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During meiosis, crossover recombi-
nation is tightly regulated. A spatial

patterning phenomenon known as inter-
ference ensures that crossovers are
well-spaced along the chromosomes.
Additionally, every pair of homologs
acquires at least one crossover. A third
feature, crossover homeostasis, buffers
the system such that the number of cross-
overs remains steady despite decreases or
increases in the number of earlier recom-
binational interactions. Here we summa-
rize recent work from our laboratory
supporting the idea that all 3 of these
aspects are intrinsic consequences of a
single basic process and suggesting that
the underlying logic of this process corre-
sponds to that embodied in a particular
(beam-film) model.

Background: Three CO Patterning
Phenomena

During meiosis, DNA crossovers
(COs) increase genetic diversity. COs are
also essential for proper segregation of
homologous chromosomes (homologs) at
the first division of meiosis (Meiosis I). In
brief, homologs must be connected so that
tension arises on their centromeres when
they are properly oriented and thus being
pulled toward opposite poles (Fig. 1A).
This tension is sensed by regulatory sur-
veillance mechanisms. When all homolog
pairs are correctly aligned and under ten-
sion, anaphase is allowed to proceed. The
required inter-homolog connection arises
by the combined effects of COs (seen
cytologically as chiasmata) and links
between sister chromatids along chromo-
some arms (Fig. 1A, B).

The number and positions of COs are
tightly regulated by events that occur well
before Meiosis I, during an extended pro-
phase period. Three distinct aspects of this
regulation are known. Classical studies of
CO/chiasma patterns identified 2 hallmark
features: CO interference and the obliga-
tory CO.1-5 Modern studies have identi-
fied a third feature: CO homeostasis.6-12

Crossover interference
COs occur stochastically at different

positions in different meiotic nuclei.
Nonetheless, along each given chromo-
some, they tend to be evenly spaced. This
tendency is visually apparent in the array
of chiasmata or of CO-specific recombina-
tion complexes along mid/late prophase
chromosomes (Fig. 2A–D). It is also
reflected in the fact that the distribution
of inter-CO distances has the general
shape of a gamma distribution (e.g.
refs.13-16). This phenomenon reflects the
century-old phenomenon of “crossover
interference,” where occurrence of a CO
at one position disfavors the occurrence of
a CO nearby.17,18

The nature this CO pattern is revealed
in more detail by a measure known as the
Coefficient of Coincidence (CoC), origi-
nally defined to describe interference
observed genetically (Fig. 3A; ref.17,19;
further discussion in ref.10). By this
approach, the test chromosome is divided
into a convenient number of intervals. For
each pair of intervals, in all combinations,
the observed frequency of double COs
(i.e., the frequency of chromosomes with
a CO in both intervals), is compared with
the frequency of double COs predicted if
they occurred independently (i.e., without
interference) as given by the product of
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the CO frequencies in each of the 2 inter-
vals. The ratio of these 2 frequencies is the
CoC. In the absence of interference,
CoC D 1. If CoC < 1, the frequency of
double COs is less than expected for inde-
pendent occurrence and the presence of
interference is thus inferred. Universally,
interference is strong for pairs of intervals
that are close together. Essentially no dou-
ble COs are observed for intervals that are
very close together, i.e. CoC D 0. Interfer-
ence then weakens progressively as the 2
intervals are farther and farther apart,
finally reaching unity (e.g., refs.10,19;
Fig. 3A).

Interference and even spacing are par-
ticularly interesting because they imply
the existence of communication along the
chromosomes, which occurs over distances
of tenths to tens of microns among differ-
ent organisms. The same type of pattern-
ing occurs in many other systems, in both
the biological and physical worlds. For
chromosomes, it applies to mammalian
DNA replication origin firings and meta-
phase chromosomal domains in somatic
cells (Fig. 2E) and, in bacteria, the posi-
tions of extra-chromosomal plasmids and
Mu transposon insertion sites.20-25

