
Male and female recombination landscapes of diploid
Arabidopsis arenosa

Marinela Duki�c * and Kirsten Bomblies *

Department of Biology, Plant Evolutionary Genetics, Institute of Plant Molecular Biology, ETH Zürich, Zürich 8092, Switzerland

*Corresponding author: Department of Biology, Plant Evolutionary Genetics, Institute of Plant Molecular Biology, ETH Zürich, Zürich 8092, Switzerland.
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Email: kirsten.bomblies@biol.ethz.ch

Abstract

The number and placement of meiotic crossover events during meiosis have important implications for the fidelity of chromosome segre-
gation as well as patterns of inheritance. Despite the functional importance of recombination, recombination landscapes vary widely
among and within species, and this can have a strong impact on evolutionary processes. A good knowledge of recombination landscapes
is important for model systems in evolutionary and ecological genetics, since it can improve interpretation of genomic patterns of differen-
tiation and genome evolution, and provides an important starting point for understanding the causes and consequences of recombination
rate variation. Arabidopsis arenosa is a powerful evolutionary genetic model for studying the molecular basis of adaptation and recombina-
tion rate evolution. Here, we generate genetic maps for 2 diploid A. arenosa individuals from distinct genetic lineages where we have prior
knowledge that meiotic genes show evidence of selection. We complement the genetic maps with cytological approaches to map and
quantify recombination rates, and test the idea that these populations might have distinct patterns of recombination. We explore how re-
combination differs at the level of populations, individuals, sexes and genomic regions. We show that the positioning of crossovers along a
chromosome correlates with their number, presumably a consequence of crossover interference, and discuss how this effect can cause dif-
ferences in recombination landscape among sexes or species. We identify several instances of female segregation distortion. We found
that averaged genome-wide recombination rate is lower and sex differences subtler in A. arenosa than in Arabidopsis thaliana.
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Introduction
Homologous recombination in meiosis is a near ubiquitous fea-
ture of sexual reproduction in eukaryotes and an important fac-
tor in evolution and adaptation. Crossovers (COs) arise during
prophase I of meiosis, the specialized cell division that creates
haploid gametes, via orchestrated processes of DNA breakage,
chromosome coalignment, pairing, and reciprocal exchange of
genetic material between homologous chromosome copies (Page
and Hawley 2003; Gerton and Hawley 2005; Zickler and Kleckner
2015). COs are important in chromosome segregation, forming
physical connections between homologs that hold them together
into metaphase I, until they segregate toward opposite poles in
anaphase I. Both the number and placement of COs affect the ac-
curacy of chromosome segregation and may have substantial
effects on fertility (Koehler et al. 1996; Nambiar et al. 2019;
Altendorfer et al. 2020; Hollis et al. 2020). From an evolutionary
perspective, COs reshuffle genetic variation among parental
chromosome copies, creating novel combinations of alleles that
contribute to diversity upon which selection can act.
Recombination rate measured as a frequency of COs over certain
physical distance is a key parameter in evolutionary and

population genetic models. Therefore, understanding and
explaining recombination rates and patterns across the genome
remains an important pursuit in biology.

It has become clear that recombination rate is not a static

“species-specific” or even “individual specific” parameter, since it
may vary extensively across the genome, and more generally be-
tween populations and sexes, among chromosomes, and even
among different meiocytes within an individual (reviewed in
Smukowski and Noor 2011; Ritz et al. 2017; Stapley et al. 2017).
Nevertheless, when averaged across multiple meioses per indi-
vidual or in a population, it is clear that COs are not distributed

randomly and that some genomic regions act as recombination
“jungles” where recombination rates are high, while others act as
“deserts” where recombination is low (Yu et al. 2001; Nachman
2002). Fine-scale patterns (e.g. hotspots) are mostly species-
specific, but some general trends emerge. For example, a recent
meta-analysis focusing on chromosome-scale recombination

landscapes suggested that in plants and animals, recombination
rates tend to be higher toward distal parts of chromosomes, and
low in chromosome centers (Haenel et al. 2018). In many species,
recombination rate along chromosomes differs between males
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and females (a phenomenon known as heterochiasmy), with
male recombination rate often elevated in the telomeric region,
while female recombination rate is usually more homogeneous
or higher in pericentromeric regions, though this, too, can vary
among species (Brandvain and Coop 2012; Sardell and Kirkpatrick
2020).

Both theory and empirical data support the idea that recombi-
nation can speed adaptation by liberating beneficial alleles from
physically linked deleterious alleles that would otherwise hinder
the effectiveness of directional selection acting on them (“drag”).
Thus, recombination aids both the spread of beneficial alleles as
well as the purging of deleterious alleles (Hill and Robertson
1966; Felsenstein 1974; Maynard Smith and Haigh 1974;
Kondrashov 1982; Colegrave 2002; Otto and Lenormand 2002;
Morran et al. 2009; McGaugh et al. 2012). On the other hand, re-
combination can also have costs. It can be directly mutagenic
(Pessia et al. 2012; Halldorsson et al. 2019) or can break up benefi-
cial associations of alleles (reviewed in Webster and Hurst 2012).
By influencing the efficiency of selection in different genomic
regions, recombination rate variation may influence patterns of
genetic polymorphism across the genome. Thus, for any given
model system for evolutionary genetics, it is important to under-
stand the extent and distribution of CO events across the ge-
nome, as good knowledge of recombination landscapes provides
guidance for interpretation of polymorphism patterns, differenti-
ation in specific genome regions, and in some cases, to correct for
recombination rate variation in genome-wide scans for selection
(Berner and Roesti 2017; Booker et al. 2020). On a more practical
level, understanding recombination landscapes is also important
for predicting how alleles located in particular chromosome
regions might respond to selection and how well traits can be
separated by natural or artificial selection (Tourrette et al. 2019).

Because of its effects on the efficiency of selection, it is possi-
ble that both local and genome-wide recombination rate (GWRR)
itself is targeted by selection. For example, there is now good evi-
dence, both from theory and empirical data, that selection may
modulate recombination landscapes in response to intrinsic fac-
tors such as genome size and architecture, or to extrinsic factors
such as habitat, parasite load, antagonistic sexual selection in
animals, or gametic selection imposed by mating strategy, espe-
cially in plants (Pál and Hurst 2003; Roze and Lenormand 2005;
Ross-Ibarra 2007; Kerstes et al. 2012; Bomblies et al. 2015;
Henderson and Bomblies 2021). How this modulation is achieved
is less clear, however, several cis and trans acting genic features
have been associated with recombination rate variation so far
(reviewed in Lawrence et al. 2017).

To investigate the causes and consequences of recombination
rate variation, a detailed characterization of recombination land-
scapes across different levels of biological organization and phy-
logenetic relatedness are needed. This can be done through
multiple approaches, each with strengths and weakness
(reviewed in Pe~nalba and Wolf 2020). One of the most informative
is to follow coinheritance of genetic markers to progeny of a con-
trolled (experimental) cross (Lander and Green 1987; Van Ooijen
2011). This enables the construction of a linkage map, as well as
localization and quantification of COs, and an estimation of re-
combination rates both genome-wide and locally.
Complementing such genetic estimates of recombination rate
with cytology can be useful as it enables direct observation of chi-
asmata (cytological manifestations of CO). This method allows
inclusion of events that may be missed in the genetic approach,
e.g. COs located in extreme terminal regions. On the other hand,
cytological estimates are less accurate for estimating position

and can miss closely spaced COs, thus comparing data from both
approaches is useful.

