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General Introduction

Climate chage, world hunger and overpopulation are some of the biggest challenges the world
is currently facing. Moreover, they are part of a multidimensional single scenario: as climate
change continues to modify our planet, we might see a decrease of arabledlamtease in
extreme weather patterns, posing a threat to food security. This has a direct impact on regions
with high population growth, where food security is already sc&oasidering additionally

the unsustainability of intensive global food production and its contribution to greenhouse
emissions and biodiversity loss, it’s clear that all these factors are intercor(@zotdidale et

al., 2012; Prosekov & Ivanova, 2018; Wiebe et al., 2019)

Plants are the main source of staple food in the world and aréhalsmain actain carbon

fixation, they are therefore key protagonigtscontrolling climate changePlants are also an
essential habitadefining element balancing our ecosystérhus, how we grow plants and

crops will, aside from the obvious implicati® for food security, also have a profound impact

on the climate and biodiversity. The natural variability of species is considered an immense
pool of genes and traits, and their understanding is key to generate new useful knowledge. For
instance, naturgdopulations can be more tolerant to abiotic and biotic stresses, or carry traits
that combined together in hybrids, might achieve a higher seed number, or a faster growth.
Classical breeding has exploited unrelated varieties to achiesofraiterest ike dwarfism

and higher grain production. However, only a limited number of crop species have been the
focus of recent scientific and technological approaches, and they do not represent the extremely
vast natural diversity of species that could generatéulknowledge for future applications
(Castle et al., 2006; Pingali, 201Zhe key to this natural variability is a process called meiotic
recombination, the exchange of genomic material between homologous peltestadsomes.
Meiotic recombination takes place during meiosis, a specialized cell division in which sexually
reproducing organisms reduce the genomic complement of their gametes by half in preparation

for fertilization.

Meiotic recombination takes placethe beginning of meiosis, in a stage calbeophase ITo

exchange DNA sequences, the strands of two homologous chromosomes must be fragmented.
This specific process of physiologically induced DNA fragmentation is conserved in the vast
majority of eukarptes(Keeney et al., 1997After the formation of doublstrand breaks, the

306 ends that are | eft are targeted by recor
templ ates for repair. Arfdédeby DNA rsynthesis, @xposingt h e 3

sequences on the opposite strand that can an
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break. DNA synthesis at both ends generates a new structure called a double Holliday Junction
(dHJ), forming a physical linketween homologous chromosomes, named chifdfgatt &
West, 2014)

The resolutions of these structures are called crossovers (COs), which is the molecular event
representing the outcome of meiotic recombination. Other outcomes are possible, like
noncrossovers (NCOs). In this case, the invading strand is ejected and dartbel single

strand 3"end of the original doukd&rand breakAllers & Lichten, 2001)

Crossovers can be divided into two main groups, called class | and class Il. COs of the first
group are considered to be sensitive to interference, which means that there are mechanisms
that prevent twalass | COs from happening in proximity of each otiaiss Il is insensitive

to interference. Class | COs are the result of a pathway called ZMM, which involves a group of
specialised proteins that are highly conserved among eukaflyatebing et al., 2017; Mercier

et al., 2015)Class | COs are the most common, studied and important typ@ of

Centromeres are structures, located on regions of the chromosomes, that allow proper
chromosome segregation during mitosis and meiosis. Centromeres have a profound effect on
plant breeding and crop improvement, as it is known that meiotic reconobinasuppressed

at centromeres in most eukaryotes. This represents a great limitation for crop improvement, as
many possibly useful traits might be in regions not subject to recombination and thus might not

be available for breeding purposes.

Additionally, the mechanisms behind how recombination is regulated and prevented from
happening at centromeres are still unclear. In most nadehismscentromeres are single
entities localzed on specific regions on the chromosomekis configuration § called
monocentric. However, another type of configuration can be found in nature, but is less studied.
In fact,some organisms harbour multiple centromeric determinants distributed over their whole

chromosomal length. This configuration is called hohbce.

The Cyperaceae comprise a vast, diverse family of plants, with a cosmopolitan distribution in
all habitats(Spalink et al., 2016)Despite the presence of this family worldwide, knowledge
about it is limited. Few genomes are available and molecular insights are scarce. This family is
also known to benainly formed by holocentric speci@delters et al., 2012)Jnderstading if

and how meiotic recombination is achieved in holocentric plants will generate new knowledge
that in the future might unlock new traits in elite crops, previously unavailable to breeding, that

could help humanity face global climatic, economic avaad challenges.



Recent studies have reported new knowledge about important meiotic, chromosome and
genome adaptions found in species of the Cyperaceae family and in particular the genus
RhynchosporaMarques et al., 2015, 2016&Yith the recent publication of the first reference
genomes for s@ralRhynchosporapecies, we could already perform a comprehensive analysis

of their unique genome features and trace the evolutionary history of their karyotypes and how
these have been determined by chromosome fugktofstatter et al., 2021, 2@2 This new
resource paves the way for future research utiliBhgnchosporas a model genus to study

adaptations to holocentricity in plants.

With this work, my intention is to shed light on the underexplored topic of holocentricity in
plants. Usingcutting edge techniques, | examine the conservation of meiotic recombination
together with other speciaspecific adaptations like achiasmy and polyploidy in holocentrics.
My results reveal new insights into how plant meiotic recombination is regulatsd samall
centromere units are found distributed chromosariake, challenging the classic dogma of

suppression of recombination at centromeres.
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Chapter 1: Meiotic recombination dynamics in plants with repeased holocentromeres
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Abstract

Meiotic recombination is a conserved pathway among eukaryotes and subject to tight
regulation. A combination of largecale (epi)genetic and structural chromosome features is
presumed to influence the overall recombination patterning. Here, we studied how
recombination is regulated and distributedRimynchospora breviuscyla species with
repeatbased holocentromeres. Combining immunocytochemistry, chromatin analysis, and
crossover calling from higthroughput singlegamete sequencing from thousands diiepo
grains, we found that the uniform distribution of centromariits and (epi)genetic features
does not affect the broamtale crossover distribution. Remarkably, we found evidence for a
miniature centromere effect indicating an evolutionary consesnassover control across
repeatbased holocentromeres. We further show that the telelaéairing seems to be the
primary force determining thebservedJ-shapedecombination landscape. Our results
suggest that the common shatéghapedtrossover distbution of eukaryotes is independent
of chromosome compartmentadtion and centromere orgaation. We propose that

centromere and (epi)genetic properties only affect local crossover formation.

Key words: meiotic recombination, holocentric chromosomes)gle-cell sequencing,

centromere effect, epigenetics
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Introduction

Meiosis is a spealized cell division at the base of gene reshuffling, biological diversity and
evolution. During meiosis, homologous chromosomes undergo meiotic recombination,
which genomic material is exchanged between the fragmented strands of two homologous
chromosomes. This process of physiologically induced DNA fragmentation and the proteins
involved, are highly conserved in the vast majority of eukaryétesney, 2008; Keeney et al.,
1997) The resolution of this fragmentation is called a crossover (CO). This result is thought to
be the most common outcome, but other outcomes are possible, like noncrossoversofNCOS)

other alternative recombination pathw#@pdlers & Lichten, 2001)

Crossovers can be divided into two main groups: class | and class I, although the existence of
other alternative crossover pathways cannot be excl{i@gedbing et al., 2017; Mercier et al.,
2015) COs of the first group are the most common and considered to be sensitive to
interference, which means that theme anechanisms that prevent two class | COs from
occurring in close proximity to each other. Class | COs are the result of a pathway called ZMM,
which includes, among other proteins, the key proteins ZIP1 and HEI10, which are involved in
synaptonemal compteassembly and CO designation, respecti€igelysheva et al., 2012;
Durand et al., 2022; Higgins et al., 2005; K. Wang et al., 2012; M. Wang et al., 2010)

The global distribution of COs is typically associated andetated with the distribution of
genetic and epigenetic featurésan et al., 2022; Zelkowski et al., 2019) most eukaryotes

there is a positive correlation between gene and euchromatin density, and higher frequencies of
COs(Brazier & Glémin, 2022; Mézard et al., 201B) contrast, lower CO frequencies typically
correlate with heterochromatic regions, including (peri)centron{eeasabie & Roeder, 1986;

Topp & Dawe, 2006)In monocentric species, whecentromeres are single defined structural
entiies and aretypically repeatbased, centromeric regions display low recombinafidns
phenomenon S c al | e (ralbefitc& meénikaifm20l® Howelver,e c t 0O
monocentricity is not the only centromeric orgamion present in eukaryotes. Holocentric
species, for instance, harbour multiple centromeric determinants over the whole length of their
chromosomeg¢Kursel & Malik, 2016; Schubert et al., 2020hus, it would be interestinto
understand how COs are regulated in species with Hepsatl holocentromeres.
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Holocentricity has evolved independently multiple times in nematodes, insects and plants
(Marcial Escudero et al., 2016; Melters et al., 2018) the holocentric animal models
Caenorhabditis eleganand Bombyx moti holocentromeres do not associate with specific
sequencefSenaratne et al., 2021; Steiner &rikoff, 2014) By contrastholocentric plants of

the Rhynchosporajenus (bealsedges) display repebased holocentromeres in both mitosis
and meiosigMarques et al., 2015, 2016&ecently, we sequenced the genomes of three beak
sedges R. breviusculaR. puberaand R. tenui$ and determined that each chromosome
harbours multiple short arrays (~20 kb each) of the spdorbatandem repeat, evenly spaced
(every 400500 kb) along the entire chromosomal length, and specifically associated with
centromeric histone H3 protein CHS (Hofstatter et al., 2022)his particular chromosoe
organization is associated with a remarkable uniform distribution of genes, repeats, and
epigenetic features, contrasting to the compartatieeti chromosome organization of close
monocentric relative@Hofstatter et al., 2022 hus, bealsedges offer an excellent model to

study the mechanisms of CO forioa along repeabased holocentromeres.