The obligatory CO
Essentially every chromosome acquires

at least one CO, irrespective of

chromosome length. Among different
organisms, or among different chromo-
somes in the same organism, the fre-
quency of zero-CO chromosomes is
usually much less than 1%, but can be as
high as several percent.10,19,26 This
“obligatory CO rule” reflects the fact that
at least one crossover is required to ensure
correct chromosome segregation at meio-
sis I (Fig. 1A). The obligatory CO is not
achieved by having a high average number
of COs per bivalent. In many cases, that
average number is »2; and in certain
cases/organisms, a chromosome always
acquires one and only one CO (e.g.
Fig. 2A).1,2,4,5,10,27

CO homeostasis
Meiotic recombination is initiated

from programmed double-strand breaks
(DSBs),28 which then mediate establish-
ment of cytologically-observable links
between homolog partner chromosomes
(below). A subset of these interactions (so-
called “precursors”) are designated to be
COs. When the number of DSBs is
decreased (or increased), the number of
COs is decreased (or increased) less than
proportionally. This phenomenon,
“crossover homeostasis,” buffers the sys-
tem against deficits (or excesses) of DSBs
or precursor interactions. CO homeostasis
was identified in budding yeast and

subsequently found in Drosophila, mouse
and C. elegans.6-12

A central question emerges: what is the
relationship among these 3 features?

Experimental Evidence

Our recent work10,11,20 suggests that
all 3 aspects of CO regulation can be
explained as direct manifestations of a sin-
gle patterning process. We identified a
genetic pathway involved in CO interfer-
ence in budding yeast.11 Topoisomerase II
(Top2) is a key player. Protein SUMOyla-
tion (by Ubc9) and SUMO-targeted ubiq-
uitin ligase- (STUbL-) mediated protein
removal (by Slx5/8-Sir2) are also required.
In mutants defective in this pathway, CO
interference is “less strong” than in wild
type, as defined by CoC analysis (Fig. 3B).

Detailed interpretation of this pheno-
type requires consideration of the overall
nature of CO patterning. Current models
(Fig. 4; below) envision a process that acts
on an array of undifferentiated precursor
interactions via 2 effects: (i) CO-designa-
tion, in which particular precursors
become molecularly-fated to mature as
COs, and (ii) an inhibitory signal, trig-
gered at each CO-designation site, which
spreads outward in both directions to dis-
favor the subsequent occurrence of further
CO-designations in the vicinity. The latter
can be thought of as a “spreading interfer-
ence signal.” The identified yeast pathway
could be important for either or both of
these features; however, mutant defects
are best explained by a decrease in the dis-
tance over which the interference signal
spreads, implying a primary role for the
pathway in communication along the
chromosomes.11

Mutant analysis provides additional
insights. At the stage when interference is
imposed, chromosomal DNA is organized
into linear arrays of loops whose bases are
decorated with a meshwork of structural
proteins29 (Fig. 5A). Meiotic recombina-
tion occurs in the context of these
axes29-34 (Fig. 5B–D). Correspondingly,
we find that normal axes are required for
interference.11 Since Topoisomerase II
occurs along chromosome axes, we suggest
that it might exert its effects by mediating
adjustment of DNA segments within the

Figure 1. Meiotic crossover (chiasma) patterns. (A) Meiosis comprises 2 successive rounds of chro-
mosome segregation. At Meiosis I, homologous chromosomes (red and black) segregate to oppo-
site poles. The segregating chromosomes are connected by the combined effects of a CO between
one sister of each homolog and links between sister chromatids along their arms. Because of this
connection, when homologous chromosomes are connected to opposite poles, tension arises on
their corresponding centromeres (red and black circles). When all pairs are under such tension,
cell cycle regulatory mechanisms license onset of Anaphase I. At Meiosis II, sister chromatids segre-
gate to opposite poles, this time guided by connections between sister centromeres.
(B) In many organisms, the CO-generated links between homologs at Meiosis I (A) are seen cytolog-
ically as "chiasmata." Note that in favorable cases, sister cohesion is disrupted around chiasma sites
(arrows) in accord with the connection of non-sister chromatids by COs at those positions (from
ref.4).
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axis meshwork, first locally and then as the
interference signal spreads along the chro-
mosomes (Fig. 3D).11