Here, we provide the first analysis of recombination landscape
in Arabidopsis arenosa, a close relative of Arabidopsis thaliana, and
an emerging evolutionary model system within the Arabidopsis
genus that has been successfully used e.g. to study adaptation to
whole-genome duplication and a variety of habitats (e.g. Yant
et al. 2013; Arnold et al. 2016; Baduel et al. 2016, 2018; Monnahan
et al. 2019; Knotek et al. 2020; Bohut�ınská et al. 2021b). In addi-
tion, the biogeography of A. arenosa is well characterized (Arnold
et al. 2015; Kolá�r et al. 2016; Monnahan et al. 2019), and it is an
obligate outcrosser, which is a strength for evolutionary studies
(Yant and Bomblies 2017). There is also evidence that meiotic
genes with known effects on recombination rate in other species,
have been under selection in at least two A. arenosa lineages:
First, genome scans designed to identify genes important for ad-
aptation to whole-genome duplication, found that many genes
with strong signatures consistent with directional selection en-
code meiosis proteins with known effects on recombination
(Hollister et al. 2012; Yant et al. 2013). Second, some of the genes
that appear to be under selection to stabilize meiosis in the tetra-
ploid lineage (Yant et al. 2013; Morgan et al. 2020), also show sig-
natures of selection in genome scans for selection in diploid
populations from the Pannonian Basin, which is warmer and
drier than the temperate sites the majority of diploids inhabit
(Wright et al. 2015; Bohut�ınská et al. 2021). One of these genes,
which encodes the meiotic kleisin subunit of cohesin (REC8/
SYN1), has been previously implicated in GWRR variation in ani-
mals (Sandor et al. 2012; Johnston et al. 2016) and also as one of
the determinants of recombination landscape in plant A. thaliana
(Lambing et al. 2019; Lambing et al. 2020), suggesting the possibil-
ity that there might be recombination rate or landscape differen-
ces between diploid A. arenosa lineages.

Here, we used complementary genetic and cytological
approaches to characterize recombination rate variation between
populations, sexes, and individuals from 2 ecologically and ge-
netically distinct diploid populations of A. arenosa. We generated
the first linkage map and analysis of recombination landscapes
for A. arenosa, which will help guide our understanding of poly-
morphism in the A. arenosa genome, contextualize studies of ad-
aptation, and provide an important resource for further genome
sequencing efforts. Our analysis shows that recombination rate
and CO placement are tightly correlated, likely via an effect of CO
interference, and that this can have a strong effect on the recom-
bination landscape and its variation among species and sexes.
We find that in contrast to the closely related A. thaliana, there is
little difference between male and female recombination in
A. arenosa. We also identified regions of the genome with strong
segregation ratio distortion (SRD), particularly from the female
side, one of which coincides perfectly with a region previously
identified as causing deleterious effects in homozygotes from the
same population (Barragan et al. 2021). We also find that the ge-
netic maps of A. arenosa and Arabidopsis lyrata are almost per-
fectly colinear. Finally, we discuss how cytological and genetic
estimates of recombination rate compare, and how the patterns
of variation in CO landscape compare with findings in other plant
species, especially the self-fertilizing relative, A. thaliana.

Materials and methods
Mapping crosses
Seeds were nondestructively sampled from two populations:
SNO, a representative of the West Carpathian lineage from
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Stre�cno castle, Slovakia (49�1002700N, 18�5104200E), and SZI, a repre-
sentative of the Pannonian lineage (Monnahan et al. 2019) col-
lected from Szigligeti vár castle, Hungary (46�4802400N,
17�2600400E). Plants were grown in the lab from the collected seeds
in long-day conditions (16 h light, 20�C/8h dark, 18�C). We vernal-
ized 4-week-old plants for 8 weeks in short-day conditions (6�C,
8 h light/16 h dark) and then returned them to long days. We
sampled 5 plants from each population for cytological analysis of
male meiosis (see below). A randomly chosen individual from
each population was designated as a parent for reciprocal F1 pop-
ulations: SNOxSZI-F1, in which SNO was the female parent, and
SZIxSNO-F1, in which SZI was the female parent (Supplementary
Fig. 1).

ddRAD sequencing
Leaves from the two parent plants (Supplementary Fig. 1), and
120 F1 offspring from each reciprocal mapping population (for a
total of 240 F1 individuals), were used for DNA extractions using
the NucleoSpin Plant II, Mini kit (Macherey-Nagel, Germany). The
concentration was measured using a Qubit fluorometer (Thermo
Fisher Scientific, USA) and the integrity of DNA for each sample
was assessed by DNA gel-electrophoresis. 212 F1 individuals
passed quality control, 16 of which were sequenced twice as tech-
nical replicates. Each parent was represented by three indepen-
dent extractions, of which one sample for each parent was
sequenced twice (technical replicates were used to estimate error
rates). The final 236 samples were randomly distributed into four
sequencing libraries of 48 samples each and one with 44; DNA
concentration was normalized to 20 ng/ml.

Sequencing libraries were prepared following the ddRAD se-
quencing protocol (Peterson et al. 2012) with several modifica-
tions: we used 200 ng of genomic DNA from each sample for
digestion with 10 units of EcoRI-HF and TaqI-v2 restriction
enzymes (New England Biolabs, USA) for 1 h at 37�C and for 1 h at
65�C. Forty-eight uniquely barcoded adapters (P1) were ligated to
the EcoRI-HF overhangs and general biotinylated adapter (P2)
was ligated to the TaqI overhang, both with T4 DNA ligase (New
England Biolabs, USA). Barcoded samples from each library were
pooled into their respective library pool and subjected to two se-
lection steps: (1) size selection for �550 bp fragment length using
AMPure XP beads (Beckman Coulter, USA) and (2) selection for
biotinylated fragments using streptavidin coated DynabeadsTM
M-270 (Invitrogen, USA). Finally, each library was divided into
four aliquots (to minimize PCR duplicates) and subjected to 8-cy-
cle library-PCR using KAPA HiFi HotStart DNA Polymerase
(Roche, Switzerland) to enrich libraries for selected fragments
while adding Illumina specific indexes and flow cell annealing
sequences (incorporated in PCR primers). For each library, unique
index sequence was used to allow subsequent pooling. Libraries
were sequenced using lllumina NovaSeq, generating 150-bp
paired-end reads (Novogene, Cambridge, UK).

On average, 388 million reads were obtained per sequencing li-
brary. Raw reads were sorted and trimmed using the Stacks v2.5
software component “process.radtags” (Rochette et al. 2019),
retaining on average 9.5 million reads per sample. Next, each in-
dividual sample was aligned to A. lyrata reference genome (v2.1;
Rawat et al. 2015) using BWA (Li and Durbin 2009), retaining only
alignments with quality score larger than 10. On average 98% of
reads were successfully aligned and 74% had a properly paired
mate. Since parental samples were replicated multiple times, we
chose the 2 samples with the best quality and alignment statis-
tics in further analysis with Stacks v2.5 software (Rochette et al.
2019). Using the default parameters, SNP calling and catalog loci

construction was done with the “gstacks” program within Stacks
v2.5. The “populations” program was used with default settings
(-t 24 and -p 2) for genotyping and exporting “CP map type”
genotypes.

