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Abstract

During meiosis, homologous chromosomes exchange genetic material through crossing over. The main crossover pathway relies on ZMM
proteins, including ZIP4 and HEI10, and is typically resolved by the MLH1/MLH3 heterodimer, MutL+y. Our analysis shows that while MUS81
may partially compensate for MutL+y loss, its role remains uncertain. However, our multiple mutant analysis shows that MUS81 is unlikely to be
the sole resolvase of ZMM-protected recombination intermediates when MutLy is absent. Comparing genome-wide crossover maps of m/h1
mutants with ZMM-deficient mutants and lines with varying HEI10 levels reveals that crossover interference persists in m/h1 but is weakened.
The significant crossover reduction in m/h1 also increases aneuploidy in offspring. The loss of MutLy can be suppressed by eliminating the
FANCM helicase. Combined with the lowerthan-expected chiasma frequency, this suggests that in MutLy absence, some ZMM-protected
intermediates are ultimately resolved by DNA helicases and/or their complexes with Top3c. Elevated MLHT or MLH3 expression moderately
increases crossover frequency, while their misregulation drastically reduces crossover numbers and plant fertility, highlighting the importance
for tight control of MLH1/MLH3 levels. By contrast, PMS1, a component of the MutL« endonuclease, appears uninvolved in crossing over.
Together, these findings demonstrate the unique role of MutLy in ZMM-dependent crossover regulation.
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Introduction

populations [2]. Several mechanisms operate during meiosis to
Meiosis is a reductive cell division that results in the formation  foster the creation of new genetic variations. One such mech-
of gametes or spores, thereby enabling sexual reproduction  anism is crossover recombination, where fragments are recip-
[1]. It plays a vital role in generating genetic diversity within rocally exchanged between homologous chromosomes [3-5].
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At least one crossover per chromosome pair is necessary for
the accurate segregation of chromosomes during meiosis, a
phenomenon known as crossover assurance [3-5]. Failure to
generate crossovers can lead to the formation of unbalanced
spores, ultimately reducing fertility and potentially causing
aneuploidy in the offspring [6].

In plants, as in many eukaryotes, multiple crossover path-
ways exist, with the dominant one being the class I crossover
pathway, driven by a group of proteins collectively known as
ZMM [5]. ZMM proteins are essential for creating an envi-
ronment that stabilizes recombination intermediates and fa-
cilitates their resolution into crossovers [7]. In Arabidopsis
thaliana, the ZMM pathway accounts for at least 85% of
all crossovers, so the loss of any ZMM component results in
a drastic reduction in both crossover events and fertility [8—
11]. In budding yeast, most intermediates stabilized by ZMM
proteins result in crossovers, but in many species, like Ara-
bidopsis, the number of ZMM-bound intermediates is about
20 times higher than the final number of crossovers [12]. This
pathway is also characterized by crossover interference, ensur-
ing that crossovers are more widely spaced along the chromo-
some than would be expected by random distribution [13, 14].
This regulation of crossover placement is achieved through the
ZMM proteins ZYP1 and HEI10. In Arabidopsis, the zypl
loss of function mutation eliminates crossover interference
[15, 16]. Furthermore, the expression level of HEI10 directly
affects crossover frequency and the strength of interference
[17, 18]. The number of HEI10 foci gradually decreases dur-
ing prophase I through a process called coarsening, which ul-
timately determines crossover positions along chromosomes
[18-20].

The MutLy heterodimer, composed of the MLH1 and
MLHS3 proteins, is regarded as the primary endonuclease re-
sponsible for crossover formation within the ZMM path-
way [21-24]. Unlike MUS81 and other known endonucle-
ases, which produce crossovers and non-crossovers at a 1:1
ratio, MutLy exhibits a strong preference for resolving recom-
bination intermediates as crossovers [25-27]. Recent studies
in yeast have elucidated the mechanism behind this bias [28,
29]. This unique property of MutLy ensures that recombina-
tion intermediates designated for crossover formation by the
ZMM pathway are almost exclusively resolved as crossovers,
allowing for precise regulation of crossover numbers neces-
sary to maintain crossover assurance. However, MutLy com-
plex is typically not classified as an integral component of the
ZMM pathway because the mutant phenotypes differ consid-
erably from those of other zimm mutants [24, 30]. The num-
ber and distribution of MLH1 foci during pachytene are cor-
related with late recombination nodules and the frequency of
class I crossovers [23, 31, 32]. Nevertheless, Arabidopsis mlh3
mutants show an extensive 25-h delay in prophase I and ex-
hibit only a 60% reduction in crossover numbers, compared
to the 85% reduction typically observed in zmm mutants [10,
12 23]. MLH1 is expressed in both somatic and reproductive
tissues, while MLH3 expression is largely confined to flower
buds [23, 33]. Furthermore, both mlh1 and mlh3 mutants
show partial infertility [23, 33].

In addition to MLH1 and MLH3, PMS1 is another MutL
homolog that has been identified in Arabidopsis. While the
MLH1/MLHS3 heterodimer plays a key role in crossover for-
mation, the MLH1/PMS1 heterodimer (MutLa) has been
proposed to be involved in the correction of different classes
of DNA mismatches [34]. In yeast pmsl mutants, the fre-

quency of crossovers remains unchanged, but post-meiotic
segregation issues arise due to errors in repairing heterodu-
plexes formed during homologous recombination [22]. In A.
thaliana, the absence of PMST results in increased somatic ec-
topic recombination and reduced fertility [35]. However, the
meiotic phenotype of Arabidopsis pms] mutants has not yet
been analyzed.

Class II crossovers, which are insensitive to interference,
constitute up to 15% of the total crossovers in Arabidop-
sis and are primarily dependent on MUSS81 [9, 11]. Addi-
tionally, a second non-interfering crossover pathway has been
identified in this species, which depends on FANCD2 [36,
37]. Furthermore, there are anti-recombinase pathways that
specifically limit MUS81-dependent crossovers. In Arabidop-
sis, the most effective components of these pathways involve
DNA helicases FANCM and RECQ4. Mutants deficient in the
genes encoding these proteins exhibit an increase in class II
crossovers and a loss of crossover interference [38—41].

In this work, we demonstrate that the function of MLH1
and MLH3 in crossover formation and distribution is sig-
nificantly different from the role of ZMM proteins. Unlike
in zmm mutants, crossover interference is still preserved in
mlh1 mlh3 double mutants, although it is strongly affected.
Although we cannot exclude that MUS81 plays a role in re-
pairing ZMM-protected recombination intermediates in the
absence of MutLy, it is unlikely to be the only resolvase tak-
ing over MutLy’s function. Moreover, chiasma formation in
mutLy mutants is much lower than expected, even when ac-
counting for the absence of crossover bias. Therefore, we sug-
gest that some recombination intermediates in the mlh1 mlh3
background are ultimately repaired by anti-recombination he-
licases such as FANCM. In contrast, PMS1 does not seem to
be directly involved in crossover formation.

Materials and methods

Plant material: Arabidopsis seeds were sown on hydrated
soil and stratified in the dark for 48 h at 4°C. They
were then cultivated in growth chambers under a 16
h day/8 h night photoperiod, 150 pmol light intensity,
21°C day and night, and 70% humidity. Col-0 (N1092),
Ler-0 (NW20), heil0-2 (SALK 014624), mlh1-2 (GK-
067E10), mlh3-1 (SALK_015849), mlh3-2 (SALK_067953),
pms1-3 (SALK_124014), fancm-9 (SALK_120621), zip4-
2 (SALK_068052), mus81-1 (GK-113F11), and mus81-2
(SALK_107515) were purchased from Nottingham Arabidop-
sis Stock Centre. mlh1-3 (SK25975) was shared by Raphaél
Mercier. mlh1-1 and pms1-1 (T-DNA original mutants) were
shared by Francois Belzile. The fluorescent tagged line (FTL)
Col-420 was shared by Avraham Levy [42]. The differ-
ent mutants were genotyped using the primers listed in
Supplementary Table S1.

