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MutLy enforces meiotic crossovers in Arabidopsis thaliana
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Abstract

During meiosis, each chromosome pair experiences at least one crossover (CO), which directs their balanced segregation in addition to shuffling
genetic information. COs tend to be away from each other, a phenomenon known as CO interference. The main biochemical pathway for CO
formation, which is conserved in distant eukaryotes, involves the ZMM proteins together with the MLH1-MLH3 complex (MutLy). Here, we
aim to clarify the role of MutLy in CO formation in Arabidopsis thaliana. We show that AtMutLy is partially dispensable for ZMM-dependent CO
formation. HEI10 large foci—that mark CO sites in wild-type—form at a normal level in m/h7 and m/h3 mutants, but are inefficiently maturated
into COs. Mutating the MUS8T nuclease in either mlih1 or mlh3leads to chromosome fragmentation, which is suppressed by further mutating
the zmm mshb5. This suggests that in the absence of MutlLy, recombination intermediates produced by ZMMs are resolved by MUS81, which
does not ensure CO formation. Finally, CO interference is marginally affected in m/h7, which is compatible with a random sub-sampling of
normally patterned CO sites. We conclude that AtMutLy imposes designated recombination intermediates to be resolved exclusively as COs,
supporting the view that MutLy asymmetrically resolves double-Holliday junctions, yielding COs.
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Introduction

Meiotic recombination initiates with the formation of a large
number of DNA double-strand breaks followed by strand
exchange with the homologous chromosomes forming DNA
joint-molecule intermediates. A subset of these joint molecules
is matured into double Holliday junctions (dHJs), two ad-
jacent branched DNA structures that contain four double-
stranded arms [1-3]. The formation of dHJs is promoted
by a group of evolutionarily conserved proteins collectively
named ZMMs (originally for the yeast Zip1-4, Msh4-5, and
Mer3) [4]. Holliday junctions are symmetrical and their res-
olution can in principle lead to both crossovers (COs) and
non-crossovers (NCOs), but, at least in budding yeast, they
are processed asymmetrically by the MLH1/MLH3 (MutLy)

complex, yielding almost exclusively COs [5-10]. Consis-
tently, mutation of either MLH1 or MLH3 reduces meiotic
CO formation in yeast and mice, provoking spore unviabil-
ity and sterility. Purified yeast Mlh1-MIh3 has endonucle-
ase activity in vitro, which is required for its pro-CO func-
tion in vivo [7, 8, 11-19]. Further in vitro studies with mam-
malian proteins confirmed the capacity of MutLy to cleave
DNA, an activity promoted by EXO1 and Proliferating-
Cell-Nuclear-Antigen (PCNA), and suggested a mechanism
for the biased processing of dHJs into COs [17, 18, 20, 21].
The COs promoted by the ZMMs and MutLy, are called
class I COs, and their locations on meiotic chromosomes are
marked by prominent MLH1 foci at the end of pachytene
[22, 23]. A second minor pathway is independent of ZMMs
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and involves structure-specific DNA endonuclease including
MUSS81 [24].

In Arabidopsis, the ZMM proteins are responsible for most
COs, with a ~90% drop in CO formation in the absence of
any of them [25, 26]. Like in mammals, MLH1 and MLH3
proteins accumulate in bright foci at future class I CO sites
at late pachytene and persist until diakinesis [27-29]. Ac-
cordingly, MLH1 foci are absent at diakinesis in the zmm
mutants heil0 (Zip3 homolog) and zip4 [27, 30]. Disrup-
tion of MLH3 leads to the loss of about half of the meiotic
crossovers, a milder defect than a zmm mutant, associated
with the loss of the obligate crossover and the presence of
univalents [28]. Arabidopsis mutants in MLH1 have fertility
defects, but to our knowledge, their meiotic phenotype was
not described [31]. Here we aimed to clarify the function of
MutLy in Arabidopsis meiosis, and we conclude that the func-
tion of AtMutLy is to impose ZMM recombination interme-
diates to be resolved exclusively as COs, which is compatible
with the proposed biochemical function in processing dHJs
asymmetrically.

Materials and methods

Plant materials and growth conditions

Arabidopsis thaliana plants were cultivated in growth cham-
bers or greenhouses (21°C in 16 h day, 18°C in 8 h night,
60% humidity). Wild-type Col-0 and Ler-1 are 186AV1B4
and 213AV1B1 from the Versailles A. thaliana stock cen-
ter (http://publiclines.versailles.inra.fr/). The mutant alleles
used in this study are: mlh1-2 (Col, N1008089, SK25975,
K#123), mlh3-3 (Col, N619674, SALK_119 674, K#309),
mus81-2 (Col,N607515,SALK_107 515,K#133) [32], mshS5-
3 (Col, N841758, SAIL_1056_F12, K#124), HEI10°F (Col,
C2 line, pGreen0029-HEI10Col-H2, K#244) [33], heil0-2
(Col, N514624, SALK_014 624, K#010) [30], and mlh1-3
(Ler, K#344) (Supplementary Fig. S1).

