted the compacted nuclear organization, which would have
produced the abundant, short-range interactions observed in
standard 3C analyses. Second, as noted above, we immunopre-
cipitated a hotspot-binding protein (Rec27 or Rec25) to enrich
for specific protein–DNA complexes of interest (DSB hotspots).
These two modifications reduced the more abundant, wide-
spread interactions in standard 3C analyses, which likely would
have obscured the rare hotspot-specific interactions studied here
(see below). The ends of the sheared, immunoprecipitated DNA
were then ligated and prepared for paired-end deep sequence
analysis; the sequences in each pair were independently mapped
to the fission yeast genome (28). Genome-wide analyses showed
that many readily ligated ends came from two hotspot sites that
were up to ∼100 kb apart on the linear genome sequence but
must have been close in 3D space in the nucleus at the time of
cross-linking. Similar procedures were used in S. pombe for dif-
ferent chromosomal proteins but, as expected, with markedly
different results (26, 29) (see below).
Preferential ligation between nearby hotspot DNAs is exem-

plified by the ade6-3049 hotspot bound by Rec27-GFP (4). Of
the ends ligated to ade6-3049, ∼40% came from another Rec27-
bound hotspot ∼80 kb away, shown by the arcs connecting two
interacting, well-separated chromosomal sites in Fig. 4B. Similar
results were observed at several hotspot pairs on a different
chromosome (SI Appendix, Fig. S7A). Preferential hotspot–hot-
spot interaction is also shown by a conventional “contact map”
(Fig. 4C and SI Appendix, Figs. S7–S10) in which the most in-
tense interactions are at points (squares) connecting two hot-
spots. Summation of all of the DNA ends ligated to the ade6-
3049 hotspot showed a rapid accumulation over the first 100 kb
followed by a much slower accumulation of ligated ends farther
apart (Fig. 4D). Averaging all 603 hotspots (i.e., including even
very minor ones) in the genome (12) refined the pattern and
demonstrated preferential ligation of hotspots to sites <100 kb
away (Fig. 4 E and F). Ligations were most frequent between
hotspots 10–20 kb apart and became less frequent with in-
creasing interhotspot distance (Fig. 4E). Nearly all cross-link–
dependent ligations were between DSB hotspots 100 kb apart
or less on the given chromosome (Fig. 4E and SI Appendix, Fig.
S11). This feature is also evident in the contact map: Most of the
intense interactions occur within ∼100 kb of the diagonal rep-
resenting the chromosome (Fig. 4C and SI Appendix, Figs. S7–
S10). Most of the longer-range (>100 kb), less frequent ligations
likely result from random association of DNA ends across the
genome. As expected, they accumulate at constant, low rate with
linear chromosomal distance, as do ligations observed when
Rec27-DNA cross-links were removed just before ligation (Fig.
4F). Also as expected, ligations between sites on different chro-
mosomes were much less frequent, per kilobase, than ligations
within 100 kb on the same chromosome (SI Appendix, Fig. S11).
To determine if this proximity-dependent association is

hotspot-specific, we partitioned the genome into DSB-hot and
DSB-cold regions and calculated the frequency of ligation events
per kilobase. Ligation of hotspot DNA to other nearby hotspot