Regardless of the centromexedchromosome organizatipmost studied eukaryotes shaw
typical U-shapeddistribution of COs, which isiswally explained by structural chromosome
features (telomere and centromere effects) and correlation with (epi)genetic f@charsr &
Glémin, 2022; Haenel et al., 2018; Saito & Colaidcovo, 2¥&lna et al., 2015; Zelkowski et

al., 2019) Therefore, it is very intriguing to understand the main factors influencing the meiotic
recombination patterning iRhynchosporawhere the uniform distribution of (epi)genetic
featur es and eftianalsentnomerds presents@ anigue case among eukaryotes.
Mei osi s in holocentric plants has been mai nl
me i o, morestiian for the potential implications regarding recombinéGabral et al., 2014;
Heckmann et al., 2014; Hofstatter et al., 2021; Melters et al., 2B2¢over, chromosomes

in Rhynchosporamaintain the@ repeatbased holocentromere organizatidaring meiosis
(Marques et al., 2016ayvhich chalenges the idea of recombination suppression at and near
centromeres. However, no direct evidence for meiotic recombination frequency and distribution
have been reported for any holocentric plant yet. If and how plant holocentromeres interact or

interfere vith meiotic recombination is still unknown.
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Here, we us®hynchospora breviusculs a model to study meiotic recombination dynamics
in the absence of both a lo@@d centromere and compartmersasi chromosome
organisation, features that potentiallyskainderlying factors affecting the distributiohCOs
Using a combination of immunocytochemistry, chromatin and DNA analysis, and an adapted
CO-calling pipeline from singlecell transcriptome deegequencing(RNA-seq) of pollen
nuclei, we develop therBt comprehensive overview of meiotic recombination dynamics and
distribution for aspeciewith repeatbased holocentromered/e further show that despitas
uniquechromosome organization, COs shahiaseddistributiontowards the distal regions of
chromosomesSurprisingly this U-shapedecombination landscape did not correlate with any
genetic and epigenetic feature analyaetroadscale Furthermoreywe observed thatespite

the transition to holocentricity, the relative proximity of repleasedcentromeric units does
not affect recombination eventslowever, these were suppressed inside centromeric units,
indicating an evolutionary conserved miniature centromere effaat data point to a major
influence of the pairing and synapsis dynamicgis@gfrom chromosomal ends in determining
the broadscalerecombination landscape aimlicate that centromere and (epi)genetic effects

only play a local role in CO patterning

Results

Molecular dynamics ofprophase |are conservedin R. breviuscula

We peformed cytological studies on inflorescencesRof breviuscula which provided an
overview of a conservearophasd progression in this species. All the maiphasd stages

were found, i.e., leptotene, zygotene, pachytene, diplotene, diaKiRigsisela-€). In contrast

to the holocentric animaC. elegangSaito & Colaiacovo, 2017which forms only a single
chiasma per bivalent, we observed the presence of five bivalents connected by one or two
chiasmata iR. breviuscula(Figurele). Moreover, we confirmed the holocentric nature of the

R. breviuscul@hromosomes in mitosis and meidsysmmunostaining witlantibodies against
CENHS3(Figurelf-h).

Conservation level of pairing and synapsis

During the first stages of prophase léptoteneand zygoteng, homologous pairing and

assembly of the synaptonemal comp(8&<)take place. AS1 is a structural component of the

chromosome axis, thus making it an excellent marker for unpaired chromosdeEstane

andzygotene It is alsoessential for proper recombinatiGirmstrong et al., 2002; Lambing,

Kuo, et al., 202Q)ZYP1 is thetransverse filament of the proteinaceous zigixer structure

called the SC that connects two homologous chromosomes. Its function however goes beyond
14



its role as a structural protein as it is also involved in recombination and CO interference
(Barakate et al., 2014; CapHRérez et al., 2021; Higgins et al., 2005; M. Wang et al., 2010)
We investigatedheimmunolocaleationof ASY1 and ZYP1 as indicators of a conserved and
functional machinery for pairing and SC assembly. We could wbdkat in early prophase |
stages, corresponding with leptotene, the linear signal of ASY1 is present on the entire length
of unpaired chromosoméBigure2a). As the pairing starts and progresses through zygotene,
the SC starts to be assembled and ZYPL1 is gradually loaded onto synapsed chromosomes. As
ZYP1 is loaded, two ASY1 linear signals can be followed until they converge, lose intensity
and theZYP1 linear signal becomes clear and intesgufe2b-c). As meiosis progresses into
pachytene, represented by complete synapsis and pairingygbe ZiYP1 signal is present on

the whole length of the chromosomegre2d). The signal of ZYP1 is I@dized in the groove
between paired homologeghromosomes. Interestingly, the combined behaviour of ASY1 and
ZYP1 is consistent with what is observed in monocentric models, hinting at a conserved pairing

and synapsis irR. breviuscula Moreover, consistent with the holocentric nature Rof

Figurel

Chromosome spreads and immunoldzation in male R. breviusculameiocytes. (a-€) Meiotic stages at
displayed includingleptotene (a), zygotene (b), pachytene (c), diplotene (d) and diakinesis (e). (f-g)
Immunolocalization was performed against centromeric protein CENH3, which appears as lines duringf)
and as clusteholocentromeres in meiosigy)). () Immunolocalization of ZYP1 and CENH3 dysanchytent
showing the presence ddctive centromelic chromatin along the entire length of synapsed chromoso
Maximum projection is shown, and DNA is counterstained with DAPI. Scale bar =& rh0(um ).

15



breviuscula meiotic chromosomes, CENH3 was founddliwed along the entire synapsed

chromosomesHigurelh).

Next, we asked whether the meiespecific alfakleisin REC8 is also coesved inR.
breviusculaRECS is responsible for sister chromatid cohesion and important for chromosome
segregation and recombinati@rambing, Tock, et al., 202@nd it is also an established marker

for meiotic cytological studiedndeed, we observed a conserved linear signal on unpaired

Figure2

Immunolocalization of ASY1, REC8, ZYP1 from leptotene to pachi@ehBY1 (green) appears as a linear s
on unpaired chromosomegb) Synapsis is visualized as the loading of ZYP1 (red), as ASY1 (gree
disappears(c) Detail of two unpaired chromosomes, represented by ASY1 (green) coming together to s
loss of the ASY1 signal and loadifi@YP1 (red)d) Fullcoloalization of cohesin protein REC8 (green) and :
(red) at pachytene. Maximum projection is shown, and chromosomes are stained with DAPI. Scale bag;
b, d).Scale bar = 2 pift).
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chromosomes. This signal becomes more intense when pairing takes place as the two linear
signals come together. At pachytene, REGIBcalizes with ZYP1 as a continuous linear signal
along the ente chromosomal lengtlirigure2d). Thus, pairing and synapsis in the holocentric

plantR. breviusculare conserved like in other monocentric models.

Figure3

Immunolocalization of HEI10, ZYP1 and MLH1 indedphasel. (a) HEI10 (green) is first displayed as
closely spaced foci, appearing as linegathytene and they cdocalise with ZYP1 (red)p) In latepachyteng
the linear signal of HEI10 still colocalises with ZYP1, but becomes weaker, except for a-fetehgify foci.(c)
At diplotene and diakinesis HEI10 only appears as foci on bivalents and there is no linear signal anyd)
MLH1 (green) appears in lgheophasd stages as foci, representing chiasmata on bivaléhésimum projectiol
is shown, and chromosomes are stained with DAP4le bars & um.
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Meiotic recombination and class | CO pathway

ASY1, ZYP1 and RECS8 aneseful markers for assessing the progression of meiosis in the first
stages of prophase | and the functioning of the meiotic recombination machinery. However,
other markers are required to study later stages of prophase |, where recombination
intermediatesre processed into final crossovers. HEI10 is a E3 ubiquitin ligase characterized
in mammals, yeagBaccharomyces cerevisjaend plants. HEI10 appears in the middle of the
ZMM pathway, after pairing, but before the resolution of COs. It is proposedHtidD
interacts with both early and late recombination proteins, and acts by stabilizing recombination
sites and promoting their maturation into class | @COlselysheva et al., 2012; Serra et al.,
2018; K. Wang et al., 2012Vhen pairing and synapsis start, HEI10 is gradually loaded as a
linear signal constituted by magipsely spaced focHgure3a). At pachytene, when synapsis

is complete, the HEI10 linear signal starts to disappear. However, a few foci, pytelgsl |

CO sites, increase in intensityigure3b). At diplotene and diakinesis only hightensity foci

remain Figure3c). This phenomenomecentlyd e s cr i b e d a(Morgacebad,2@&ni ngo
Stauffer et al., 2019; L. Zhang et al., 20K pbserved irRhynchospora breviuscukndis
consistent with observations in other model organignsther established marker for meiotic
recombination is the mismatch repair protein MLHL. Its role is essential in meiosis and it is
believed to have a meiosspecific resolvase activity in pros#sg dH3 into final class | COs.
MLH1 interacts with MSH4 and MSHS5 in a dst&solution pathway, thus marking specifically
class | COs in distantly related spedigsuissier et al., 2007)n R. breviusculaMLH1 appears

as bright foci on bivalents at diplotene and diakineBigure3d, Figure4, Supplementary
Figurel). We always observed a minimum of five foci, one per each bivalent, and a maximum
of eight foci, which is consistent with therfation of two COs in some bivalents. The mean
number of foci detected with MLH1 was 6.27 (n=8Big(re4, Figure7c).

Phased genome assembly 8. breviusculaas a prerequisitefor CO identification by
gametesequencing

Determining whether recombination iR. breviusculais affected by the genonweide
distribution of holocentromeres requires the detection of CO events in a large number of
recombinant individuals. HoweveR. breviusculas an outbred wild species with high levels

of seltfincompatibility, which hampers thegandard detection of COs, typically involving the
time-consuming generation of segregating offspring. As gametes already carry the outcome of
meiotic recombination, and they can be obtained in large numbers in a relatively inexpensive

manner from pollergrains, we adapted a strategy based on the gareteng method
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describedCampoy et al. (2020)Seebelow). To identify COs fom a singleR. breviuscula
individual, the genome of the given organism must be heterozygous and a phased chremosome
level reference genome must be available. The recent available nonphased geridme of
breviusculawas reported to be 1% heterozygditofstatter et al., 2022%uggesting the
feasibility o phasing the genoméNe took advantage of the recent development of the
assembler software Hifias(@€heng et al., 2021jhich enables the accurate phasing of both
haplotypes from pmary assembled contigs using a combination of HiFi reads ai(Bee
Materials & Methods;Figureba-b). Further HiC scaffolding of each set of haplotypbased
contigs led to higlguality haplotypephased chromosorievel genome assembli@Sigurebe;
Supplementary Tablg). We performed a synteny analysis and detected the structural variants
between the two haplotypes, revealing a high degree térsymetween the haplotypes with

only few inversions, translocations and duplicatiffigure5d; Supplementary Tabl2).

To genotype the haploid gamete genomes and determine which haplotype a genomic segment
is derived from, genomeide markers are needed to distinguish the two haplotypes. By

aligning the ~26 Gb lllumina wholgenome short reads Bf breviusculavith the haplotype

1 phased genome (from the reference genome, rhyBreHap1), we detected 820,601 haplotype
specific single nucleotide polymorphisms (SNPs, ~1 SNP/449 bp) and used themexs mark

for genotypingFigure6b; Supplementary Figuré Supplementary FigurA).