Marker selection
For each mapping population, 27,190 loci were extracted as com-
pliant with the cross-pollinator (“CP”) map type. For replicated F1

individuals, the sample with fewer missing genotypes was
retained. Only loci that had fewer than five missing genotypes
(i.e. successfully sequenced in more than 95% of F1 offspring)
were retained. Finally, 4573 and 4562 loci were imported into
JoinMap v4.1 (Van Ooijen 2006, 2011; Kyazma, Wegeningen, NL)
as makers for the SNOxSZI-F1 and SZIxSNO-F1 mapping popula-
tion, respectively. Putative markers were designated for the con-
struction of linkage maps using the pseudo-testcross mapping
strategy, i.e. maternal and paternal maps were constructed sepa-
rately and for each parent, where only loci that were genotyped
as heterozygous in the focal parent were considered as informa-
tive for map construction. Pairwise comparison of genotype calls
in replicated individuals, for loci that were retained after filtering
for missing data, were used to estimate the expected genotyping
error rate.

Map construction
Using the software JoinMap v4.1 (Van Ooijen 2006), we inferred
linkage phases and deviations from the expected 1:1 segregation
ratio in the F1 offspring for each map. At this point, it became
clear that a large number of loci showed SRD. While it is common
practice to remove SRD loci from further analysis, we were inter-
ested in analyzing them further, and hence we retained them in
the dataset, though we considered them with additional caution
(see SRD analysis below).

The logarithm of odds (LOD) threshold for grouping was deter-
mined by inspecting the grouping tree for branches that had a
stable distribution of markers in eight major linkage groups (LG)
corresponding to the eight chromosomes of A. arenosa. At
LOD¼ 10, more than 90% of loci for the male and female SNO
maps, and more than 70% of markers for the SZI male and fe-
male maps were grouped into 8 LGs. We identified highly homo-
zygous genomic regions in the SZI and SNO parent using the
bcftools (“roh” command; Narasimhan et al. 2016) and found that
unmapped loci coincided with long stretches of homozygosity in
the SZI parent (Supplementary Fig. 2). These homozygous paren-
tal loci were annotated as mappable in the CP map type by the
“populations” program in Stacks v2.5 (Rochette et al. 2019), most
likely because they were heterozygous in the other parent. They
were easily identified by their extreme segregation pattern (due
to parental homozygosity) and excluded from further analysis as
uninformative. Nevertheless, this prompted us to do an addi-
tional check of haplotypes for loci that were included in the map.
We confirmed that for mapped loci, each locus was indeed het-
erozygous in the focal parent, and thus informative for genetic
mapping.

Preliminary parental maps for each mapping population were
generated using the maximum likelihood algorithm with default
settings in JoinMap (Van Ooijen 2011). The mapping indicated
near-perfect colinearity of A. arenosa with the A. lyrata genome,
since each of the 8 LGs was populated mainly by the markers
that aligned to a single A. lyrata scaffold. Therefore, LGs were
numbered to correspond to the numbering of A. lyrata scaffolds.

In comparison to estimates of CO numbers per meiosis based
on cytology data (see Cytological assessment of CO numbers),
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our preliminary genetic maps were up to 50% longer than
expected, suggesting the presence of genotyping errors, which
are known to substantially inflate genetic map length (Hackett
and Broadfoot 2003). Therefore, the marker order within each LG
and the correctness of genotypes were inspected visually and cu-
rated manually. Within a single recombination bin (group of
markers with the same segregation pattern), markers were or-
dered according to the alignment to A. lyrata genome. Genotypes
that would suggest biologically unlikely double CO events across
3 adjacent markers, were corrected into missing values (e.g. A-B-
A -> A-‘–’-A). Isolated instances of SRD markers with segregation
pattern completely unrelated to the linked markers were also re-
moved from the dataset as these likely represent RAD-Seq
“dropout” alleles (Arnold et al. 2013; Gautier et al. 2013). On aver-
age 1.5% of markers were removed for quality concerns, and
0.01% of genotypes were corrected to missing values. Final orien-
tation of markers within the LG was set to correspond to the ori-
entation in the A. lyrata genome. The corrected data set was
imported back to JoinMap and genetic distances between
markers were re-calculated using both Haldane’s and Kosambi-
corrected mapping functions, while keeping the marker order
fixed. Since the difference between Haldane’s and Kosambi’s
mapping functions were insignificant [on average 1.2 cM (1.8%)
difference per LG], we based our further analyses on the values
obtained with Haldane’s mapping function, which is the default
output of the JoinMap software.

Parental maps were used to construct the composite map of
A. arenosa and of each respective population with the LPmerge
software (Endelman and Plomion 2014). LPmerge merges maps
based on linearity rather than on recombination frequency. This
approach is applied to minimize the mean absolute error be-
tween the composite map and the linkage maps while ensuring
that the ordering of markers in LGs is preserved. We chose the
maximal interval level (parameter k) for each LG that resulted in
the lowest root-mean-squared error between the consensus and
the linkage map, also taking into account the estimated consen-
sus map length. The resulting composite maps did not reveal any
major conflicts in marker positions between the maps. However,
curating composite maps to take advantage of the physical infor-
mation as well is not possible, so they suffer imprecisions in the
marker order compared to parental maps.

Segregation ratio distortion analysis
For markers that were included in the linkage map, significant
deviations from the expected Mendelian ratios were calculated in
JoinMap (v2 with 1 degree of freedom, a ¼ 0.05). Since our map-
ping populations are on the smaller side (99 and 107 individuals),
we applied stringent criteria to differentiate significant instances
of SRD from deviations that might occur by chance (following
steps suggested by Coulton et al. 2020). We adjusted significance
threshold (a) to account for multiple testing in 16 genomic
regions, corresponding to 16 chromosome arms. Therefore, we
used a threshold of 0.05/16� 0.003 (v2 ¼ 8.8, df ¼ 1) to consider an
SRD region as biologically meaningful. Regions with several con-
secutive markers showing SRD above the significance level, were
considered meaningful.

Estimating basepair distances
We took advantage of the high level of colinearity between
A. lyrata and A. arenosa (as found in this study, see Results) to esti-
mate basepair (bp) distances between markers and the cumula-
tive lengths (in Mb) of each LG. To do so, we considered the
alignment positions of markers to the A. lyrata genome whenever

the marker order was fully correspondent to their order in A. lyr-
ata. We adjusted our estimates and cumulative physical distance
calculations in the regions where inversions or translocations
were detected as follows: (1) where a marker from one A. lyrata
scaffold mapped between markers from another scaffold, we as-
sign that marker a mid-point position between adjacent markers
with known distances. (2) In the case of an inversion, the distan-
ces between markers within the inversion were calculated based
on alignment position, while distances between the inverted
region’s terminal markers was calculated based on the distance
between the terminal marker and its adjacent marker in A. lyrata
assembly (i.e. without the inversion). (3) We also identified two
translocations [3 Mb from the end of A. lyrata scaffold 1 mapping
into A. arenosa scaffold 2 (S1; S2); and the complete unmapped A.
lyrata scaffold 9 mapped into A. arenosa scaffold 7 (S9; S7)], both
corresponding to the centromeric gap of the recipient LG. Since
both segments were previously indicated as errors or regions of
uncertainty in the A. lyrata assembly, and linked to centromeric
regions (Slotte et al. 2013; Rawat et al. 2015; Burns et al. 2021), we
treated them as a bridge for the centromeric gap, rather than
adding the whole size of the translocation to the centromeric
gap.

Estimating recombination rates
GWRR was estimated by dividing the genetic length of the com-
posite A. arenosa linkage map with the estimated size of A. arenosa
genome [from 1C value of 0.2 pg, estimated by flow cytometry
(Lysak et al. 2009) of diploid A. arenosa, corresponding to a ge-
nome size of 196 Mb]. Male and female GWRR for each population
was calculated by dividing the length of each parental genetic
map by the estimated genome size and by the portion of the ge-
nome covered with the map, to account for e.g. the 10-Mb region
in scaffold 6 that was not included in the SZI maps due to the
lack of informative heterozygous markers. Similarly, the recom-
bination rates for each LG (chromosomal recombination rates)
were approximated by dividing the genetic length of the respec-
tive LG with the estimated physical length that was based only
on markers included in our maps.