DNA (i.e., <100 kb away) was on average ∼14 times more fre-
quent than ligation to either proximal cold-region DNA or dis-
tant hotspot DNA (>100 kb away) and was >100 times more
frequent than ligation to distant cold-region DNA (P < 0.001 for
each comparison) (Fig. 4G and SI Appendix, Fig. S11A). Note
that ∼77% of the chromosomal DNA is in DSB-cold regions by
the cutoff used here (12); cross-linking and ligation of random
neighboring DNA would predict only 0.23 times as many liga-
tions of a hotspot to another hotspot as to any chromosomal
point at random. Thus, in the nuclear 3D space hotspot DNA is
much closer to other hotspot DNA nearby on the linear genome
than to other DNA, as shown by the standard contact maps in
Fig. 4C and SI Appendix, Figs. S7–S10 and S12A. As expected,
LinE-bound DNA ligations are discontinuous (site-specific)
across a genomic region, whereas standard Hi-C and ChIA-
PET ligations are continuous (monotonically decreasing with
distance) across the same genomic region (SI Appendix, Fig. S12)
(26, 29). As deduced from the data analysis above, most pairs of
ligated chromosomal sites occur <100 kb apart, and the most
highly enriched pairs are between hotspots <100 kb apart (Fig. 4
and SI Appendix, Fig. S11). We note, however, that there are rare
exceptions to this general rule: A few DSB hotspots are not fully
dependent on Rec27 (4), some ligations occurred between
hotspots >100 kb apart, and some hotspots were ligated at only
low frequency (Fig. 4C and SI Appendix, Figs. S7–S10). We take
the more general, abundant ligations preferentially between
DSB hotspots <100 kb apart (Fig. 4G) as evidence for clustering
of these sites by the hotspot-determinant protein Rec27.
Note that our results differ markedly from those obtained by

Hi-C or the analysis of cohesin and condensin proteins in S.
pombe involving similar procedures of chromatin cross-linking
and sonication followed by immunoprecipitation and DNA li-
gation (Fig. 4 and SI Appendix, Fig. S12) (26, 29). These two
proteins preferentially bind to and organize certain chromosomal
intervals of up to ∼80 kb (cohesin) or ∼300 kb (condensin). Each
protein appears to bind a fixed preferred site at the edge of the
interval and one of many other sites within the adjacent interval,
suggesting chromatin loops with one fixed and one variable
chromosomal point. Alternatively, all the sites in an interval may
be in a compact structure that allows ligation between any two
points within the interval. By contrast, our results show ligations
between well-separated, isolated points—LinE-bound DSB hot-
spots. (The similarity of these interval sizes and those of clusters
may reflect related factors influencing their formation.)
Our hotspot clustering analyses were done in the absence of

DSB formation (i.e., in the absence of Rec12) (30), indicating
that the interactions occur without, and therefore likely before,
DSB formation and are not due to DNA repair processes. This
result is expected because binding of Rec27 to hotspots is in-
dependent of Rec12 (4), as is focus formation by other LinE
proteins Rec10 and Mug20 (31, 32). Similar results were
obtained using a different epitope tag (FLAG) and a different
antibody for immunoprecipitation of Rec27 and when Rec25
immunoprecipitates were analyzed (SI Appendix, Fig. S6D), in-
dicating the robustness of these results. The meiosis-specific
cohesin subunit Rec8 is required for Rec27 to form most foci,
bind to nearly all hotspots, and form DSBs at them (4). As
expected, preferential ligations were much rarer in the absence
of Rec8 than in the absence of Rec12 and were considerably
farther apart on average (Fig. 4F and SI Appendix, Fig. S13). This
outcome is expected, because these remaining (Rec8-independent,
Rec27-bound) DSB hotspots are located on average >400 kb from
each other (4). Focus formation of LinE proteins Rec10, Rec25,
and Rec27 appeared normal in tel1Δ mutants (SI Appendix, Fig.
S14), suggesting that clusters form independently of Tel1.
In summary, we observed close physical interactions between

DSB sites over limited chromosomal distances with two LinE
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proteins, independent of the tag used but largely dependent on
Rec8 and the maintenance of cross-links before ligation.

Discussion
Our results presented here show that DSB hotspot competition
and interference extend along chromosomes for distances
(∼200 kb) very similar to that of hotspot clustering (∼200 kb).
This observation and the coordinate effects of genetic mutations
on these features strongly suggest that clusters provide the
physical basis for DSB competition and DSB interference. In
other words, DSB hotspots communicate along chromosomes via
the formation of physical interactions between the DSB hotspots
that are bound by their determinant proteins. We discuss the
implications of our results for regulating the formation not only
of DSBs but also the cross-overs arising from them.