Fertility assays: The seed set was quantified using five
siliques starting from the seventh oldest silique of the main
stem. The collected siliques were discolored in 96% ethanol
and pictured using the Zeiss Lumar V12 Fluorescence Stere-
omicroscope at the magnification 6.4x, then processed us-
ing Image]. Pollen viability was investigated as previously de-
scribed [43,44]. About 500 pollen grains from three replicates
(~1500 events total) were processed for each genotype. The
mounted samples were observed using the Leica DM4 B at
magnification 20x .
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Seed scoring: Local meiotic crossover recombination fre-
quency (RF) is quantified using the seed-based FTL [45] and
the CellProfiler SeedScoring pipeline [46]. The frequency of
segregation of the two fluorescent cassettes, eGFP and dsRed
present at known positions, corresponds to the recombination
frequency of the tested line. The SeedScoring pipeline recog-
nizes single seed objects and attributes an intensity of fluo-
rescence. The identified objects are categorized as non-color
or colored seeds. RF in centimorgan (cM) is calculated as fol-
lows: RE = 100 x (1 = [1 = 2(Ng + Ng) / Nt]1/2), where
NG is green-only fluorescent seeds, Ny is red-only fluorescent
seeds, and N is the total number of seeds.

Cytology techniques: Chromosome spreading was per-
formed from at least three replicates per genotype as de-
scribed in [47]. The number of univalents, bivalents, and chias-
mata were quantified from DAPI-stained pollen mother cells
at metaphase I using a Leica DM4 B epifluorescence micro-
scope equipped with a Leica DMC5400 20-megapixel color
CMOS camera, previously described [48]. Fluorescence in situ
hybridization (FISH) was performed as described by Sanchez-
Moran et al. [49], with minor modifications, on specimens
where flower bud fixation and male meiocyte spreading were
carried out according to [50]. The DNA probes used were 455
rDNA, pTa71 [12] and 5S rDNA, pCT4.2 [51]. Metaphase I
images were scored to determine chiasma frequency and biva-
lent configurations (ring/rod) per chromosome. The cells were
imaged using an Olympus BX61 epifluorescence microscope
equipped with an Olympus DP70 digital camera.

CRISPR-Cas9 mutagenesis was used to generate null mlh1
mutants in Col and Ler, as described in [52]. Three sgR-
NAs were targeted to the region from the fourth intron to
the sixth exon of MLHI, targeting both splicing variants
(Supplementary Fig. S2 and Supplementary Table S2). Four
independent mutants were selected and sequenced. Col back-
ground mutants showed the same 462 bp genomic deletion,
and RT-seq showed a 298 bp deletion at the transcript level,
introducing multiple stop codons and a frameshift. Ler back-
ground mutants showed a single nucleotide insertion in the
fifth exon, introducing a frameshift and multiple stop codons.

Lines overexpressing MutLl genes were generated by in-
dependently introducing extra copies of MLH1, MLH3, or
PMS1. Genomic sequences of the different genes were cloned
with their respective endogenous promoters or in frame with
the meiosis-specific DMC1 promoter. Cloning primers are
listed in Supplementary Table S3. Wild-type plants were trans-
formed using A. tumefaciens floral dipping, and transformants
were selected using BASTA.

Genome-wide crossover mapping by F, sequencing: Whole
genome sequencing libraries were constructed based on
the protocol described in [48, 53-55]. gDNA was CTAB-
extracted from Col/Ler F, plants rosette leaves (Col x Ler
mlh1 and Col x Ler heil0-2/+ populations), then isolated
using chloroform, precipitated with isopropanol, and pu-
rified via ethanol precipitation. The obtained gDNA was
suspended in TE and its quality and concentration were
checked. The samples were diluted to 5 ng/pl and tag-
mented with an in-house produced TnS5 transposase loaded
with the TnSME-A (5'-TCGTCGGCAGCGTCAGATGTGT
ATAAGAGACAG-3') or TnSME-B (5'-GTCTCGTGGGCT
CGGAGATGTGTATAAGAGACAG-3') mixed to Tn5Merev
(5'-[phos] CTGTCTCTTATACACATCT-3') linker oligonu-
cleotides, then amplified and indexed using KAPA2G Robust
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(Sigma). The PCR products were pooled, size selected (450—
700 bp), and purified to obtain a C =[100 ng/ul] and V = 30
ul Novaseq x-plus sequencing sample. The sequencing and de-
multiplexing was outsourced to Macrogen Europe using pair-
end Illumina technology (Supplementary Fig. S4). To identify
crossover sites in the examined Col x Ler mlh1 population
and Col x Ler heil0-2/+, demultiplexed reads were aligned
to the Col-0 genome reference sequence (TAIR10) using
BowTie2 [56]. The resultant BAM were sorted with SAMtools
v1.2 [57]. The identification of single nucleotide polymor-
phisms (SNPs) was carried out with SAMtools and BCFtools
[58]. SNP calling was based on a comprehensive list generated
from a large scale of Col x Ler population [59]. The result-
ing tables of SNPs were filtered to retain only those exhibiting
high mapping quality (>100) and high coverage (>2.5x) in R.
Libraries with <50,000 reads associated with SNPs were ex-
cluded from the analysis. Crossover calling utilized the TIGER
pipeline on the filtered files [53]. Finally, crossover distribu-
tion frequencies were binned into scaled windows and cumu-
latively aggregated across chromosome arms. A comprehen-
sive summary of genotyping-by-sequencing (GBS) results is
provided in Supplementary Table S4. The raw FASTQ data
can be found in the NCBI Sequence Read Archive under the
BioProject accession code PRINA1156934.

Ploidy analysis: Raw reads were aligned to the Col-0
genome reference sequence with BowTie2 [60]. The resulting
BAM files were sorted and indexed with SAMtools v1.2 [61].
Mosdepth was used to calculate sequencing depth with the use
of -n —fast-mode -b 100 000 parameters [62]. Coverage was
plotted for each sample and based on visual inspection; ploidy
was determined.

Cis-DCO distances and CoC analysis: Cis-double crossover
(cis-DCO) distances—defined as the observed distances
between parental-heterozygous—parental genotype transi-
tions (i.e. Col/Col-Col/Ler-Col/Col and Ler/Ler-Col/Ler-
Ler/Ler)—were computed from GBS data. The frequency of
observed distances was compared to the expected frequency of
inter-crossover distances under a random crossover distribu-
tion. To obtain the expected values, 400 crossover midpoints
were randomly selected from all identified crossovers within
each genotype, separately for each chromosome. This process
was repeated to create a second set of midpoints. For each
crossover midpoint in the first set, a midpoint was randomly
chosen from the second set, and the distance between them
was calculated. Finally, the frequency of events, along with
the median of the observed and expected cis-DCO distances,
was calculated and plotted in 3.5 MD bins.

To compare the distributions of observed and expected cis-
DCO distances, gamma distributions were fit to both datasets
using the fitdist function from the fitdistrplus package in R.
To assess the statistical significance of the differences between
the observed and expected distributions, bootstrap resampling
was applied. Specifically, 1000 iterations of bootstrap sam-
pling were performed to estimate the shape parameter (v) for
the gamma distribution of both datasets. In each iteration, a
random sample with replacement was drawn from the ob-
served or expected data, and the fitdist function was used to
fit a gamma distribution to the bootstrap sample. The shape
parameter for each bootstrap sample was recorded. The sta-
tistical significance of the differences in the shape parame-
ter (v) between the observed and expected distributions was
evaluated using the Mann—Whitney U test, which was applied
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to the bootstrap estimates of the shape parameter from both
datasets.

For the CoC analysis, expected cis-DCO distances were
normalized to the observed crossover counts for each geno-
type as previously described [63]. Then, the observed cis-DCO
distances were divided by the expected values for each interval
separately.

Quantitative RT-PCR analysis: RNA was extracted from
Arabidopsis unopened flower buds (younger than stage 12) us-
ing RNeasy Mini kit (Qiagen). Complementary DNA (cDNA)
was obtained using HiScript III 1st Strand ¢cDNA Synthe-
sis Kit + gDNA wiper (Vazyme). The expression levels of
genes of interest were measured by qPCR using SYBR™
Green PCR Master Mix (Thermo) and the primers listed
in Supplementary Table S5. Both MLH1 and MLH3 were
analyzed in each of the plants and Kup9 were used as
reference.