Marey maps (plotting genetic against estimated physical dis-
tances; Rezvoy et al. 2007) were used to visualize variation in re-
combination rate along LGs in each map. Furthermore, the local
recombination rate was calculated for overlapping 1-Mb windows
in R (“windowscanr” package, window size 1 Mb, step size 0.5 Mb;
https://github.com/tavareshugo/WindowScanR) by dividing the
genetic distance within each window with its length in Mb. The
results were plotted against estimated Mb position in the chro-
mosome and the general trend in recombination rate variation
for each map was visualized by fitting a smoothing spline with
the degrees of freedom adjusted based on the number of data-
points. Finally, to summarize the trends in recombination rate
relative to distance from the putative centromeric regions across
all LGs, we divided our dataset into short and long chromosomal
arms, and plotted 1-Mb window-based recombination rate
against relative physical position. Putative centromere position
was estimated based on Hu et al. (2011) and alignment gaps of
RAD-loci to A. lyrata genome (e.g. Supplementary Fig. 2) that was
used as a reference in this study. Relative physical position was
calculated for each LG by dividing the original physical position
(with centromeric gap being the position 0) within the chromo-
somal arm by the length of the chromosomal arm
(Supplementary File 2). The general trend was depicted by fitting
the smoothing spline (df¼ 16 for short arm and df¼ 28 for long
arm).
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Crossover distribution analysis
We assessed distribution of COs along chromosomes with one
and with two COs using the statistical software package CO
Distribution Analyzer (CODA, Gauthier et al. 2011). Since CODA
handles only segregation data from the population type “F2 back-
cross” where linkage phases are known, we converted our data
based on the linkage phase information from JoinMap to properly
represent the recombination intervals. In each LG, markers were
converted to one phase (f0g or f1g) by inverting markers that
were in different phase; heterozygotes to homozygotes and vice
versa. All homozygote segregation types were marked as “A” and
all heterozygote segregation types were marked with “B.” The seg-
regation data from each LG and each map were imported into
CODA and analyzed separately. LG4, LG6, and LG8 were excluded
due to mapping gaps in SZI. The frequencies of COs in each ana-
lyzed genetic interval (10% of the total genetic length) were
extracted. For pooling the data from all LGs for each map, LG1,
LG3, and LG7 were inverted so that the relative position of zero
represented the beginning of the short (p) arm, while the value of
1 represented the end of the long (q) arm, ensuring that all LGs
had matching orientation of short and long arms. CO frequency
for each interval, on chromosomes with one or two COs, were
plotted against relative genetic position and the polynomial re-
gression was fitted to the map-specific dataset.

Cytological assessment of CO numbers
Metaphase spreads were prepared as in Morgan et al. (2020) and
imaged on a Zeiss observer Z1 confocal microscope (Zeiss,
Germany) with DAPI filter and 100 X magnification. Each meta-
phase I spread was scored by assigning bivalent morphology into
4 categories (rod “l,” bowtie “ł,” cross “þ” and ring “O”) which are
used to approximate the minimal number of chiasmata (cytologi-
cal manifestation of CO event) and their location on the chromo-
some relative to the centromere (proximal, interstitial or distal)
as described in (Moran Sanches et al. 2001; Morgan et al. 2020).
This scoring process was done “single-blind,” i.e. after imaging all
slides, the population and individual information were temporar-
ily removed and images labeled with random numbers to mini-
mize biases in scoring.

Results
Arabidopsis arenosa genetic maps
Using a reduced-representation sequencing approach (ddRAD;
Peterson et al. 2012), we genotyped 1,59,982 loci (each harboring

on average 1.7 variant sites) across two groups of F1 progeny gen-
erated from reciprocal crosses between two diploid A. arenosa
individuals. The parent plants originate from the genetically and
ecologically distinct SNO and SZI populations (see Materials and
Methods). After filtering for missing data and quality, 3,883
markers were mappable in a cross-pollinator (CP) map type for
the SNOxSZI-F1 population (n¼ 99 individuals; SNO female par-
ent), of which 2,963 and 1,400 were informative for generating
SNO female and SZI male maps, respectively. For the SZIxSNO-F1

population (n¼ 107 individuals; SZI female parent) 3,880 markers
were mappable, with 2,948 informative for the SNO male map
and 1,478 for the SZI female map (Table 1). Fewer than 10% of
markers were included in maps from both populations (heterozy-
gous in both parents). Genotyping error rate, calculated from ge-
notype differences between technical replicates, was low in both
mapping populations (maximum of 0.26% for SNO and 0.32% for
SZI population). The 2-fold difference in the number of informa-
tive markers available for the construction of SNO compared to
SZI maps, is due to high levels of homozygosity of the SZI parent.
The longest runs of homozygosity (ROH) in the SZI individual
comprised the first 10 Mb of scaffold 6; this and several smaller
regions were thus missing from the final SZI maps (gray bars
Fig. 1 and Supplementary Fig. 2).

Overall, 99% of informative markers for each map were suc-
cessfully mapped into 8 LGs, corresponding to the 8 chromo-
somes of A. arenosa. Markers were distributed into an average of
477 and 348 bins (clusters of cosegregating loci, i.e. markers with
the same genetic position), for SNO and SZI, respectively (Table 1
and Supplementary File 1). The estimated map length (in centi-
morgans; cM) varied from 490.98 cM for the SZI female map to
579.50 cM for the SNO male map (Table 1), with a sex-averaged
length of 556 cM for SNO and 512 cM for SZI. As our maps showed
that synteny between A. lyrata and A. arenosa is near-perfect (see
below), we numbered LGs to coincide with A. lyrata scaffolds
(A. lyrata genome v2, Rawat et al. 2015). Except for LG6, LG4, and
LG8, which have missing data because terminal regions were not
covered for SZI, there are no significant differences in LG length
between the SZI and SNO maps (Table 1). The median LG length
is 61 cM for female maps and 66 cM for male maps in both popu-
lations. Despite the substantial difference in the total number of
mapped markers in each population, the average interval be-
tween bins, denoting map density, is comparable: 1.16 cM for the
SNO maps, and 1.47 cM for the SZI maps. Composite maps for
each population and the species were constructed and we did not
identify any major regions that are in conflict between the SNO

Table 1. Summary of each genetic map.