To generate double mutant m/h1-2 HEI10° in Col back-
ground, homozygotes HEI10°¢ (C2) were crossed as female
with heterozygotes mlh1-2+ as male. As the MLH1 gene and
the HEI10 insertion are linked on chromosome 4, an F2 plant
homozygous for the HEI10 insertion and mlh1+ was selfed,
and double homozygous plants were selected in the result-
ing F3 population. Those double m2/h1-2 HEI10°¢ were used
for MLH1/HEI10 foci counting. The mlh1-3 mutant allele
in the Ler background was obtained by CRISPR technology
using two guides GATGATTACGGGAAAATCG and CCT-
GTGACTCCTCTGGTTG [34]. Transformations were per-
formed with floral dipping. Plant transformants (T1) were
selected by seed fluorescence. T2 seeds without fluorescence
were selected and screened for mutations by polymerase chain
reaction (PCR) and Sanger sequencing of the targeted locus.

To generate mlh1-2/mlh1-3 in Col/Ler and the wild-
type control Col/Ler, heterozygotes mlh1-2+ were crossed
as female with heterozygotes mlh1-3+ as male. The
mlh1—/— plants and their wild-type sister were used for
HEI10 foci counting, bivalent analysis, and fertility analysis
and were reciprocally backcrossed with wild-type Col to gen-
erate the BC1 populations to be sequenced (see below).

To generate HEI10+ in Col/Ler, heil0-2+ Col were
crossed as female with wild-type Ler as male. Sister plants
HEI10+ and wild type were used for MLH1/HEI10 co-foci
counting, bivalent analysis, and fertility measurements and

were reciprocally backcrossed with wild-type Col to generate
the BC1 (back-cross 1) populations to be sequenced.

Fertility

The fertility analysis of Arabidopsis plants was measured by
counting the number of seeds per silique. At least 10 siliques
sampled on the primary stem were analyzed per plant. Sis-
ter wild-type and mutant plants from segregating populations
grown in the same environment were compared. The siliques
were incubated in 70% ethanol. Once the siliques were
transparent, they were imaged on a regular scanner. Seeds
were counted manually using the ZEN Software (Carl Zeiss
Microscopy).

Cytology

Chromosome 4’,6-Diamidin-2-phenylindol (DAPI) spreads
[35] : Young inflorescences were harvested from Arabidopsis
plants and fixed in freshly prepared 3:1 ethanol:acetic acid.
The fixative was replaced twice, and the fixed sampled stored
at 4°C. Flower buds roughly 0.5 mm in size were isolated from
inflorescences and washed twice in water and once in citrate
buffer (10 mM trisodium citrate, pH 4.5 with HCI), then in-
cubated in a digestion mix [0.3% (w/v) Pectolyase Y-23 (MP
Biomedicals), 0.3% (w/v) Driselase (Sigma), 0.3% (w/v) Cel-
lulase Onozuka R10 (Duchefa), 0.1% sodium azide, in 10
mM citrate buffer] for 2 h at 37°C, washed twice with water
and kept on ice. Four to five digested buds were transferred
to a clean slide and macerated with a bent dissection needle.
Roughly 15 pl of 60% acetic acid was added to the mixture
and stirred gently at 45°C on a hotplate for 1 min. Another
drop of 15 ul of 60% glacial acetic acid was added again to
the mixture and stirred for another 1 min. The slide was then
flushed with ice-cold 3:1 fixative first around the droplet and
then directly. Slides were left to dry tilted at room tempera-
ture, then 10 ul of mounting media with 2 pg/ml DAPI was
applied to the slide and a coverslip was added. Chromosomes
were imaged with a Zeiss Axio Observer epifluorescence
microscope.