Results

The loss of the MutLy complex has a less severe
impact on fertility than the loss of ZMM proteins

The MutLy complex is widely regarded as the primary re-
solvase responsible for crossover formation in the class I
crossover pathway [3, 4, 6, 64]. Therefore, we decided to
check to what extent the lack of genes encoding its compo-
nents, MLH1 and MLH3, affects plant fertility and crossover
formation compared to zmm mutants. Since the available mu-
tant alleles of MLH1 contained either an insertion close to
the 3’ end of the gene (mlh1-1), or in an intron (mlh1-2) or
upstream of the alternative transcription start site (mlh1-3),
there was a risk that these were not null mutants. Therefore,
we used the CRISPR-Cas9 approach to generate an mlh1-4
mutant de novo (Supplementary Figs S1 and S2). We measured
the seed set, silique length, and pollen viability in single mutLy
mutants, mlh1-1,mlh1-4,mlh3-1, and mlh3-2, and compared
them to two well-characterized mutants of ZMM genes, heil 0
and zip4. While most of the mutants used for this experiment
were generated in the Col-0 background, the mlh1-1 allele
originated from the Ws-2 background, therefore both acces-
sions were used as wild-type controls. However, Col-0 and
Ws-2 did not differ significantly in fertility, so we considered
that mlh1-1 could be compared with the remaining mutants
in the Col background.

Visual inspection of siliques suggests that each of the mlh1
and mlh3 mutants is more fertile than heil0 and zip4, al-
though clearly different from wild-type plants (Fig. 1A). Sta-
tistical analysis confirmed this observation (Fig. 1B-D): For
mlh1 and mlh3 mutants, from 17.4 (mlh1-4) to 20.7 (mlh3-1)
seeds per silique were observed on average, and the differences
between individual alleles were not statistically significant. In
contrast, zip4 and heil0 showed only 2.3 and 5.1 seeds per
silique, respectively (Fig. 1B). Very similar results were also
obtained for silique length (Fig. 1C) and pollen viability (Fig.
1D), although in these assays the mlh1-4 allele showed a more
severe fertility reduction compared to other mlh mutants. In-
terestingly, while the pollen viability in the m/h and zmm mu-
tants was 59%-73% and 24%-33% of the wild type, respec-
tively, the seed set was only 29%-35% (mlh) and 4%-8%
(zmm) of the wild type (Fig. 1D). This result suggests that
egg viability is more significantly reduced than pollen viability.
In summary, fertility comparisons show that mutly mutants

have significantly higher fertility than mutants of genes encod-
ing ZMM proteins.

Given that the dramatic decline in fertility among zmm mu-
tants is attributed to a deficiency in crossover, leading to ran-
dom chromosome segregation during meiosis, we sought to in-
vestigate whether crossover frequency is higher in mlh1-4. To
this end, we examined the number of bivalents in metaphase
I (Fig. 1E and F, Supplementary Fig. S3 and Supplementary
Table S6). On average, 3.19 bivalents (7 = 57) were observed
in the mlh1-4 mutant, a statistically significant increase com-
pared to 1.09 in zip4 (n = 50; P = 2.2E-16, Welch’s -test)
and 1.70 in heil0 (n = 53; P = 3.76E-12, Welch’s t-test).
The frequency of chiasmata in plants lacking MLH1 was 3.75
(40.5% of wild type), closely comparable to 3.92 reported
in mlh3-1 mutants, which are deficient in MLH1’s partner,
MLH3 [23]. Based on these results, we concluded that mlh1-
4 mutants, like the previously described m/h3-1 mutants, gen-
erate more crossovers compared to zrmm mutants, suggesting
that some class I crossovers are still produced in the absence
of MutLy.

Local crossover frequencies are significantly
reduced in mutLy mutants compared to wild type

To further compare the extent of recombination reduction in
mlh mutants, we used tester lines where the segregation of
linked fluorescent reporters in seeds allows precise measure-
ment of recombination within chromosomal intervals defined
by these reporters (Fig. 2A) [42, 45]. For this purpose, mlb1,
mlh3, zip4, and heil0 mutants were crossed with the Col-
420 and Col-3.9 lines, enabling the measurement of crossover
frequencies in the subtelomeric and pericentromeric regions
of chromosome 3, respectively (Fig. 2B). Additionally, the
pms1 mutant was included in the analysis, as PMS1 forms the
MutLa heterodimer with MLH1, and we sought to assess its
role in meiotic recombination.

Measuring meiotic recombination using the fluorescent
seed system was not feasible for zip4 and heil0 mutants due to
their extremely low fertility and segregation bias. In contrast,
the crossover frequency was significantly reduced in /b1 and
mlh3 mutants compared to the wild-type control (Fig. 2C). In
the 420 interval, all tested mIlh1 and mlh3 alleles exhibited
14.3-15.9 cM, which was significantly <21.8 ¢cM for the wild
type (P < 1.6E-03, Welch’s #-test). In the 3.9 interval, mlh1
mutants showed 12.2 cM, while 7Ih3 mutants showed 14.7
cM, both significantly lower than the wild type’s 18.7 cM (Fig.
2C; P < 2.1E-05, Welch’s #-test). Notably, pms1 showed no
changes in crossover frequency at either interval, supporting
the hypothesis that the MutLa complex does not influence
meiotic recombination (Fig. 2C).

To confirm that the effects of mutLy mutants on crossover
formation are not specific to chromosome 3 alone, we also
measured recombination in mlh1-4 and mlh3-1 mutants at
intervals 1.18 and 5.1 located on chromosomes 1 and 3, re-
spectively (Fig. 2B). In both cases, a significant decrease in the
crossover rate compared to the wild type was observed, con-
sistent with the observations on chromosome 3 (Fig. 2D). In
summary, mlh1 and mlh3 mutants exhibit a significantly re-
duced frequency of meiotic recombination regardless of chro-
mosomal position, while the pms1 mutation has no effect on
crossover formation.
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Figure 1. mutLy mutants exhibit milder fertility and meiotic phenotypes than zmm mutants. (A) Representative pictures of siliques for wild-type
accessions (Ws and Col), zmm mutants (zip4-2 and hei10-2), and mutLy mutants (mlh1-1, mlh1-4, m/h3-1, and m/h3-2). Scale bar, 1 cm. Fertility assays
for mutLy mutants compared to the wild types and zmm mutants as assessed by seed set (B), silique length (C), and pollen viability (D). The P values
were estimated using one way analysis of variance (ANOVA) and Tukey HSD tests (Supplementary Tables S10-S12). n = 5-10 for panels (B) and (C), and n
= 3 for panel (D). Cytological characterization of metaphase | meiocytes showing the frequency of cells with 0-5 bivalents (E), along with representative
chromosome spreads from metaphase | meiocytes for Col (n = 27), zip4-2 (n = 53), hei10-2 (n = 50), and mlh1-4 (n = 57) (F). Scale bar, 10 um.
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Figure 2. Local meiotic crossover recombination is decreased in mutLy mutants. (A) Schematic representation of crossover frequency scoring via
fluorescent seed-based system. Arrowheads mark the fluorescent markers delimitating a specific genomic interval. These markers are introduced into
the relevant lines via crossing, and recombination frequency is determined by the segregation of the fluorescent markers. (B) Chromosome map
displaying the fluorescent intervals used in panels (C) and (D). Crossover frequency (cM) for three m/h1 alleles, two mih3 alleles, and one pmsT allele in
the chromosome 3 subtelomeric region 420 and pericentromeric region 3.9 (C), and for ml/h7-4 and m/h3-1 in the subtelomeric regions of chromosome 1
(1.18), and chromosome 5 (5.1) (D). Each dot represents measurements from one individual. The center line of a boxplot marks the median; the upper
and lower bounds indicate the 75th and 25th percentiles, respectively. The P values were estimated using a Welch's t-test.

The progeny of Col/Ler mih1 mutants exhibit a
notable incidence of trisomy

We aimed to assess the impact of MutLy loss on crossover dis-
tribution across chromosomes and compare it with the distri-
bution observed in zmm mutants. To achieve this, we sought
to create a comprehensive genome-wide crossover map for the
mlh1 background. Since crossover sites are identified based
on genotype switches, generating such a map necessitated se-
quencing F, populations resulting from crosses between two
distinct Arabidopsis accessions that are polymorphic with re-
spect to each other. Given the absence of an mlh1 allele in the
Ler background, we employed the CRISPR-Cas9 method to
generate the m/h1-5 mutant (see Supplementary Fig. S2). Sub-
sequently, we crossed mlh1-4 (Col) with the mlh1-5 (Ler) al-
lele and assessed fertility in the resulting F1 progeny. Of all the
ZMM genes, HEI10 has been shown to be dosage-dependent,
and its mutant is haploinsufficient [17]. Therefore, we decided
to also use the Fy cross between heil10 (Col) and wild-type Ler
as a control. As expected, seed set and silique length were sig-
nificantly lower in the mlh1 Col/Ler F; compared to the wild
type, akin to observations in the mlh1 Col/Col inbreds, con-
stituting ~28.9% and 63.6% of wild-type values, respectively
(Fig. 3A and B). Although mildly affected, the seed set was also

significantly lower in hei10/+ Col/Ler, 88.6% of the wild type
(P = .047, Welch’s #-test).

