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Interference length reveals regularity of
crossover placement across species

Marcel Ernst 1,2 , Raphael Mercier 3 & David Zwicker 1

Crossover interference is a phenomenon that affects the number and posi-
tioning of crossovers in meiosis and thus affects genetic diversity and chro-
mosome segregation. Yet, the underlying mechanism is not fully understood,
partly because quantification is difficult. To overcome this challenge, we
introduce the interference length Lint that quantifies changes in crossover
patterning due to interference. We show that it faithfully captures known
aspects of crossover interference and provides superior statistical power over
previous measures such as the interference distance and the gamma shape
parameter. We apply our analysis to empirical data and unveil a similar
behavior of Lint across species, which hints at a common mechanism. A
recently proposed coarsening model generally captures these aspects, pro-
viding a unified view of crossover interference. Consequently, Lint facilitates
model refinements and general comparisons between alternative models of
crossover interference.

Meiotic crossovers (COs) are crucial for ensuring genetic diversity and
are necessary for linking maternal and paternal homologs for proper
segregation in most eukaryotes. Chromosomes tend to have at least
one CO, but rarely more than a handful. Moreover, CO positions are
not independent, but exhibit a phenomenon known as crossover
interference1–3: If chromosomes possess multiple COs, they tend to be
spaced more widely than expected by chance. The mechanism gov-
erning this CO interference is debated4–16, in part because it is chal-
lenging to quantify CO interference reliably and to compare it across
species, mutants, and chromosomes.

COs can be detected in cytology using fluorescent imaging of
proteins marking CO sites7,9,14,17–22; their position then needs to be
determined relative to the synaptonemal complex (SC) on which they
reside, leading to CO positions quantified in μm in SC space. Alter-
natively, genetic techniques can detect transmission events from
parental DNA to offspring to identify COs7,12,14,23–27; positions along the
chromatids are quantified in units of megabases (Mb) in DNA space.
However, only half of the designated COs will become a CO on a
selected gamete7,14. CO maturation inefficiencies can further con-
tribute to discrepancies between the cytologically and genetically
obtained data. Both aspects manifest as a random sub-sampling in

genetic data28–30. Moreover, cytological methods typically detect only
class I COs, but not the less prevalent class II COs7,11,13, resulting in a
systematic difference.

To quantify CO interference, observed CO counts and positions
are summarized using various quantities13,23,28,31–34. In the simplest case,
one plots the histogram of observed adjacent distances of COs and
compares it to the expected distribution without interference; see
Fig. 1A. To obtain a single quantity associatedwith CO interference, the
distribution of distances between adjacent COs can be fitted by a
Gamma-distribution; The resulting shape parameter ν quantifies the
evenness of CO distances and is associated with CO
interference7,23,31,33,35–40; see Fig. 1A. However, ν is sensitive to random
sub-sampling6,28,33,40, it only uses data from chromosomes with at least
two COs41, and it is also influenced by other aspects than interference,
in particular the typically heterogeneous distribution of CO
positions33. An alternative quantification is the coefficient of coin-
cidence (CoC), which measures the ratio of observed frequency of CO
pairs to the expected frequency in absence of interference as a func-
tion of the CO distance2,3,14,40,42; see Fig. 1B. The CoC value is close to 1
when interference is absent, but decreases strongly at short distances
when interference is present, reflecting the absence of close double-
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COs. The distance dCoC at which the CoC curve crosses 0.5 (orange
band in Fig. 1B) provides a length, which tends to be larger for stronger
interference6,13,43,44. However, this transition point often cannot be
located accurately, presumably because it is sensitive to only the data
in its vicinity, thus ignoring a potentially large part of the data that
could provide information about CO interference. Moreover, the CoC
curve relies on binning, which results in information loss31,33 and
requires the difficult choice of an optimal bin count12,28.

We here introduce the interference length Lint to complement
previous quantifications. After defining Lint and describing basic
properties, we validate it using known behavior of CO interference.We
show thatLint canbe used to faithfully comparecytological andgenetic
data from various species, mutants, and chromosomes. Surprisingly,
most of these data can be described by a simple normalized inter-
ference length, capturing the regularity of CO positions. This suggests
a common mechanism underlying CO interference. Indeed, the
recently proposed coarsening model8,9,12,13 explains this behavior
qualitatively.

Results
Defining interference length as a measure for crossover
interference
Crossover (CO) interference is quantified based on the observed CO
count per chromosome, N, and the associated CO positions xi along
each chromosome. One central quantity is the mean number of COs
per bivalent, 〈N〉, which is typically reduced when CO interference is
strong. However, 〈N〉 does not contain any information about CO
positions, so it cannot capture the fact that it is unlikely to find COs in
close proximity. To capture such positional information, themain idea
of the interference length Lint is to measures the increase of distances
between all (not just adjacent) CO pairs due to CO interference. This
increase can be expressed by the difference

Lint =dint � dnoInt , ð1Þ

where dint quantifies observed distances, with a correction for varia-
tions in thedistributionof theCOcountN, whichwe introduce indetail
below. In contrast, dnoInt quantifies the distance in the null hypothesis
without interference. Motivated by the zyp1-mutant in A. thaliana12,45,
we choose a null hypothesis where COs are placed independently
along the chromosomes, sampling from all observed CO positions. In
this null hypothesis, the CO count N per chromosome follows a Pois-
son distribution with the same mean 〈N〉 as the observed data42. We
define the associated distance dnoInt as the average distance between
any two COs chosen from the pool of all samples for a given chro-
mosome. This definition of dnoInt preserves the CO density along the
chromosome.