Evidence for Hotspot–Hotspot Interactions Forming Localized Clusters
of LinE-Bound Hotspots. Our data here (Fig. 4 and SI Appendix,
Figs. S6–S13) indicate that DSB hotspots over a limited chro-
mosomal region are located sufficiently close to each other to be
cross-linked by formaldehyde, to remain associated during son-
ication and immunoprecipitation, and to allow ligation of the
DNA ends produced by sonication and “polishing.” This stan-
dard procedure is an established method for determining the
association of distant chromosomal sites in 3D space (25). We
employed these standard procedures, with modifications that
have been previously used (26, 29), to show that meiotic DSB
hotspots within a limited chromosomal region (∼200 kb) are
more frequently associated with each other than are hotspots
farther apart or on another chromosome and that within that
limited region a hotspot is associated much more frequently with
other hotspot DNA than with cold-region (nonhotspot) DNA.
Detecting the enhanced hotspot–hotspot interactions (which
form clusters) depends on cross-linking and thus these interac-
tions are not random; the spatial and hotspot-specific prefer-
ences also show that these interactions are neither random nor
due to normal chromosome compaction. Furthermore, these
interactions require the Rec8 cohesin subunit, which is required
for loading of the LinE proteins Rec25 and Rec27 (31), the
proteins we analyzed for clustering. Collectively, these observa-
tions show that LinE-bound DSB hotspots form clusters over a
limited chromosomal region.

Relations Between DSB Hotspot Clustering, DSB Competition, and
DSB Interference. The genetic and physical data presented here
indicate that DSB hotspot clusters are closely related to DSB
competition and DSB interference. (As noted above, competi-
tion and interference may reflect the same phenomenon but are
conceptually distinct and are observed by distinct assays.) First,
all three phenomena occur over approximately the same dis-
tance, ∼200 kb (Figs. 1, 3, and 4). This is also the average dis-
tance between DSBs (12). Second, the LinE proteins Rec25 and
Rec27 bind DSB hotspots with high specificity and are required
for DSB formation at nearly all these hotspots (4). These pro-
teins form readily visible, colocalizing foci in meiotic cells (4, 31)
and, by the type of 3C analysis used here (related to ChIA-PET)
(Fig. 4), form clusters of hotspot sites located across chromo-
somal regions of ∼200 kb. Third, genetic removal of the meiosis-
specific cohesin subunit Rec8 greatly reduces binding of
Rec27 to hotspots, formation of microscopic foci, formation of
DSBs at hotspots, and formation of hotspot clusters (Fig. 4) (4,
31). Fourth, the ade6-3049 single base pair mutation creates a
strong binding site for LinE proteins and a strong LinE-
dependent DSB hotspot; it also imparts localized cluster for-
mation, DSB competition, and DSB interference (Figs. 1–4) (4,
10, 24). Fifth, the Tel1 protein kinase imparts both DSB in-
terference and crossover interference; in its absence, both be-
come negative (Fig. 3, Table 1, and SI Appendix, Figs. S1–S5).

These results are consistent with a causal connection between
these two phenomena. Collectively, these observations demon-
strate that these features arise from a common source, the
clustering of LinE-bound DSB hotspots and the limiting of DSB
formation within these clusters. We discuss below the mecha-
nistic implications of hotspot clustering.

Molecular Basis of DSB Hotspot Competition and DSB Interference
Within a Hotspot Cluster. Limiting the number of DSBs that can
occur within a cluster can explain both hotspot competition be-
tween chromatids and DSB interference between hotspots on a
single DNA molecule. Hotspot sites within a cluster compete for
the limited number of DSBs that can be formed in a cluster.
Adding a new strong hotspot, such as ade6-3049, will reduce the
overall frequency of breakage at nearby existing hotspots. Simi-
larly, limiting the number of DSBs within a cluster means that a
break at one site will reduce the probability of a second break at
another nearby site on the same DNA molecule within the
cluster, resulting in DSB interference.
How might DSB formation be limited within hotspot clusters?