In the fungus Sordaria macrospora,
where events are particularly well-
defined,35,36 CO patterning is likely
imposed at the “late leptotene” stage, on
recombination-mediated bridges that link
homolog axes at »400 nm (Fig 5C, D),
concomitant with installation of synapto-
nemal complex (SC), the tripartite meio-
sis-specific structure then links axes along
their lengths at »100 nm.29,35-40 The
same timing occurs in budding yeast and,
potentially, in mammals and
plants.36,41-47 In budding yeast, SC is not
required for CO interference.11,42,43 In
fact, we have suggested that SC might ini-
tially be installed in the wake of the
spreading interference signal.42,48 Interest-
ingly, in C. elegans, CO interference can
arise after SC formation49-51 and axial
structures are again critical, but this time
with involvement of the SC.51 It has also
been shown in C. elegans that transmission
of the CO interference signal along a
chromosome requires physical integrity
along both involved homologs.27

Our mutant analysis further revealed
that in budding yeast, as seen also in
Arabidopsis, mouse and human, the dis-
tance metric for spreading of the inter-
ference signal is physical chromosome
length (microns) rather than genomic
distance (kb/Mb) or genetic distance

(cM).10,11,52-54 This conclusion emerges
from the finding that when genetically
identical chromosomes are of different
lengths (e.g., in different sexes or in
mutants), CoC values are different
when plotted as a function of inter-

interval distance in Mb but the same
when plotted as a function of distance
in microns (e.g. Fig. 3C).

Our above-described findings arose
from analysis of Zip3 foci along pachytene
chromosomes of budding yeast. Zip3 foci

Figure 2. Even spacing of chiasmata and pachy-
tene CO-correlated recombination complexes.
(A) Pairs of homologous grasshopper chromo-
somes ("bivalents") linked by chiasmata (from
ref.5). Note that each bivalent has at least one chi-
asma, sometimes only one (arrow) and that mul-
tiple chiasmata (arrow heads) on a single
bivalent are spaced far away from one another.
(B) A diplotene bivalent of Sordaria macrospora
showing evenly-spaced chiasmata (D.Z.). (C) A
pachytene bivalent of Sordaria macrospora. SC
illuminated with Sme4-GFP (green) and deco-
rated with evenly-spaced CO-correlated Hei10-
T3-mCherry foci (red) (D.Z. unpublished) (D) A
pachytene bivalent of budding yeast. SC (red)
and CO-correlated Zip3 foci (green) illuminated
with antibodies against Zip1 and Myc (for detec-
tion of Myc tagged Zip3) respectively (from
ref.11). (E) Patterning along mammalian mitotic
metaphase chromosomes as manifested in
evenly-spaced alternating domains of TopoII and
condensin I (from ref.76).
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provide a uniquely early cytological
marker of CO-designation10,43 (Fig. 2D).
Given this assay, and the existence of bona
fide interference-defective mutants, we
could quantitatively evaluate relationships
among CO interference, the obligatory
CO and CO homeostasis.11 Two new
findings emerged. (1) Reduced CO inter-
ference is accompanied by reduced CO
homeostasis. Thus, these 2 features are
intrinsically linked. The simplest possibil-
ity is that CO homeostasis is dependent
upon CO interference as proposed6 and
supported also by other recent studies,
including ours.7-11 (2) Mutants with
reduced interference (and reduced CO
homeostasis) still show the obligatory CO.
Thus, this feature does not require
(strong) CO interference and accompa-
nying homeostasis.

Identification of the Top2/SUMO/
STUbL pathway is an important advance.
However, thus far, only 2 targets of this
pathway have been identified: TopoII and
meiotic axis component Red1. Many
more likely remain to be discovered.