To quantify the observed distances and define dint, we could have
simply used the average distance dobs of all observed CO pairs. How-
ever, this naive choice would only take into account chromosomes
with at least two COs, and completely ignore those with one or zero
COs. These sampleswithout anyCOpairs can represent a large portion
of the observation, e.g., in A. arenosa46 and C. elegans5,7,47 or in genetic
data from A. thaliana12,48. In such cases, the naive choice would then
only consider data from the small subset with two or more COs, which
would dominate the quantity. More importantly, if most samples only
carried the obligate CO, strong interferencewould be likely, which our
quantity should capture. These arguments show that the distribution
of the observed CO count N per chromosome needs to be considered
for defining dint. The observed distribution of CO counts N in case of
interference is generally narrower than the Poisson distribution of the
null hypothesis of no interference; see Fig. 2A. This deviation, even if it
is small, can have a significant impact on the number of observedpairs,
because there are 1

2NðN � 1Þ pairs for a chromosome with N COs. To
see this, imagine observed data of three chromosomes with two COs
each, resulting in three distinct pairs; see Fig. 2B. In contrast, without
interference, we might have one, two, and three COs on these chro-
mosomes since the distribution of N is broader. This would lead to a
total of four possible CO pairs, thus providing more pairs than in the
observed data, despite identical 〈N〉. This example illustrates that the
narrower observed distribution of CO countsN leads to fewer COpairs
than the null hypothesis without interference. To account for these
missing pairs, we compare the average number of observedpairs, �N

pair
obs ,

to the average number of pairs in the null hypothesis, �N
pair
noInt =

1
2 hNi2,

which follows from the assumedPoissondistribution; see section2Aof
the Supplementary Information. The difference quantifies the average

number of missing pairs, �N
pair
mis = �N

pair
noInt � �N

pair
obs . A larger value of �N

pair
mis

indicates stronger interference, which should be reflected in our
measure via a suitable definition of dint.

The distance dint quantifies the distance of CO pairs in case of
interference, which should capture the actually observed distances as
well as the fact that interference is stronger when there are more
missing CO pairs. We thus define dint using a weighted average of
observed and missing pairs,

dint ¼
�N
pair
obsdobs + �N

pair
mis dmis

�N
pair
obs + �N

pair
mis

, ð2Þ

where dobs is the mean distance between all (not just adjacent) CO
pairs on the same chromosome. In contrast, dmis quantifies the dis-
tance associatedwithmissing pairs. For simplicity, we assume that dmis

is a constant, and in particular does not depend on the distribution of
CO positions. The value of dmis cannot be larger than the chromosome

Fig. 1 | Visualization of traditional quantifications of CO interference. Shown is
genetic data fromchromosome 1 ofwild-typemaleA. thaliana12,48.AComparison of
the observed distributions of distances of adjacent CO pairs to the expected dis-
tribution in the absence of interference (obtained by shuffling all CO positions
assuming the same distribution of CO count). The indicated shape parameter ν

follows from a fitted Gamma-distribution (solid line)7,23,31,33,35–40; see section 1A of
the Supplementary Information. B Coefficient of coincidence as a function of the
normalized distance between COs2,3,14,40,42; see section 1B of the Supplementary
Information. The interference distance dCoC (orange line, shaded area indicates the
standard error of the mean) marks the point where the curve first exceeds 0.5.
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length L since such distances can principally not be observed. We thus
choose the largest possible value, dmis = L, as the most natural length
scale; For cytological data, we for simplicity use the average SC length
of the respective chromosome, neglecting variations (c.f. ref. 49). We
will discuss below how this choice is related to the maximal inter-
ference length that can realistically be observed. Taken together, the
interference length can be expressed as

Lint =ϕðdobs � dnoIntÞ+ ð1� ϕÞðL� dnoIntÞ, ð3Þ

where ϕ= �N
pair
obs=

�N
pair
noInt = 2�N

pair
obs =hNi2 denotes the ratio of observed to

expected CO pairs, which is small in case of strong interference;
compare Fig. 3A. Eq. (3) highlights that the interference length Lint
combines information of (i) the distribution of CO positions via dnoInt,
(ii) the distribution of the observed distances of CO pairs via dobs, and
(iii) the distribution of observed CO counts via ϕ.

Figure 3A shows a graphical interpretation of the interference
length Lint based on the histogram of the distances between all CO
pairs per sample. In contrast to Fig. 1A, we account for missing CO

pairs, which contribute with the maximal distance L (cyan region).
Consequently, the mean distance of the observed data shifts to larger
values (compare dashed green lines in Fig. 1A and Fig. 3A), capturing
thatmissing COpairs indicate strong interference. Figure 3B visualizes
the same idea using cumulative distribution functions. Here, Lint cor-
responds to the blue area between the gray curve representing the null
hypothesis and the green curve for observed data with interference,
which is scaled by ϕ to account for missing CO pairs. The cumulative
distribution function highlights that Lint can be determined without
binning, abolishing this step that could degrade data quality.

The interference length Lint has multiple properties that make it a
suitable measure of CO interference: (i) Lint is a scalar quantity of
dimension length. Consequently, Lint is reported in units of μm for
cytological data (SC space), and units of megabases (Mb) for genetic
data (DNA space). (ii) We show in section 2B of the Supplementary
Information that Lint is invariant to random sub-sampling (similar to
CoC curves), which facilitates the comparison of cytological and
genetic data. (iii) Lint uses all empirical data on CO positions and does
not use any binning or parametrization. On the one hand, all observed
CO pairs contribute equally to dobs and thus Lint; see Eqs. (2)–(3). On
the other hand, the definition also accounts for chromosomes without
COs or only one CO via the average number of missing pairs, �N

pair
mis . (iv)

The quantity dnoInt is based on the observed distribution of CO posi-
tions along the chromosome, so that variations of COdensity, e.g., due
to suppression in centromeric regions, are incorporated in Lint. (v) Lint
allows for uncertainty estimations (section 2C of the Supplementary
Information) and significance testing (section 2D of the Supplemen-
tary Information). We provide a reference implementation of Lint with
the Supporting Material.