We propose that formation of the first DSB within a cluster
physically alters the proteins, DNA, or both within a cluster such
that a second DSB is formed at reduced frequency or perhaps
not at all, in which case one cluster produces one DSB. This
proposal is consistent with ∼60 DSBs per meiosis (12) being
distributed by competition and interference across the 12.6-Mb
fission yeast genome and with previous conclusions of a limit, at
a given locus, of only one DSB per homolog pair in many meiotic
cells in budding yeast (20, 33, 34). For example, modification of
one or more proteins in the cluster may change the protein’s
activity and thereby prevent further DSB formation. Specifically,
when the first DSB is formed, the Tel1 protein kinase may be
activated and then phosphorylate, and thereby inactivate, a
component of the DSB-forming complex [Rec12 and its half-
dozen essential partner proteins (35)]. This feature readily ac-
counts for Tel1 and its kinase activity being required for DSB
interference and suppression of nearby cross-overs in fission
yeast (Fig. 3, Table 1, SI Appendix, Figs. S2–S5 and Table S2), for
full levels of DSB and crossover interference in budding yeast (8,
34), and for strong restriction of DSB formation in mice (7). We
note that Tel1 is not required, however, for focus formation by
the LinE proteins Rec25, Rec27, or Rec10 (SI Appendix, Fig.
S14). This result suggests that Tel1 acts to control DSB forma-
tion after hotspots are clustered by the LinE proteins. Binding
and clustering of the DSB machinery in the absence of Tel1 may
also explain strong negative interference of both DSBs and cross-
overs in the absence of Tel1 (Fig. 3, Table 1, and SI Appendix,
Figs. S2–S5 and Tables S1 and S2). The close proximity of the
uncontrolled DSB-promoting factors may result in frequent
breakage at multiple sites in a cluster and thus the formation of
multiple, closely spaced cross-overs.
An alternative (or additional) mechanism to limit DSB for-

mation is a limiting component, e.g., the active-site protein
Rec12, within each cluster such that only one DSB can be
formed. Finally, the conformation of the DSB-forming complex
may change and prevent further DSB formation, as is the case
for the recombination hotspot-activator RecBCD enzyme of
Escherichia coli (36).

DSB Interference as a Basis of Crossover Interference. Closely re-
lated to DSB interference is crossover interference, the occur-
rence of closely spaced double cross-overs less frequently than
expected under independence. Given that DSBs are the pre-
cursors to cross-overs, DSB interference would be expected to
give rise to crossover interference. Therefore, based on our re-
sults here, we propose the following physical basis for meiotic
crossover interference and the model in Fig. 5. This model may
apply to some but not all species, for there are clearly variations
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in the mechanism and control of meiotic recombination among
species. Furthermore, in addition to DSB interference there may
be other mechanisms of crossover interference such as those
proposed by others (37–41). In species with strong crossover
interference, we propose that potential sites of DSB formation
form clusters encompassing both homologs, and a single DSB is
made in each cluster (Fig. 5A). (Note that in any given cell these
potential sites are only the sites in a chromosomal region bound
by hotspot-determinant proteins; they are not all the sites in a
chromosomal region at which DSBs are made in the population
of cells.) Consequently, no more than one crossover can arise in
the clustered region, which would encompass a genetic distance
of no more than 50 cM, the genetic distance resulting from one
crossover. If clusters are more or less randomly distributed
across the genome in a population, interference would be nearly
complete at short genetic distances (a few centimorgans) but
would disappear as distances approach 50 cM. At short dis-
tances, both genetic intervals for crossover assays would be in the
same cluster, whereas at longer distances they would be in, or
extend over, two or more clusters, which act independently. This
is the outcome observed in some species (41), which we propose
have clusters and DSBs regulated as in Fig. 5A. Most eukaryotes
have extensive heterochromatic regions devoid of DSBs around
their centromeres (42). We suppose that DSB hotspot clusters
do not form in or across such pericentric regions, thereby
explaining why crossover interference does not occur across the
centromere in some cases.
Variation of crossover interference in other species can be

accounted for by two classes of DSBs and by clusters encom-
passing both homologs or only one (Fig. 5 B and C). Two classes
of cross-overs have been identified previously in various species
(34, 43), those manifesting interference (class I) and those
manifesting weak or no interference (class II). We propose that
these crossover classes correspond to two classes of DSBs, as
follows. The first DSB made in a cluster (here called “class I”) is
unique in that it prevents the formation of further DSBs of its
type in that cluster. Any additional DSBs (here called “class II”)