Following self-pollination of the mlh1 Col/Ler F; plants,
we sequenced the genomic DNA of 288 descendants from a
few randomly selected Fy individuals (Supplementary Fig. S4).
Similarly, we sequenced 225 F, from the hei10/+ Col/Ler
cross. Because we expected that crossover deficiency in meiosis
of Fy plants would result in random segregation of chromo-
somes into gametes, we determined the level of aneuploidy in
progeny. For this purpose, we examined the sequencing cov-
erage for individual chromosomes in the F, individuals and,
after normalizing to the total number of reads, we calculated
their ploidy level [65]. We adopted a stringent criterion: a
ploidy change above 1.2x indicates trisomy, while a change
below 0.8 x indicates monosomy for a given chromosome. We
did not detect any cases of aneuploidy in hei10/+. In striking
contrast, among 288 mlh1 Col/Ler F, individuals, 56 plants
exhibited trisomy of chromosome 4, seven plants showed tri-
somy of chromosome 2, three plants had trisomy of chromo-
some 3, and another three displayed trisomy of chromosome 5
(Fig. 3C and D, and Supplementary Fig. S5). Additionally, we
observed two cases of simultaneous trisomy of chromosomes
4 and 35, one case of trisomy of chromosome 4 combined with
trisomy of the left arm of chromosome 35, and four cases of
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Figure 3. The progeny of Col/Ler mlh7 mutants exhibit a significant incidence of trisomy. Fertility assays for hei10-2/+ and mlh71 mutants compared to
the wild-type Col/Ler hybrids as assessed by seed set (A) and silique length (B). The P values were estimated using a Welch's t-test with n = 6-7. (C)
Ploidy analysis for the mlh7 Col/Ler F, population as assessed by the ploidy level for each sequenced chromosome in F, individuals. (D) Example plot
illustrating trisomy of chromosome 4, detected based on mean sequencing coverage calculated in 100 kb windows.

partial trisomy of chromosome 4 or 5 (trisomy of an entire
arm). Interestingly, no instances of trisomy were observed for
chromosome 1.

Only one case of monosomy was found, involving chro-
mosome 2. This low occurrence of monosomics suggests they
have more severe detrimental effects, likely due to a greater
disruption in gene dosage compared to trisomics (2:1 versus
2:3) [66]. In plants, where the life cycle alternates between

haploid (gametophyte) and diploid (sporophyte) generations,
another critical factor may be the complete loss of a chro-
mosome in the meiotic product caused by nondisjunction.
Such loss can lead to abnormal gametophyte development
[67]. Therefore, we propose that monosomics are subject to
stronger negative selection pressures than trisomics.

The high overrepresentation of chromosome 4 in mlh1 ane-
uploids is likely due to it being the shortest chromosome, con-

Gz0z Aeln 61 uo Jasn opaw|O-el1oies) oodsioueld Aq |.8/9808//8L1eXb6/G/cG/a101e/1eu/wod dnoojwapede//:sdjiy woly papeojumoq



8 Kbiri et al.

sistent with a recent report on zypl and zypl HEI10 lines,
where trisomy was observed exclusively for chromosome 4
[19]. Another reason for the high frequency of aneuploidy of
this chromosome in the mlh1 Col/Ler cross may be the pres-
ence of a large 1.2-Mb centromere-proximal inversion differ-
entiating the two accessions [68, 69]. Such a large structural
rearrangement could hinder crossover formation for chromo-
some 4. Given the frequent occurrence of chromosome 4 tri-
somy compared to other types of aneuploidy in the sequenced
F, individuals, it is also possible that one of the F; plants
used was already trisomic. However, the occurrence of various
types of aneuploidy is expected as a consequence of the low
crossover frequency in mlh1 mutants. An analogous analysis
for the heil0/+ mutant, which also shows a reduced crossover
rate (see below), did not reveal a single case of aneuploidy. We
therefore conclude that the reduced recombination frequency
in the Col/Ler mlh1 hybrid results in a higher incidence of
aneuploidy.

Comparison of crossover distribution in m/h7 and
hei10/+ mutants

Genotype distribution analysis along individual F, chromo-
somes allowed us to identify the number and locations of
crossovers. To avoid potential biases in crossover distribu-
tion caused by aneuploidy, we only included individuals with
no evidence of ploidy changes (Fig. 3C). Since only bal-
anced gametes—primarily those that underwent crossovers
on all chromosomes during meiosis—can form functional
zygotes, the average crossover count estimated from F, se-
quencing may be inflated. Despite this, the total number of
crossovers across all chromosomes was significantly lower
than in the wild type (Kruskal-Wallis Test P = 0; Fig.
4A). Compared to the wild type, mlh1 mutants showed a
more uniform crossover distribution along the chromosomes,
with a marked reduction in recombination particularly no-
ticeable in the pericentromeric regions, which are known
for relatively high recombination activity in A. thaliana
(Fig. 4B-D).

The ability to construct a crossover map for plants lacking
ZMM is constrained due to the near sterility observed in zmm
mutants (see zip4 or heil0 in Fig. 1A and B). To gain insight
into crossover distribution in ZMM-deficient plants, once
again we leveraged the dosage-dependency of the HEI10 gene.
We selfed the hei1l0/+ Col/Ler plants, sequenced genomic
DNA from 225 F, individuals, and utilized these data to con-
struct a genome-wide crossover map. The crossover frequency
was significantly reduced in hei10/+ compared to wild-type
plants (Kruskal-Wallis Test P = 1.27E-08), although it was
higher than in mlh1 (P = 2.09E-06) (Fig. 4A). However, the
distribution of crossovers in beil0/+ more closely resembled
that in wild type (Spearman Rho = 0.817) than in mlhl
(Spearman Rho = 0.547).

Additionally, we compared the chromosomal distribution
of crossovers in mlh1 (and hei10/+) with data from other
genotypes (Fig. 4E and Supplementary Fig. S6) [17, 55, 59,
70, 71]. Correlations were significantly higher for all geno-
types in which class I crossovers predominated (Rho > 0.472)
than for genotypes with a predominance of class II crossovers
(Rho < 0.290). This result confirms that, despite the absence
of MutLy, the crossovers formed in the mIh1 mutant exhibit
characteristics of class L.

Interference is maintained but weakened in m/h1,
increased in hei10/+, and negative in msh2 fancm
zip4

The formation of each F, individual results from the union
of a male and a female gamete, so the analysis of F, pro-
vides averaged results for both male and female meioses. How-
ever, by filtering for the parental-heterozygous—parental geno-
type (e.g. Col/Col-Col/Ler—Col/Col and Ler/Ler—Col/Ler—
Ler/Ler), it is possible to identify cis-DCOs and measure DCO
distances, which inform about crossover interference [48, 72,
73]. When we compared cis-DCOs in mlh1 to the wild type,
we observed that their distances were significantly shorter
(Wilcoxon Signed-Rank test P = 6.7E-03; Fig. SA). In con-
trast, when we compared cis-DCOs in heil 0/+, we found them
to be significantly longer than those in the wild type (P = 2.4E-
03; Fig. 5A).

To examine the role of interference in the genotypes under
study, we analyzed the distribution of ¢is-DCO distances and
compared it to the expected distribution of distances between
two randomly selected crossover sites. In the wild type, cis-
DCOs with distances up to 7 Mb are underrepresented, while
those separated by >10.5 Mb are overrepresented (Fig. 5B).
In the mIlh1 mutant, underrepresentation is also observed for
cis-DCOs with distances up to 7 Mb, but overrepresentation is
observed for distances >7 Mb (Fig. 5C). In contrast, the distri-
bution of cis-DCO distances in heil0/+ mirrors the wild type
but is shifted further to the right, with the highest overrepre-
sentation of DCOs separated by 14-17.5 Mb (Fig. 5D). These
findings demonstrate that although both m/h1 and hei10/+
mutants exhibit a reduction in crossover numbers compared
to the wild type, they behave differently. In hei10/+, the defi-
ciency of the pro-crossover HEI10 protein leads to increased
interference, whereas in the mlh1 mutant, interference is sig-
nificantly reduced.