Immunolocalizations were performed on cells with pre-
served three-dimensional structures [36]. For male meiocytes,
sepals and petals were removed from 0.35 to 0.45 mm flower
buds and collected in buffer A (KCl 80 mM, NaCl 20 mM,
Pipes-NaOH 15 mM, EGTA 0.5 mM, EDTA 2 mM, sor-
bitol 80 mM, DTT 1 mM, spermine 0.15 mM, and sper-
midine 0.5 mM). For female meiocytes, 0.8-1.2 mm pistils
were collected and their stigmata were cut off and collected
in buffer A. Male and female samples were fixed by incuba-
tion in bufferA + 2% formaldehyde for 30 min under vacuum.
Buds or pistils were then washed in buffer A for 10 min and
digested at 37° for 1 h (0.3% cellulase, 0.3% pectolyase Y23,
0.3% driselase, and 0.1% sodium azide in citrate buffer). Af-
ter a wash in buffer A, digested buds or pistils were kept in
buffer A on ice. To make the embedding, 5-8 buds or pis-
tils were placed in 6 ul of buffer A on a 18 mm x18 mm
high-precision coverslip, and anthers or pistils were dissected
and squashed to extrude meiocytes. A 3 ul drop of activated
polyacrylamide solution [25 pl 15% polyacrylamide (SIGMA
A3574) in buffer A + 1.25 ul of 20% sodium sulfite + 1.25 ul
of 20% ammonium persulfate] is added to the meiocytes and
a second coverslip is placed on the top, with gentle pressure.
The polyacrylamide gels were left to polymerize for 1 h, and
then the two coverslips were separated. The coverslips cov-
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ered by a gel pad were incubated in 1x PBS, 1% Triton X-
100, and 1 mM EDTA for 1 h with agitation, followed by 2 h
in blocking buffer (3% BSA in 1x PBS + 0.1% Tween 20)
at room temperature. Coverslips were then incubated with
100 pl of primary antibody in blocking buffer at 4°C in a
humid chamber for 48 h. Coverslips were washed four times
30 min with 1x PBS, 0.1% Triton X-100. One hundred mi-
croliters of the appropriate fluorophore-conjugated secondary
antibodies in blocking buffer were applied (1:250) and incu-
bated at room temperature overnight in the dark. Gels were
washed four times 20 min with 1x PBS, 0.1% Triton X-
100. Six microlitre of SlowFade™ Gold (for super resolu-
tion microscopy) + 10 uM DAPI were used for mounting the
coverslip with a slide, that was sealed with nail polish. The
primary antibodies used were: anti-REC8 raised in rat [37]
(lab code PAKO036, dilution 1:250), anti-MLHI1 raised in rab-
bit [27] (PAKO017, 1:200), and anti-HEI10 raised in chicken
[30] (PAK046, 1:5000). Secondary antibodies were Abberior
StarRed, StarOrange, and STARgreen for Stimulated emission
depletion (STED) microscopy. Images for MLH1/HEI10 co-
foci analysis were taken with the Abberior instrument facility
line (www.abberior-instruments.com) using 561 and 640 nm
excitation lasers (for STAR Orange and STAR Red, respec-
tively) and a 775 nm STED depletion laser. Confocal images
were taken with the same instrument with a 485 nm excita-
tion laser (for Stargreen). Images were deconvolved with Huy-
gens Essential version 20.04 (Scientific Volume Imaging, The
Netherlands, http://svi.nl), using the Classic Maximum Like-
lihood Estimation (CMLE) algorithm, with lateral drift sta-
bilization; SNR: 7 for STED images, 20 for confocal images;
40 iterations; and quality threshold: 0.5. Maximum intensity
projections and contrast adjustments were done with Huygens
Essential. The Spots tool in Imaris 9.6.1 was used to identify
and count HEI10 and MLH1 foci.

Genetic crossover and aneuploidy analysis by
sequencing

BC1 populations to be sequenced were grown in the green-
house for 3 weeks (16 h day/8 h night) and 4 days in the
dark. Leaf samples (100-150 mg) were used for DNA extrac-
tion and library preparation for Illumina sequencing [38] at
the Max Planck Genome Center, Cologne, Germany (https:
//mpgc.mpipz.mpg.de/home/). To create a list of high-quality
single nucleotide poymorphism (SNP) markers, a strategy
of combining the whole-genome alignment short-read map-
ping was used. The raw sequencing data were aligned to the
TAIR10 Col reference genome [39] by BWA v0.7.17-r1188
[40] with the default parameters. COs were detected using a
sliding window-based method, with a window size of 50 kb
and a sliding step of 25 kb [29, 41, 42]. The identified COs
were also manually and randomly checked by using inGAP-
family [43].

The number of detected COs per plant and their position
along the genome are shown in Supplementary Tables S1
and S2. Sequenced samples were individual plants (BCls)
obtained following reciprocal crosses of Col/Ler hybrids of
different genotypes (wild type, mlh1, HEI10+) with wild-
type Col plants. For mlh1, 159 female BC1 plants (result of
[Col/Ler mlh1—/—] crossed as female to [wild-type Col] as
male) and 124 male BC1 plants (result of the reciprocal cross,
[Col/Ler mlh1—/—] crossed as male to [wild-type Col] as fe-
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male) were analyzed. For HEI104+ 157 female BC1 plants
(result of [Col/Ler HEI10+] crossed as female to wild-type
Col as male) and 126 male BC1 plants (result of the recipro-
cal cross) were analyzed. For wild-type controls, we used (i)
Col/Ler wild-type (MLHT1 +/+) sister plants of the mlh1—/—
reciprocally crossed with Col (47 female BC1 and 47 male
BC1), (ii) and Col/Ler wild-type (HEI10+/+) sister plants of
HEI104, reciprocally crossed with Col (47 female BC1 and
47 male BC1). In addition, for CO distribution and CO inter-
ference, we used (iii) wild-type female and male populations
from two previous studies: 428 female BC1 and 294 male BC1
plants, ArrayExpress number E-MTAB-11254 [41] and 47 fe-
male BC1 and 48 male BC1 plants, ArrayExpress number E-
MTAB-12838 [44]. There is no significant difference in the
frequency of crossover detected in the different wild-type pop-
ulations (Supplementary Fig. S2).