Single-cell RNA sequencing of pollemuclei allows high-throughput identification of
genomewide COs

We identified genom&vide CO events by conducting 10X Genomics skugk RNA
sequencing (scRNAeq) on the nuclei extracted from pollen grainfRobreviusculaandR.

tenuis The addition of gametes froR. tenuiswas done for multiplexing purposes, and they

will be analysed in another study. We extracpadlen nuclei for 10X scRNAseq library
preparation and sequenci(igigure6; described in Materials & Methods)Ve preprocessed

the resulting scRNA sequences by corregtarcodes, demultiplexing, and removing cells
with a low number of reads. We obtained viable sequence data for 8,001 sorted nuclei for
downstream analyses. We mapped the deduplicated DNA reads from these viable 8,001 nuclei
to both theR. breviusculandR. tenuiggenomes, and removed the nucleRotenuisased on

the alignment rateSupplematary Figures, see Materials & Methodslrinally, we obtained

individual sequence data for 4,3B2 breviusculgollen nuclei.
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We called SNPs from thRe. breviusculalignments and compared them to the,820

markers defined from the reference genome. The intersection between the SNPs in every
nucleus and markers on the reference genome defined the set of genotyping markers in these
pollen samples. After removing doublets and correcting the sequ@&wgdematary Figure

5, see Materials & Methods)e obtained a final set of 1,641 pollen samples with at least 400
markers (~1 marker/Mb). These markers (median resolution ~1 marker/542 kb) covered
almost the ente length of all five chromosomé¢Supplementary FiguréB), guaranteeing a
genomewide CO detection. We detected 4,047 COs in the 1,641 pollen bydlespecting
genotype conversions, as indicatedrigure6c-d (Supplementary Figuré). Overall, we

delineated a complete and detailed pipelmddtect COs in an economical way by high

throughput scRNA sequencing of gametes from a single heterozygous ind{fiduat6).
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R. breviuscula
Wntann-whimey = 1043.50, p = 2.29e-04, P2 = .0.39, Clgss, [-0.55, -0.19], Ngps = 124
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Figure4

Foci counting for HEI1Ge{t) and MLH1r{ght) based on immunostaining &. breviusculaBoth markers fit int
an expected model for CO assurance, which implies a minimum of 5 foci. The relatively narrow windo
maximum of 78 foci also supports the presence of CO interference. Foci counting for the two mark
significantly diffeent (p=00023). This could be due to a technical bias due to the low robustness of ou
antibodies, or a biological meaning considering the different functions of HEI10 and MLH1. The plot was
in R using the package ggstatsplotdrajed Patil 2021)

CO Mapping revealsa U-shapal recombination landscape

Counting the occurrence of COs in chromosemige genomic intervals across all pollen
nuclei, we computed CO rates along chromosomes and established the first linkaigpeRn
breviusculawith a total length of 246.6 cM={gure7a-b). The overall location interval of COs
(median ~1.5 Mb and mean ~2.24 Mb resolution) allowed us to analyse the distribution and
frequency of meiotic recombination events in a speciesrefibatbased holocentromeres for
the first time. The landscape contained large regibhggt- and lowrecombination

frequencies, i.e., recombination domains. Most regions with high recombination rates were
located at distal chromosomal regions, whilet@richromosomal regions showed lower

recombination rates. Unexpectedly, the recombination landscape of holoBertreviuscula
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resembled &J-shapedlistribution of COs, which is commonly present in monocentric models
(Figure7a-b). Remarkably, chromosomes 1 and 2 each had only onedtigtiomain at one
chromosomal end. The other three chromosomes harboured twrebhaghbination domains

at both ends, revealing that CO rates have an uneven distriffiome7a), distinct from the

almost uniform centromere didittion (Seebelow; Hofstatter et al. 2022).

We compared CO numbers estimated from DNA sequencing and the number of MLH1 foci
observed by cytology. To have a precise estimation of CO number and not bias the result by
the low number of markers, we ordgunted those COs from pollen nuclei with more than 2000
markers (n = 81). On average, we detected around three COs per haploid gamete, ar 0.6 CO
per chromatid(Figure 7c-d). As gametes only have one chromatid from each recombined
chromosome, the number of expected COs should be approximately half of the detected number
of MLH1 foci. Furthermore, all chromosomes had exactly one CO in half of theseegafne

= 81), while double COs appeared in only 5% of the 81 gametes cons(&eyack 7d).
Chromosome 3 showed the highest frequency of double(@®@d-igure7d), which conérs it

the longest genetic length amongRillbreviusculachromosomes (55 cMEigure7b). This is
especiallyremarkable considering tha@hromosomel (53 cM) is physically longer than
chromosome3 (by 20 Mb)

We also tested whether CO interference occurrel.ibreviusculaWe used a Cksquare
goodnesf-fit test to investigate whether the CO number on each chromosome follows a
Poisson distribution, which revealed a significant discrepancy between observed and expected
CO numbergSupplementary Figur@a). This proved that the CO numbers were not randomly
distributed but undedispersed based on the negative alpha values from dispersion tests,
indicating the existencef @ positiveCO interference We also computed the coefficient of
coincidence (CoC) of COacross thegenome, which measures the observed double CO
frequency ovetheir expected frequency.he CoCcurve of all chromosomes showed that the
coefficients are below 1 for genomic intervals with distances less than around 6QRWu e

7e; Supplementary Figur8b), suggesting that the frequency of double COs is lower than
expeced This result supports the conclusion that there is substantial CO interfereRce in

breviuscula
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Phasing and structural variations of tRe breviusculaeterozygous genomea-b) Assembly statistics of phas
contigs &) and scaffoldsh) in haplotype 1 and haplotype Z)(HiC scaffolding of théive haplotypephasec
pseudochromosomes. Homozygous regions between haplotypes are seen as clear regions depleted of
the HiC map. q) Synteny comparison and structural variations (> 10 kb) identified between the two h
assemblies. Note #hoverall high synteny found between the two haplotypes. Synteny blocks were con
with SyR[Goel and Schneeberger 2022)

Broad-scale ecombination landscape is independent of holocentromere distribution an
(epi)genetic features

We compared the broatale recombination landscape with all known (epi)genetic features to
determine whether any specific feature would explain the CO distributRnlokviusculaA
chromosomavide comparison of the recombination landscapR.obreviusculaevealed no
apparent correlatiopetweerthe uniform holocentromere distribution and other genomic (gene,
TEs, SNPs densities or GC content) and epigenomic features (sucK&sé H3K27me3,
H3K9me2 or DNA methylation)in fact, no (epi)genomic feature showed strong correlation
with CO distribution, as they are all uniformly distributed aldhg chromosomeof R.
breviusculaFigure8a). Were-iteratedthestatistical analysiand confirmed the absence of any

correlation between CO frequencies and the (epi)genomic features congiciguae 8b).
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These results indicate that broadscale meiotic recombination occurs independently of

chromosomewvide holocentromerelistribution andepi)genetic features.
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incidence of dould COs in chr3e)l CoC curve in pollen nuclei (n = 1,641). Chromosomes were divided into 15 intervals,
sampling at CO intervals, for calculating the mean coefficient of coincidence of each pair of intervals.
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Figure8

Broadscale correlation of recombination landscape and (epi)genetic featurBs breviusculaa) Chromosome distribution of C
rate coupled with many different genetic and epigenetic features. Top: recombination landscape (black line) created ing
windows of 500 kb at a step of 50 kb with COs detected in all single pollen nuclei (n=1,641¢d awith OmnC chromosom
conformation capture contacts. The terminal location of 35S rDNA loci on chrl and chr2 are indicated by asterisksid
coordinates were based on the haploid 1 assenfRlybreviusculaFor yaxis, all features were scald@,1], which stands for
maximum of 2.34 for recombination frequency (cM/Mb), 5 for Tyba density, 6 for CENH3 density, 7205 for SNP densityné
density, 227 for TE density respectively; GC [33.3, 46.6], H3K4in¢34, 0.231], H3K9me21[20, 184], H3K27me3-(.671, 0.491
are scale to [0,1] by their minimum and maximum; while mCG, mCHG, and CHH are original values (0 to 100%). Crossovst
completely absent in a large inversion in chrz;38 Mb, while in homozygous regions we could canfidently call COs, for exam
in chr4:2%35 Mb. The large variants were confirmed withirGicontact mapg-igureb). Asterisks at chromosomends in chrl an
chr2 stands for the position of 35S rDNA clusters found in the assembly and confirmed bigiiBlementary Figur8). (b)
Correlation matrix of COs with all available (epi)genetic features. Positive correlations are displayed in blue andaoegsitition:
in red. Colour intensity and the size of thectg are proportional to the correlation coefficients. In the right side of the correlog
the legend colour shows the correlation coefficients and the corresponding coleesson correlation coefficient for each pai
all features under 1Mb smoothg window and 250 Kb step size (left) and 500 Kb smoothing window and 100 Kb step siz
specifically, mean CO rates, mean GC contents, CENH3 peak density, Tyba array density, SNP density, TE density, H3
H3K9me2 RPKM, H3K27me3 RPKM, ni#®, mean CHG, and mean CHH.
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A miniature centromere effect sheds light on the finescale CO epigenetic regulation

As we did not find any correlation between the CO distribution and (epi)genetic features at a
broad genomic scale, we testdte presence o& local centromere effectaffecting CO
designation irR. breviusculaAlthough our scRNAseq strategy is useful for delineating the
recombination landscape and CO dynamics, the overall CO resolution obtained was low
(median size of the location interval.5 Mb, mean ~2.24 Mb), which does not allow for a
precise analysis of a potential centromere effect in this particular case. To achieve precise CO
resolution, we performed manual spbllination in R. breviuscula Due to its high self
incompatibility, weobtained only 63 F1 plants; we sequenced these to 3x coverage, which
allowed us to detect 378 CO events at a high resolution (median 334 bp, mean ~ 2kbp). Overall,
we obtained resultsonsistent withour singlepollen sequencing strategy, confirming the
robustness of our analygiSupplementary Figurgl). We observed an increase in the genetic
map length in the F1 offspring, suggesting tieterochiasmy occurs R. breviusculand that

female meiosis might have slightly higher CO frequencies than male m@&agiglementary
FigurellA-B). We estimated the average CO number to be 6 in the F1 offspring, exactly double

the average number estimated from single pollen nucle(8atgplementary Figur&lGD).

Holocentromeres ifiR. breviusculaare repeabased, i.e., each centromeric unit is based on
specific array of the holocentromeric rep&gbaassociated with CENH3, with average sizes

of ~20 kb and average spacings of ~400 Wwhere each chromosome harbour hundreds of
individual centromeric unit§Figure9a-b; Hofstatter et al., 2092Remarkably, we found the
same epigenetic centromere identityRn breviusculaFigure9c) as reported foR. pubera
(Hofstatter et al., 2022This organisation makespbssible to identify centromeric units at the
DNA level by annotating'ybarepeat array¢Figure9b). We computed the observedrsus
expected by random distribution fiseale CO positionacross all available chromatin marks
and genetic feature®Ve found that COs are more frequently formed at H3K4me3 peaks and
genes than what expected by random distribyfoguredd; Supplementary Figurg2). Within

genic regions COs were preferentially formadoromoter regiongFigure9e). Remarkably,

COs were mostly suppressiedidecentromeric units and heterochromatic regi@figure9d,

f; Supplementary Figurg2), suggesting that indeed a local centromere effect exists in species
with repeatbased holocentromeres. However, after computing the distances between the CO
break intervals and the corresponding neairgbtarrays/CENH3 domains, COs did not show

a tendacy to be positioned away from or close to centromeric uRitgI(e9g), suggesting a

rather miniature centromere effect and that the proximity to a centromeric unit does not affect
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CO formation as long as the CO is outside ofMoreover, we found only five cases of a CO
being placed inside a region containing redutgdarepeats and CENHfositive chromatin

(Figure9h). Our results point to the exciting finding that local CO formatioR.ifreviuscula

is affectedat fine-scaleby repeatbased centromeric units and chromatin features in contrast to

the absence of broatale correlation. However, the centromere effect observed seems rather
limited as itdoes not block CO formatian the vicinity of CENH3 domaing=jgure9i).
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Figure9

Epigenetic regulation and firgcale correlation of CO position with repdzsed holocentromerei R. breviusculga) Siz¢
and (b) spacing length distribution of CENH3 domains @gldaarrays.(c) Enrichment of CENH3, H3K4me3, H3K9me?2
DNA methylation in the CpG, CHG, and CHH contexts from the start and end of different types of sequen&do@aX|
(magenta),Tybarepeats (green), genes (grey line), LTRs (yali@en), and TEs (orange). Ch#e| signals are shown as I
(normalized RPKM ChlP/input). Grey boxes highlight the modification enrichment over the body of each sequerid}
Z-score of the overlapped CO numbers with different {gmnetic features to simulations of randomly distributed (
Positive zscore indicates that COs overlap with H3K4me3 and genes more frequent than expected under the hypc
random distributedCOs. Negative-gcore implies the contrary. The higher of the absolute value-sdoze, the mor
deviation is observede) Within genic regions CO frequency (blue line) was higher at promoter regions or after the 7
lower at gene bodies, independeof marker density (grey lineff) Within CENH3 domains (left) afigbaarrays (right) C
frequency igeduced despitea high marker density(g) Relative distance of CO positions to the end of left and to the
of the right CENH3 domain (left) dybaarray (right). The median of CO resolution 334 bp and the mean is abou
Correlation done from 63 F1 recombinant offspring and 378 COs. Matentered and greetfilled triangles represer
CENH3 andybarepeat arrays, respectivelyh) Zoomedin view of one of the five COs placed within a region conta
CENH3ositive chromatin andybarepeats. CO resolution in this casis 200 bp.TheCO is indicated by the grey dasl
line showing the haplotype switch (blue to orange) in the Marker dgtigick. {) Model for CO formation at broadnd fine
scale.