We also compared cis-DCO distances between the mlh1
mutant and the HEI10 overexpressor (HEI10-OE), which
shows a doubled number of crossovers compared to the wild
type and significantly reduced crossover interference [17, 18,
70]. Interestingly, despite the stark difference in crossover
numbers between mlh1 and HEI10-OE, there is no signifi-
cant difference in cis-DCO distances (P = .0858; Fig. 5A).
However, the distribution analysis of ¢is-DCO distances re-
veals that in the HEI10 overexpression line, distances above
3.5 Mb are strongly overrepresented, which is not observed in
mlh1 (Fig. 5D and E). This suggests that interference is weaker
in HEI10-OE than in mlh1.

Additionally, we compared cis-DCO distances between the
mlh1 mutant and the msh2 fancm zip4 mutant, for which we
recently generated a genome-wide crossover map, although
crossover interference had not yet been investigated [55]. Both
mutants exhibited very similar seed sets (20.08 in msh2 fancm
zip4 Col/Ler versus 19.57 in mlh1 Col/Ler) and chiasma
counts (3.88 in msh2 fancm zip4 Col/Col versus 3.75 in mlh1
Col/Col). However, in msh2 fancm zip4, class I crossovers
are entirely absent due to the loss of the key ZMM pro-
tein ZIP4 [10, 55]. The cis-DCO distances were significantly
shorter in msh2 fancm zip4 than in mlh1 (median = 2.98
Mb versus 7.70 Mb, Wilcoxon Signed-Rank test P = 4.9E-
07; Fig. 5A). Unexpectedly, the frequency distribution of cis-
DCO distances in msh2 fancm zip4 revealed a pronounced
overrepresentation of the shortest distances below 3.15 Mb,
occurring at twice the expected frequency for a random dis-
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Figure 4. m/h7 mutants show a reduced number of crossover events genome-wide. (A) Differences in total crossover numbers for each chromosome in
mlh1and hei10/+ versus wild type. Mean crossover numbers are shown, while whiskers define SEs. (B) Comparative representation of crossover
frequency per F, individual within 300 kb windows, averaged along proportionally scaled chromosome arm, orientated from telomere (TEL) to
centromere (CEN). SNP density per 300 kb is shaded in gray. The mean values are shown by horizontal dashed lines. (C) Similar to panel (B) but showing
crossover frequency plotted along all five Arabidopsis chromosomes, averaged in 300 kb windows. Vertical dashed lines indicate centromere positions.
(D) Relative reduction in crossover frequency within chromosome arms and pericentromeres in mlih1 and hei10/+ mutants, versus wild type. Each dot
represents a single 300 kb window from panel (C). The center line of a boxplot indicates the median; the upper and lower bounds indicate the 75th and
25th percentiles, respectively. The pericentromeres defined as regions with higher than average DNA methylation, which surround the centromeres.
The statistical significance was assessed by one-way ANOVA followed by Tukey HSD test. (E) Genome-wide correlation coefficient matrices of crossover
distributions, calculated in adjacent 300 kb windows. Data for wild type, msh2, HEI10-OE, msh2 fancm zip4, msh2 recq4, recq4 HEI10-OE, recg4, and

fancm zip4 from [17, 55, 59, 70, 71].

tribution (Fig. SF). This indicates that crossover interference
in the msh2 fancm zip4 triple mutant is negative, meaning
that crossovers tend to cluster together. The likely cause of
this phenomenon lies in the severely altered crossover dis-
tribution, which is concentrated almost exclusively at the
chromosome ends. Combined with the absence of class I
crossovers, this dramatically increases the likelihood of closely
spaced events beyond what would be expected in a random
distribution.

In summary, our results suggest that MutLy complexes are
not essential for maintaining interference, and the reduced in-
terference observed in mlh1 is likely due to a proportionally
higher number of class II crossovers compared to the wild
type. Similarly, interference decreases in the line overexpress-
ing the pro-crossover factor HEI10, but this reduction is at-
tributed to an increased number of crossovers. Conversely, in
HEI10 haploinsufficient lines (hei10/+), interference increases
due to a reduced number of crossovers; however, there are still
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Figure 5. Crossover interference is weakened but maintained in m/h1. (A) cis-DCO distances calculated from parental-heterozygous—parental genotype
transitions for WT, mih1, hei10/+, HEI10-OE, and msh2 fancm zip4. The center line of a boxplot indicates the median, while the upper and lower bounds
indicate the 75th and 25th percentiles, respectively. Each dot represents one cis-inter-crossover distance. The P values were estimated using Wilcoxon
Signed-Rank test. (B—F) Histograms illustrating the distribution of inter-crossover distances for observed data (colored bars) versus randomly generated
distances (gray bars) across five genotypes. The curves represent gamma-fitted distributions for the observed data (colored curves) and the expected
data (gray curves). To assess the statistical significance of the differences between the observed and expected distributions, bootstrap resampling was
applied to estimate the shape v parameter, and the Mann-Whitney U test was used to calculate significance. (B) Wild type (n = 1139), (C) m/h1 (n = 63),
(D) hei10/+ (n = 88), (E) HEI10-OE (n = 404), and (F) msh2 fancm zip4 (n = 194). Median inter-crossover distances for each genotype are marked with
dashed lines in matching colors. Data for panels (B), (E), and (F) from [17, 55, 59]. (G) Coefficient of coincidence (CoC) analysis. The CoC is shown on the
Y-axis, with the interinterval distance in Mb on the X-axis. A CoC value of 1 indicates independent crossover occurrence, while a value near 0 suggests

crossover interference.

enough class I events present that class II crossovers do not
significantly affect the overall distribution of recombination,
thus enhancing interference. In the msh2 fancm zip4 mutant,
only class II crossovers occur, which tend to cluster due to a
distribution of events that is highly skewed toward the chro-
mosome ends.

Concomitant loss of MutLy and MUS81 leads to a
significant decrease in fertility and chiasma
frequency

Due to the significantly higher chiasma number and fertil-
ity of mutLy mutants compared to zmm mutants, and the
distinct recombination distribution patterns in mlh1 versus
heil0/+ plants, it appears that another endonuclease par-
tially compensates for the loss of MutLy. To investigate this,
we generated the mlh1 mlh3 mus81 triple mutant and com-
pared its fertility with other mutants (Fig. 6A and B, and

Supplementary Fig. S7A). Seed set analysis revealed that mlh1
mlh3 mus81 produces significantly fewer seeds than the mlh1
mlh3 double mutant (mean = 4.69 and 18.00, respectively;
P = 7.26E-03, one-way ANOVA and Tukey HSD). Notably,
we also observed a slight reduction in seed set in 7us81 com-
pared to the wild-type Col (mean = 51.4 and 60.0, respec-
tively; P = .021; Fig. 6A) [11]. Similar trends were observed
in the analysis of silique length across mus81, mlh1, mlh3 mu-
tants, and their combinations (Supplementary Fig. S7A and
Supplementary Table S16). These findings demonstrate that
MUSS81 plays a critical role when the absence of MutLy dis-
rupts the proper functioning of the ZMM pathway.