Large interference lengths indicate strong interference
To see how well the interference length Lint captures CO interference,
we start by comparing it to themore traditional CoC curves. Figure 3C
shows four representativeCoCcurves for various strains ofA. thaliana,
known to exhibit very different CO interference. In all cases, Lint (blue
bands) qualitatively captures the distance at which the CoC curve
approaches 1, indicating the point at which distances between COs are
as frequent as in the null hypothesiswithout interference. Inparticular,
Lint is larger for cases known to exhibit strong interference (e.g., the
HEI10het mutant), and it correlates (cf. Supplementary Fig. 3C) with the
interference distance dCoC (orange band; where the CoC curves
exceeds 0.5). However, Lint can be calculatedmoreprecisely (indicated
by the smaller standard error of themean; see Supplementary Fig. 1B),
and it can also be determined for cases without interference (e.g., the
zyp1 mutant) and when few CO pairs are observed. This first analysis

Fig. 3 | Visualizations of interference length Lint. Shown is data for the first
chromosome of male meiosis of A. thaliana12,48. A Comparison of the observed
(green) and expected (gray) distribution of distances of all CO pairs for wild-type
data. The last, cyan bin accounts formissing pairs, which contributewith a length of
dmis = L where L = 30.4Mb is the measured chromosome length. The interference
length Lint is the distance between the mean values of these distributions (denoted
by vertical dashed lines).B Cumulative distributions visualizing the same data as in

panel A. Since the cumulative distribution is an integrated measure, binning is not
required and Lint corresponds to the blue area. The dashed gray line indicates the
theoretical distribution for uniform CO distributions. C Coefficient of coincidence
curves of four different genotypes of chromosome 1 ofmaleA. thaliana12,48. Vertical
bands mark associated interference lengths Lint (blue) and interference distances
dCoC (orange) with respective standard error of the mean.

Fig. 2 | Crossover interference reduces the number ofCOpairs. AComparison of
the observed distribution (green) of the number N of COs per chromosome to the
reference without interference (gray) for the same genetic data as in Fig. 1. The
corresponding number of CO pairs,Npair = 1

2NðN � 1Þ, are indicated with respective
means. B Schematic CO placements on three chromosomes highlighting the effect
of interference. The upper panel shows chromosomes with one, two, and three
COs, consistent with the broad Poisson distribution in the case without inter-
ference. In contrast, interference typically leads to a narrower distribution (bottom
panel), where each chromosome has two COs. While both cases have the same
mean CO count, 〈N〉 = 2, the thin gray lines indicate that we have a total of three CO
pairs with interference (�N

pair
obs = 1), and thus less than in absence of interference

(�N
pair
obs =

4
3), suggesting interference reduces �N

pair
obs .
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thus indicates that Lint captures essential aspects ofCoC curves andCO
interference.

The only crucial parameter in the definition of Lint is the distance
dmis associated with missing pairs. Our choice of dmis = L implies that
Lint assumes values on the order of the chromosome length L in cases
of strong interference. Since there are multiple cases that could be
called “strong interference", we next evaluate Lint for four theoretical
scenarios: (i) When all chromosomes exhibit exactly one CO per
chromosome, we haveϕ = 0 and thus Lint = L − dnoInt. In this scenario of
complete interference, we obtain Lint =

2
3 L when COs are distributed

uniformly along the chromosome; see section 2E of the Supplemen-
tary Information. These results persist if some chromosomes have no
CO instead of one. (ii) We also find Lint =

2
3 L when all chromosomes

have exactly two COs at opposite ends of the chromosome. (iii) The
maximal-interference model of Lint for a given average CO count N
yields Lint =

4
3 LN

�1 (limited to Lint = L forN = 1whenCOs always occur at
the same position); see section 2F of the Supplementary Information.
(iv) Finally, we consider the case where exactly N COs are placed at
fixed distance L/N, and the first CO is located uniformly between 0 and
L/N, so the overall CO frequency is uniform along the chromosome.
This regular-placement model predicts Lint = L½N�1 � 1

3N
�2�; see sec-

tion 2G of the Supplementary Information. Taken together, these
theoretical scenarios suggest two limiting behaviors of Lint in case of
strong interference: For few COs, 〈N〉 ≈ 1, the first two scenarios sug-
gest Lint � 2

3 L. Conversely, formanyCOs, 〈N〉≫ 1, the last two scenarios
suggest the scaling Lint ~ L/〈N〉. We expect that intermediate values of
〈N〉 interpolate between these two extremes. In the contrasting case
without interference, when the CO count N follows a Poisson dis-
tribution and COs are placed independently (but not necessarily uni-
formly) along the chromosome, we haveϕ = 1, dobs = dnoInt, and hence
Lint = 0, corresponding to the null hypothesis without interference.
This indicates that larger values of Lint are associated with stronger
interference, and that the precise value depends on L and 〈N〉. We next
test these predictions for experimental data.

Interference length recovers sex differences and mutant
behavior
We start by using the interference length Lint to query known prop-
erties of CO interference across different chromosomes, genotypes,
and species. Since Lint is invariant to sub-sampling, cytological and
genetic data can be compared directly, assuming that non-interfering
class II COs are negligible and that chromosomes are compacted uni-
formly. To test this, we took advantage of published data where both
genetic and cytological data where available. This includes human
male50,51, as well as A. thalianawild type andmutants with variations in

the expression levels of HEI109,12,45,48,52; see details of data handling in
section 3 of the Supplementary Information. Figure 4A shows that the
average CO count 〈N〉 of the cytological data is approximately twice
that of the genetic data. This is consistent with expected sub-sampling
since a CO detected in cytology affects only two of the four chroma-
tids, and is thus detected in only half the gametes28–30. The data also
suggests that non-interfering class II COs are negligible, consistent
with the low fraction of class II COs inA. thaliana, which is estimated at
maximally 15%53,54.

We next compare the interference lengths Lint/L determined for
the genetic and cytological data normalized with the chromosome
length and the SC length, respectively. Figure 4B shows that cytolo-
gical and genetic data lead to very similar values of Lint/L. In particular,
the null hypothesis that the values agree is not rejected for A. thaliana
wild type (p = 0.95, significance test described in section 2D of
the Supplementary Information), HEI10oe (p = 0.49), HEI10het (p = 0.85),
and zyp1 (p = 0.68), as well as human (p = 0.10).