Spatial-temporal dynamics of chromosomepairing and synapsisexplain the broad-scale
recombination landscape

As the broaescale CO distribution id not correlate with any (epi)genetic feature Rn
breviuscula a mechanism is still needed to explain the primary force driving tBkape
recombination landscape observede Wypothesisedhat pairing andsynapsis progression
might contribute tahapig CO frequencies iR. breviusculaTo investigate this, we performed
immunolocalkzation with antibodies against ZYP1, ASY1, HEI10 and fluorescence in situ
hybridisation (FISH) for telomeres on meiocytéhen combining ZYP1, ASY1 and telomere
probes, we observed a tendency for telomeric signals to cluster together in one location, forming
t he typi c &Blokhindbed al.g20Et Niwa et al., 200an the proximity of this
structure,we see the ZYPL1 signal, representing synapsed chromosomes elongating from the
telomeres until they reach the area ofrtheleughat is not yet synapsed. Here, the linear signal

of ASY1 wasstill present and represents unpaired chromosoRigarel0a, Supplementary
Figure2). When we combirgttelomeric probes with ZYP1 and HEI10, westhat the first
synapsed regions (ZYPFstained)were also first loaded with HEI10 in the proximity of
chromosome ends, exhibigjra highintensity linear signalKigure10b-c). We consistently
observedew telomeres thatid not participate in the bouqyetoming fromthe terminal ends

of chomosomel and 2 that harbour tt8S rDNAloci; insteadthese regionbcalized at the
nucleolus Figure 10a, Supplementary Figure8). Remarkably, the nucleokpositioned
telomeres shoed a delayed ZYP1 loadingyhich in many caseslid not happerat all,

compared to the telomeres involved in the bougkaufe 10b, d). Thus, the broadcale
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recombination landscape R. breviusculas better explained by early synapsis and HEI10
loading on the terminal regions of paired chromosomes rather than by any association with a

centromere effect or (epi)genetic featuffeigure9i).

Discussion

Deciphering the mechanisms controlling CO formation and distribution is key to undeastand
main drivingforce forgenetic diversity in eukaryotemeiotic recombination. By combining
comprehensive immunocytochemistry, chromatin, andilico analyses of recombination
dynamics inR. breviusculaour data provide solid evidence for the roleadélomereguided
pairing (including HEI10 loading dynaros) as a major factor shaping the meiotic

recombination pattern iR. breviuscula

. .

Immunolocaizationof ZYP1, ASY1, HEI10 and telomdegd.elomeres (red) cluster in a bouquet on one sic
the cell, where ZYP1 (green) elongates as the SC is being assembled. ASY1 (orange) represen
chromosomes not yet reached by ZYR1).As ZYP1 (orange) lines elongate from telomeres, HEI10 {gk
quickly loaded onto paired chromosomes, while some telomeres (red) are at the nucleolus (white arrow),
ZYPEnd HEI1Gignal.(c) Detail of synapsis progression: as soon as the SC (orange) is assembled, HEI:
is loaded.(d) In latepachytene, ZYP1 (green) occupies the whole chromosomal length, and telomeres (
still clustered in the bouquet or at the nucleolus (white arrow). Scale bar=5 pm.

HEI10

Figurel0
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In the new era of genomics, haplotypleased genomes are routinavailable By appling
high-throughput singleell RNA-sequencingp individual pollen nuclei, we provide a powerful
pipeline that can be used to investigal® frequencies in any available gamete of any
heterozygous individual witanavailablephased genoméJsing haplotpe-specific markers,

we deteatd and maped CO eventsfrom thousands of gametes for the first time species
with repeatbased holocentromeresUnexpectedly, recombination ratesvere not
homogeneods distributed along the chromosomedbtbreviusculaas onemightexpect from
theabsence of chromosome compartmensgilbnand the uniform distribution of (epi)genetic
features(This study,Hofstatter et al., 2092 Instead,we mainly observedegions of higher
recombination frequencies (recombination domains) at distal chromosomal regnisng

in aU-shapé distribution of COs, simildy to mosteukaryotesincludingthe holocentricC.
elegangHaenel et al., 2018; Rockman & Kruglyak, 2009; S&itGolaiacovo, 2017)A recent
study in A. thaliana showed that theMb-scale CO landscape is associated with several
(epi)genetic marks beyond a centromere effect, with open chromatin state showing the highest
positive correlation with CO formatiofian et al., 2022)In contrast, we could only link CO

formation with centromere and (epi)genetic featwaka very finescale

It is remarkable that despite the absence of bezatk correlation of COs and (epi)genetic
features distribution, the similar epigenetic regulation of individual centroretiis in R.
breviusculaas in monocentric speci€bhis study; Hofstatter et al., (2022); Naish et al., (2)21)
points to an evolutionarily conserved CO control mechanism at local Ngddaly, COswithin

genic regionswere preferentially formed at promoter regions compared to neighbouring
transcribed gene bodies. This seems to be true for several eukaryotes and may b related
open chromatin statdgian et al., 2022; Zelkowski et al., 2019 contrast, the miniature
centromere effect found ifR. breviuscula which seems to prevent COs only inside
centromers, but not intheir vicinity, is likely due to the closed chromatin state of centromeric
units marked by high DNA methylation. Our findings provide robust evidence for an
evolutionary conseed centromere effethat, inassociation with (epi)genetic factpedfects

CO patterning at local scaledependery of chromosome organizatioBy using a holocentric
species likeR. breviusculawhere centromeresffect or a compartmentalized chromosome
organization are absent and cannot mask underlying factors affecting CO patteming,

reveakdimportant mechanistic insights about evolutionarily conserved CO control
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We determinedhat the broagcale Ushapé recombination landscape is mostly explained by

the telomerded pairing and synapsis as demonstrated by our combined immunostaining and
telomericFISH approach. Thiesultis consistent with the bouquet formation reporteasiamy
organisms, where synapsis and DNA dotgitand breaks (DSBs) required for €&)e mostly
initiated from the telomere@lokhina et al., 2019; Niwa et al.,, 200@uch telomerded
processes have already been proposed to influendeddgon of COso bemore likely at
chromosome ends than central regiongdHaenel et al., 2018)Considering the level of
conservation of bouquet formation and sygiggprogressiombservedn R. breviusculaand

the position of highand low recombination domains, we propose tpairing itself, and
possibly the observed telomdszl HEI10 loading dynamic¢ss the driving force that shapg

its recombination landsp&. In fact, we observe that HEI10 is progressively loaded as
chromosomes synapse from telomdragurel0, Supplementary Figur2). This early loading

at ends might create a bias that incesaSO rates at distal regions of chromosomes, whether
or not a centromere is present. Recently, a
been proposed. In this model, an enriched loading of HEI10 at chromosome ends, following the
beginning of spapsis, decreases the gap between predicted and observedAlataaiiana.

As anabundance of loaded HEI10 accounts for an increased coarsening over time, early loading
at chromosome ends would accelerate the maturation of recombination intermediates,
compared to the interstitial regions of the chromosofivesgan et al., 2021; L. Zhang et al.,
2021) These findings are even more remarkable knowing that by combining HEI10
overexpression and removal of tegnaptonematomplex, the overall CO landscape did not
change despite the massive increase in ©0&and et al., 20225uggesting that CO landscape

is driven by mechanistic propertiesrogioticchromosomeairing rather than synapsighus,

a telomereled pairing initiation model could explain why C® mostly occur near the
chromosome end$&ozard et al., 2023; Rockmill & Roeder, 192#ckler & Kleckner, 2015)

We observed a gradual reduction on CO rates from the regions very adjacent to teloReres in
breviuscula Similar to the centromere effect, a telomere effect is proposed to be common across
eukaryoteg¢Brazer & Glémin, 2022; Haenel et al., 201a8)d might be explained by the recent
proposed model for CO designation, i.e., the coarsening mbd@dlypothesise¢hat, agairing
andsynapsis preeedirom telomeresnd finally involve the whole length of the chromosomes,
recombination intermediates are affected by the coarsening coming from bothlesré$ore,
eventual recombination intermediates at telomeres will be less subject to the effect of the

coarsening copared to more internal GONext, interstitial regions will beegatively affected
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by the coarsening bias of distal regions, and will have reduced CO Ftedly, the
phenomenon of CO interferenfigtherlowers the recombination frequencies at thetreeof

the chromosomedjecausedhe distal regiondiave alreadypeendesignated for COs. Ese
phenomena likely determindde Ushapé recombination landscape &. breviusculaThe

model that we just describegplainsthe behaviour of chromosomes 3, 4 and 5.35& rDNA
harbouring distal regions of chromosomes 1 and 2, however, do not participate in the bouquet
formation as they stay at the nucleolus. Remarkably, these two chromosomal ends are also
characterized by thlowest recombination frequencies. In the model pfarthaliang it has

been proposed that ribosomal DNA is not involved in synapsis and recombination, and these
regions are laalized at the nucleolugKuttig et al.,, 2022; Sims et al., 2019ndeed, we
observed that these telomel@esated at the nucleolusere involved later in synapsis compared

to those that clustedin the bouquet. This late involvement in synapsis means a potential delay
in DSBs formation and HEI10 loading, whids consistentwith the lower recombination

frequency observed at tB&S rDNAharbouringends of chromosomes 1 and 2.

The lack of information about the spatemporal dynamics of DSB formation during early
meiosis inR. breviusculamakes it difficult to assess whether DSB distribution biased by
telomereled pairing may have an effect on CO distribution. Such experiments have been
performed only in a single study i. thaliang which showed a good correlation with the
overall CO ladscapgChoi et al., 2018)
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Materials & Methods

DNA isolation of pollen nuclei, 10x scRNA-seq library preparation and sequencing

Protocols were adapted fro@ampoy et al. (2020Briefly, to release pollen grains, anthers

from fully developed flowers oR. breviusculaand R. tenuis(for multiplex purposes) were
harvested and submerged in woody pollen buffer (WERBIyeiro et al., 200) Nuclei were

extraced using a modified bursting method. The solution containing pollen grain was pre
filtered with a 106um strainer and pollen was crushed on a®3® st r ai ner ( Cel
Isolated nuclei were gathered in WPB. Nuclei were stained with DAPI at 1 ag¢hsoted on

a BD FACSAria Fusion sorter with a 70um nozzle @838 kPasheath pressure. A total of

10,000 nuclei were sorted into 2Buf sheath fluid solution subs
Chromium controller according to thma n u f a cintstouctiert. A lbrary was created
according to the chromium single cell 3" protocol. A CG000183 Rev A kit from 10x Genomics
was used for the library preparation. The library was degpienced (108b) with anlllumina

NOVAseqinstrument in50bppairedend mode

Whole genome sequencing (WGS) of F1 recombinant offspring
In order to obtain a recombinant population Rf breviusculaplants, we bagged young

inflorescences of our heterozygous referdRcbreviusculdo force seHpollination. Due to its
high seltincompatbility, we only obtained a total of 63 F1 plants that were sequencgd at

coverage+{2 Gb) with lllumina HiSeq300 in 150 bp pairedd mode.