Figure 3. Crossover Interference in wild-type and mutant budding yeast. CoC relationships for positions of CO-correlated Zip3 foci along pachytene biva-
lents of budding yeast in wild type and mutant situations (from ref.11). (A) Experimental data for Chromosome XV (black) and BF best-fit simulation
(green). Left: CoC relationships, plotted as function of inter-interval distance in mm axis length. Right: the distribution of Zip3 foci (COs) per bivalent. A
convenient measure of the apparent strength of CO interference is provided by the inter-interval distance at which CoC D 0.5. In wild type, this "interfer-
ence distance" is »300 nm. This value corresponds approximately to the average distance between adjacent COs. (B) Meiotic depletion of TopoII
increases the CoC at smaller inter-interval distances and shifts the CoC curve to the left (pink) as compared to wild type [black; from (A)], with corre-
sponding BF best fit simulation (right, green). Interference distance in the mutant is »200 nm. (C) A yeast condensin mutant has longer chromosome
axes. CoC relationships in the mutant (red) are the same as in wild type (black) when the metric of inter-interval distance is physical chromosome length
(mm) (top) and are different when the metric is genomic distance (Kb) (bottom). (D) Model for the role of TopoII in crossover interference. Chromatin
expansion puts stress on the protein/protein/DNA meshwork of chromosome axes (top). Local CO-designation gives local relaxation, which then spreads
along the axes; TopoII is required to adjust the relationships among DNA segments in response to this relaxation. All images are from ref.11

Figure 4. The logic of beam-film model and CO homeostasis. (A) The general logic of the beam-film
model (from ref.10). The "designation driving force" works on an array of precursors (vertical black
lines) and promotes CO designation (red stars) with resulting spreading of the interference signal
outward in both directions, dissipating with distance. Sequential CO designations with ensuing
spreading interference signals lead to COs that tend to be evenly spaced (text). (B) Crossover
homeostasis from the perspective of an individual DSB-mediated recombinational interaction
according to the logic of the BF model. Crossover homeostasis results from interplay between pre-
cursor density and spreading interference.6,10,11 At high (low) precursor (vertical black lines) density,
a precursor will be more (less) affected by the spreading interference signal (blue arrows) from
nearby crossover-designations and thus will be less (more) likely to be a crossover.
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Moreover, the detailed consequences of
this pathway remain to be elucidated.
Even more importantly, since ablation of
this pathway reduces, but does not elimi-
nate, CO interference, additional compo-
nents and their roles, likely even more
fundamental, remain to be elucidated. It
seems likely that the initial consequence of
CO-designation is a local change at the
site of an axis-associated recombination
complex. A general question of interest is
whether the primary target of interest for
CO-designation is the recombination
complex itself, the underlying structural
components and/or other unsuspected
players.

Insights from the Beam-Film
Model

We have proposed a model for CO
patterning, with corresponding quantita-
tive expressions, that allows simulation of
predicted outcomes.10,20 This model has
been useful in thinking about the nature
of CO patterning. In addition, it has sug-
gested a basic logic, different from that of
previously-proposed models. Finally, for-
mulation of this model has brought under
consideration several features that had not
been previously considered.

The stress hypothesis
The “beam-film” (BF) model involves

accumulation, local relief and redistribu-
tion of mechanical stress. The process
operates on an array of undifferentiated
“precursor interactions.” The entire
ensemble comes under stress until one
interaction “goes critical,” undergoing a
molecular change that commits it to
becoming a CO. This event is “CO-desig-
nation.” By its nature, this stress-pro-
moted event involves local relief of stress
at the affected position. Moreover, that
relief of stress will automatically spread
outward in both directions, dissipating
with distance, thus disfavoring subsequent
stress-promoted events in the affected
area. Redistribution of stress comprises
the “spreading inhibitory interference sig-
nal.” As multiple CO designations occur,
they tend to “fill in the holes” between
prior events, ultimately giving a relatively

evenly-spaced array, as depicted generi-
cally in Figure 4A.

Precursors appear to be recombina-
tional interactions that bridge homolog
axes at a distance of »400 nm (Fig. 5B–
D; ref.2,37). Thus, stress might accumulate
along chromosome axes. Since bridges
would comprise “stress-sensitive” weak
points along the axes, accumulating stress
could cause a bridge ensemble to buckle,
giving “CO-designation,” with ensuing
redistribution of stress relief outward from
that position giving the “spreading inter-
ference signal.”42 Involvement of Topo-
isomerase II and chromosome axes

(above) would be consistent with such a
mechanism.