Another important feature of CO interference are sex differences,
where CO rates differ between female and male. In A. thaliana, female
meiosis generally features fewer COs and stronger CO interference
according to coefficient of coincidence (CoC) analysis9,12,21,27. Figure 4C
shows that genetic data12,48,52 of females indeed exhibit larger inter-
ference lengths Lint in DNA space than males. This difference is sig-
nificant inwild type (p = 10−4), but not inHEI10oe (p =0.06) and inHEI10het

(p = 0.32). It is generally accepted that interference propagates in the μm
space of the SC6,21. Indeed, when we convert the genetic data from DNA
space to SC space using the chromosome and SC lengths reported in ref.
12 and then calculate Lint, the difference between female andmale is less
significant for A. thaliana wild type (p = 0.02) and is absent for HEI10het

(p = 0.09) as well as HEI10oe (p = 0.83) see Fig. 4D. Taken together, this
supports a common process in male and female governing CO inter-
ference in SC space, whereas sex differences are a consequence of dif-
ferent chromosome organisation, consistent with literature6,21.

To corroborate this, we also investigated sex differences for
human data from cytological imaging of MLH1 foci50, where CoC
analysis in SC space suggest no significant sex difference, thus imply-
ing weaker interference for females if measured in DNA space due to
lower DNA compaction in female meiosis50. Instead, we find a weakly
significant difference for Lint for the cytological data (Fig. 4D, p =0.03),
whereas converting cytological data fromSC space toDNA spaceusing
chromosome lengths reported in ref. 55 results in significantly smaller
Lint for females (Fig. 4C, p = 10−6). Our analysis again suggests that sex
differences are predominately caused by different chromosome
compaction, whereas female and male exhibit similar CO interference
in SC space.

Fig. 4 | Interference length retrieves known results. AComparisonof the average
CO count 〈N〉 for male meiosis in A. thaliana for various genotypes based on
genetic12,48,52 and cytological data9,45, and male human wild type based on genetic51

and cytological data50 for individual chromosomes. The black line indicates the
expectation that 〈N〉 is twice as large for cytology compared to genetic data.
BComparison of the interference length Lint normalized to the chromosome length
L for the same data as in (A). C Comparison of Lint for male and female meiosis for

various genotypes based on genetic data of A. thaliana12,48,52 and wild-type, as well
as cytological data for human50 scaled with the respective DNA lengths according
to55 and thusmeasured inDNA space [Mb].DComparison of Lint of the samedata as
in C; A. thaliana data is scaled with respective SC lengths12,50 and thus measured in
SC space [μm].A–D Error bars indicate standard error of themean. Data handling is
detailed in section 3 of the Supplementary Information. Source data are provided
as a Source Data file.
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Finally, we test whether Lint recovers the behavior of A. thaliana
mutants. Increasing HEI10 levels (HEI10oe line) decreases Lint for both
male (p = 10−3) as well as female (p = 4 ⋅ 10−4) in genetic data12 and for
male cytological data (p = 2 ⋅ 10−4)46; see Fig. 4B–D. Lowering HEI10
levels (HEI10het line) increases Lint formale genetic data (p = 0.04)12 and
cytological data (p = 0.045)46, but Lint remains unchanged for female
genetic data (p = 0.15), suggesting that CO interference is already
almost maximal (Lint/L = 0.52…0.67). For mutants where the SC is
absent12,27,45,56, Lint is consistent with absent interference in female zyp1
mutant12 (p = 0.60), the male zyp1 mutant (cytology)45 (p = 0.23) and
the double mutant zyp1 HEI10oe12 (male p = 0.56, female p = 0.78),
whereas male zyp1 mutants (genetic)12 might exhibit some residual
interference (absent with p = 0.04). We thus showed that the inter-
ference length Lint recovers known behavior of CO interference in A.
thaliana mutants.

Interference length facilitates comparison across multiple
species
Weestablished that the interference length Lint tends to be largerwhen
CO interference is stronger and that this correlation recovers many
aspects of CO interference. However, we so far have not interpreted
the numeral value of Lint in detail, particularly when comparing dif-
ferent genotypes or even different species. Since Lint is a single num-
ber, such a comparison is easily feasible and can shed light onto the
mechanism of CO interference in different species.

To compare measured interference lengths Lint of different spe-
cies, we show Lint obtained from cytological data, and thus only
interfering class I COs, as a function of the SC length L in Fig. 5A. Evi-
dently, Lint can vary widely across species, even when SC lengths are
comparable. For instance, for L ≈ 40μm, A. arenosa exhibits
Lint ≈ 20 μm, whereas A. thaliana, maize, and human exhibit progres-
sively smaller values down to Lint ≈ 5 μm, suggesting reduced CO
interference. However, we also find that Lint is correlated with L: Mul-
tiple species (A. arenosa46, C. elegans47, mouse57, and tomato18) exhibit
data very close to the line Lint � 2

3 L, which we associate with complete
interference motivated by the theoretical scenarios studied above.
Whereas these species exhibit an almost proportional relationship
between Lint and L, other species (maize58, A. thaliana9, and human50)
exhibit a weaker dependence. The associated values of Lint are smaller
than 2

3 L, indicating incomplete interference. However, all observed

wild-type values are significantly larger than zero, suggesting that they
all exhibit CO interference. Taken together, this initial comparison
suggests that species either exhibit strong interference close to max-
imal values (Lint � 2

3 L) or they exhibit smaller values and weaker L-
dependence.

We next investigate how mutations change Lint for a few species.
Figure 5B. shows that the C. elegans ie29 strain (green triangle) has the
same value of Lint as the wild type (p = 0.68), suggesting that this strain
does not exhibit altered CO interference. In contrast, Lint is strongly
reduced for C. elegans syp-4 mutants (green circle47), consistent with
the idea that an intact SC is required for CO interference.We observe a
similarly strong reduction of Lint in A. thaliana zyp1 mutants (orange
circles), consistent with the described abolished interference9,45. In A.
thaliana, Lint can also be reduced by over-expressing HEI10 (orange
triangles pointing up), whereas interference is increased when HEI10
levels are reduced in the HEI10het strain (orange triangles pointing
down), consistent with the analysis of the genetic data shown above
and literature9,12,45.