Anther fixation and immunocytochemistry

Immunostaining was performed dsscribed byabral et al. (2014 )with some modifications.
Anthers ofR. breviusculavere harvested and fixed in iceld 4% (w/v) paraformaldehyde
(PFA)in phosphate buffered salif@BS)solution pH 7.5 1.3 M NaCl, 70 mM Na2HPO4, 30

mM NaH2P0O4) for 90min. Anthers were separated according to their size and were dissected
to release theneiocytes oto glassslides Meiocytes were squashed with a coverslip that was

later removed with liquid nitrogen. Slides were stained with mounting solution (Vectashield +
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0.2 ug DAPI) in order to select the meiotic stages of interest. Slides werddhkedwith 3%

(w/v) bovine serum albumi(BSA) in PBS + 0.1%v/v) Triton X-100 for 1 hour at 37 °C. The
antibodies used were aiftASY1 raised in rabbit (inventory code PAKOQ@ymstrong egal.,

2002) anttAtMLH1 raised in rabbit (PAKO17]{Chelysheva et al., 201@nd aniRpCENH3

raised in rabbi{fMarques et al., 2015The antZYP1 was raised in chicken against the peptide
EGSLNPYADDPYAFD of the carboxyterminus of AtAPla/b (Gene ID:
AT1G22260/AT1G22275) and affintgurified (EUROGENTEC) (PAKO048). The anti
RpREC8 was a combination of two antibodies raised in rabbit against the peptides
CEEPYGEIQISKGPNM and CYNPDDSVERMRDDPG (Gene ID:
RP1G00316120/RP2G00915110/RP4G01319620/RP5G01638170) and  -affirifiyd
(Eurogentec). Té anttRpHEI10 was a combination of two antibodies raised in rabbit against
the peptides CNRPNQSRARTNMFQL and CPVRQRNNKSMVSGGP (Gene ID:
RP3G01271190/RP3G01008630/RP1G00269340/RP2G00699130) and -afiiriiyd
(Eurogentec). Each primary antibody was ®@itli 1:200 in blocking solutiorSlide-mounted
samplesvere incubateavith primary antibodieovernight at 4 °C. Slides were wasladee

times forlOmin with PBS + 0.1%v/v) Triton X-100.Samplesvere incubateavith secondary
antibodiesfor 2h at room temerature. Secondary antibodies were conjugated with Abberior
STAR ORANGE or Abberior STAR RED (1:250, Abberior). Slides were washed #dyaia

times for10min with PBS + 0.1%v/v) Triton X-100 andallowedto dry. Samples were then
prepared with 10 pl ofmounting solution (Vectashield + Oy DAPI). Specimens were
covered with a coverslip and sealed with nail polish for storage. Images were taken with a Zeiss
Axio Imager Z2 with Apotome system for optical sectioning, or with a Leica Thunder Imager
DMi8 with Computational Clearing. Images were deconvolved and processed with Zen 3.2 or
LAS X softwares.

Sequential immunostaining and fluorescence situ hybridization

ImmuncFISH was performed followingaez et al. (2020500d qualityslides obtained from
immunostaining, as described above, were selected for fluoresoersits hybridization
(FISH) using a telomeric probe. The slides werslved with 1x PBS for 15min, fixed in 4%
paraformaldehyde itxPBS for 10min, dried with 70% and 100% ethafwV) for 5 minutes
each and then probed with directlabelled telomeric sequenceCy3-[TTTAGGG]s;
MilliporeSigmg. The hybridization mixtureontains formamide 50%w(v), dextran sulphate
10% (w/ v), 2 1 | obtsl@neric prdbe.5TBe slives Avere denatured at 75 °C for
5min. Stringency washes were performed followrgz et al. (20200 give a final stringency
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of approx. 72%. The slides were counterstained with 10 pl of mounting solution (Veaashiel

+ 0.2 ug DAPI). Images were captured as described above.

Mitotic and meiotic chromosome spreads were performedRaban et al. (2014with some
modifications. Briefly, tissue samples were fixed in 3fhé&nol: aceti@acid, [w/v]) solution

for 2 hours with getle shaking. The samples were then washed with water twice for 5min and
treated with an enzyme mixture (0.7% cellulase R10, Ojf%s] cellulase, 1.09qw/V]
pectolyase, and 1.09@/v] cytohelicase in citric buffer) for 30min at 37 °C. The material was
then immersed in freshly prepared 6(¥v) acetic acid and samples were dissected on slides
under a binocular microscope. The slides were then placed on a hot plate at 50 °C and the
samples were spread by hovering a needle over the drop of acetic acid watiehing the

slide. After spreading the cells, the fixation was completed by dropping fre§i\g:fixative

on the slides and immersing them in 60%) acetic acid for 10min. Slides were dehydrated

in 100% ethanol and adried, ready for future applications.

Box Plots and Statistical Analyses
Box plots for HEI10 and MLH1 foci counting and relative statistics were carried out as
described in Chapter(®ee below)

Haplotype phasing and scaffolding

A phased chromosorevel genome oR. breviusculavas assembled using PacBio HiFi and
Hi-C data available frolofstatteret al.(2022)underthe NCBI Bioproject no. PRINA784789.

First, a phased primary assembly was obtained by running Hifi@keeng et al., 2021)sing

as input the 30 Gb of PacBio HiFi reads (~35x covepagehaplotype) in combination with
Dovetail OmniC reads, using the following commardfiasm-o Rbrevi.phased.asm.hiehl
hic.R1.fastq.gz--h2 hic.R2.fastq.gz hifi.reads.fastg.gZhe phased assemblies of each
individual haplotype were further scaffotflen chromosome scale using Sal¢é@hurye et al.,

2019) followed by successive round of manual curation arstaéfolding. Genome sizes of
haplotypes 1 and 2 are 418,624,405 bp and 390,890,712 bp respectively. Both haplotypes
comprise five chromosomes with a length of ~370 Mbp in total and other unplaced sequences

(Supplementary Tabl#).

Definition of allelic SNPs as genotyping markers othe phased reference genome

To define genotyping markers fdR. breviuscula we first mapped all available (NCBI
Bioproject no. PRINA784789) raw WGS lllumina HiSeq3000 150 bp peaeredl reads
(25,899,503,075 bases, ~54x coverage) to thepheridechromosore scaffolds in haplotype
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1 of the phased reference genome with bowtie2 (v2(ah)gmead & Salzberg, 2012)he

adignment file was further sorted witBAMtools (v1.9)(Danecek et al.,, 2021Next, the
alignments of short reads to reference genom
and Obcf t oo (Danecekeet dl.06202Qwith --k@epalts, --variantsonly, and --
multiallelic-caller flags enabled). 1,404,927 SNPs excluding indels were derived in total. In

order to distinguish two haplotypesing these SNPs, we only chose allelic SNPs as markers

for genotyping. Therefore, we collected variant information such as mapping quality,
alternative base coverage, and allele frequency resulting from SHOREmap conversion (v3.6)
(Schneeberger et al., 20GBat converts SNP files (.vcf) into a refeéndly, tabdelimited text

file. A final setof 82061 al l el es fulfilling certain thr
alternative base coverage O 30, 0. 4(Figoreal | el e

6b; Supplementary Figurd).

Pre-processing singlecell RNA sequencingdata from pollen nuclei

Raw scRNAseq data usually include barcode errors and contaminations such as doublets and
ambient RNA. Thus, cel l barcodes (CBs) were
based on 10X v3 |ibrary c-ampe-epacdrart2adebédcs
the 16bp CB and 1zbp unique molecular identifier (UMI). After correction, 952,535 viable

CBs were observed. This step also truncated CBs and UMIs from every pair of seRNA

reads. After counting the occurrence of CBs, wioled the number of read paiios each CB.

To ensure a sufficient amount of reads for SNP calling, only CBs appearing more than 5,000
times were used for subsequent analyses. Finally, each CB was seen as one viable cell, and
reads with corresponding CBewe assigned to this cell (demultiplexing). 8,001 (0.84% of
corrected CBs) viable cells were identified in the end with 365,771,748 (77.25% of all raw

scRNArseq) read pairs included.

Alignment of single-pollen RNA sequences to genome and deduplication

To find genotyping markers iR. breviusculagametes, we firstly mapped scRNA reads of
pollen nuclei to haplotype 1 chromosomé&gy(ire6b) by hisat2 (v2.1.0{Kim et al., 2019)
Specifically, each celpecific pair of readsvasmerged as one singend FASTQ file, and

hisat2 was run under singénd mode-U) because the SN&alling approach does not detect

SNPs on reads whose mated reads are not mapped. Before further analyses of the alignment

results, UMIs were extracted frattme read alongside the CBs; hence, a fast UMI deduplication

37



tool, UMIcollapseLiu, 2019) was employed to remove the PCR duplicates by collapsing reads
with the same UMis.

The sequencing library wasgpared for mixed pollen nuclei Bf breviusculandR. tenuigo

enable multiplepotential analyses, necessitating a species discrimination step. We achieved
this by a straightforward approach without gene expression profitingach cell, a) the DNA
sequences were mapped to bothRhdreviusculandR. tenuischromosomal genomes; and

b) the alignment rates between the two species were compared to decide the cell identity
(Supplematary Figureb). Since the alignment rates across celR.tbreviusculandR. tenuis

were both bimodal distributionS@pplematary Figure5A-B), it was feasible to group these
cells solely based on mapping rates. It was estimated that 4,733 cells weRe fsmwiuscula

and 2,709 cells were froR. tenuigSupplematary Figure5C) based oralignment fractions.

The remaining 559 cells presented very similar alignment rates, which were potential doublets.
Among the 4,73R. breviusculacells, we discarded those whose alignment rates were lower

than 25% so 4,392 cells froR breviusculavere viable for the next stagé the analysis.

SNP calling and selection of GMGs across gametes

SNP callingin all gametes adopted the samethods as reference genome SNP calling, i.e.,

via Obcftools mpileupd and Obcf t-eapahtso nd aylol 6 (
flag was applied. After acquiring SNPs for every gamete, we extracted SNP positions, allele
counts of referencgend al t ernative bases through O&6bcft
every gamete with markers defined on reference resulted in reliable genotyping markers in this

gamete.

However, not all cells were viable for CO calling due to insufficient markemoablets
generated durinthe 10X library construction. Hence, filtering is necessary before calling COs.
We first discarded 2,338 cells with less than 400 markers to ensure accurate genotyping by
sufficient markers. To remove doublets, we estimatedtithes of switches of marker
genotypes across the remaining 2,054 cells. Cells with frequent switchesswéching rate
(genotype switching times/number of markers) greater than 0.07, were taken as doublets
(Supplematary Figure5E). Ultimately, 402 doublets were found, with the remaining 1,652

cells proving suitable for subsequent CO calling.