To analyze CO interference, we calculated the coeffi-
cient of coincidence (CoC) using the MADpattern algo-
rithm as described in [45] with a number of nine inter-
vals (same number of intervals for each chromosome).
L_int values were calculated as described in [46]. Both
can be conveniently calculated using the online tool
https://zwicker-group.github.io/crossover-interference-
length/measure_CO_interference.html.  The  sequencing
depths of each chromosome were evaluated by Mosdepth
v0.2.7 [29, 47], with a window size of 100 kb. Samples with
more than a 1.2-fold difference in sequencing depths between
two chromosomes were considered aneuploid.

Results and discussion

MLH1 and MLHS3 are partially dispensable for class
I CO formation

The zmm mutants in Arabidopsismsh4, msh5, shocl, ptdl,
heil0, and zip4 (homologs of the yeast msh4, mshS, zip2,
spol6,zip3, and zip4, respectively) exhibit a ~85% reduction
in CO formation leading to the presence on average of ~3
pairs of univalents (among five chromosome pairs) [30, 48—
51] (Fig. 1). The residual crossovers in zmm mutants are at-
tributed to the class II pathway, which acts in parallel to the
zmm pathway. Accordingly, combining zmm mutations does
not reduce further CO formation [52]. We performed chro-
mosome spreads on male meiocytes of mlh1, mlh3, and the
zmm representative mshS (Fig. 1 and Supplementary Fig. S3).
Compared to msh5, and other previously characterized zmm
mutants, both #1h1 and m[h3 mutants have a moderate reduc-
tion in meiotic CO formation leading to the formation of only
~1.5 univalent pairs (P < 10~°, Fig. 1E, Supplementary Fig.
S3) [28, 52]. With ~12 COs distributed among five chromo-
some pairs in male wild-type Col meiocytes [41] and assuming
that COs are randomly lost, this would correspond toa ~50%
reduction in CO formation. Combining mlh1 and mlh3 muta-
tions did not increase the frequency of univalents (P = .20, Fig.
1), suggesting that MLH1 and MLH3 act together to promote
CO formation. Consistently, MLH1 and MLH3 form co-foci
[28]. Further, MLH1 foci formation depends on MLH3: In
wild-type diplotene and diakinesis stages, MLH1 and HEI10
form foci with quasi-absolute colocalization (Fig. 1F, n = 20
cells, 11.55 co-foci per cell, 231/233 = 99% of HEI10 foci
colocalized with MLH1 foci, and 231/234 = 99% of MLH1
foci colocalized with HEI10 foci). In mlh3, in contrast, no
MLH1 foci were detected (n = 22 diplotene and diakine-
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Figure 1. MLH1 and MLHS3 are partially dispensable for class | CO formation. (A-D) Metaphase | chromosome spreads for both wild-type and mutant
male meiosis, stained with DAPI. Pairs of homologous chromosomes connected by crossovers are referred to as bivalents, abbreviated as “b.” When
crossovers are absent and homologous chromosomes are separated, they are referred to as univalents, abbreviated as “u.” Scale bar = 10 um. (E)
Quantification of the number of univalent pairs per male meiotic cell. If zero pairs of univalents were observed, the bar is not visible. The mean +95%
confidence interval is shown and the number n of analyzed cells is indicated. P values are Kuskal-Wallis and uncorrected Dunn's test performed in Prism
10.2.0. (G) Immunolocalization of REC8 (purple), HEI10 (red), and MLH1 (green) at diakinesis of male meiocytes. Signal shift due to chromatic
aberration was corrected using the Chromatic Aberration Wizard of the Huygens software. (F) In wild type, MLH1 and HEI10 colocalize in foci. (G) In
mih3, HEI10 foci are present (see also Fig. 3), but MLH1 foci are not detected. Scale bar = 3 um.

sis cells, Fig. 1G), while HEI10 foci were observed (see also
Fig. 3).