made subsequently are repaired to either noninterfering cross-
overs or non–cross-overs. Class II DSBs may arise either within
clusters (after class I DSBs are formed) or outside clusters; the
latter case seems simpler and accounts for DSBs formed in-
dependently of hotspot determinants (4, 12). In species with
incomplete crossover interference, both class I and class II cross-
overs occur. The designation of the first DSB as class I, and thus
the designation of an interfering crossover, could be made either
before or at the time of that DSB formation; both possibilities
are compatible with the general scheme proposed here. We
further note that if DSB formation is weakened, e.g., by alter-
ation of the DSB-forming protein Spo11 (44), fewer class II
DSBs are made after the first (class I) DSB is made. Thus, the
frequency of interfering cross-overs, the major class, is main-
tained despite fewer total DSBs being made and at the expense
of fewer non–cross-overs from class II DSBs. This feature, called
“crossover homeostasis” (44), is thereby accounted for, as is the
concurrent loss of crossover interference and crossover homeo-
stasis in certain mutants (45).
In the two species reported to have weak or no crossover in-

terference (S. pombe and the fungus Aspergillus) (Table 1 and SI
Appendix, Table S2) (23), we propose that most or all DSBs are
interfering (class I) but occur in clusters encompassing only one
homolog (Fig. 5C) rather than both homologs, as in species
shown in Fig. 5A (33, 34). This feature may reflect incomplete
synaptonemal complex formation between homologs in S. pombe
and Aspergillus (5); the SC has long been associated with
crossover interference (46, 47). Although S. pombe LinE pro-
teins form structures similar to the lateral elements of the SC, S.
pombe has no obvious orthologs of the SC central elements
which connect homologs in other species. The apparent absence
of central element components is consistent with the proposal
that S. pombe makes clusters encompassing only one homolog.
Cluster formation on only one homolog also accounts for DSB
competition acting along a homolog (in cis) but not between
homologs (in trans) in S. pombe (Fig. 2 and SI Appendix, Fig. S2).
If clusters on the two homologs are independently distributed,

Fig. 5. Model for crossover interference based on DSB interference among clustered DSB hotspots. Each horizontal line is one sister chromatid (dsDNAmolecule),
red for one parental homolog (pair of sister chromatids) and blue for the other. Ovals indicate clusters, within which one DSB (gray lightning bolt) occurs. (A) In
species with complete interference, clusters of activated DSB hotspots on both homologs form in a limited chromosomal region; only one DSB (class I) is made in
each cluster. Consequently, no more than one crossover is made in that region, resulting in crossover interference. In a population of cells, clusters are distributed
more or less randomly; interference is thus complete in short genetic intervals but becomes less in longer genetic intervals and is negligible in genetic intervals
equal to or greater than that resulting from one crossover (50 cM). (B) In some species, class II DSBs are also formed but are not cluster-controlled and conse-
quently do not manifest interference. Crossover interference is incomplete but is greater if class I DSBs outnumber class II DSBs. (C) In some species, such as fission
yeast, clusters form between activated DSB hotspot sites on one homolog, not two. Consequently, DSBs (class I) manifest interference (on one DNAmolecule), but
cross-overs manifest only weak interference, since DSBs form independently on the two homologs (Discussion). (D) Flexible chromatin loops enable very distant
DSB hotspots bound by their activating protein determinants to form a cluster. DSB hotspots on chromatin loops could extend from the chromosomal axis (central
thick lines, each a dsDNA molecule or sister chromatid) and thereby allow activated DSB hotspots to form a cluster (star), even though they might be at the
extremities of the chromosome. Clusters might form over both homologs (as in A) or over only one homolog (as in C).
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there would be DSB interference, as assayed on single DNA
molecules, but only weak crossover interference, as observed
(Fig. 3, Table 1, SI Appendix, Figs. S3–S5 and Tables S1 and S2).
Because DSBs could arise independently on each homolog even
in a short interval, double cross-overs would be observed.
However, the absence of two DSBs on each individual homolog
(i.e., only one DSB arising per pair of sister chromatids) would
reduce the frequency of total DSBs in a cluster-size interval
relative to their frequency under complete independence; con-
sequently, there would be weak crossover interference only over
short intervals, as observed (Table 1 and SI Appendix, Table S2).
Thus, this proposal solves the seeming paradox of strong (posi-
tive) DSB interference without strong (positive) crossover in-
terference in fission yeast. It also explains the paradoxical
observation of strong negative crossover interference (I = −0.85) in
the absence of Tel1 (Table 1 and SI Appendix, Table S2). The
concerted formation of both DSBs and cross-overs in tel1 mutants
indicates that S. pombe has, like species manifesting (positive)
crossover interference, the basic mechanism of communication over
a long distance along a chromosome.
To our knowledge, only one publication has discussed DSB