Map SNO female SNO male SZI female SZI male Composite A. arenosa

LG No.
marker

No.
bin

Genetic
length
(cM)

No.
marker

No.
bin

Genetic
length
(cM)

No.
marker

No.
bin

Genetic
length
(cM)

No.
marker

No.
bin

Genetic
length
(cM)

No.
marker

No.
bin

Genetic
length
(cM)

LG1 490 71 83.01 496 83 93.92 331 66 82.65 310 58 85.34 771 194 83.67
LG2 290 55 60.44 284 49 61.74 175 51 65.61 169 48 81.68 435 109 65.77
LG3 394 49 56.39 418 72 82.45 215 48 67.77 194 49 73.23 582 139 70.76
LG4 359 50 59.51 353 58 62.51 70 30 50.22 65 27 58.88 442 115 61.72
LG5 274 57 62.51 286 51 60.73 174 47 65.60 162 37 58.99 429 113 62.44
LG6 415 61 72.81 415 66 71.00 88 34 48.65 96 29 38.06 515 130 71.85
LG7 377 56 61.37 387 71 87.45 244 47 57.92 222 59 76.14 575 154 69.09
LG8 290 49 76.45 309 56 59.66 99 36 52.52 98 30 61.60 400 100 61.51
Total 2,889 448 532.51 2,948 506 579.50 1,396 359 490.98 1,316 337 533.97 4,149 1,054 546.83

“No. markers” presents the number of markers that were successfully genotyped and informative for a specific genetic map construction. “No. bin” is a number of
clusters of markers that have a unique segregation pattern. “Genetic length” is based on cumulative genetic distances calculated using Haldane mapping function.
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and SZI maps, suggesting no major rearrangements or gross

structural variation differentiate these genotypes (Fig. 1). Fine-

scale structural variation between such highly diverged popula-

tions is very plausible, but is likely below the resolution of our

comparisons. Based on the size of the diploid A. arenosa genome,

previously estimated by flow cytometry at 196 Mb (Lysak et al.

2009, see Materials and Methods), and the high colinearity with

the A. lyrata genome (this study), we estimate that our genetic

map markers covered 98% of genome (193 Mb; including

the centromeric gaps) in SNO and 89% (174 Mb) in SZI

(Supplementary File 1).
The order of markers in the constructed A. arenosa genetic

maps was almost perfectly colinear with the A. lyrata reference

genome (Fig. 2), with the exception of 5 genomic re-

arrangements: (1) the terminal 3-Mb region of A. lyrata scaffold 1

mapped to LG2 in A. arenosa, (2) the largest unassembled scaffold

in the current A. lyrata reference, scaffold 9, mapped to LG7 in

A. arenosa, inverted order of markers in A. arenosa relative to A.

lyrata in (3) the terminal 3 Mb of LG3, (4) the terminal 4 Mb of LG7,

and (5) another smaller (0.7 Mb) inversion detected within LG4.

The detected re-arrangements are most likely not A. arenosa spe-

cific, and could represent errors or uncertainties in the current A.

lyrata assembly (see Discussion). Besides these re-arrangements,

placement of only 2.5% of isolated markers on average for each

map, did not match with their expected order based on the A. lyr-

ata genome (scattered datapoints in Fig. 2). These might corre-

spond to small-scale rearrangements between the species.

Segregation ratio distortion
In three out of the four sex-specific genetic maps, we detected

several genetic regions (groups of linked markers) with significant

SRD (a¼ 0.003, v2¼ 8.8). This was most prominent in female

maps, with 4% of markers showing significant SRD in SNO and

6.8% in SZI. In contrast, only 0.2% of markers displayed SRD in

the SNO male map, and none in the SZI male map. Markers with

SRD encompass genomic regions spanning several Mbs

(Supplementary Fig. 3). These regions include large fractions of

LG6 and LG8, as well as the smaller fraction of LG5 in the SNO fe-

male map, and a large region at the beginning of LG7 in the SZI

female map (Fig. 3). The distorted region on LG6 on the SNO map

corresponds to the region that is unmappable in SZI (due to ho-

mozygosity of the parent). Interestingly, this region overlaps per-

fectly with a region shown previously to cause strongly

deleterious phenotypes when homozygous in SNO (Barragan
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informative markers (Supplementary Fig. 2).

6 | GENETICS, 2022, Vol. 220, No. 3

https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab236#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab236#supplementary-data


A. lyrata genome (expected posi)

G
en

 M
ap

 (
ob

se
rv

ed
 p

os
i)

scaf_1

scaf_2

scaf_3

scaf_4

scaf_5

scaf_6

scaf_7

scaf_8

scaf_9

LG1

LG6

LG5

LG4

LG3

LG2

LG8

LG7

Fig. 2. Colinearity between A. arenosa genetic map and A. lyrata reference genome. Markers aligning to 9 largest scaffolds of A. lyrata reference are
marked in different colors and the scaffold borders are delineated with black vertical lines, while the borders of LGs are delineated with black
horizontal lines. The expected position (x-axis) is based on the order of markers from how their align to A. lyrata reference genome, and the observed
position (y-axis) is based on order of markers according to their recombination frequency in A. arenosa SNO female (genetic mapping presented in this
study). Blue arrows indicate translocations and purple arrows indicate inversions.

M. Duki�c and K. Bomblies | 7



et al. 2021; see Discussion). One region on LG3 nears, but does not

exceed, the significance threshold in the SNO male map (Fig. 3).

No regions are distorted in both males and females, and no

regions were distorted in both genotypes.

Characterizing recombination in A. arenosa
Crossover number and position
We first made cytological estimates of CO rates by analyzing bi-

valent shapes in metaphase I spreads of male meiocytes (pollen

mother cells; PMCs), as described previously (Moran Sanches

et al. 2001; Morgan et al. 2020). In brief: Ring-shaped “O” bivalents

are assumed to contain at least 2 COs, 1 on each arm (Fig. 4, a

and b), while bivalents with only a single CO have more elongated

shapes, that fall in 3 different categories. Rod “I” bivalents, where

protrusion of chromatin is not visible are interpreted as having a

single CO located distally. Cross “þ” bivalents are interpreted as

having a single CO proximal to the centromere, causing clearly

visible protrusions of chromatin. The bowtie “ł” configuration is

between the 2 extremes, suggesting an interstitial chiasma

(Fig. 4, a and b).
In total, we scored bivalent categories, initially blinded to ge-

notype, in 165 PMCs from four SNO individuals (28 to 59 PMCs

per individual) and 250 PMCs from five SZI individuals (26 to 83

PMCs per individual). We estimated the proportions of the shapes

among the total scorable chromosome set per meiocyte, and

then averaged across all meiocytes sampled per individual and

population (Fig. 4c and Supplementary File 3). Population mean

chiasma estimates did not differ significantly between the SNO
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and the SZI populations (t-test, P¼ 0.35; Fig. 4d—left panel).
However, within each population, estimates of CO/bivalent var-
ied among individuals; ranging from 1.25 to 1.36 in the SNO popu-
lation (mean¼ 1.3), and from 1.19 to 1.36 in the SZI population
(mean¼ 1.28; Fig. 4d—left panel; Supplementary File 3:
Supplementary Table 1). This among-individual variability
reminds that estimates based on single individuals should not be
taken as representative of an entire population.

The overall proportions of different metaphase I bivalent con-
figurations were similar between populations (Fig. 4c). Rings were
rare compared to single-CO bivalents. Among single-CO biva-
lents, bowties were the most abundant and rods the least repre-
sented. The ratio of rod to cross-shaped bivalents was
significantly higher in the SZI population (as estimated from indi-
vidual means, t-test, P¼ 0.015, Supplementary Fig. 4). However,
taken as a proportion of the total number of bivalents with a sin-
gle CO, the difference is not significant (t-test, P¼ 0.096,
Supplementary Fig. 4). Taken together these data suggest that in
both populations, a great majority of chromosomes experience
only one CO that is preferentially located in the central (intersti-
tial) region of one of the chromosomal arms. However, outside of
the central region, there is a slightly higher preference for distal
COs in the SZI population, suggesting there may be subtle differ-
ences in the recombination landscape between populations. We
note that a previous study on A. arenosa tetraploids indicated that
bivalent shapes might not be fully indicative of CO positioning,
but may rather result at least in part from differences in chroma-
tin compaction (Morgan et al. 2020). But here, the estimates
based on two different approaches (metaphase I spreads and ge-
netic mapping) were more consistent with each other than the
results previously reported in tetraploids (see below).