CO identification
Genotyping of chromosomes wagerformed by adapting the haplotype phasing method
proposed byCampoy et al(2020Campoy et al. (2020)Since the original approach was
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designed based on a scDMAq library, which is commonlysedto examine more SNPs than
scRNAseqdata, we adjusted the smoothing function and parameters to define genotypes of
genomic blocks accordingly. Specifically, markers were firstly smoothedeliyghbouring
markers (two ahead and two behind) based on allele frequency and then on presence of
gerotypes. After smoothing, genotype blocks containing at least five markers within 1 Mb
length were qualified to assign genotypes. The genomic regions that saw the conversion of
genotypes at flanks were taken as CO break positibgargéc-d). In the end, we counted CO

numbers in each cell and manually checked and corrected those with double COs.

Recombination landscape and CO interference

In order to have an overview of CO rates across the chromosontes lwéviusculawe
summarised crossover positions in all viable cells (1,641 cells remaining after manual
correction) and plotted the recombination landscape for each chromosoguee (7a).

Recombination rate (cM/Mb) was computed by 1Mbp sliding window and 100kbp step size.

NOGE G OOE B 'S&éé éé( Ay 9N (o] isp‘nmémm‘né Q& p mapd
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To plot genetic linkage mag-igure7b), we extracted 743 markers from 820,601 reference
markers by selecting the median marker within eactKb0§liding window (step size also
50Kb) from the first present marker until the la§tO interference was analysedth
MADpattern (v.1.1)(L. Zhang et al., 2014)using 1,641 confident singleton pollen nuclei.
Chromosomel was divided into 18 intervals andromosomes2-5 were divided into 15

intervals to compute the meaaefficient of coincidence (CoC) of every pair of intervals.

F1 offspring mapping and CO analysis

63 F1 offspring were reproduced from selRedoreviusculaEach F1 plant was sequenced with

~3X lllumina WGS data. To genotype F1 offspring, WGS Illuminauseges of each plant

were firstly mapped to rhyBreHapl reference genome with bowtie2 (v2.4.4)-eaidetiode,

then SNPs were called iybcf t ool s mpi | eupd an-dkeepdiss-ft ool s
variantsonly, and--multiallelic-caller flags enabt. Next, SNPs of each F1 sample were input

to TIGER (Rowan et al., 2015)or genotyping and generating potential CO positions. In
addition, RTIGER(CamposMartin et al., 2023)wvas also used to identify the genotypés o
chromosomal segments by utilizing the corrected markers resulted from TIGER. Only the COs
that agreed by both tools were kept. Recombination landscape from F1 COs were plot using the

same strategy and sliding window as illustrated for pollen nuclei.
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ChlIP

CENHS3 ChiIRseq data was obtained frddofstatter et al(2022) Further ChiPexperiments
were performed for H3K4me3 (rabbit polyclonal to Histone H&ethyl K4,Abcam ab8580),
H3K9me2 (mouse monoclonal to Histone H3nwkethyl K9, Abcam ab1220), H3K27me3
(mouse monoclonal to Histone H3 -tnethyl K27, Abcam ab6002), and IgG control
(recombinant rabbit IgG, monoclonabcam ab172730) using the same protocol described in
Hofstatter et al(2022)

ChIP-seq and analysis

ChiIP DNA was qualitycontrolled using the NG8&ssay on a FEMTQulse (Agilent
Technologies An lllumina-compatible library was prepared withet Ovation Ultralow V2
DNA-Seq library preparation kit (Tecan Genomics) and sequeassidgleend 156bp reads

on a HiSeq 3000 (llluminapstrument For each library, an average of 20 million reads were

obtained.

Raw sequencing reads were trimmed byadapt(Martin, 2011)to remove lowquality
nucleotides (with quality score less than 30) and adapters. Trimmed ChIRbd &B5@leend
reads were mapped to the respective reference genome with bvetignead & Salzberg,
2012) with default parameterdAll read duplicates were removed and only the single best
matching read was kept on the final alignment BAM file. BAM files were converted into
BIGWIG coverage tracks using the bamCompare tool from dekgiiRamirez et al., 2016)
The coverage was calculated as the number of reads {bgr 56 and normalizedsreads per
kilobase per million mapped reads (RPKMagnifiedchromosome regions showing multiple

tracks presented iRigure9b was plotted witlpyGenomeTrack@_opezDelisle et al., 2021)

Tybaarrays and CENH3 domains annotation

Tybarepeats were annotated using BLAST search with a consépsasequence allowing a
minimum of 70% similarity. Further annotation ©ybaarrays was performed by removing
spurious lowguality Tybamonomer annotatiorshorterthan 500 bpWemerged with bdtools
(Quinlan & Hall, 2010xll adjacenfTybamonomers situated at a maximum distance of 25 Kb
into individual annotations to eliminate the gaps that arise because of fragmgbéedrays

and those with sizegds than 2 Klwere discarded

CENH3 peaks were called with MACSY38. Zhang et al., 2008)sing the broad peak calling

mode:

macs3 callpeak CHP.bam-c Control.bam-broad-g 380000000-broad-cutoff 0.1
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Identified peaks were further merged using a stepwise progressive merging approach. CENH3
domains were generated by 1) merging CENH3 peaks with spacing distance less than 25 Kb
using bedtools te@liminate the gaps that arise because of fragmehgbd arrays or due to

insertion of TEsand2) removing CENH3 with domain size less than 1 Kb.

Transposable elemerg annotation

Transposable element protein domains and complete LTR retrotransposons were aimnotated
the reference haplotype genolmeexploiting the REXdb database (Viridiplantae_version_3.0)
(Neumann et al., 2019)sing the DANTE tool available from the RepeatExplorer2 Galaxy
portal(Novak et al., 2020)

Enzymatic Methyl-seq and analysis

To investigate the methylome space kh breviuscula the relatively nondestructive
NEBNext® Enzymatic Methykeq Kit was employed to prepare an Illumowanpatible
library, followed by pairegend sequencing (2 x 150 bp) on a HiSeq 3000 (lllumirsijument

For each library, 10 Gb of reads were generated.

We analyed enzymatic methyseq data using the Bismarck pipeliflueger & Andrews,
2011) following the standard pipeline described at
https://rawgit.com/FelixKrueger/Bismark/master/Docs/Bismark_User_Guide. itahividual
methylation context files for CpG, CHG, and CHH were converie BIGWIG format and

used as input trask for overall genomavide DNA methylation visualization with

pyGenomeTracks and R plots.

Quantitative correlation of COs and (epi)genetic features

The distribution and accumulation of Hikedifferent classes of genetic and epigenetic features
were correlated with the distribution of C@orrelation matrix Figure8b) was calculated by
pearsorcorrelation coefficient for each pair of all features under 1Mbp smoothing window and
250kbp step size, specifically, mean CO rates, mean GC contents, CENHZpsi&k tyba
array density, SNP density, TE density, H3K4me3 RPKM, H3K9me2 RPKM, H3K27me3
RPKM, mean CpG, mean CHG, and mean CHH.

To inspect a possible centromere effect on CO positioning, we calculated the relative distance
of 378 COs in our F1 offspring to the closest left and right centromeric unithe€€cENH3
domain andTyba array and normalized all distances tedl Gsuch tha all neighbouring
centromeric units are displayed in the same séatpife9g). Crossover and marker positions
over the transcript bodie€ENH3 domain offybaarraywere normalized by their distance to
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transcript start sites (TSS) and transcript termination sites (TTS), and then count by binning
(FigureQe-f).

In order to see the association of CO designations with a variety gig@etic features at a

local scale, we first counted the number of COs that overlap with CENHaarrays, gees,

TEs, LTRs, H3K4me3 peaks, H3K9me2 peaks, and
(v2.29.0). Next, we assigned 378 COs genwvige at random. The number of COs on each
chromosome is the samethe one detected Il individuals (i.e., 72 COs on chid9 on chr2,

76 on chr3, 84 on chr4, and 77 on chr5), while the CO break gap length was picked up from the
378 real F1 CO gaps randomly. For each simulation round, these gS@sdweere overlapped

with (epi) geneti c featur es ag@.bimulatiorstwlre rddratedt oo | s
5000times, and theesults were then plotted as the distribution of overlapped CO numbers for
each featureSupplementary Figur&2). Finally, to evaluate the deviation of real overlapped

COs with each feature to the expected overlapped CO number under the hypothesis of randomly
distributed COs, &cores were calculated bhe mean values and standard deviations of the

simulated number of overlapped CO distributibig(ire9d).
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Supplementary Figurg

Maximum number of MLH1 (green) foci observedRirbreviusculat diplotene. Maximum projection is show
DNA was counterstained with DAPI. Scale bapm.

Supplementary Figur2

Another image of &. breviusculaell atlate zygotene with immunolocalization of ASY1 and ZYP1 in ad«
to telomere FISH. Synapsis is almost complete and only a small portion of the cell is still displaying A¢
meaning unpaired chromosomes. Most of the cell is now covered by the linear ZY&]1 reigresenting th
synaptonemal complex. Telomeres are clustered in a bouquet on the left side, but some of them are
at the nucleolus. Maximum projection is shown. Scale bapm.
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Merged

Supplementary Figurg

FISH with 35S rDNA and telomeric probgeaphasd (A) and mitotic metaphaseB) inR. breviuscularelomere
of -DNAharbouring chromosomes chrl and chr2 cluster in the nucleolus. Squares in B show telomeric s¢
in chromosomes witl35 rDNA Maximum projection is shown. Scale bar grb.