interference as the basis for crossover interference. Berchowitz
and Copenhaver (48) discussed DSB competition and crossover
interference extending over about 70 kb in S. cerevisiae (16, 49),
but they dismissed the possibility that DSB interference might
explain crossover interference over much larger (megabase) re-
gions, as observed in most multicellular species. However, the
flexibility of loops in chromatin provides a basis for the long-
distance communication between sites bound by DSB hotspot
determinants (i.e., not over entire, continuous regions) along
chromosomes discussed above. We propose that the potential
sites at which DSBs could be made occur on loops emanating
from the chromosomal axis and that the protein-bound sites
form a cluster (Fig. 5D). These potential sites are limited to the
few bound to their protein determinants in a particular cell; they
are not all the sites in the included chromosomal region at which
DSBs are made in the population. In S. pombe, only sites bound
by LinE proteins in a particular cell would form a cluster. Note
that the chromosomal regions between these sites are not pro-
posed to be in the cluster; the majority of the chromosome can
remain in the extended linear form of the axis or synaptonemal
complex. In a 20-μm-diameter nucleus, such as that of a human
oocyte (50), two loops of about 60 kb would allow sites at the
ends of a 100-Mb chromosome to cluster in this way. (60 kb is for
B-form DNA; nucleosome-containing DNA would require about
200 kb, but each of these DNA lengths is a small fraction of the
entire chromosome and would likely be invisible by ordinary
microscopy.) Thus, we see no difficulty in DSB site clustering,
and consequently DSB interference, being the basis for crossover
interference even for large chromosomes.
Clusters have been previously discussed in connection with

crossover interference. Stahl (51) proposed that “recombination
nodules,” thought to be protein complexes that promote meiotic
recombination, might be swept into “piles” (clusters) to impose
crossover interference. Stahl et al. (52) similarly proposed that
“crossover intermediates,” presumably joint DNA molecules,
or “attempts,” presumably crossover and non–crossover events
combined, might form finite clusters in an interval. To our
knowledge, 3D clustering of DSB sites has not been previously
proposed.
1D clusters of DSBs along a chromosome, like birds clustered

along a telephone wire, have been observed and discussed ex-
tensively (e.g., refs. 8 and 34). These clusters are physically and
conceptually distinct from the 3D clusters of DSB hotspots dis-
cussed here, (Fig. 5). Garcia et al. (8, 53) proposed that DSB
hotspots along several clustered chromatin loops are physically
separate but subject to Tel1-independent DSB competition and
that DSB hotspots along one loop are separate but subject to

Tel1-dependent DSB interference. Anderson et al. (34) pro-
posed a model for crossover interference incorporating 1D
clusters of DSBs regulated by the synaptonemal initiation com-
plex (SIC) and Tel1. In this model, DSBs are made independent
of either factor; an SIC binds a DSB and prevents, in a Tel1-
dependent manner, further nearby DSB formation, resulting in
Tel1-dependent crossover interference. The fundamental basis
of crossover interference in this model is SIC positioning (by an
unspecified mechanism, but see below), whereas in our model it
is 3D clustering of DSB hotspots (by LinE complex formation)
and limitation of LinE-dependent DSBs.