We also estimated CO numbers in male and female meiosis
from marker segregation data approximating that one CO con-
tributes 50 cM of genetic distance. This yielded an estimate of ap-
proximately 11 COs per meiocyte in A. arenosa diploids,
translating to 1.36 COs per chromosome (n¼ 8), which is in close
agreement with our cytological estimates. In both populations,
male maps are approximately 8% longer than female maps, sug-
gesting higher levels of recombination in male meiosis. The esti-
mated number of COs per chromosome is 1.45 in male and 1.33
(1.31 after excluding the truncated LG6) in female meiosis of the
SNO parent, and similarly, 1.33 (1.41 when LG6 is excluded) and
1.23 (1.26 when LG6 is excluded) in male and female meiosis of
the SZI parent, respectively (Fig. 4d—right panel). There is a
slight, but significant difference in CO numbers between the SNO
and the SZI parent (paired t-test. P¼ 0.02), that also holds true
after excluding LG6 (paired t-test, P¼ 0.03).

The distribution of COs (detectable as recombination break-
points) along each LG from segregation data showed interesting
trends when we consider the relationship between CO placement
and CO number: on chromosomes with single COs, CO frequency
is highest within the central (interstitial) parts of each chromo-
some. In contrast, when there are 2 COs per chromosome, these
are placed more distally (Fig. 5), leading to a pattern that appears
similar to the “periphery-bias” widely observed for eukaryotes
with longer chromosomes (Haenel et al. 2018). This observation
suggests that this pattern arises from an interaction of chromo-
some length and the effect of CO interference, such that in spe-
cies with short chromosomes (<30 Mb), like A. arenosa, most
chromosomes have only single COs, but when two are present,
they are found near the chromosome tips (see Discussion). No
significant differences were observed between populations or
sexes in these trends.

Recombination rate variation across
the A. arenosa genome
Taking advantage of colinearity between the A. arenosa genetic
maps and the A. lyrata reference genome, we inspected how re-
combination varies along the DNA length (recombination rate
expressed in cM/Mb) in A. arenosa. We estimated an average
GWRR (GWRR) of 2.8 cM/Mb (see Materials and Methods), with val-
ues ranging from 2.51 cM/Mb in SZI female to 2.96 cM/Mb in SNO
male. In both populations, slightly higher levels of recombination
were found in male meiosis (Table 2).

The recombination rate is far from uniform along chromo-
somes. Plotting local recombination along the chromosomes
(Fig. 6 and Supplementary Fig. 5), revealed substantial variation
across the genome. Local recombination rate, estimated in over-
lapping 1 Mb windows along the chromosome (Supplementary
File 2), varied from 0 to 25 cM/Mb with a median value of 2.9
cM/Mb in female and 3.02 cM/Mb in male maps, with recombina-
tion rate sharply sinking to minimal values in the regions flank-
ing the presumed centromere positions (Supplementary Fig. 5).
Therefore, we visualized the overall trend of recombination rate
variation relative to the distance from the centromere for the
short (p) and the long (q) arm separately (Fig. 7 and
Supplementary File 2). The highest levels of recombination are
observed in central regions of the long arm, with a shift in local
maxima between the SNO and SZI population. This corroborates
our cytological findings regarding the broad differences in recom-
bination landscape between the 2 populations, and confirms that
metaphase I spreads can be used reliably to estimate CO num-
bers and positioning in A. arenosa diploids.

Discussion
The profound effects that heterogeneity of recombination rate
may have on genome evolution and population genetic analysis,
highlight the importance of characterizing the recombination
landscape in model systems for evolutionary genetics. Here, we
combined cytology and genetic mapping to assess variation in re-
combination rate (and segregation distortion) between individu-
als, sexes, and across the genome of two genetically distinct
diploid populations of A. arenosa. In the process, we created the
first linkage map for this species, which will serve as a foundation
for further advancing of genomic resources and adaptive geno-
mics studies in this system. More generally, the detailed charac-
terization of recombination landscape in A. arenosa diploids
enables direct comparison of recombination patterns with other
species.

A linkage map for A. arenosa
The high-density linkage map for A. arenosa presented here
is based on a cross between diploid individuals sampled from
2 genetically diverged populations. These are representatives of a
genetic lineage from the West Carpathian Mountains (SNO) and a
genetic lineage from the Pannonian Basin (SZI), described previ-
ously (Wright et al. 2015; Monnahan et al. 2019). The SNO popula-
tion is the closest diploid relative of the autotetraploid lineage of
A. arenosa (Arnold et al. 2015). Because we did not apply the stan-
dard procedure of eliminating cosegregating markers that are re-
dundant for map construction, we increased coverage of the
genome, allowing detailed analysis of genome colinearity be-
tween A. arenosa and its sequenced sister-species, A. lyrata. This
was especially important since the published A. lyrata genome
(Hu et al. 2011; Rawat et al. 2015) has served as a reference in all
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population genetic studies of A. arenosa to date (e.g. Yant et al.
2013; Wright et al. 2015; Baduel et al. 2018; Monnahan et al.
2019), thus the almost perfect collinearity of A. arenosa and
A. lyrata, confirms that this practice was reasonable. This genetic
map and description of recombination rates will serve as an im-
portant resource for generating a high-quality reference genome
for A. arenosa, and for further interpretation of genome scans for
selection.

Recombination rates and patterns in A. arenosa
As noted in the introduction, previous studies suggested direc-
tional selection in the Pannonian lineage of diploid A. arenosa
(here represented by SZI), acting on meiotic genes that are known
to affect homolog pairing and the recombination landscape in
other species (Wright et al. 2015; Bohut�ınská et al. 2021).

However, we found only subtle differences in broad-scale
recombination landscape between the representative popula-
tions of the Pannonian and West Carpathian linage, and thus it
remains unclear what the consequences of divergence at these
loci may be.

Cytological estimates of CO numbers and their distribution
along the chromosomes are in good agreement with trends
revealed by genetic mapping. A slight difference between the
two methods could stem e.g. from selection against the game-
tes or pollen grains with lower CO numbers. Such gametes
would still be detectable cytologically, but may contribute rel-
atively less genetically, and this could cause genetic esti-
mates of CO rates to be higher. The difference may also arise
from inaccuracies in estimating CO rates from metaphase
images.
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Fig. 5. The distribution of crossovers in gametes with 1 (left panel) or 2 (right panel) crossovers, along the LGs in male and female meiosis from the SNO
and SZI parents. The relative genetic distances were calculated by normalizing the original genetic position with the total cumulative genetic length
for each LG and the frequency of crossovers was estimated for each 10% interval (CODA; Gauthier et al. 2011). Quadratic polynomial function was
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Table 2. Summary of estimated physical length and the corresponding estimates of recombination rates for each linkage group.