A challenge in interpreting CO interference experimentally is that
somemethods (e.g., based on labelingMLH1 in cytology) only observe
class I COs, whereas others (e.g., based on electron microscopy or
genetics) cannotdistinguishclass I COs fromclass II COs7,11,13. A study in
tomato18 used correlative microscopy to identify MLH1-positive
recombination nodules (class I CO) and MLH1-negative nodules
(class II CO) in the same cells. We analyzed these data and determined
Lint for various combinations of the two classes of COs; see Fig. 5B. The
resulting Lint is largest when it is determined only for class I COs (pink
disks), which are known to exhibit interference. The value reduces
significantly (p ≈ 10−4) when Lint is calculated based on all foci (pink
circles), and this reduction is consistent (p =0.29) with an approximate
correction of Lint taking class II COs (6% to 19%) into account; see
section 2H of the Supplementary Information. We also quantify how
class II COs interfere with the positioning of class I COs by evaluating
Lint associatedwith pairs comprising a class I CO and a class II CO (pink
squares); see section 2I of the Supplementary Information. These
mixed pairs exhibit a positive (p = 0.01), weaker interference (p = 10−4,
comparedwith Lint of all foci), butwehave no evidence that class II COs
interfere with each other (p = 0.58, Lint not shown in figure) or exhibit
different interference than the mixed pairs (p = 0.51), consistent with
literature18.

Fig. 5 | Interference length allows for simple comparison across species and
genotypes. A Interference length Lint as a function of SC length L for cytological
data of wild-type data of A. arenosa46, A. thaliana9, C. elegans47, human50, maize58,
mouse57, and tomato18. B Interference length Lint as a function of SC length L for
cytological data of indicated genotypes for A. thaliana9,45, C. elegans47, and
tomato18. For tomato, we present the interference length of class I COs, of all

observed foci (class I and class II CO), aswell as pairswith one class I and one class II
CO (cf. section 2I of the Supplementary Information). A–B Error bars indicate
standard error of the mean. Data handling is detailed in section 3 of the Supple-
mentary Information. Source data are provided as a Source Data file. An analogous
representation of the genetic data of A. thaliana12,48,52, human51, and S. cerevisiae59 is
given in the Supplementary Fig. 4.
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Taken together, these data show that the interference length Lint
recovers central observations about CO interference. In particular,
values of Lint tend to vary between small values (indicating absence of
interference) and large values Lint � 2

3 L (indicating strong inter-
ference). While we briefly explored the dependence on the chromo-
some length L, we expect from our theoretical analysis that Lint also
depends on the mean CO count 〈N〉, which could distort the inter-
pretations we made so far.

Crossover interference exhibits similarity across species and
mutants with intact SC
The maximal-interference model and the regular-placement model
suggest the scaling Lint ~ L/〈N〉, i.e., that Lint is generally larger for longer
chromosomes and fewer COs. To test this scaling, we analyze the
normalized interference length, Lnormint = LinthNi=L, which would be a
constant if the scaling held perfectly. Since L/〈N〉 estimates the
expected distance between COs, Lnormint relates to the regularity of COs
placement along chromosomes. Note that 〈N〉 is the number of COs
per bivalent, implying thatwe need to double the COcountsmeasured
for individual chromatids in genetic data to account for the sub-
sampling. Figure 6A shows that Lnormint clusters around values between
~0.6 and ~0.8 for wild types of many species, particularly when they
have few COs (〈N〉 ≲ 4). Notable exceptions are C. elegans, which
exhibits a skewed distributions of CO positions, and S. cerevisiae,
which generally seems to exhibit weaker CO interference than other
species we analyzed13,43.

To explain the observed narrow band of Lnormint , we compare the
data to two theoretical predictions. First, we investigate the regular-
placement model (dashed lines in Fig. 6), where 〈N〉 COs are placed
uniformly with separation L/〈N〉. This model overestimates Lint for
larger values of 〈N〉, likely because CO placement is not as regular in
reality. Interestingly, the model underestimates Lint for small 〈N〉,
which is a consequence of its uniform CO placement along the chro-
mosome, whereas the observed distributions are often highly non-
uniform. Second, we study the recently proposed coarseningmodel of
CO interference8,9,12 for parameters obtained for A. thaliana12. While
the model (black lines in Fig. 6) captures the general trend better than
the regular-placement model, there are significant deviations: The
model overestimates Lnormint for most species, except A. arenosa46, most
likely because of very localized CO positions. The discrepancies

between data and model revealed by Lnormint could guide future model
refinements.

Our analysis of the normalized interference length Lnormint for sim-
ple models and wild-type data suggests that systems with strong
interference exhibit similar values of Lnormint , which depend only weakly
on L and 〈N〉. In particular, the normalized interference length removes
the dependency on L and 〈N〉 that dominated in Fig. 5A: On the one
hand, the species obeying the scaling Lint � 2

3 L all exhibit 〈N〉 ≈ 1,
implying that the associated Lnormint is roughly 0.7. On the other hand,
the cases in Fig. 5A that deviated from this scaling all exhibitmoreCOs,
explaining the reduced values of Lint. Consequently, all the cases
shown in Fig. 5A (except human female chromosome 1 with 〈N〉 ≈ 6)
exhibit values of Lnormint between ~ 0.6 and ~ 0.8. This similarity in Lnormint

in all analyzed species (except S. cerevisiae, which exhibits larger CO
counts and lower Lint) indicates a similar regularity in CO placement,
which could originate from a similar mechanism that governs CO
interference in these different species.