The combination of mlh3 with msh5 or with shocl re-
sults in a zmm-like level of univalents [52]. Similarly, the mlh1
mshS mutant is indistinguishable from the mshS5 single mutant
in terms of univalent frequency (P = .78, Fig. 1E) and is more
affected than mlh1 (P < 10~°). This shows that residual class I
COs are formed in the absence of MLH1 or/and MLH3. Alto-
gether, this demonstrates that Arabidopsis MLH1 and MLH3
act together in the class [/ZMM pathway but with a less essen-
tial role than the ZMMs for CO formation. This recapitulates
what was previously shown in Saccharomyces cerevisiae [8],
suggesting the conservation of the respective roles of ZMM:s
and MutLy in meiotic recombination.

In absence of MLH1 or MLH3, MUS81 becomes
crucial for CO resolution

The yeast and mammal MLH1/MLH3 complex resolve
dH]Js in a biased manner resulting exclusively in COs [5-
10, 20]. In the absence of bias, dHJs resolution is predicted
to result in 50% of COs and 50% of NCOs. We suggest
that in the absence of Arabidopsis MLH1/MLH3, dH]Js are
also resolved in an unbiased manner, leading to the loss of
~50% of class I COs, explaining the moderate CO reduction
in mlh1 and mlh3 compared to zmm mutants. A candidate
for supporting this unbiased activity is the structure-specific
nuclease MUS81, which is involved in class II CO formation
[53]. MUS81 has only a minor role in supporting CO for-
mation, and no univalents are observed in mus81 mutants
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(Fig. 1E, n» = 109). Mutating MUS81 in a zmm mutant
(msh4 or shocl) leads to a further reduction of CO forma-
tion by ~1/3 but ~0.8 COs per cell are still formed [52, 53],
suggesting that other enzymes can compensate for the ab-
sence of both ZMMs and MUS81 and contribute to CO
formation. This may involve other nucleases such as Yenl
or SLX1/4, as shown in Saccharomyces cerevisiae [5]. Mu-
tating MUSS81 in the mlh1 or mlh3 background resulted in
an increased frequency of univalent pairs from ~1.5 to 2.5,
suggesting a substantial decrease in CO formation (Fig. 1E
and Supplementary Fig. S3). Furthermore, mlh1 mus81 and
mlh3 mus81 double mutants showed chromosome fragmen-
tations from anaphase I onward (Fig. 2). This indicates a fail-
ure in the resolution of some recombination intermediates
when both MLH1/MLH3 and MUS81 are absent. Impor-
tantly, chromosome fragmentation in mlh1 mus81 and mlh3
mus81 is suppressed by mutating mshS (Fig. 2), supporting
the conclusion that some recombination intermediates pro-
duced by the ZMM pathway (dH]s) fail to be repaired if both
MLH1/MLH3 and MUS81 are absent.

MLH1 and MLH3 act downstream of HEI10

In the wild type, the HEI10 protein initially decorates the cen-
ter of the synaptonemal complex, a large zipper-like struc-

ture that associates the homologous chromosomes all along
their length [42] and thus appears as a dotted line in between
the two homologous axes while they associate (marked by
the REC8 Cobhesin in Fig. 3A). HEI10 then progressively ac-
cumulates in a limited number of large foci that co-localize
with MLH1 (Fig. 3B and C). MLH1-HEI10 co-foci mark the
sites of COs at the end of pachytene, diplotene, and diakine-
sis in wild type (Fig. 1F). It is proposed that the dynamic of
HEI10—its coarsening—may drive the selection of CO sites
[29, 30, 54, 55]. In mlh1 and mlh3, we observed the same ini-
tial HEI10 dynamic as in the wild type (Fig. 3D-I): Initially,
numerous HEI10 small foci decorate the center of the synap-
tonemal complex along its entire length (Fig. 3D and G). With
meiosis progression, HEI10 gradually forms larger and less
numerous foci, culminating in ~12 HEI10 foci at diplotene,
indistinguishably in wild type, mib1, and mlh3 (Fig. 3B, E,
H, and J). However, while the number of HEI10 foci is sta-
ble from diplotene to diakinesis in the wild type, their num-
ber drops dramatically in mlb1 and mlh3 (Fig. 3C, E I, and
J). This suggests that MutLy stabilizes the HEI10 foci in late
prophase.

Overexpression of HEI10 (HEI10°¢), achieved by inserting
multiple copies of the HEIT10 gene in wild-type plants (the
well-characterized C2 line) [33], results in an increase in the
number of HEI10/MLHT1 foci at diplotene and diakinesis,
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and an increase in CO frequency. [29, 33, 54] (Fig. 3]). Like
in wild type (Fig. 1F), the HEI10 foci at diplotene/diakinesis
are essentially perfectly colocalized with MLH1 foci (n = 19
cells,463/467 MLHI foci correspond to HEI10 foci, 467 /467
HEI10 foci correspond to MLH1 foci). HEI10 overexpression
in mlh1 also increased the number of HEI10 foci at diplotene,
although significantly less than when HEI10 is overexpressed
in the wild type, which could reflect the role of MLH1 in
the formation and/or the stability of HEI10 foci. However, in
mlh1 HEI10°¢ diakinesis, the number of foci dropped to a very
low level, further supporting the role of MLH1 in stabilizing
HEI10 foci (Fig. 3]). We propose that HEI10 accumulates and
forms foci at designated CO sites in both wild-type and mutly
mutants, but that in the absence of MutLy, HEI10 disengages
from sites of recombination at late prophase.