Comparison of DSB Hotspot Clusters and Beam-Film Meshworks as
the Basis of Long-Distance Chromosomal Communication. The con-
servation of communication along meiotic chromosomes invites
a comparison of two models proposed to account for such
communication—the “beam-film” model for crossover interfer-
ence (37) and the clustering model for DSB and crossover in-
terference presented here (Fig. 5). The beam-film model posits
that mechanical stress on the chromosomes, partially dependent
on topoisomerase II (45), builds up until a crossover is formed,
locally relieving the stress and thereby discouraging a second,
nearby crossover. Chromosomes are proposed to fold in three
dimensions and form a “meshwork” of contacts, also unspecified,
between distant sites within which stress is built up and relieved
(45). Our clustering model and data reported here provide a
structural and mechanistic basis for several of these concepts,
with clusters taking the place of meshworks. One significant
difference between the two models, however, is the level at which
interference operates. The beam-film model posits that stress is
relieved by crossing over, not by DSB formation, and therefore
interference applies to cross-overs but not to DSBs. In contrast,
in our hotspot 3D clustering model (Fig. 5) interference applies
to DSBs and therefore also to the cross-overs that result from
them. Data from both S. cerevisiae (8) and our current study in S.
pombe clearly demonstrate the existence of DSB interference,
supporting the clustering model.

Materials and Methods
Materials. S. pombe strains are listed in SI Appendix, Table S4 with their
genotypes, sources, and the figures or tables in which data from them are
presented. Growth media were rich yeast extract liquid (YEL; Difco), yeast
extract agar (YEA; Difco), appropriately supplemented Edinburgh minimal
media (EMM2), pombe minimal glutamate (PMG), nitrogen base agar (NBA;
Difco), sporulation agar (SPA), and malt extract agar (MEA; Difco) (54). Re-
agents for the preparation and analysis of DNA are as described in ref. 55.
Oligonucleotides are listed in SI Appendix, Table S5. Meiotic chromatin was
immunoprecipitated (4) using anti-GFP (Roche) or anti-FLAG (Invitrogen)
antibodies. DNA ligations used T4 DNA ligase (New England Biolabs). Am-
plification of immunoprecipitated DNA was carried out using either a
Sequenase version 2.0 DNA Sequencing Kit (Affymetrix) or a REPLI-g Single
Cell Kit (Qiagen).

Analysis of Meiotic Recombination. Crosses were conducted on supplemented
SPA and analyzed as described in ref. 54 and SI Appendix, Table S2.

Preparation and Analysis of Meiotic DNA. S. pombe cultures were grown and
induced for meiosis as described (55, 56). For analysis of DSBs by Southern
blot hybridization in Fig. 3 and SI Appendix, Figs. S3 and S4, DNA was
extracted with phenol-chloroform from cells in liquid buffer (57) and ana-
lyzed as described (55). (Cells were not embedded in agarose plugs before
DNA extraction to avoid diffusion and thus loss of the small doubly broken
DNA fragments from the plugs.) For analysis of DSBs by Southern blot hy-
bridization in Fig. 2 and SI Appendix, Figs. S2 and S5, cells were embedded in
agarose, and DNA was extracted and analyzed as described (55). The ge-
nomic regions analyzed and the restriction enzymes used were as follows: in
Fig. 2 and SI Appendix, Figs. S3 and S4, 1.26–1.34 Mb on chromosome (Chr) 3,
cut with PmeI; in Fig. 3 and SI Appendix, Fig. S2, 0.94–0.99 Mb on Chr 2, cut with
AvrII; in SI Appendix, Fig. S5A, 0.52–1.02 Mb on Chr 1, cut with NotI; SI Ap-
pendix, Fig. S5B, 4.08–5.08 Mb on Chr 1, cut with NotI; in SI Appendix, Fig. S5C,
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3.03–4.53 Mb (right end) on Chr 2, cut with NotI; in SI Appendix, Fig. S5D,
2.72–3.60 Mb on Chr 1, cut with NotI.

Analysis of DNA Proximity by Chromosome-Conformation Capture. The analysis
of DNA proximity by chromosome-conformation capture is described in the
SI Appendix.
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