We next test the hypothesis that the normalized interference
length Lnormint captures an essential aspect of the CO interference pro-
cess by comparing wild-type data with mutants known to affect CO
interference. Figure 6B shows that mutants affecting the SC (orange
and gold symbols) exhibit lower values of Lnormint , distributed around
Lnormint = 0. This observation is consistent with the strongly reduced
interference described in the literature12,45,47,59,60, which disrupts the
regularity of CO placement. In contrast, A. thaliana mutants with
altered HEI10 levels (magenta symbols) exhibit values of Lnormint that are
consistent with the wild-type results (violet symbols). Apparently,
changing HEI10 levels only affects the CO count 〈N〉 but not the CO
interference as measured by Lnormint . Taken together, we propose that
Lnormint quantifies aspects of CO interference that are independent of
〈N〉, which suggests that CO interference is not affected by changing
HEI10 levels, but is strongly impaired in mutants affecting the SC. This
interpretation is consistent with the coarseningmodel, where the SC is
vital formediating coarsening betweenCOson the samechromosome,
whereas changingHEI10 levelsmerely affects the degree of coarsening
without disrupting the mechanism.

Discussion
In this paper we propose the interference length Lint, which summarizes
deviations in CO placement, as a quantity tomeasure CO interference.

Fig. 6 | Normalized interference length unveils similarity of mutant behavior
across species. A Normalized interference length Lnormint = LinthNi=L as a function of
the mean CO count 〈N〉 for wild-type data of A. arenosa46, A. thaliana9,12,48, C.
elegans47, human50,51, maize58, mouse57, tomato18, and S. cerevisiae59 using both
cytological and genetic data.B Lnormint as a function of 〈N〉 for the samewild-typedata
as in Panel A (violet), mutations with altered HEI10 levels in A. thaliana
(magenta,9,12,52), mutations that affect the SC in A. thaliana and C. elegans

(orange,12,45,47) and themsh4mutant for S. cerevisiae (gold,59,60).A–BThedashed line
marks the prediction of the regular-placement model corresponding to strong
interference (see section 2G of the Supplementary Information), whereas the black
line corresponds to the coarsening model for A. thaliana12. Error bars indicate
standard error of the mean. Data handling is detailed in section 3 of the Supple-
mentary Information. Source data are provided as a Source Data file.
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Lint is a physical length, which is larger for stronger CO interference
and reaches a maximum of about 0.8L in empirical data. The fact that
Lint provides a single number to measure CO interference enables
direct comparison of data for different chromosomes, genotypes, and
species among each other andwith theoretical models. The quantity is
also invariant to random sub-sampling (enabling comparison of
genetic and cytological data), does not require binning, and uses all
empirical data, particularly those from chromosomes with one or no
COs. SupplementaryTable 1 compares these features to the alternative
quantities dCoC and ν. A distinct advantage of Lint is the lower uncer-
tainty compared to dCoC and ν (see Supplementary Fig. 1B), providing
more statistical power at the same sample size or allowing for fewer
experiments to draw conclusions.

We used Lint to query known behavior of CO interference using
published data. The comparison across species revealed that Lint only
reaches maximal values when there are few COs (Lint � 2

3 L). In contrast,
species with larger CO counts typically exhibit smaller values of Lint,
which also vary lesswith the respective lengths of the chromosomes. This
behavior is consistent with the recently proposed coarseningmodel8,9,12,13,
which suggests that Lint typically scales inversely with the CO count 〈N〉,
unless there are fewCOs and Lint saturates; see Supplementary Fig. 2. This
suggests that species with many COs simply aborted coarsening before
completion, implying larger 〈N〉 and leading to values of Lint that are
independent of L, whereas species with completed coarsening exhibit
only the obligate CO and Lint � 2

3 L. This strong connection between 〈N〉
and Lint also explains the observed narrow band of values of the nor-
malized interference length Lnormint = LinthNi=L for cases where coarsening
can proceed normally (e.g., in wild type and in HEI10 mutants). A similar
analysis using dCoC and ν does not yield a consistent picture (see Sup-
plementary Fig. 3), suggesting that only Lint captures an essential prop-
erty of CO interference that is nearly preserved across species.

The interference length Lint enables comparisonof variousmodels
with experimental data. In particular, it allows to compare the coar-
seningmodel with alternatives, like the beam-filmmodel28,61. It will also
prove useful to quantify the influence of model parameters onto CO
interference. At the same time, Lint can also support experimental
work, particularly by allowing comparisons between chromosomes,
genotypes, and species.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the
paper and its Supplementary Information. Source data are provided
with this paper.

Code availability
The code of this study is available via the github repository at https://
github.com/zwicker-group/crossover-interference-length62.

References
1. Sturtevant, A. H. The linear arrangement of six sex? linked factors in

drosophila, as shown by their mode of association. J. Exp. Zool. 14,
43–59 (1913).

2. Sturtevant, A. H. The behavior of the chromosomes as studied
through linkage. Z. für. Indukt. Abstamm.-und Vererbungslehre 13,
234–287 (1915).

3. Muller, H. J. The mechanism of crossing-over. Am. Natural. 50,
193–221 (1916).

4. Kleckner, N., Storlazzi, A. & Zickler, D. Coordinate variation in
meiotic pachytene SC length and total crossover/chiasma fre-
quency under conditions of constant DNA length. TrendsGenet. 19,
623–628 (2003).

5. Berchowitz, L. E. & Copenhaver, G. P. Genetic interference: don’t
stand so close to me. Curr. Genom. 11, 91–102 (2010).

6. Zickler, D. & Kleckner, N. A few of our favorite things: Pairing, the
bouquet, crossover interference and evolution of meiosis. Semin.
Cell Dev. Biol. 54, 135–148 (2016).

7. Otto, S. P. & Payseur, B. A. Crossover interference: Shedding light on
the evolution of recombination. Annu. Rev. Genet. 53, 19–44 (2019).

8. Zhang, L., Stauffer, W., Zwicker, D. & Dernburg, A. F. Crossover pat-
terning through kinase-regulated condensation and coarsening of
recombination nodules. bioRxiv 2021.08.26.457865 http://biorxiv.
org/content/early/2021/08/27/2021.08.26.457865.abstract (2021).

9. Morgan, C. et al. Diffusion-mediated Hei10 coarsening can explain
meiotic crossover positioning in arabidopsis. Nat. Commun. 12,
4674 (2021).

10. von Diezmann, L. & Rog, O. Let’s get physical–mechanisms of
crossover interference. J. Cell Sci. 134, jcs255745 (2021).