On the other hand, mlh1 mlh3 mus81 did not produce sig-
nificantly more seeds than zip4 (mean = 2.27) and zip4 mus81
(mean = 0.93) (Fig. 6A). However, drawing conclusions from
the comparison of these genotypes is subject to inaccuracy due
to very low seed number values. Similarly, silique length shows
statistically insignificant differences between these genotypes.
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Figure 6. MUS81 endonuclease partially compensates for the loss of MutLy. Fertility as assessed by seed set (A) and pollen viability (B). The P values
were estimated using one-way ANOVA and the Tukey HSD tests (Supplementary Tables S13 and S14). Sample sizes: n = 5-11 in panel (A), and n = 3 in
panel (B). (C-E) Cytological characterization of metaphase | meiocytes. (C) Chromosome representations of 5S and 45S rDNA positions in Col and Ws
genetic backgrounds. (D) Representative pictures of chromosome spreads of metaphase | meiocytes stained with DAPI and labeled with FISH against
5S (red) and 45S (green) rDNA. Scale bar, 10 um. (E) Frequency of ring, rod, and univalent chromosome configuration in submetacentric chromosomes
1, 3, and 5, acrocentric chromosomes 2 and 4, and the average across all chromosomes. The number of characterized meiocytes for each genotype is as
follows: Col (n = 69), Ws (n = 50), mlh1-1 (n = 53), mlh3-1 (n = 108), mlh1-1 mIh3-1 (n = 34), mus81-2 (n = 102), mih1-1 mih3-1 mus81-2 (n = 44), zip4-2
(n = 255), zip4-2 mus81-1 (n = 57), fancm-9 (n = 52), hei10-2 (n = 29), and mlh1-1 mIih3-1 fancm-9 (n = 55). (F) Mean chiasma counts with 95%
confidence intervals for selected genotypes. Significance was assessed using a one-way ANOVA with Tukey's HSD test (Supplementary Table S15).
Non-significant values are not displayed.
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Because seeds are produced by the fusion of two gametes, low
seed set and silique length values are the product of reduced
viability of both the male and female gametes. Therefore, we
also examined pollen viability, the decrease of which in mei-
otic mutants is a consequence exclusively of impaired male
meiosis. We did not observe statistically significant differences
between the mlh1 mlh3 mus81, zip4, and zip4 mus81 mu-
tants (Fig. 6B). The lack of expected differences between zip4
and zip4 mus81 indicates that this analysis is also not pre-
cise enough to determine whether MUS81 can contribute to
ZMM-mediated crossover repair when MutLy is absent.

To confirm that the observed decrease in fertility in the mlh1
mlh3 mus81 mutant compared to mlh1 mlh3 is due to a fur-
ther reduction in the number of crossovers, we analyzed bi-
valent configurations at metaphase I. We used FISH with 5S
and 45S rDNA probes to distinguish submetacentric chromo-
somes 1, 3, and 5 from acrocentric chromosomes and 4 (Fig.
6C and D). This approach enabled us to assess how often in-
dividual chromosomes fail to form a chiasma. We evaluated
bivalent formation and chiasma count in single, double, and
triple mutants (Fig. 6D and E, and Supplementary Fig. S7B
and C, and Supplementary Tables S7-S9 and S17). In the mlh1
mlh3 mus81 triple mutant, we observed a higher total number
of univalents than in the mlh1 mlh3 mutant, which itself had
a greater frequency of univalents than the single mutants (Fig.
6E). Notably, the frequency of univalents on acrocentric chro-
mosomes increased by 16.5%, from 72.1% in mlh1 mlh3 to
88.6% in mlh1 mlh3 mus81. In contrast, the increase in uni-
valents on submetacentric chromosomes was only 6.5%, from
48.0% to 54.5% (Fig. 6E and Supplementary Tables S8 and
S9). Additionally, no ring bivalents were observed on acrocen-
tric chromosomes in the triple mutant. By comparison, mus81
and pms1 mutants showed no significant differences from the
control in terms of bivalent configurations and chiasma count-
ing (Fig. 6E and Supplementary Fig. S7C). This increase in uni-
valent numbers in mlh1 mlh3 mus81 compared to the milh1
mlh3 double mutant shows that MUS81 play an important
role in resolving joint molecules when MutLy is not available.
Importantly, the mlb1 mlh3 mus81 mutant displayed fewer
univalents and chiasmata than zip4 mus81 (Fig. 6E and F).
This suggests that while MUS81 may potentially act as a re-
solvase within the ZMM pathway when MutLy is unavail-
able, it is not the only endonuclease capable of fulfilling this
role.

Knocking out FANCM partially improves bivalent
formation and rescues the low fertility phenotype
in mutLy mutants

The low fertility of zmm mutants is caused by a defi-
ciency in crossovers due to the complete disruption of the
ZMM crossover pathway. Increasing the frequency of ZMM-
independent class II crossovers can restore fertility. In wild-
type Arabidopsis, class II crossovers are rarely formed because
their substrates are typically removed by the activity of DNA
helicases like FANCM and RECQ4. Inactivation of these heli-
cases leads to a significant increase in class II crossovers. Con-
sequently, in zrmm mutants, the simultaneous loss of FANCM
or RECQ4 substantially improves fertility [40, 41, 74].

To test whether the fertility of MutLy complex mutants
could be similarly improved, we generated the mlh1 mlh3
fancm triple mutant and compared it with both the fancm
single mutant and the mlh1 mlh3 double mutant. The triple

mutant produced an average of 35.8 seeds per silique, sig-
nificantly more than the 15.7 seeds of the mlh1 mlh3 mu-
tant (P = 6.98E-8, one-way ANOVA and Tukey HSD; Fig.
6A), although still fewer than the wild type (60.5 seeds per
silique; P = 1.43E-11). A similar increase in fertility has been
observed in the zip4 fancm mutant [41]. We also examined
silique length and pollen viability; these results were consis-
tent with the conclusion that the mutation in fancm rescues
the fertility of mutLy mutants, as it does for zmm mutants
(Fig. 6B and Supplementary Fig. S7A).

We then identified individual chromosomes using FISH and
examined the bivalent configurations at metaphase I. The
mlh1 mlh3 fancm triple mutant exhibited over six times fewer
univalents and >10 times as many ring bivalents compared to
the mlh1 mlh3 double mutant, indicating a significant increase
in crossover frequency (Fig. 6E and Supplementary Fig. S7C
and Supplementary Tables S7-59). Interestingly, univalents
were over four times more common on acrocentric chromo-
somes compared to submetacentric ones in the mlh1 mlh3
fancm mutant, accounting for 17.3% and 3.6 %, respectively
(Fig. 6E and Supplementary Table S8 and Supplementary
Table S9). This suggests a lack of crossover assurance, con-
sistent with the observed increase in class II crossovers in this
mutant.

Overall, these data show that, similar to zmm mutants, the
loss of FANCM in mutLy mutants also increases crossover
frequency, which contributes to their improved fertility. How-
ever, despite this increase, the triple mutant had a lower fre-
quency of ring bivalents (57.1%) compared to the control
(78.3%), and univalents persisted. This suggests that, unlike
in zmm mutants, the fancm mutation does not fully restore the
chromosomal configurations seen in the control in the mlh1
mlh3 background.

Elevated expression of MLH1 or MLH3 causes a
moderate increase in crossover frequency

We sought to determine whether increasing the expression
of MLH1, MLH3, and PMS1 would affect crossover fre-
quency. To this end, we cloned the genomic sequences of
these genes under their native promoters and transformed
them individually into Col-420 plants hemizygous for flu-
orescent crossover reporters (Supplementary Fig. S8). T
plants segregating for the 420 reporters were used to assess
crossover frequency within this interval. Most Ty plants ex-
hibited crossover frequencies similar to the wild type, with
no significant changes observed in the T, generation fol-
lowing selfing (Supplementary Fig. S9A and B). For selected
pMLH1::MLH1 and pMLH3::MLH3 T, plants, we isolated
RNA from closed flower buds and measured gene expres-
sion levels using RT-qPCR. We observed that the expression
level in these lines was 1.8-14.4 times higher than in wild-
type plants, demonstrating that increasing the expression of
a single MLH gene does not significantly affect crossover fre-
quency (Supplementary Fig. S9C).