Intriguingly, the number of univalents was not reduced in
HEI10°° mlh1 compared to mlh1 (Fig. 3K and Supplementary
Fig. S3), while one could have expected that overexpressing
HEI10 could partially rescue the CO defect in mlh1, with
more dH]J being stabilized and still 50% of them repaired as
CO. This may suggest that the pro-CO activities that resolve
dH]J as CO in the absence of MLH1 could be limiting in the
context of HEI10 overexpression and outcompeted by dH]J
dissolution that does not yield COs.

Genetic crossovers are differently reduced in mlh1
and HEI10+

To explore the effect of mlh1 on genetic recombination, we
generated a novel m/h1 mutant allele in a second strain (Ler;
mlh1-3) using CRISPR (Supplementary Fig. S1) and produced
Col/Ler mlbh1 hybrids by crossing. The mlh1-3 Ler mutant
had a meiotic defect similar but milder compared to the milh1-
2 Col, with an average of 0.5 versus 1.4 pairs of univa-
lents at metaphase I in male meiosis, the hybrid being in-
termediate with an average of 1.1 univalent pairs (Fig. 4A
and Supplementary Fig. S3). This may suggest that the Ler
mlh1-3 allele is not null, but we were unable to detect MLH1
foci on mlh1-3 chromosomes (Supplementary Fig. S4). Less
univalents would also be expected if there were more COs in
wild-type Ler than in Col, but genetic data show the oppo-
site, with fewer COs in Ler [41]. Further, MLH1 foci are less
numerous in wild-type Ler than in Col, the hybrid being in-
termediate [41] (confirmed here, 10 foci in hybrid versus 11.7
in Col, Mann—Whitney test P = .0003, Figs 4F and 1F). Alter-
natively, the class I CO pathway may be more active in Ler
than in Col [56], but analysis of a msh4 mutant in Ler does
not support this proposal [57].

As expected given the presence of univalents, the Col/Ler
mlh1 hybrids had reduced fertility (Fig. 4B and C). Hybrids
mlh1 were backcrossed as female or male to wild-type Col,
and the resulting progenies were sequenced to analyze re-
combination in both sexes separately, as previously described
[29,41,42]. In the wild type, the number of COs per transmit-
ted gamete was substantially higher in males than in females
(Fig. 4D, 5.0 COs versus 3.3 COs, two-tailed Mann—Whitney
test P < 107°), consistent with previous reports [41, 58]. In
mlh1, the number of transmitted COs was significantly re-
duced to 3.6 in males (P < 107¢) and to 2.6 in female meio-
sis (P = .0002) (Fig. 4D). Heterochiasmy is thus maintained
in mlh1 with ~40% more COs in male than female meiosis.
Note that these measures likely underestimate the CO defects
(or overestimate the residual COs), as achiasmatic chromo-
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somes have less chance to be transmitted. We also detected
trisomies in both female (15/159, 9.4%) and male (3/124,
2.4%) populations, consistent with chromosome missegrega-
tions due to the presence of univalents at meiosis L.

Based on the result described above, we propose that mlh1
is defective in CO implementation but not in the designa-
tion of CO sites. We thought to compare recombination in
mlh1 to a context in which COs are reduced by a modifi-
cation of the CO designation process. This is the case when
HEI10 levels are reduced, leading to a reduction of COs in
plants heterozygous for a defective HEI10 allele [33, 54].
We produced HEI10+ hybrids with a wild-type functional
HEI10 allele from Ler and the heil0-2 mutant allele from
Col [30, 33]. In this HEI10+ Col/Ler hybrid context, the
number of MLH1/HEI10 foci at diplotene was reduced com-
pared to the corresponding wild type in both female and
male meiocytes, consistent with a decrease in class I COs
(Fig. 4F). In contrast to mlh1, the number of univalents in
HEI10+ was very low, fertility was maintained at high levels
(Fig. 4A and E), and no aneuploidy was detected in progenies
(0/126 and 0/157 for females and males, respectively). This
suggests that the obligate CO is maintained in HEI10+ de-
spite a reduced number of COs. This contrasts with mlh1, in
which the obligate CO is lost while the number of COs desig-
nated site appears to be maintained (HEI10 foci at diplotene,
Fig. 3). Hybrids HEI10+ were then backcrossed as female
and male to wild-type Col, and the resulting progenies were
sequenced to analyze genetic recombination (Fig. 4D). In fe-
males, the mean CO number is not significantly reduced (2.97
compared to 3.27 in wild type, P = .15), likely reflecting that
the number of COs is close to the minimum ensuring the ob-
ligate CO (5§ COs per meiocyte = 2.5 COs per gamete). The
number of COs in females is slightly lower in mlb1 than in
HEI10+ (P = .0049, Fig. 4D). In HEI10+ males, the num-
ber of COs was significantly reduced compared to the wild
type (from S to 3.9, P = 7.107°), reaching similar levels than
in mlh1 males (P = .18, Fig. 4D). Beyond the reduction in
CO numbers, the distribution of CO along chromosomes is
not dramatically affected in mlh1 and heil0+ compared to
wild type (Fig. SA and Supplementary Fig. S2). In HEI10+,
only two intervals (2 Mb intervals, chi-square tests with FDR
correction) were significantly different from wild type in male
meiosis, at terminal intervals of chromosomes 4 and 5 (green
stars in Fig. 5A). When comparing mlh1 to the wild type, two
intervals were also significantly different in male meiosis, in
distal positions of long chromosome arms (orange stars in Fig.
5A), where CO frequencies are high in male wild-type meiosis.
It should be noted again that these genetic data are unavoid-
ably based on the surviving gametes and thus underestimate
the decrease in CO frequencies.