Map SNO female SNO male SZI female SZI male

LG Genetic
length
(cM)

Physical
length
(Mb)

Rec.
Rate

(cM/Mb)

Genetic
length
(cM)

Physical
length
(Mb)

Rec.
rate

(cM/Mb)

Genetic
length
(cM)

Physical
length
(Mb)

Rec.
rate

(cM/Mb)

Genetic
length
(cM)

Physical
length
(Mb)

Rec.
rate

(cM/Mb)

LG1 83.011 29.78 2.79 93.929 29.78 3.15 82.654 29.71 2.78 85.349 29.71 2.87
LG2 60.445 21.53 2.81 61.749 22.24 2.78 65.616 21.75 3.02 81.686 19.30 4.23
LG3 56.39 24.13 2.34 82.451 24.47 3.37 68.778 23.55 2.92 73.237 23.84 3.07
LG4 59.511 23.29 2.55 62.514 23.27 2.69 50.228 19.38 2.59 58.889 19.38 3.04
LG5 62.516 21.21 2.95 60.736 21.21 2.86 65.603 21.02 3.12 58.994 21.02 2.81
LG6 72.812 25.09 2.90 71.007 25.09 2.83 48.656 14.89 3.27 38.067 14.89 2.56
LG7 61.37 24.63 2.49 87.453 24.63 3.55 58.884 24.13 2.44 76.142 24.40 3.12
LG8 76.457 22.94 3.33 59.663 22.94 2.60 52.527 20.66 2.54 61.607 20.66 2.98
Total 532.51 192.63 2.76 579.50 193.67 2.99 492.94 175.11 2.82 533.97 173.22 3.08
Genome 196 2.72 196 2.96 196 2.52 196 2.72

Physical length for each LG and total is estimated based on the colinearity with A. lyrata and the portion of the genome covered with informative markers in this
study. Physical length for the genome is based on the flow cytometry from Lysak et al. (2009).
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Based on the composite map we constructed, and the flow-
cytometry based genome size estimate of 196 Mb (Lysak et al.
2009), we estimate the GWRR of A. arenosa to be 2.8 cM/Mb, which
is similar to the 2.5 cM/Mb estimated for the closely related
A. lyrata (Kuittinen et al. 2004; Hu et al. 2011). Both are substan-
tially lower than estimates for the more distantly related A. thali-
ana, where the mean GWRR across different accessions was
estimated to be 3.6 cM/Mb (Salom�e et al. 2012). This comparison
hints that the high levels in A. thaliana are the outlier for the genus.
Such an increase in sex-averaged GWRR in A. thaliana may be due
to a reduction in genome size in A. thaliana, which is mainly attrib-
uted to many small deletions (Hu et al. 2011) in regions that are
generally less likely to experience COs (Rowan et al. 2019).
However, our finding that the GWRR and recombination landscape

of A. arenosa is similar to that estimated for female recombination
maps of A. thaliana (see below; Giraut et al. 2011), suggests that dif-
ferences arise primarily from an increase in male recombination in
A. thaliana, and thus differences in genome architecture are un-
likely to cause differences in observed recombination rates be-
tween the species. While the exact mechanism remains elusive,
the selection for higher recombination rate in A. thaliana male mei-
osis may be related to the fact that A. thaliana is predominantly
self-fertilizing, while both A. lyrata and A. arenosa are obligately
outcrossing species. Indeed, it is predicted that higher recombina-
tion rates should evolve with a transition to selfing to counteract
the negative effects of inbreeding (high homozygosity and low ge-
netic diversity), especially when faced with rare outcrossing oppor-
tunities (Roze and Lenormand 2005; Wright et al. 2008).
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In many species, recombination rate differs between male and
female gametes, a phenomenon called heterochiasmy (Sardell and
Kirkpatrick 2020). The degree of difference has also been associated
with mating system in plants. For example, Lenormand and
Dutheil (2005) suggested that selfing species should experience
higher male to female recombination ratio due to reduced pollen
competition (i.e. haploid selection) and reduced selection for tight
linkage in male gametes. In both A. arenosa genotypes characterized
here, the male maps are only approximately 8% longer than the fe-
male maps (with male: female ratio of 1.08), indicating slightly
higher recombination rates and correspondingly higher estimates
of the number of COs per bivalent in male meiosis (Fig. 4d).
However, though there is a slight sex-difference in recombination
rates in A. arenosa, the difference is not as great as that reported for
A. thaliana, which has a reported male: female recombination rate
ratio of 1.7 (Giraut et al. 2011). The genome-wide differences in re-
combination rates between A. arenosa and A. thaliana, seem to be
primarily attributable to an increase in male recombination rate in
A. thaliana, since female recombination is very similar between the
2 species. Interestingly, a recent analysis of sex-specific differences
in recombination rate between subspecies of house mouse, indi-
cated that male recombination rates vary dramatically between
subspecies, while female recombination rates remained similar,
which led the authors to hypothesize that male recombination
rates evolve faster (Peterson and Payseur 2021). Therefore, it is
tempting to hypothesize that male recombination rate changes
more readily in this plant genus as well, in this case perhaps in re-
sponse to the transition to selfing in A. thaliana.

Crossover position and its relationship to
per-chromosome crossover number
Among eukaryotes, including plants, there seems to be a general
trend toward having terminal (distal) COs (Anderson and Stack

2005; Higgins et al. 2014; Haenel et al. 2018). However, we did not
observe such a bias in A. arenosa. We found that overall, in diploid
A. arenosa, the majority of COs occur in the middles of chromo-
some arms, rather than at the tips. This is evident both from the
prevalence of “bowtie” bivalents in cytological analysis, and dis-
tribution of recombination rate across the chromosomes calcu-
lated from genetic segregation data (Figs. 4c, 5, and 7), and is
true for both male and female meiosis. In contrast, in sex-
averaged recombination maps of A. thaliana, there is an elevation
of recombination at the tips of the chromosomes (Salom�e et al.
2012). However this bias to terminal regions in A. thaliana is
driven by male recombination (Drouaud et al. 2007; Giraut et al.
2011), whereas the broad-scale recombination landscape along
chromosomes in female meiosis in A. thaliana is very similar to
the pattern we observe in A. arenosa male and female meiosis.

These results hint that the difference in the extent of
“terminal bias” may result largely from differences in recombina-
tion rate operating in the context of CO interference. This idea is
based on the fact that when we consider all our data, there is no
inherent terminal bias in A. arenosa, and also not if we consider
only male meiosis, where the bias is clearly evident in A. thaliana.
However, when we consider only the subset of chromosomes
that have 2 COs (13% of the total), there is a strong bias for COs to
occur in distal regions, and this is true in both male and female
meiosis. This pattern has also been seen in immunocytological
analyses of male prophase I of meiosis in both diploid and tetra-
ploid A. arenosa (Morgan et al. 2021). The striking difference we
observed in CO distribution between chromosomes with one and
two COs implies a link between CO placement and number. This
pattern could arise, as we previously proposed, because the phys-
ical distance over which CO interference operates in A. arenosa
(estimated to extend to around 25 mm of meiotic axis length), is
large compared to the average chromosome length of 35 mm
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(Morgan et al. 2021). A large interference distance relative to
chromosome size means that two COs can only exist on a single
chromosome if they are located near the tips; whenever a CO
occurs more proximally, interference would reach to the ends of
the chromosomes and prevent additional COs from forming (re-
gardless of where the centromeres are). Thus, in a species, or a
sex, where there is higher recombination rate (and consequently
more chromosomes with two COs), these will show a distal bias if
similarly strong interference operates relative to chromosome
length. A meta-analysis of recombination landscapes in 59 ani-
mal and plant species showed there is a trend across eukaryotes
toward distal CO localization, but only on longer chromosomes
(>30 Mb) (Haenel et al. 2018). This could again hint at the same
effect—larger chromosomes have more space to accommodate
multiple COs, and thus more frequently have two distally located
COs than species which have shorter chromosomes and thus
fewer with two COs. Therefore, we suggest that there is no inher-
ent positional bias either in A. arenosa or A. thaliana, and that the
apparent bias arises through the effect of CO interference when
CO number is higher (e.g. in male meiosis in A. thaliana).