In parallel, three independent T, plants for both MLH1 and
MLH3 constructs were crossed with Col-420 or Ler to gen-
erate F; inbred (Col x Col-420) and F; hybrid (Col-420 x
Ler) progeny (Supplementary Fig. S8). Crossover frequency
measurements in the 420 interval revealed that crosses carry-
ing additional copies of MLH1 exhibited a significant increase
in recombination in the inbred background, though this ef-
fect was not observed in hybrids with Ler (Fig. 7A). In these
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Figure 7. Increased MutlLy expression boosts crossovers, but its missregulation drastically reduces crossover numbers and plant fertility. (A) Crossover
frequency in inbred Col/Col and hybrid Col/Ler F; plants with additional MLH1 or MLH3 copies under their respective native promoters, measured in
420 subtelomeric region of chromosome 3. Each data point represents a measurement from one plant. Independent transformant lines for each
genotype are indicated by a different data point shape. (B) As for panel (A) but measured in 3.9 pericentromeric region. (C) Crossover frequency of
MLH1, MLH3, and PMST overexpressors under the control of DMC1 promoter at the T, generation, measured in 420. Each data point represents a
measurement from one plant. (D) Fertility assays for MLH1 and MLH3 overexpressors, under DMCT promoter, assessed by seed set. Each data point
represents the average of five siliques from a single plant. The P values were estimated using one-way ANOVA and the Tukey HSD tests
(Supplementary Table S18). (E) As in panel (D) but showing pollen viability. Each data point represents a measurement of 500 pollen grains from one
plant. The P values were estimated using one-way ANOVA and the Tukey HSD tests (Supplementary Table S19). (F) Crossover frequency in inbred
Col/Col and hybrid Col/Ler F; plants overexpressing additional MLH1 or MLH3 copies under DMC1 promoter, measured in the 420 interval. (G)
Expression levels in F; Col x pDMC1::MLH3 plants shown in panel (F) as determined via RT-qPCR for both MLHT and MLH3 in each plant. Each dot
represents one biological replicate (one cross of a T, plant). Bar plots show the average fold change relative to wild type. (H) Crossover frequency in
inbred Col/Col Fy plants with additional MLH1 and MLH3 copies (double overexpressors) under their native or DMC1 promoter, measured in the 420
interval. In this figure each dot represents a measurement from one individual. For crossover frequency (A-C, F-H), the center line of a boxplot indicates
the median; the upper and lower bounds indicate the 75th and 25th percentiles, respectively, and the P values were estimated using the Welch's t-test.
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crosses, MLH1 and MLH3 expression levels were similar to
those observed in the T, generation (Supplementary Fig. S9D).
We also repeated this experiment for the 3.9 interval, which
allows measurement of crossover frequency in the pericen-
tromeric interval (the location is shown in Fig. 2B), and ob-
tained very similar results (Fig. 7B). Interestingly, a signif-
icant increase in recombination frequency was observed in
both inbred and hybrid backgrounds for lines with additional
copies of MLH3 (Fig. 7A), suggesting that elevated MLH3
expression enhances crossover rates regardless of genetic
background.

Incorrect expression of MLH1 or MLH3 inhibits
crossover recombination and impacts fertility

Since some T plants showing increased expression of MLH1
or MLH3 also exhibited reduced fertility (Supplementary Fig.
S9D-F and Supplementary Tables S20 and S21), we hypothe-
sized that an excess of these proteins might be toxic for the cell.
To verify this hypothesis, we modified the genetic constructs
for the MLH1, MLH3, and PMS1 genes by substituting their
promoters for the promoter of the DMC1. The DMC1 re-
combinase serves as a meiosis-specific RADS51 homolog [75].
Importantly, DMC1 functions at significantly earlier stages
of meiotic recombination compared to MutLy, and thus its
expression is assumed to occur before MLH3 [76]. Subse-
quently, we transformed 420 segregating plants with these
modified constructs and assessed crossover frequency. Re-
markably, virtually all Ty plants carrying the pDMC1::MLH1
and pDMC1::MLH3 constructs displayed a significantly re-
duced crossover frequency, plummeting from ~22 ¢M in the
wild type to only ~10 ¢M in Ty (Fig. 7C). Conversely, no such
effect was observed for plants with the pDMC1::PMS1 con-
struct, confirming the negligible role of PMS1 in meiotic re-
combination (Fig. 7C).

The T, generation plants also showed a reduced 420
crossover frequency (Supplementary Fig. S10B). Addition-
ally, fertility assessments conducted on T, plants carrying
the pDMC1::MLH1 and pDMC1::MLH3 constructs revealed
a notable decrease in seed set and pollen viability, drop-
ping to ~50% of the level observed in the wild type (Fig.
7D and E). We did not observe any phenotypic changes at
the level of vegetative development or in the structure of
flowers. We examined the expression levels in independent
T, lines carrying pDMC1::MLH1 and pDMC1::MLH3. In
pDMC1::MLH1 lines, the MLH1 expression levels increased
2.9- to 4.2-fold compared to the native expression observed in
wild-type plants and were associated with a decrease in MLH3
expression (Supplementary Fig. ST0A). In contrast, a substan-
tially higher increases in MLH3 expression compared to wild
type were observed in pDMC1::MLH3 lines (11.3- to 63.6-
fold), which was associated with an increase in MLH1 ex-
pression (Supplementary Fig. S10A). Compared to lines with
endogenous promoters, lines with overexpression driven by
the DMC1 promoter exhibit deregulation of the transcript
levels of the second MutLy component gene (MLH3 for
pDMCI1::MLH1 lines and MLH1 for pDMC1::MLHS3 lines,
respectively).

Three independent T, plants, for which we examined the
expression levels, were subsequently crossed with Col-420
and Ler to assess recombination in both inbreds and hy-
brids (Supplementary Fig. S8). In the resulting F; plants, the
420 crossover frequency was measured, which, in some in-

stances, surpassed that of the wild-type control (Fig. 7F).
For F; inbreds, we analyzed the expression levels of both
genes in these lines. In the case of pDMC1::MLH1, MLH3
expression increased in F; compared to T, (P = .04948,
Welch test), approaching wild-type levels. Conversely, for
pDMCI1::MLH3, MLH1 expression decreased, also nearing
the native level (P = .00338, Welch test; Supplementary Fig.
S10C). We argue that crossing with a wild-type plant brings
the expression level of the coregulated Mutly component
(MLH3 for pDMC1::MLH1 and MLH1 for pDMC1::MLH3)
closer to a point that no longer reduces crossover frequency
or compromises fertility. Notably, in one line carrying the
pDMC1::MLH3 construct, #74, recombination decreased to
10 ¢cM in inbred, akin to the level observed in self-pollinated
T, plants. Interestingly, among the three pDMC1::MLH3 x
Col crosses analyzed for expression levels, only cross with
line #74 showed an increased expression of MLH1 (Fig. 7G).
These observations underscore the sensitivity of MutLy com-
ponents to expression levels.

Because the MutLy complex is a heterodimer containing
both MLH1 and MLH3, we decided to investigate how mei-
otic recombination would be affected by simultaneous in-
crease in the expression of both genes. To this end, we crossed
T, plants carrying additional copies of MLH1 and MLH3.
Due to the reduced fertility of T,, only a small proportion of
crosses were successful. Pooled F; from three crosses between
independent T, plants with additional copies of MLH1 and
MLH3 under their native promoters showed an increased 420
crossover frequency (Fig. 7H; 23.94 cM versus 22.11 ¢cM for
wild-type control; P = 1.27E-05, Welch’s #-test). However, in
double overexpressor plants with additional genes driven by
the DMC1 promoter, recombination was significantly lower
than in the wild type, as was the case in single overexpressors
(Fig. 7H; 11.97 ¢M; P = 6.72E-22). These results show that
simultaneous upregulation of both genes of the MutLy com-
plex does not result in significant changes in recombination
rates compared to those observed in single overexpressors. In
conclusion, modifying the expression of MutL complex genes
cannot be routinely used to increase recombination frequency
because plants are highly sensitive to the levels of MLH1 and
MLHS3 in the cell. Incorrect expression is often toxic and can
lead to a drastic decline in fertility.

Discussion

The MutLy complex is widely regarded as the main resolvase
for class I crossovers, which depend on ZMM proteins (hence
the name ZMM crossover pathway) [3, 5, 6]. Despite their
role in this pathway, MLH1 and MLH3 are not classified as
ZMM proteins, and their role in the pathway, aside from func-
tioning as a resolvase, remains unclear. The primary reason for
excluding MutLy from the ZMM group lies in the distinct
phenotypic differences: in many eukaryotes, mutants lacking
components of the Mutly complex exhibit a milder pheno-
type compared to classical ZMM mutants, displaying higher
fertility and an increased crossover frequency [30, 77, 78-81].
In this study, we undertook a comprehensive characterization
of the MutLy complex in A. thaliana, employing a diverse set
of methodologies.

We analyzed plant fertility and bivalent formation during
meiosis in various alleles of mlh1 and mlh3, including the
mlh1-4 null allele generated using CRISPR-Cas9 technology
(this study). As expected, all mutants showed reduced fertility
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and fewer bivalents than the wild type, but the defects were
less severe than in the ZMM mutants zip4 and beil10 (Fig. 1)
[23, 33, 82]. Fluorescent seed-based measurement of crossover
frequency in chromosomal intervals showed a decrease in
recombination in both pericentromeric and subtelomeric re-
gions in mlh1 and mlh3 mutants (Fig. 2). Notably, the pms1
mutant, a component of the MutLx complex, did not show
significant changes compared to the wild type, confirming that
it does not play a significant role in meiotic recombination
(Fig. 2) [35].