11. Lloyd, A. Crossover patterning in plants. Plant Reproduction https://
doi.org/10.1007/s00497-022-00445-4 (2022).

12. Durand, S. et al. Joint control ofmeiotic crossover patterning by the
synaptonemal complex and Hei10 dosage. Nat. Commun. 13,
5999 (2022).

13. Girard, C., Zwicker, D. & Mercier, R. The regulation of meiotic
crossovers distribution: a coarse solution to a century-oldmystery?
Biochem. Soc. Trans. 51, 1179–1190 (2023).

14. Chuang, Y.-C. & Smith, G. R.Chapter Nine - Meiotic crossover
interference:Methodsof analysis andmechanismsof action, vol. 151,
217–244 (Academic Press, 2023). https://www.sciencedirect.com/
science/article/pii/S0070215322000692.

15. Rafiei, N. & Ronceret, A. Crossover interference mechanism: New
lessons from plants. Front. Cell Dev. Biol. 11, 1156766 (2023).

16. Zickler, D. &Kleckner,N.Meiosis: Dancesbetweenhomologs.Annu.
Rev. Genet. 57, 1–63 (2023).

17. Barlow, A. & Hultén, M. Crossing over analysis at pachytene inman.
Eur. J. Hum. Genet. 6, 350–358 (1998).

18. Anderson, L. K. et al. Combined fluorescent and electron micro-
scopic imaging unveils the specific properties of two classes of
meiotic crossovers. Proc. Natl Acad. Sci. 111, 13415–13420 (2014).

19. Agarwal, S. & Roeder, G. S. Zip3 provides a link between recombi-
nation enzymes and synaptonemal complex proteins. Cell 102,
245–255 (2000).

20. De Muyt, A. et al. E3 ligase Hei10: a multifaceted structure-based
signaling molecule with roles within and beyond meiosis. Genes
Dev. 28, 1111–1123 (2014).

21. Lloyd, A. & Jenczewski, E. Modelling sex-specific crossover pat-
terning in Arabidopsis. Genetics 211, 847–859 (2019).

22. Marcon, E. & Moens, P. MLH1p and MLH3p localize to precociously
induced chiasmata of okadaic-acid-treated mouse spermatocytes.
Genetics 165, 2283–2287 (2003).

23. Broman, K. W. & Weber, J. L. Characterization of human crossover
interference. Am. J. Hum. Genet. 66, 1911–1926 (2000).

24. Groenen, M. A. et al. A high-density SNP-based linkage map of the
chicken genome reveals sequence features correlated with
recombination rate. Genome Res. 19, 510–519 (2009).

25. Lu, S. et al. Probingmeiotic recombination and aneuploidy of single
sperm cells by whole-genome sequencing. Science 338,
1627–1630 (2012).

26. Fernandes, J. B., Séguéla-Arnaud, M., Larchevêque, C., Lloyd, A. H.
& Mercier, R. Unleashing meiotic crossovers in hybrid plants. Proc.
Natl Acad. Sci. 115, 2431–2436 (2018).

27. Capilla-Pérez, L. et al. The synaptonemal complex imposes cross-
over interference and heterochiasmy in Arabidopsis. Proc. Natl
Acad. Sci. 118, e2023613118 (2021).

28. Zhang, L., Liang, Z., Hutchinson, J. & Kleckner, N. Crossover pat-
terning by the beam-film model: analysis and implications. PLoS
Genet. 10, e1004042 (2014).

Article https://doi.org/10.1038/s41467-024-53054-2

Nature Communications |         (2024) 15:8973 7

https://github.com/zwicker-group/crossover-interference-length
https://github.com/zwicker-group/crossover-interference-length
http://biorxiv.org/content/early/2021/08/27/2021.08.26.457865.abstract
http://biorxiv.org/content/early/2021/08/27/2021.08.26.457865.abstract
https://doi.org/10.1007/s00497-022-00445-4
https://doi.org/10.1007/s00497-022-00445-4
https://www.sciencedirect.com/science/article/pii/S0070215322000692
https://www.sciencedirect.com/science/article/pii/S0070215322000692
www.nature.com/naturecommunications


29. Wang, S., Kleckner, N. & Zhang, L. Crossover maturation ineffi-
ciency and aneuploidy in human female meiosis. Cell Cycle 16,
1017–1019 (2017).

30. Wang, S. et al. Crossover interference, crossover maturation, and
human aneuploidy. Bioessays 41, e1800221 (2019).

31. de Boer, E., Stam, P., Dietrich, A. J., Pastink, A. & Heyting, C. Two
levels of interference in mouse meiotic recombination. Proc. Natl
Acad. Sci. 103, 9607–9612 (2006).

32. Lian, J. et al. Variation in crossover interference levels on individual
chromosomes from human males. Hum. Mol. Genet. 17,
2583–2594 (2008).

33. de Boer, E., Lhuissier, F. G. & Heyting, C. Cytological analysis of
interference in mouse meiosis. Meiosis: Volume 2, Cytological
Methods 355–382 (2009).

34. Stahl, F. W. & Housworth, E. A. Methods for analysis of crossover
interference in Saccharomyces cerevisiae. Meiosis: Volume 1, Mol.
Genet. Methods 35–53 (2009).

35. Stam, P. Interference in genetic crossing over and chromosome
mapping. Genetics 92, 573–594 (1979).

36. McPeek, M. S. & Speed, T. P. Modeling interference in genetic
recombination. Genetics 139, 1031–1044 (1995).

37. Zhao, H., Speed, T. P. & McPeek, M. S. Statistical analysis of cross-
over interference using the chi-square model. Genetics 139,
1045–1056 (1995).

38. Copenhaver, G. P., Housworth, E. A. & Stahl, F. W. Crossover
interference in Arabidopsis. Genetics 160, 1631–1639 (2002).