The question then arises: what is the
source of the stress? We have suggested
one viable possibility.10,11,20,42 In brief:
along the axis meshwork, the DNA/chro-
matin fiber is constrained into a too-small
volume and thus is in a high energy
(“stressed”) state. Such stress could be alle-
viated locally at CO sites by a change in
the state of the fiber and/or by removal of
constraining tethers. Indeed, in accord
with this scenario, C. elegans chromo-
somes exhibit local axis expansion specifi-
cally at CO sites.51 The interference signal

Figure 5. Recombination occurs in the context of chromosome structural axes. (A) Meiotic pro-
phase chromosomes comprise co-oriented sister linear arrays of chromatin loops (black and
brown), the bases of which are decorated by structural components in a protein/DNA meshwork
(blue and green) (ref.29) These proteins (e.g., Topoisomerase II, condensins, cohesins and meiotic
specific Red1 and Hop1) bind to axis association sites, which are usually regularly distributed, locally
AT-rich regions. (B) A model for recombinosome-mediated homolog juxtaposition (ref.1). (i) One
dual loop (black and brown) from one homolog is tethered onto axis (green; axial meshwork not
shown) by recombinosome complex (not shown) and a DSB forms (2 red arrow heads) within one
chromatin loop (black). (ii) The "leading" end of the DSB is released and searches for a homologous
sequence on its homolog partner while the "lagging" DSB end is retained on the axis. (iii) The
homolog is caught and bought into closer proximity, to »400 nm (the equivalent stage in Panels C
and D). (iv) Finally the 2 axes move closer, to a distance of »100 nm, and synaptonemal complex
forms (not shown). (C, D) DSB-mediated inter-axis bridges along coaligned late leptotene axes in
Sordaria macrospora. (C) In late leptotene nuclei, pairs of foci of meiotic helicase Mer3 occur along
the axes of homologous chromosomes as illuminated with fluorescent axis component Spo76/Pds5
(from ref.35). Foci of each pair mark the 2 ends of a single DSB, implying that single DSB-mediated
recombinational interaction is bridging the 2 axes. (D) Left: coaligned axes as in (C). Middle and
Right: DAPI staining reveals inter-axis DNA bridges that presumptively correspond to the recombi-
nation-mediated bridges in (C) (D.Z.)
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would then comprise redistribution of this
local stress relief along the axis.

Implications of logic and
mathematical expressions

Importantly, the underlying logic and
the mathematical expressions of the BF
model can equivalently apply to mecha-
nisms that are not based on stress and
stress relief. In this broader context, the
BF model accurately explains CO patterns
in diverse organisms.10,11 It also explains
the basic features of CO patterning
revealed by our recent experimental analy-
sis as described above.

The obligatory CO
By the BF model, the obligatory CO is

ensured primarily by making the driving
force for CO-designation (i.e., the level of
accumulated stress) strong enough to
ensure that at least one precursor will
undergo CO-designation. Since this effect
ensures occurrence of the first CO-desig-
nation, it does not require the spreading
interference signal. Secondarily, occur-
rence of the obligatory CO is favored by
an appropriate array of precursor interac-
tions. This is important to ensure that
each chromosome in the nucleus always
exhibits at least one sufficiently-reactive
precursor, without which it could not
acquire even a single CO. Additionally,
occurrence of the obligatory CO requires
that CO-designated interactions must
mature efficiently into final CO products;
otherwise, the effects of efficient CO-des-
ignation will be lost. The precise balance
among these various features is likely
achieved somewhat differently in different
organisms.10 However, most importantly,
neither CO interference nor CO homeo-
stasis is required to ensure the obligatory
CO, in accord with observation (above).
Also, it has been suggested that a particu-
lar process, “CO assurance,” is involved in
ensuring the obligatory CO (e.g.,
refs.45,55). The BF model suggests that
there is no one specific process; instead,
the obligatory CO is ensured by the
appropriate constellation of all of the
involved features.10