Haplotype 1 Haplotype 2
Genome assembly size (bp) 418627160 390890803
# Contigs 1637 548
Contig assembly size (bp) 421256472 391742506
Largest Contig (bp) 35313519 43961622
Contig N50 (bp) 11938939 13764201
Contig N90 (bp) 42248 2739863
# Scaffolds 1501 457
Pseudechromosome size (bp) 368174147 370478156
Scaffold N50 (bp) 69585868 72168595
Scaffold N9O (bp) 45843 66381717
Largest scaffold / chr 1 (bp) 91632052 89220796
Chromosome 2 (bp) 70953004 72168595
Chromosome 3 (bp) 69585868 69956709
Chromosome 4 (bp) 66447897 66381717
Chromosome 5 (bp) 69555326 72750339
Base accuracy (QV) 30.85 32.32
Completeness (%) 85 85
GC (%) 35.91 35.60
Supplementary Tablg

Summary of genome size, contigs, and scaffolds of phased genome assemblies.
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#Structural annotations

#Variation_type Count Length_ref Length_qgry
Syntenic regions 229 329130991 329924075
Inversions 39 2135010 1947035
Translocations 346 3620755 3569626
Duplications (reference) 137 1472557 -
Duplications (query) 249 - 1168366
Not aligned (reference) 650 32783105 -

Not aligned (query) 808 - 33606738
#Sequence annotations

#Variation_type Count Length_ref Length_qry
SNPs 615883 615883 615883
Insertions 59142 - 2687428
Deletions 59276 3101459 -

Copy gains 87 - 126950
Copy losses 60 394961 -

Highly diverged 5660 172894800 174131686
Tandem repeats 3 482 825

Supplementary Tabl2

Synteny and structural variations between two haplotype&obreviuscula
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Supplementary Figuré

Selection of genotyping markers on referen¢®) Read depth distribution of Illumina reads mapping
haplotype 1 oR. breviusculphased genome&{B-D) Characteristics of alternative bases of SNPs that were
from the alignment mentioned in(A). Genotyping markers on reference were selected adogrdo the
distributions of coveragéB), allele frequency@, and mapping qualityD) of alternative bases, specifically,
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A Mapping to R. breviucula B Mapping to R. tenuis
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Supplematary Figures

Preprocessing of scRNgeq by splittingR. breviusculdrom R. tenuiscells and removing doublet¢A-B)
Alignment rate distributions of each read R breviuscul§A) and R. tenuigB). (C)Distribution of the fractiol
of read alignment of each cell R. breviusculaver read alignment to both species, i.e., for a certain cell, fra
= number of reads mapped t. breviuscula (humber of reads mapped tR. breviuscula number of reac
mapped toR. tenui}. Cells with alignment fraction over 0.67 were potentially frBmbreviusculaThose witl
fraction below 0.4 were potentially frorR. tenuis The remaining was doubletéD) Switch rate distributio
acrossR. breviusculgollens. Swith rate of a certain cell was calculated by tmember of genotype switche
between two consecutive markers over the number of markers in this @lldentification of doublets
switch rates. Cells with switch rate over 0.07 were tasthoublets.(F)Number of markers acro$. breviuscu
pollen cells after only keeping cells with high number (>=400) of markers and removing doublets.
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A C Crossover number by chromosomes
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Supplementary Figuré

Crossover number of all viable pollefis) Comparison of crossoveumber detected from scRN#eq analys
of all 1641 viable pollen nuclei and counts of MLH1 foci by cytological observéBo@rossover numb
detected on each chromosome. The mean number of chromosomes on 5 chromosomes is 0.54, 0.47, C
and 0.44 respectively. Pairwise differences were compared by Ghiowsll test and pralues were adjusted |
HolmBonferroni method(C) Proportions of CO counts across chromosomes.
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Distance distributiorof the first markers to chromosome start and the last markershmmosomeends
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Supplementary Figure

CO interference on CO numbéA) Comparison of observed CO number and expected CO number under the asst
of no interference on chrl, chr2, chr3, chr4, and chr5-Qhiare value was firstly computed based onsdniare goodnes
of-fit test with Poisson distribution. Then-palue wascomputed by chsquare distribution with above clsiquare valu
and degree of freedom. Alpha value was derived from dispersion(83t.oC curve for each chromosome in pollen ni
(n =1,641). Chrl was divided into 18 intervals and-&w&re dividednto 15 intervals, random sampling at CO inten
for calculating the mean coefficient of coincidence of each pair of intervals.
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Sizes of CENH3 and TYBA array
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Supplementary Figurg0

Sizes and spacing distances of CENH3 and TYBA éVa$&zes of CENH3 afigbaarrays. CENF
median size is 19156 bp and the mean size is 20697 bp. The medighazrray size is 17424 bp a
the mean is 18220 bfB) Spacing distance of CENH3 diythaarrays. CENH3 median distance is 37!
bp and the mea is 401763 bp. The median Bybaarray distance is 354850 bp and the mean is 37
bp. CENH3 domains were generated by 1) merging CENH3 peakdg®eials &Methods for pea
calling) with spacing distance less thar3p; 2) removing CENH3 with domaiaze less than Kbp. Tybe
arrays were generated by mergiigbaarrays with spacing distance less tha@p and then discardir
those with sizes less thark@p.
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sequencing) ofR. breviuscula(A) Recombination landscape of the five chromosomesRi
breviusculaby computing crossovers in 63 F1 offspring individuals (left panel). Genetic linka
with density indicated by colouring (right pane(B) Recombination landscape of the f
chromosomes iR. breviusculy computing crossovers in 1,641 pollen nuples 63 F1 offsprir
individuak (left panel). Black line displays the CO rate, which was the mean of 500 r
samplings for each CO gap. Shadow ribbons indicate one standard deviation from mean

Blue dashed vertical line: start and end of ddefit CO rate computatiorSupplementary Figu
8). Blue solid vertical lines indicate chromosomal ends. Orange horizontal line: gemiole
average CO rate. Green horizontal line: chromosevite average CO rate. Genetic linkage
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counting CO events in bioinformatic analysis and MLH1 foci in cytolasarvations(D) CC
number distribution by each individual chromosome in F1 offspring.
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Abstract

The beaksedge planRhynchospora tenuisas a genome composed of only two holocentric
chromosome pairs. Because of this unusual centromere organization, this species performs
inverted meiosis, where the first meiotic division involves an equational segregation of sister
chromatids, while reduicinal segregation of homologous chromatids occurs at the second
meiotic division. Furthermore, no chiasmata have been observed during male meRsis in
tenuis Because of the lack of recombination, haplotypes are expected to accumulate large
sequence divgence. Here, we exploited this high heterozygosityRotenuisto obtain a
haplotypephased chromosonseale reference genome. Following singéemete sequencing

of pollen nuclei and NGS sequencing of the progeny of two selfed mother plants, we confirmed
that there is no evidence of meiotic recombination in this species. We validated our results by
immunocytochemistry using recombination spegfiotein markers and their visiuzdtionin
meioticprophasd. Our results provide evidence for a casbiséxualachiasmy and absence

of recombination in a sexually propagating organism. Furthermore, our study sheds light on
novel mechanisms for achieving clonal seed propagation despite maintenance of sexual

reproduction.

Key words: achiasmatic meiosis, halentric chromosomes, apomixis, singkl
sequencing, meiotic recombination

55



Introduction

Meiosis is a spealized cell division process that sexually reproducing organisms undergo in
order to reduce their ploidy before fusing their gametes. Additionally, meiotic recombination
reshuffles genes and generates genetic diversity in the pr@gengier et al., 2015)Meiotic
recombination is the exchange of genomic material between homslogarental
chromosomes that first induce fragmentation of their own chromosomes, which are then
repaired using nosister template, resulting in a crossover (CO). The physical manifestation of
a CO is the chiasma, a physical link between homologous choomessthat can be observed

at the engrophasd, in a stage callediakinesisKeeney, 2008; Mercier et al., 2015)

During early meiosis a series of meiesigecific proteins are required for proper placement of

CO, pairing and synapsi$hese proteins retain conserved patterns that can bedtusing
cytology and microscopyDMCL1 is a meiotiespecific protein involved in the singktrand
invasion following a double strand break (SDB). In early meiotic stages, Dbt@lizes as

many foci on chromosoméBa Ines et al., 2013ASY1lis a solidcytologicalmarker for the
beginning ofprophasd and especially the stage leptotene During this stage, chromosomes

are condensed into thin threads, but are not yet paired. ASY1 represents the chromosome axis
that is formed on unpaired chromosomes, and it is necessary for both pairing and later stages
of recombinatior{Armstrong et al., 2002; Lambing, Kuo, et al., 20ZEC8 is another robust
cytologcal marker for sister chromatid cohesion. REC8 is widely used tahzsuihe process

of pairing, when homologous chromosomes are brought together to process recombination
intermediates. As a result of this process, REC8 form and intense linear sigmalmesomes

are pairedKuttig et al., 2022; Lambing, Kuo, et al., 202@Gmbing, Tock, et al., 2020XYP1

is the transverse filament of tegnaptonematomplex (SC), a zippdike structure assembled

to tie together homologous chromosomes. When pairing is complete, at the stageyténe

ZYP1 can be visalized as dinear signal running along the chromosorftéggins et al., 2005;

M. Wang et al., @10).

It i s known that recombination frequencies w
Het erochiasmy is the phenomenon of having di
two gee@®r mand & Dutheil, 2005; .Sdaihnis dt fdle.r
can be so strong that recombination is abs

Het erochi asmy has [|eekeanr yoohtsi ecr vreadd eiln ommagmayn i s m¢

Generally, organisms with canoni cal mei osSi s
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case, there are dire conseqgquences, as chias

evolution ienr wjgesreer adr. g a@dti s ms (or specific (

S e

s
0

achiasmatic, which means there is never occu
xes. One of the most fabDoboasophiamapl mevihameda
c

recombioma does not take place, chiasmata i s
formed, although theBeadlse,evid2hceldlom etaial
2012) I n addition, given the absence of <chi e
ensur e prraonpdeorm ncohnr o mds mme segreg

Al t hough meiotic recombination is essenti al

essenti al for reshuffling genetic materi al

( Mel| aBeesds udo et HBhus, 2006pl ays an i mportant
combinati on and di srupting negati ve Il i nkag:e

recomlii on woukdohavwébaanyachiasmatic organi s

conversion would be impaired and this woul d
mutations in various |(oel liem citf Yaelr.le,nt 2 Q7 )c
accumul ation of a | arge numblromdsaomdsatwouwlsd

them significantly di f-cfelridend e |fsrodfmB eefakcghc t olt 99et
Butl in, 200 2; Ceplitis, 200 3; Mar k Welodtheg&
expected consequence of the | ac&l etferriecwanbalr

antdhpes eudogeni zation of alleles, which cannot

I n the past years, R.hetatnduracdretdr iourpliantersemsd

chromosome number (n=38) pl(avaenszled vae s tA nfidda &knd 4
achi asmat(iCGabmeailo seits Molr.e, r2CEkh)t | vy, we have st
chromosome number hatsendschtecosomen fthseensn
karyotypéHwoftshanht®r lent caolnt,r az@22)o monocentr.i
singl-reesstirziected centromere is Rbpootopapeld @ace
typically composed by hundreds of small cent
t he chr dHodesmatter et al ., 2028; f B®at guehsol
chromosomes evolved sever al times independe

(Marci alettsaludeTB®&iSi)ti on to holocentricity

evolution of several mei ot i ¢ da dCapptraatli ocents atlo
Heckmanal e, 201 4,; Hof st atteHaetndl . ROa&ad, W
have previousRIlyy nrcehpeogp@aeride st hditspl ay i nwverted
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orientation of sister chromatids all ows thei
chromatids are only(fafgrabated adt , ardddas eMa
Remar kabl y, Rl tdesmedivoesni snoirre special, because
do not pair nor form chi adimak isrtieasglea baryailn ge t4 e
2014)Stri kingly, for mattriaamd amrde ek a(k23$ B )o dao u &
evidenced by the presence RADS5(1Cafborcail, eat parlo.t,

Further sepaearhatoinoan i a@fs sitstaenraphase | and secg
anaphaseRI |l temopifmvesrted order ©€Cabhal mai nalme,
As Ri.n tremubisval ents are formed, wunivalents al

Met aplhas8i ster chr omaodi idesn ttahteino na s sfuamei nag bsii ¢
opposite pol es, i nsotreiaednt@aft i ancaAbbhecalt hmose@
chromatids at Anaphase 1|, t hme itovwoiosmolold,gchi s
nosi sters finally segregate, termMCalat alngetmet
2014)However, |l acR. otegmapert $s ct el atontmhiusi spe
fully achiasmatic

R. tenuis with such a mosaic of features such as holocentritoty chromosome number,
absence of chiasmata and inverted meiosis, presents a very unique model system to understand
the impact of lack of recombination in genome evolution and sexual reproduction. Therefore,

it is of great interest to study how thesetfiees are integrated in a single species, if they are
associated with specific adaptations and if (and how) they could interact with each other in a
meiotic context. Here we uncover the meiotic recombination mechanics and outcoRes of
tenuis With a comined approach involving singilgamete sequencing of pollen nuclei, NGS
sequencing of an F1 offsprimmppulationand immunocytochemistry, we propose a model in
which R. tenuisis surviving a challenging evolutionary state with a mosaic of unexpected

adaptabns.