CO interference prevents the occurrence of close double-
COs. It can be analyzed with the coefficient of coincidence
(CoC), which divides the observed frequency of COs occur-
ring concomitantly in two intervals by the expected frequency
if COs were independent (product of the frequencies of COs
in each interval). For example, if two intervals have each a
frequency of CO of 0.1 (10% of the gametes received a CO
in that interval), under the hypothesis of independence of CO
events (no interference), one would expect 1% (0.1 x 0.1)
of the gametes to have one CO in both intervals simultane-
ously (double-COs). The observation of a lower frequency of
double-COs (e.g. 0.2%) would indicate CO interference and
is measured by a CoC value of 0.2 (0.2%/1%). A CoC of
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stars (chi-square with FDR correction for multiple testing). (B) CoC curves for female and male meiosis. The CoC is displayed on the Y-axis, while the
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interference. Higher L_int values indicate stronger crossover interference. Each dot is the Lint for an individual chromosome. Tests are two-tailed

Mann-Whitney test.

one indicates that COs occur independently of one another,
while a CoC close to zero reveals strong CO interference. A
CoC curve is obtained by dividing chromosomes into a certain
number of intervals (nine in the present study), considering
all the possible pairs of intervals, and plotting the CoC values
versus the distances separating the pairs of considered inter-
vals [45, 55]. For example, the first point (shortest distance)
of the curve corresponds the CoC value when considering all
the pairs of adjacent intervals. Note that CoC values tend to
be noisy for the largest distances (because along a chromo-
some, there are fewer pairs of distant intervals than pairs of
adjacent intervals). In wild type, CoC curves are below 1 for
short inter-interval distances in both female and male meiosis,
confirming the presence of CO interference (Fig. 5B and C).
When measured in the genomic space, interference is stronger
in wild-type female meiosis, with the CoC curve reaching 1

at ~16 Mb, compared to males where the curve reaches 1 at
shorter distances (~11 Mb).

Another newly developed method to measure interference
is L_int, which computes the shift in inter-CO distances due to
interference [46]. One key innovation of L_int is that it consid-
ers distances between all pairs of COs on a chromosome and
not only adjacent COs (see details of the development of the
method in [46]). One advantage of L_int is that it provides
a numerical value of interference (0 indicating the absence
of CO interference) that we computed for each chromosome.
In the wild type, L_int values are larger in female than male
datasets, confirming the strongest CO interference in the ge-
nomic space (Fig. 5D and E). This is consistent with previous
observations and is attributed to shorter (um) chromosome
axis in females (with the same amount of DNA), leading to
stronger interference in the genomic space [29, 41, 42, 58].
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One intrinsic mathematical property of CO interference as
measured by these two methods is the insensitivity to random
sub-sampling of CO. Theoretically and by construction, los-
ing randomly half of the COs maintains identical CoC curves
and L_int values [46, 59]. To illustrate this property, we ran-
domly eliminated half of the COs in the wild-type dataset, and
as expected, the CoC curves and L_int were not significantly
modified (Fig. 5B-E).

In HEI10+ males, interference was increased in compari-
son to wild type, with the CoC curve shifted to the right and
increased L_int values (Fig. 5C and E). This is consistent with
previous cytological observations, which concluded that de-
creased HEI10 levels increase interference and concomitantly
reduce CO numbers, as predicted by the coarsening model
[54]. This supports the hypothesis that in HEI10+ males, the
decrease in COs is due to a modified process of CO desig-
nation. In HEI104 females, the CoC curve and L_int were
not significantly modified (Fig. 5B and D), consistent with
a nonsignificant decrease in CO number (Fig. 4D), proba-
bly because interference is already very strong in wild-type
females.