CO homeostasis
The BF model also predicts an intrinsic

functional link between CO interference

and CO homeostasis, as pointed out pre-
viously by Martini et al., (ref.6) and sup-
ported by experimental findings (above)
(Fig. 4B). The chance that a given undif-
ferentiated precursor will become a CO is
reduced when a spreading interference sig-
nal emanates from an adjacent position. If
there are fewer DSBs/precursors along the
chromosome, adjacent precursors will, on
average, be farther away and the chance of
such reduction is decreased. Thus, the
probability of occurrence of a CO at each
given position will be reduced less by the
effect of interference than otherwise would
have been the case. Consequently, overall,
the frequency of COs will be reduced less
than expected from the reduction in
DSBs/precursors. Analogous buffering
will occur if there is an increase in DSBs/
precursors along the chromosome. Put
more generally: CO homeostasis suggests
that any tendency for more DSB interac-
tions and thus more COs will be opposed
by the occurrence of more spreading
inhibitory signals emanating from those
COs, which will dampen the effect; con-
versely, any tendency for fewer COs will
result in occurrence of fewer impinging
inhibitory signals and thus a commensu-
rately lesser interference-mediated
reduction.

In correspondence to these effects, CO
homeostasis is predicted to be stronger or
weaker depending on either (a) the dis-
tance over which the spreading interfer-
ence signal acts; or (b) the probability of
CO-designation per precursor, i.e. the
strength of the CO designation driving
force as given by the level of stress in the
stress hypothesis.

This scenario is supported quantita-
tively by BF analysis of Zip3 focus distri-
butions in budding yeast. In strains with
different DSB levels, Zip3 focus (CO) lev-
els vary as predicted from independently-
defined parameters for interference.10 The
same was found to be true for Drosoph-
ila.10 Furthermore, in conditions of Top2
depletion, decreased CO interference not
only results in decreased CO homeostasis
but does so with exactly the quantitative
effect predicted. Specifically: in the top2
background, observed variations in Zip3
focus (CO) levels at altered DSB levels are
explained quantitatively by assuming that
the interference signal spreads over the

specifically reduced distance inferred from
analysis at the normal DSB level.11 These
results confirm homeostasis/interference
interplay and provide strong experimental
evidence that the mathematical formula-
tion of the BF model can quantitatively
describe CO patterning.

Phenomenologically, the distance over
which CO interference extends, as a frac-
tion of total chromosome length, is greater
in other organisms as compared to bud-
ding yeast. The BF model further predicts
that CO homeostasis should be stronger
in those organisms.10,20 This is qualita-
tively true in mouse and C. elegans.7,9

Models for CO Patterning: Logic
vs. Mechanism

As a general prospect: how could CO
patterning work? The answer to this ques-
tion can be divided into 2 categories: What
is the basic logic of the process? And what is
the molecular mechanism? The distinction
between these 2 issues is illustrated by com-
parisons of our BF model (above)10,20,42

with the seminal early model of King and
Mortimer56 and another (also earlier-pro-
posed) scenario, the “counting model”
from Stahl and colleagues.57

With respect to mechanism, the BF
model envisions a stress and stress-relief
process in which communication along
the chromosomes results from redistribu-
tion of mechanical stress (above). In con-
trast, the King and Mortimer model
envisions that the interference signal
involves molecular polymerization of a
key component along the chromosomes.

The logic of the 2 models is also signifi-
cantly different. In the BFmodel, CO-desig-
nations are sequential. Each CO-designation
triggers a spreading interference signal that
automatically dissipates with distance, with
this effect implemented prior to the next
CO-designation (e.g. Fig. 4A). In a more
generic formulation, CO-designation would
be promoted by a “designation driving
force” (DDF) and would involve a spreading
inhibitory interference signal that (i) disfa-
vors event-designation and (ii) dissipates
exponentially with distance from its nucle-
ation site.10

The King and Mortimer model also
involves precursor interactions, CO-
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designation and an interference signal that
spreads in both directions from each des-
ignation site. However, contrary to the BF
model, the interference signal does not
dissipate with distance; instead it contin-
ues unabated until it runs into another
interference signal approaching in the
opposite direction from another CO-des-
ignation site. As a result, the number and
distribution of COs will be governed by
the kinetics of the system, i.e., the relative
rates of CO-designation and interference
signal spreading.