Results

Prophase | is impaired inR. tenuis

Prophase | of meiosis can be cytologically studied by immunocytochemistry using antibodies
to detect conserved proteins and their behaviour. Different markers can be used to study
different meiotic stages. The holocentric natureRoftenuisis highlightedby CENH3 that
appears as a linear signal along the entire chromosome (Ehgthlementary Figuré5a-c).

In R.tenuis,at earlyprophasd, we can observe DMC1 appearing as many foci located on the
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DNA, not yet condensed into thin lin@sigurella). At the stage ofeptotene ASY1 forns a

linear intense signalF{gurellb). Later stages can be valized with REC8 and ZYP1, and
indeed REC8 forms a signal that is linear but partiat, covering the whole length of the
presumed paired chromosomes. ZYP1 is supposed to be loaded when RECS8 forms its linear
signal, but we can only see a scattered signal that, even if present in proximity of the REC8
signal, does not display a full linestructure Figurel2a). We cannot observe any conserved
behaviour of meiotic proteins in later stages. Rare instances hint at a possible beginning of
synapsis, that might sonaborted. There are traces of HEI10 loading, however it seems to
be delayed and/or less abundant compared to observation is related (§etwmpter land

3) (Figurel2b). Therefore, it seems thptophasd is occurring canonically in its initial part,

but somehow, when pairing is involved and meiosis | reaches stages typically characterised by

the processig of recombination intermediates, markers are not behaving normally.

b

Figurell

Immunolocalization of meiotic proteins durippyophasel of male meiosis oR. tenuis(a) Earlyprophasel cel
with DMC1 (green) locaihg as foci(b) Leptotene cell with ASY1 (green) forming a linear signal. Max
projection is sbwn. DNA is counterstained with DAPI. Scale bar =5 pm.
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Figurel2

Immunolocalization of meiotic proteins in male meiosifRotenuis (@) Intermediate prophase | cell stained w
ZYP1 (red) and RECS8 (green). REC8 forms a linear signal, but ZYP1 cannot be distinguished as a line
it displays a dispersed ocattered pattern. p) Rare case of a cell displaying a linear ZYP1 signal (rec
appears incomplete. Additionally, HEI10 (green) appears as a very weak and even less intense signal
Maximum projection is shown. DNA is counterstained with D8€ale bar Sum.

The meiotic machinery repertoire ofR. tenuisis conserved and likely functional

In order to study whether the absence of recombination is due to mutations or rearrangements
in fundamental meiotic genes, we investigated their sequences and expression. Interestingly we
found that at the sequence level most of the known actors of maiegisesent in the genome

of R. tenuis In addition, they also are expressed and their gene function is maintained. Only
SHOC1, a protein essential for rdigtlate recombination progression Arabidopsisand
mammalgGuiraldelli et al., 2018; Macaisne et al., 2008 ot found in our expression dataset.

However ,its sequence seems incomplete and predicting a functional pfbadilel).

Phased genome assembly &. tenuis

The high degree dieterozygosity othe genome oR. tenuids around 2%Hofstatter et al.,
2022) This feature was exploitetd obtain a phased genome assemBlgplying the same
genome assembly method as demonstrateld.foreviusculdSeeChapter 1)we successfully
obtained a phased genome assemblR.afenuis(Table2; Figurel3), which then allows for
whole chromosome genotyping. The assembly result showRthanuishas a comparable
genome size t®R. breviusculabut R. tenuishas only two pairs of chromosomeke least
number we know in plants so f&. tenuias a high degree of synteny between two haplotypes

with several inversions and some small duplications and translocdtigusel3).
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No occurrence of COs in both male and female meiosis

To ascertain the absence of crossoverR.itenuisat the genetic level, we genotyped male
gametes and selfed F1 offspring using the same type of data, i.e., selglces from pollen
nuclei and WGS lllumina sequences from F1 plants, and the same CO detection methodology
usedfor R. breviuscula(SeeChapter 1) Remarkably, we confirmed that no COs could be
detectedamong1861 haploid pollen nucleand 50 F1 offspring diploidplants (Figure14).
Strikingly, all F1 individuals showed heterozygous genotypes on both chromosomes, indicating
a potential mechanism of heterozygosity assuran&e tenuislt is important to note that the
same pipeline we implemented here was ussddoessfullylete¢ COs inR.breviusculaThis

acts as a crosglidation, making our pipeline even more robugherefore, our analysis
indicaies that neither male nor female gametesRoftenuisundergo formation omeiotic

recombinatiorevents, i.e., COs.

Non-random segregation of chromosomes

Since recombination is absent in male gameteR.denuis the genotype is supposed to be
predictable, i.e., AA, AB, BA, BB forclmmosomél. and 2, where AAO repr
and ABO r epr e Baosiscanoniabypollors MepdelianZsegregatiptherefore,
four genotypes should appeeaith the samérequenciesn male gametes. After genotyping the
1861 pollen nuclei, we counted the frequencyhef fourpossible genotype combinations of
two chromosomes. Surprisingly, it was found that the chromostelesging tothe same
haplotype have a higher chance of being segregated together in male g&igered %A),
suggestinga nonrandom segregation of chromosom&ur results suggest a potential
mechanism that bias the segregatioRofenuischromosomes in meiosis despite the absence
of COs.Indeed, synteny comparison betweenoochosomel and 2 of the same haplotype
revealed a small 1 Mlmng region to be translocated between these chromogéigesel5B).

These higkhomology regions could be exploited to sort univalents in aandom disposition.
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Tablel

Expression and functional domain conservation of key meiotic gefeg@muisWe used BLASM characterize
Arabidopsisthaliana proteins of interest in order to find theiR. tenuishomologs. Eight genes, ASY3, DFO,
FANCM, MSH4, PRD1, SHOC1, SPGi ZYP1la had more complete sequences when ap@yaigdopsior
R. puberaannotation than when using thR. tenuisn-house annotation. PRD1 is not annotated but the coding

sequences conserved and is translated to a functional prot&ee Materials & Methods)

ASY1
ASY3
ASY4
DFO

DMC1
FANCM

HEI10

HOP2
MER3
MLH1
MND1
MSH4
MSH5
MTOPVIB
MUS81
PCH2
PHS1
PRD1
PRD2
PRD3
PTD
RECS

RECQ4
SCEP1
SCEP2
SHOC1
SPO1t1
SPO112
ZIP4
ZYPla

rtenuis.r2.1_h1G00285630
NA
rtenuis.r2.1_h1G00328940
NA

rtenuis.r2.1_h1G00029300

rtenuis.r2.1_h1G00134510 «

rtenuis.r2.1_h1G00134520
rtenuis.r2.2_h1G00739780

rtenuis.r2.1_h1G00261110
rtenuis.r2.1_h1G00058540
rtenuis.2.1_h1G00249290
rtenuis.r2.2_h1G00798220
rtenuis.r2.2_h1G00811930
rtenuis.r2.1_h1G00064650
rtenuis.r2.1_h1G00319210
rtenuis.r2.2_h1G00783800
rtenuis.r2.1_h1G00017140
rtenuis.r2.2_h1G00752030
NA

rtenuis.r2.2_h1G00806080
rtenuis.r2.2_h1G00833000
rtenuis.r2.1_h1G00191640
rtenuis.2.2_h1G00749550

rtenuis.r2.1_h1G00097360
rtenuis.r2.1_h1G00047920
rtenuis.r2.1_h1G00103630
rtenuis.r2.1_h1G00097360
rtenuis.r2.1_h1G00247890
rtenuis.r2.2_h1G00849990
rtenuis.r2.1_h1G00300290
rtenuis.r2.1_h1G00007590

Present
Present
Present
Present

Present
Present

Present

Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present
Present

Present
Present
Present
Absent

Present
Present
Present
Present

Yes
Yes
Yes
No

Yes
Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Cytologically observed

Conserved regions
disrupted when
compared to related
species

Cytologically observed

Cytologically observed,
altered pattern

Cytologically observed,
altered pattern

Cytologically observed,
altered pattern
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Inversion Duplication
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Figurel3

Chr2_h2
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Hi-C map and haplotype comparisofhe left heatmap shows the i interactions oR. tenuischromosomes
indicating the success of phasing two haplotypefRotenuis The right figure is a comparison between
haplotypes. The synteny blocks and structural rearrangements were analysed by Syri and plotted by p

Materials and Methods).

Table2

Summary of the assemblies of the two haplotypes of the genonte teihuis

Haplotype 1 Haplotype 2
Genome assembly size (bp) 397748830 371283995
GC (%) 35.70 35.47
# Scaffolds 1,635 592
Pseudechromosome size (bp) 350,419,914 352,251,097
Scaffold N50 (bp) 215,061,937 212,800,643
Scaffold N90 (bp) 38,266 139,450,454
Largest scaffold / chr 1 (bp) 215,061,937 212,800,643
Chromosome 2 (bp) 135,357,977 139,450,454
Base accuracy (QV) 39.5 44.3
Completeness (%) 70.6 70.9
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Bisexual lack of COskn tenuis (A-D) Four examples of sequenced gametes showing complete absence
and segregation of haplotype€)(All k plants obtained by selfintyvo heterozygous mother plants show lac
of COs and the same heterozygous haplotype combination of the mothers.
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Discussion

Both our cytological and bioinformatic analyses confirms that no recombination is taking place
in male meiosis oR. tenuis To our knowledge this is the first case of a plant species, and
possibly eukaryotic organism, showing complete lack os @Cboth sexes, but at the same
time keeping its sexual reproductiability. FurthermoreR. tenuiscombines a very specific

set of featires that allow it to produce fertilized clonal seeds in a way that differs from typical
apomixis,which typically derive from parthenogeneéignderwood & Mercier2022) These

key features are:-holocentric chromosomes: Riwverted meiosis;-3isexuallack of CGs; 4-
extreme low chromosome number;apossible homozygous state incompatibility that confers

only heterozygous see(sigurel6).

We show that the same singlell gamete sequencing pipeline that was able to detect COs in
chapter 1, was not able to detect any genotype conversion in the pdRetentiisThismeans

that there is no evidence of exchange of genetic material between homologous chromosomes
during meiosis. Moreover, by sequencing the progeny of selfed F1 offspring, we could only
detect the same identical genotype of the mother plants, always heseenbombination of

Figurel5

Biased segregation of chromosomedsRintenuignale gametes(A) The allele frequency rate was computed |
each pollen nuclei and haplotype 1 as a reference. 39% of pollen nuclei have two chromosomes both ft
haplotype 1; 12% of pollen nuclei have chr 1 from haplotype 1 and chr 2 from haplotype 2; 21% of polle
have chr 1 from haplotype 2 and chr 2 from haplotype 1; 28% of pollen nuclei have two chromosomes |
from haplotype 1(B) Synteny dotplot comparison between chrl and chr2 of the same haplotype, with
magnifications showing a small 1 Mb region of homglagthe very end of each chromosonigoplots were
generated by BGENIES
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