Segregation distortion in A. arenosa
We identified three large genomic regions that show very strong
SRD in the female map of SNO, and one region in SZI. With the
possible exception of LG6, where we cannot know due to the ho-
mozygosity of the SZI parent, no distorted regions overlap for the
two parents, nor are any regions distorted in both male and fe-
male maps from the same parent (arguing against the pattern be-
ing caused by e.g. genetic incompatibilities manifesting in the
diploid stage). The sex-specific, and primarily female, pattern of
SRD could indicate two potential causes: (1) gametic or gameto-
phytic selection occurring in female reproductive development,
or (2) female meiotic drive. For the following reasons, we favor
the second explanation, though we cannot rule out the first.
First, it is unlikely that an allele causing strong distortion via se-
lection against it in the gametophyte would be maintained in a
natural population of obligate out-crossers. Second, there are
several hints that at least the distorted region on LG6, is behaving
oddly. In SNO the region shows a clear bias to transmission of
one allele over the other specifically in female meiosis.
Interestingly, the peak of this region is precisely in the same loca-
tion as a region reported in a recent study to cause a strongly del-
eterious phenotype when homozygous, also in Carpathian
diploids (Barragan et al. 2021). Such a strongly deleterious allele
is expected to be strongly selected against, and likely rapidly
purged from the population, unless it experiences a transmission
advantage. Haplotypes with transmission advantages commonly
accumulate deleterious alleles that cannot effectively be purged
by natural selection (Taylor and Ingvarsson 2003; Lindholm et al.
2016). Thus, we hypothesize that the SRD observed here, and the
previous observation of a homozygous deleterious allele segre-
gating in SNO (Barragan et al. 2021), can both be explained if SNO
carries a female meiotic driver that has accumulated deleterious
variation. The other distorted regions may have similar causes,
but these examples are less clear as they have not (at least to
date) been linked to deleterious phenotypes.

Data availability
Files containing markers with recombination frequency (Haldane
and Kosambi corrected) and their estimated physical positions
for SNO male, SNO female, SZI male, and SZI female can be
found as Supplementary File 1. Supplementary File 2 contains

estimated recombination rates for 1-Mb windows for each map.
Sorted short-read sequencing data for each individual are depos-
ited in NCBI SRA under project number PRJNA785452. Metaphase
images are freely available via the ETH data repository at: https://
doi.org/10.3929/ethz-b-000507897. Supplementary File 3 contains
bivalent category scores averaged for each individual plant
(Supplementary Table 1) and population (Supplementary Table
2); and raw scoring results for each meiocyte (Supplementary
Table 3).

Supplemental material is available at GENETICS online.
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Paajanen P. De novo mutation and rapid protein (co-)evolution

during meiotic adaptation in Arabidopsis arenosa. Mol Biol Evol.

2021;38(5):1980–1994.
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genomic consequences of genome duplication in Arabidopsis are-

nosa. Nat Ecol Evol. 2019;3(3):457–468.

Moran ES, Armstrong SJ, Santos JL, Franklin FCH, Jones GH. Chiasma

formation in Arabidopsis thaliana accession Wassileskija and in

two meiotic mutants. Chromosom. Res. 2001;9(2):121–128.

Morgan C, White MA, Franklin FCH, Zickler D, Kleckner N, Bomblies

K. Evolution of crossover interference enables stable autopoly-

ploidy by ensuring pairwise partner connections in Arabidopsis

arenosa. Curr. Biol. 2021;31:1–14.

Morgan C, Zhang H, Henry CE, Franklin CFH, Bomblies K. Derived

alleles of two axis proteins affect meiotic traits in autotetraploid

Arabidopsis arenosa. Proc Natl Acad Sci U S A. 2020;117(16):

8980–8988.

Morran LT, Parmenter MD, Phillips PC. Mutation load and rapid ad-

aptation favour outcrossing over self-fertilization. Nature. 2009;

462(7271):350–352.

Nachman MW. Variation in recombination rate across the genome: ev-

idence and implications. Curr Opin Genet Dev. 2002;12(6):657–663.

Nambiar M, Chuang YC, Smith GR. Distributing meiotic crossovers

for optimal fertility and evolution. DNA Repair (Amst). 2019;81:

102648.

Narasimhan V, Danecek P, Scally A, Xue Y, Tyler-Smith C, Durbin R.

BCFtools/RoH: a hidden Markov model approach for detecting

autozygosity from next-generation sequencing data.

Bioinformatics. 2016;32(11):1749–1751.

Otto SP, Lenormand T. Resolving the paradox of sex and recombina-

tion. Nat Rev Genet. 2002;3(4):252–261.

Page SL, Hawley RS. Chromosome choreography: the meiotic ballet.

Science. 2003;301(5634):785–789.

Pál C, Hurst LD. Evidence for co-evolution of gene order and recombi-

nation rate. Nat Genet. 2003;33(3):392–395.

Pe~nalba JV, Wolf JBW. From molecules to populations: appreciating

and estimating recombination rate variation. Nat Rev Genet.

2020;21(8):476–492.

Pessia E, Popa A, Mousset S, Rezvoy C, Duret L, Marais G. Evidence

for widespread GC-biased gene conversion in eukaryotes.

Genome Biol Evol. 2012;4(7):675–682.

Peterson AL, Payseur BA. Sex-specific variation in the genome-wide

recombination rate. Genetics. 2021;217(1):1–11.

Peterson BK, Weber JN, Kay EH, Fisher HS, Hoekstra HE. Double di-

gest RADseq: an inexpensive method for de novo SNP discovery

and genotyping in model and non-model species. PLoS One. 2012;

7(5):e37135.

Rawat V, Abdelsamad A, Pietzenuk B, Seymour DK, Koenig D, Weigel

D, Pecinka A, Schneeberger K. Improving the annotation of

Arabidopsis lyrata using RNA-Seq data. PLoS One. 2015;10(9):

e0137391.

Rezvoy C, Charif D, Gu�eguen L, Marais GAB. MareyMap: an R-based

tool with graphical interface for estimating recombination rates.

Bioinformatics. 2007;23(16):2188–2189.

Ritz KR, Noor MAF, Singh ND. Variation in recombination rate: adap-

tive or Not? Trends Genet. 2017;33(5):364–374.

Rochette NC, Rivera-Colón AG, Catchen JM. Stacks 2: analytical

methods for paired-end sequencing improve RADseq-based pop-

ulation genomics. Mol Ecol. 2019;28(21):4737–4754.

Ross-Ibarra J. Genome size and recombination in angiosperms: a sec-

ond look. J Evol Biol. 2007;20(2):800–806.

Rowan BA, Heavens D, Feuerborn TR, Tock AJ, Henderson IR, Weigel

D. An ultra high-density Arabidopsis thaliana crossover map that

refines the influences of structural variation and epigenetic fea-

tures. Genetics. 2019;213(3):771–787.

Roze D, Lenormand T. Self-fertilization and the evolution of recom-

bination. Genetics. 2005;170(2):841–857.

Salom�e PA, Bomblies K, Fitz J, Laitinen RAE, Warthmann N, Yant L,

Weigel D. The recombination landscape in Arabidopsis thaliana F2

populations. Heredity (Edinb). 2012;108(4):447–455.

Sandor C, Li W, Coppieters W, Druet T, Charlier C, Georges M.

Genetic variants in REC8, RNF212, and PRDM9 influence male re-

combination in cattle. PLoS Genet. 2012;8(7):e1002854.

Sardell JM, Kirkpatrick M. Sex differences in the recombination land-

scape. Am Nat. 2020;195(2):361–379.
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