The King/Mortimer model further
posits that interference results in the
release of encountered precursor interac-
tions, which then rebind to sites that have
not yet experienced interference. This fea-
ture was required by the model’s assump-
tion that precursor interactions are
randomly distributed along each given
chromosome and that, among different
nuclei, the number along a given chromo-
some is Poisson-distributed. A conse-
quence of these assumptions is that some
chromosomes will fail to acquire even one
precursor and thus could never acquire a
first (obligatory) CO. Release and rebind-
ing of precursors rectifies this deficit.
Importantly, this feature implies that, by
the King/Mortimer model, the obligatory
CO requires spreading of the interference
signal. Our data argues against this possi-
bility (above). Cytological evidence also
argues against this scenario: all available
evidence points to sequential formation
and evolution of precursors into COs ,
without release and rebinding (e.g.,
refs.36,38), although more complex
dynamics could have been missed. More-
over, it is now clear that the hypothetical
need for release and rebinding of precur-
sors is eliminated by appropriate specifica-
tion of the precursor array10 (above).

The previous model from Stahl and
colleagues proposes that an interference
process proceeds progressively from one
chromosome end and counts precursor
interactions, with a CO-designation
occurring once every "N" precursors.57

This model gives a very good match to
experimental CO data.57 Nonetheless, it
specifically predicts that: (i) any variation
in precursor density will result in a pro-
portional variation in CO frequency,
which is qualitatively contradicted by the

finding of CO homeostasis (ref.6 but also
see ref.58); and (ii) interference will act
over a longer genetic distance at reduced
precursor densities, which is not
observed.6,11 Also, this model does not
address or ensure the obligatory CO.

Other proposed models for CO inter-
ference that specify specific processes have
invoked reaction-diffusion random walk
collision between precursors,59 dynamic
filament fluctuations.60 For the other
chromosomal phenomena, both stress-
based and reaction-diffusion models are
shown or proposed (e.g. refs.3,11,20-25). In
the physical world, of course, analogous
patterning necessarily occurs by stress and
stress relief.

Implications

Given the above considerations, the
array of chiasmata seen at diplotene can
be understood as the intrinsic consequen-
ces of one relatively simple basic pattern-
ing process. This single process provides
both the obligatory CO and CO interfer-
ence, which are concomitant but indepen-
dent effects. The combination of CO-
designation and a spreading interference
signal, in turn, not only ensure that COs
are far apart but, at the same time, as auto-
matic additional consequence, confers
CO homeostasis, which buffers the sys-
tem against early perturbations. All of
these effects are well-described, qualita-
tively and quantitatively by the beam-
film model. Thus, the underlying basic
logic of this model is robust. The chal-
lenge now is to understand specific
mechanisms that could underlie this
logic, whether involving macroscopic
mechanical stress or not.

Extensions

CO patterning is part of a broader
structural program

The phenomenon of CO interference
and its related effects have always been
considered in the narrow context of
recombination and chiasma formation.
However, another recent study from our
laboratory points to a broader perspec-
tive.36 In most organisms, installation of

SC is nucleated at the sites of DSB-
mediated inter-axis bridges. Analysis in
Sordaria macrospora suggests that, in
that organism, SC nucleations comprise
a subset of total DSB-mediated bridges,
among which a further subset is con-
comitantly undergoing CO-designation.
Moreover, total SC nucleation sites and
CO sites both exhibit interference; how-
ever, the interference exhibited by SC
nucleations is apparently “weaker” than
that exhibited by CO sites, as defined by
CoC analysis. Since SC nucleation and
CO-designation appear to occur con-
temporaneously,61 they are likely to be
outcomes of a single process. Such a
process would therefore yield relatively
evenly-spaced SC nucleations, a subset
of which are also CO sites. These coor-
dinate effects support the possibility that
CO patterning might fundamentally be
a structure-based process.