We also generated genome-wide crossover maps for mlh1
to assess its similarity to ZMM mutants. To further inves-
tigate this, we constructed a crossover map for the heil0/+
mutant, the only ZMM mutant with a dosage effect (as ho-
mozygous mutants are nearly infertile, making crossover anal-
ysis unreliable) [17, 83]. Since reduced crossover numbers can
lead to aneuploidy, we first examined the ploidy levels in F,
plants through sequencing. While no aneuploids were found in
heil0/+, a significant number were present in mlh1 F, plants
(Fig. 3C and D). The mlh1 mutant exhibits a different recom-
bination pattern compared to heil0/+ and wild type, showing
a more even distribution of crossovers along chromosomes,
particularly noticeable along the chromosomal arms (Fig. 4B
and C). In contrast, crossover patterns in heil(0/+ are similar
to wild type, with pronounced increases in pericentromeric
and subtelomeric regions (Fig. 4B and C). We further com-
pared these patterns with other genotypes analyzed through
the same method (Fig. 4E) [17, 55, 59, 70, 71]. These compar-
isons revealed that the crossover distribution in m/h1 resem-
bles class I crossover patterns rather than class I1. This suggests
that many crossovers in mlh1 exhibit class I characteristics,
and the observed deviations from wild-type distribution may
stem from a reduced class I/class II ratio.

Interestingly, in the 72/h 1 mutant, the reduction in crossover
frequency was significantly more pronounced in pericen-
tromeric regions compared to chromosome arms (Fig. 4B and
D), a pattern observed only marginally in the heil0/+ mu-
tant (Fig. 4B and D). The most plausible explanation for this
phenomenon is the relatively higher proportion of class II
crossovers in the mlh1 background. Class II crossovers are
known to be inhibited by interhomolog polymorphism, which
likely causes them to preferentially form farther from poly-
morphic centromeric-proximal regions [55]. Alternatively,
this result might indicate that the ability of the ZMM path-
way to form crossovers in polymorphic regions depends on
MutLy, suggesting that its substitution by another resolvase
is not effective in these contexts.

Shorter distances between crossover pairs indicate weaker
interference [72]. In addition to our data for mlh1 and
heil0/+, we analyzed previously published datasets (not yet
evaluated for c¢is-DCO distances) for lines overexpressing
HEI10, as well as the msh2 fancm zip4 mutant and wild type
[17, 55, 59]. The hei10/+ mutant showed increased interfer-
ence compared to wild type (Fig. SA and D), consistent with
the known pro-crossover role of HEI10 and the coarsening
model of crossover interference. In this model, reduced HEI10
availability limits the number of HEI10 foci that can mature
into class I crossovers, thus enhancing interference [18, 20].
Conversely, HEI10 overexpression led to decreased interfer-
ence, as more HEI10 foci matured into crossover-competent
foci (Fig. 5A and E), aligning with previously published results
on crossover interference in this line [18, 70].

The mlh1 mutant exhibited significantly shorter ¢is-DCO
distances compared to wild type, indicating reduced in-
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terference (Fig. 5). Notably, cis-DCO distances in mlh1
were not significantly different from those in the HEI10-
overexpressing line, despite an approximately four-fold dif-
ference in crossover numbers between these genotypes. This
suggests that the mechanism of interference reduction in mlh1
is distinct from that in HEI10 overexpression. In mlh1, the
reduction appears to stem from the loss of the primary re-
solvase in the ZMM pathway, while other pathway compo-
nents remain intact [18, 70]. We propose that the main cause
of reduced interference in mlh1 is the altered class I/class
II crossover ratio, driven by the drastic reduction in class I
crossovers.

Based on this conclusion, we hypothesized that interference
in the mlh1 mutant is not abolished because some recom-
bination intermediates, protected by ZMM proteins, are re-
solved into crossovers by alternative nucleases. To test this hy-
pothesis, we compared cis-DCO distances in the 7/h1 mutant
with those in the msh2 fancm zip4 mutant. In this latter mu-
tant, class I crossovers cannot form due to the zip4 mutation,
while class II crossovers are elevated by the loss of the anti-
crossover helicase FANCM and inactivation of the mismatch
sensor MSH2 [10, 41, 55]. Interestingly, despite both mu-
tants exhibit similar fertility and crossover numbers, the msh2
fancm zip4 mutant showed significantly shorter cis-DCO dis-
tances than mlh1 (Fig. 5). This difference arises because class
II crossovers in msh2 fancm zip4 are not subject to inter-
ference. These results support the idea that while crossover
interference is reduced in the mlh1 mutant, it remains
functional.

We also performed extensive genetic interaction studies in-
volving mlh1 and mlh3 in combination with other meiotic re-
combination mutants. By analyzing fertility and chiasma num-
bers, we confirmed that another nuclease partially compen-
sates for the loss of MutLy in mutants lacking MLH1 and/or
MLH3 (Fig. 6). A comparison of meiosis progression reveals
that prophase I in mlh3 lasts three times longer than in msh4
[12, 23]. This extended duration may provide additional time
for an alternative nuclease to repair ZMM-protected recombi-
nation intermediates through crossover formation. The most
obvious candidate for this role is the structure-specific nucle-
ase MUSS81. However, while the milb1 milb3 mus81 mutant
shows a higher frequency of univalents and fewer chiasmata
than the mlbh1 mlh3 mutant, these differences are almost iden-
tical to those observed between zip4 mus81 and zip4 alone
(Fig. 6E and F), likely reflecting the role of MUSS81 that is
independent of ZMM. Among the mutants compared, zip4
mus81 exhibits the highest frequency of univalents and the
lowest number of chiasmata. Therefore, while we cannot rule
out the possibility that MUS81 may partially take on the role
of a resolvase in the absence of MutLy, it is clear that it is not
the sole enzyme fulfilling this function.

Unlike MutLy, other resolvases do not exhibit crossover-
biased resolution and generate crossovers and non-crossovers
at equal frequencies [24, 27]. However, the mlh1-4, mlh3-1,
and mlh1-1 mlh3-1 mutants we analyzed show lower-than-
expected chiasma frequencies, even when accounting for unbi-
ased resolution. This suggests inefficiency in resolving ZMM-
protected intermediates. Therefore, we propose that some re-
combination intermediates are ultimately repaired through
the action of DNA helicases and RTR complexes (RecQ4/
Top3a«/RMI, homologous to human BTR).

We found that the mutation of the anti-crossover DNA he-
licase FANCM significantly mitigates the effects of MutLy
loss (Fig. 6). It is already established that FANCM suppresses
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mutations in zip4 and other ZMM genes [41, 74, 84-86].
However, the findings regarding the mutant lacking MutLy
are particularly noteworthy because the ZMM complexes re-
main fully functional, with only the main resolvase absent. It is
widely accepted that ZMM proteins protect recombination in-
termediates from the actions of DNA helicases and structure-
specific nucleases [6, 27, 87]. Thus, we conclude that in the
presence of ZMM proteins and in the absence of MutLy,
class II crossovers can still occur in regions occupied by
ZMM.

We also examined how increasing the expression of MutLy
components influences crossover frequency. A moderate in-
crease in MLH3 expression resulted in a modest rise in
crossover frequency in both subtelomeric and pericentromeric
regions (Fig. 7). The effect of MLH1 was less pronounced,
indicating that MLH3 may be the limiting factor within the
MutLy complex. This is consistent with the significantly lower
native expression of MLH3 compared to MLH1, as well as
the meiosis-specific nature of MLH3 [23]. Additionally, the
meiotic phenotypes of the single mutants differ, with m2/h3 ex-
hibiting a higher frequency of univalents and rod bivalents
compared to mlh1 (Fig. 6). However, DMC1 promoter-driven
overexpression of either MLH1 or MLH3—unlike PMS1—
resulted in a drastic reduction in both crossover frequency
and plant fertility. Interestingly, we observed deregulation of
both MLH1 and MLH3 gene expression in these lines. How-
ever, it is difficult to definitively determine whether this is
the cause of the decrease in crossover frequency. Recent stud-
ies in yeast have revealed an unexpected interaction between
MLH1-MLH3 and the recombinase DMC1 [88]. It is pos-
sible that premature overexpression of MutLy components
leads to competition with DMC1, thereby restricting proper
strand invasion and/or the formation of early recombination
intermediates. This highlights the need for strict regulation of
MLH1 and MLH3 protein levels during meiosis. In contrast,
our findings suggest that PMS1 does not play a significant role
in meiotic recombination.
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