39. Housworth, E. & Stahl, F. Crossover interference in humans. Am. J.
Hum. Genet. 73, 188–197 (2003).

40. Wang, S. et al. Crossover patterns under meiotic chromosome
program. Asian J. Androl. 23, 562 (2021).

41. Basu-Roy, S. et al. Hot regions of noninterfering crossovers coexist
with a nonuniformly interfering pathway in Arabidopsis thaliana.
Genetics 195, 769–779 (2013).

42. Haldane, J. B. The combination of linkage values and the calculation
of distances between the loci of linked factors. J. Genet. 8,
299–309 (1919).

43. Zhang, L. et al. Topoisomerase ii mediates meiotic crossover inter-
ference. Nature 511, 551–556 (2014).

44. Wang, S., Zickler, D., Kleckner, N. & Zhang, L. Meiotic crossover
patterns: obligatory crossover, interference and homeostasis in a
single process. Cell cycle (Georget., Tex.) 14, 305–314 (2015).

45. Fozard, J. A., Morgan, C. & Howard, M. Coarsening dynamics can
explain meiotic crossover patterning in both the presence and
absence of the synaptonemal complex. eLife 12, e79408 (2023).

46. Morgan, C. et al. Evolution of crossover interference enables stable
autopolyploidy by ensuring pairwise partner connections in Arabi-
dopsis arenosa. Curr. Biol. 31, 4713–4726.e4 (2021).

47. Köhler, S., Wojcik, M., Xu, K. & Dernburg, A. F. Dynamic molecular
architecture of the synaptonemal complex. BioRxiv https://www.
biorxiv.org/content/10.1101/2020.02.16.947804v2 (2020).

48. Singh, D. K. et al. Heip1 is required for efficient meiotic crossover
implementation and is conserved fromplants to humans. Proc. Natl
Acad. Sci. 120, e2221746120 (2023).

49. Wang, S. et al. Per-nucleus crossover covariation and implications
for evolution. Cell 177, 326–338 (2019).

50. Wang, S. et al. Inefficient crossover maturation underlies elevated
aneuploidy in human female meiosis. Cell 168, 977–989.e17 (2017).

51. Bell, A. D. et al. Insights into variation in meiosis from 31,228 human
sperm genomes. Nature 583, 259–264 (2020).

52. Durand, S., Lian, Q., Solier, V., Fernandes, J. B. & Mercier, R. Mutl-
gamma enforces meiotic crossovers in Arabidopsis thaliana. bioR-
xiv 2024.09.18.613675 http://biorxiv.org/content/early/2024/09/
22/2024.09.18.613675.abstract (2024).

53. Higgins, J. D., Armstrong, S. J., Franklin, F. C. H. & Jones, G. H. The
Arabidopsis MutS homolog AtMSH4 functions at an early step in

recombination: evidence for two classes of recombination in Ara-
bidopsis. Genes Dev. 18, 2557–2570 (2004).

54. Mercier, R., Mézard, C., Jenczewski, E., Macaisne, N. & Grelon, M.
Themolecular biology ofmeiosis in plants.Annu. Rev. Plant Biol.66,
297–327 (2015).

55. Schneider, V. A. et al. Evaluation of GRCh38 and de novo haploid
genome assemblies demonstrates the enduring quality of the
reference assembly. Genome Res. 27, 849–864 (2017).

56. France, M. G. et al. Zyp1 is required for obligate cross-over forma-
tion and cross-over interference in Arabidopsis. Proc. Natl. Acad.
Sci. 118, e2021671118 (2021).

57. Froenicke, L., Anderson, L. K., Wienberg, J. & Ashley, T. Malemouse
recombinationmaps for each autosome identified by chromosome
painting. Am. J. Hum. Genet. 71, 1353–1368 (2002).

58. Anderson, L. K. et al. High-resolution crossover maps for each
bivalent of zea mays using recombination nodules. Genetics 165,
849–865 (2003).

59. Mancera, E., Bourgon, R., Brozzi, A., Huber, W. & Steinmetz, L. M.
High-resolutionmapping ofmeiotic crossovers and non-crossovers
in yeast. Nature 454, 479–485 (2008).

60. Hollingsworth, N. M. & Brill, S. J. The Mus81 solution to resolution:
generating meiotic crossovers without holliday junctions. Genes
Dev. 18, 117–125 (2004).

61. Kleckner, N. et al. A mechanical basis for chromosome function.
Proc. Natl. Acad. Sci. 101, 12592–12597 (2004).

62. Ernst, M. & Zwicker, D. zwicker-group/crossover-interference-
length: Release v1.0.0 https://doi.org/10.5281/zenodo.13284056
(2024).

Acknowledgements
Wegratefully acknowledge funding from theMaxPlanckSociety and the
European Union (ERC, EmulSim, 101044662).

Author contributions
M.E., R.M., and D.Z. conceived the project and developed the quantifi-
cation. M.E. investigated its properties and analyzed the data. M.E. and
D.Z. wrote the first draft of the manuscript, which all authors edited and
approved.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-53054-2.

Correspondence and requests for materials should be addressed to
Marcel Ernst or David Zwicker.

Peer review informationNature Communications thanks Andrew Lloyd,
Lexy von Diezmann and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work. A peer review file is avail-
able.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-024-53054-2

Nature Communications |         (2024) 15:8973 8

https://www.biorxiv.org/content/10.1101/2020.02.16.947804v2
https://www.biorxiv.org/content/10.1101/2020.02.16.947804v2
http://biorxiv.org/content/early/2024/09/22/2024.09.18.613675.abstract
http://biorxiv.org/content/early/2024/09/22/2024.09.18.613675.abstract
https://doi.org/10.5281/zenodo.13284056
https://doi.org/10.1038/s41467-024-53054-2
http://www.nature.com/reprints
www.nature.com/naturecommunications


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-53054-2

Nature Communications |         (2024) 15:8973 9

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Interference length reveals regularity of crossover placement across species
	Results
	Defining interference length as a measure for crossover interference
	Large interference lengths indicate strong interference
	Interference length recovers sex differences and mutant behavior
	Interference length facilitates comparison across multiple species
	Crossover interference exhibits similarity across species and mutants with intact SC

	Discussion
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