In mlh1, even if CO numbers are strongly reduced (more
than in HEI10+), the CO interference was not increased. In
males, the CoC value for the adjacent intervals may indicate
decreased interference, but this is not supported by the rest of
the CoC curve, nor by the L_int values, which are not reduced
(P =.7). This is in clear contrast to HEI104+ males, where re-
duced CO number is associated with increased interference. In
females, the CoC values are slightly higher for mlh1 than for
the wild type, and L_int values are significantly reduced (from
14.1 to 10.6, P = .016), both indicating a slight decrease in
CO interference. This suggests that the CO defect in MLH1
is not associated with a modification of the designation pro-
cess (i.e. increase in interference), and is consistent with the
proposal that implementation is defective, with a fraction of
the designated site randomly failing to produce COs, reduc-
ing CO number without or with a minor effect on interference
values.

Altogether, we suggest that the function of MLH1/MLH3
in Arabidopsis is to impose designated recombination inter-
mediates to be resolved exclusively as COs, a role similar to
that in yeast and mammals [10, 20, 21]. This proposal is no-
tably based on: (i) Mutating MLH1, MLH3, or both leads
to a moderate reduction of COs in mlh1 or mlh3, compared
to zmm mutants. The obligate CO is lost, and the frequency
of univalents suggests a ~50% reduction in COs. A similar
observation was made in rice, suggesting a conserved role in
the flowering plant clade [60, 61]. (ii) Epistasis analyses show
that MLH1/3 act late in the classI/ZMM pathway, but with a
less prominent role than ZMMs. (iii) CO interference is main-
tained in mlh1. Our data also suggest that in the absence of
MLH1/3 in Arabidopsis, CO-designated intermediates (dHJs)
are repaired by alternative enzymes, such as MUS81, that pro-
mote CO formation less efficiently, failing to ensure CO for-
mation. In the absence of both MutLy and MUS81, CO fre-
quency is reduced, and chromosome fragments are observed
at anaphase I, suggesting unrepaired recombination interme-
diates. These fragments are dependent on MSHS, suggesting
that they result from unrepaired dH]. Remarkably similar
results and conclusions were previously obtained in Saccha-
romyces cerevisiae, suggesting a conserved function of MutLy
in the ZMM pathway [5-10]. These conclusions are compat-

ible with the proposed role for MLH1/MLHS3 in yeast and
mammals—asymmetric resolution of dHJs exclusively as CO
[17, 18,20, 21]—and suggest that this function is widely con-
served in eukaryotes.

HEI10 and MLH1 form co-foci at recombination sites from
late pachytene to diakinesis in wild-type Arabidopsis. In mlh1
and mlh3 mutants, HEI10 foci are present at diplotene, con-
sistent with MutLy acting late in the recombination pro-
cess, downstream of CO designation; however, the number of
HEI10 foci drops at diakinesis, suggesting that MutLy sta-
bilizes HEI10 foci. Several hypotheses can be proposed for
how MutLy might stabilize HEI10 foci. MLH1 and HEI10
form matching co-foci, suggesting that they are mixed in co-
condensates from late pachytene onward. MutLy could con-
tribute to the stability of these condensates, especially during
the process of chromosomal compaction that characterizes di-
akinesis. In this scenario, the absence of MutLy would lead to
the dissolution of HEI10 foci, leaving the recombination in-
termediates they covered unprotected. Alternatively, MutLy
could directly protect recombination intermediates from com-
peting cleavage activities (e.g. nucleases). In this second sce-
nario, the recombination intermediate would be rapidly re-
solved, which in turn would lead to the desegregation of
HEI10 foci. In mice, MutLy also regulates the stable accu-
mulation of HEI10 at CO sites [62], but the comparison be-
tween these two species not straightforward, with the exis-
tence of three interdependent pro-CO RING domain proteins
in mice (HEI10, RNF212, and RNF212B) [63, 64], and only
one in Arabidopsis (HEI10, no homolog of RNF212 in the
genome).

In Saccharomyces cerevisiae, S. macrospora, and mice,
several studies pointed to an additional earlier role for
MLH1 and/or MLH3 in the meiotic recombination pro-
cess [9, 10, 65-68]. We cannot exclude an additional ear-
lier role of MLH1 or MLH3 in Arabidopsis, but our
data do not suggest a role prior to CO resolution. If an
earlier role exists, it has no or a minor impact on the
number of CO events. Finally, it should be noted that
MLH1/MLH3 are not found in some species/lineages such
as Drosophila melanogaster and Caenorbabditis elegans, sug-
gesting they evolved alternative mechanisms to ensure CO
maturation.
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