Consideration of these phenomena
through the lens of the BF model has
provided appreciation of another aspect
of CO patterning. Given a process with
CO-designation and spreading interfer-
ence, as more and more CO-designa-
tions occur, the resulting COs will tend
to be closer and closer together. This
will give the appearance, phenomeno-
logically, of “weaker CO interference.”
For example, CoC curves will shift
"leftward" to give higher frequencies of
double COs at smaller inter-interval
distances. However, mechanistically,
there will have been no change in the
actual nature of the spreading inhibitory
interference signal. This effect suggests
an explanation for the observed pattern
of SC nucleations and COs: all “event-
designations” would give SC nucleation
while only the first designations (which
will necessarily occur at the most reac-
tive precursor sites) would also concom-
itantly give CO-designation. As a result,
the same ongoing process would give
SC nucleations that give apparently
“weaker” interference than CO designa-
tions, which would exhibit a classical
interference distribution. An intriguing
extrapolation is that apparently weaker
CO interference could occur in mutant
conditions where the relevant cell cycle
stage is prolonged by a surveillance
checkpoint delay (e.g., refs.62,63).
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Biological implications
Meiotic crossover patterns, and their

disruption, have implications for efficient
chromosome segregation during gameto-
genesis and thus, for example, in humans,
for infertility and aneuploidy-related birth
defects. This link is illustrated by 2 phe-
nomena. (i) In human meiosis (and simi-
larly in other organisms), COs are more
frequent in female vs. male, with impor-
tant genetic implications.14,54,64-67 More-
over, differences in COs parallel
differences in chromosome axis lengths
(e.g. refs.10,52,53 and references therein).
Variations in interference are often sug-
gested as the underlying basis.14,54,64-67

Our alternative idea,68 receiving prelimi-
nary support,11,52-54 suggests that interfer-
ence is irrelevant and that differences
reflect a constant density of DSB-initiated
precursors along longer/shorter axes. (ii)
Shorter chromosomes, which are specifi-
cally implicated in birth defects,69 often
have higher CO density than longer chro-
mosomes (e.g., ref.70; unpublished).
Many proposed models remain to be criti-
cally evaluated (e.g. refs.14,65-67).

A remaining mystery
This emergent picture further high-

lights a fundamental remaining issue:
what is the evolutionary rationale for CO
interference? The evolutionary dictate of
the obligatory CO is clear: at least one
inter-homolog connection, and thus at
least one CO/chiasma is required for regu-
lar meiosis I segregation (Fig. 1A). But
what could be the rationale for the com-
plex, but widely conserved, phenomenon
of CO interference and its corollary, CO
homeostasis?

One possibility is that even spacing of
COs (and thus chiasmata) facilitates regu-
lar chromosome segregation at meiosis I,
as first proposed by Muller.17 Such mod-
els remain tempting, especially now given
that CO interference is part of the same
process that gives the obligatory CO,
which clearly exists to promote homolog
segregation. On the other hand, in the
plant Arabidopsis, mutations that increase
the frequency of COs and chiasmata
by as much as 10-fold have no obvious
deleterious effect on meiotic chromosome
segregation.71,72 Moreover, meiotic chro-
mosome segregation is very faithful in

S. pombe and A. nidulans where CO inter-
ference is absent and most bivalents
acquire many COs that are not spaced out
by effects of interference.73-75

The alternative possibility is that there
is a genetic advantage to patterned COs.
For example, there could be a selective
advantage for a relatively low, homeostati-
cally-regulated number of crossover
recombination events. However, addi-
tional assumptions regarding genome
organization would then be required to
explain why that low number should tend
to be evenly spaced along the chromo-
somes. Instead, we can now propose that
CO patterning might promote the evolu-
tion and co-segregation of functionally-
related sets of linked genes. This might be
critical in light of the fact that CO recom-
bination has the potential to eliminate
existing favorable gene combinations as
well as to create more favorable new com-
binations. Even spacing of COs would
provide a balance between the 2 effects.

Conclusion

Solving this evolutionary conundrum
remains an interesting challenge for the
future.
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