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Meiotic crossovers (COs) have intriguing patterning properties,
including CO interference, the tendency of COs to be well-spaced
along chromosomes, and heterochiasmy, the marked difference in
male and female CO rates. During meiosis, transverse filaments
transiently associate the axes of homologous chromosomes, a pro-
cess called synapsis that is essential for CO formation in many
eukaryotes. Here, we describe the spatial organization of the
transverse filaments in Arabidopsis (ZYP1) and show it to be evo-
lutionary conserved. We show that in the absence of ZYP1 (zypTa
zyp1b null mutants), chromosomes associate in pairs but do not
synapse. Unexpectedly, in absence of ZYP1, CO formation is not
prevented but increased. Furthermore, genome-wide analysis of
recombination revealed that CO interference is abolished, with the
frequent observation of close COs. In addition, heterochiasmy was
erased, with identical CO rates in males and females. This shows
that the tripartite synaptonemal complex is dispensable for CO
formation and has a key role in regulating their number and dis-
tribution, imposing CO interference and heterochiasmy.
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'wo particularly prominent phenomena occur in parallel during

meiotic prophase: meiotic recombination and chromosome
pairing. On the one hand, meiotic recombination generates cross-
overs (COs) between homologous chromosomes. This is initiated
by the formation of numerous DNA double-strand breaks, which
are repaired using the homologous chromosome as a template. A
small proportion of the breaks mature into COs (1). Two pathways
for CO formation have been described. The class I pathway, which
accounts for the majority of COs in most examined species, is
promoted by a group of proteins called ZMMs (Saccharomyces
cerevisiae Zipl through 4, Msh4 through 5, and Mer3) and the
MutL-~y complex (MLH1/3). The presence of class I COs inhibits
the formation of additional class I COs nearby along the same
chromosome pair, a phenomenon known as CO interference,
whose mechanism has been elusive since its first description >100 y
ago (2, 3). The second pathway, which accounts for a minority of
COs in most species, including Arabidopsis thaliana, does not ex-
hibit CO interference (1). The ZMM pathway is remarkably con-
served from budding yeast to mice and A. thaliana with homologs
of Zip2, Zip3, Zip4, Msh4, Msh5, and Mer3 being all required for
class I CO formation (4).

The second prominent phenomenon of meiotic prophase is
association of chromosomes in pairs, which culminates in their
synapsis, an intimate juxtaposition in a structure called the syn-
aptonemal complex (SC). The SC, which was described more than
60 y ago, closely opposes homologous chromosomes along their
length (100 to 200 nm) (5). This highly conserved tripartite
structure is assembled from two axial elements (called lateral el-
ements after synapsis), each anchoring the two sister chromatids
of a homolog and a central region (6, 7). Numerous transverse
filaments (TFs) span the central region and attach the lateral el-
ements together in a zipper-like structure. TF proteins have been
functionally characterized in the fungi S. cerevisiae (Zip1) (8) and
Sordaria macrospora (Sme4) (9), the animals mouse (Sycpl) (10, 11),
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Drosophila (C(3)G) (12), and Caenorhabditis elegans (SYPs)
(13-17), and the plants A. thaliana (ZYP1) (18), rice (ZEP1) (19,
20), and barley (ZYP1) (21). Immunolocalization coupled with
electron microscopy or super-resolution light microscopy elucidated
the conserved organization of the TF in yeast, mammals, C. elegans,
and Drosophila (22-29). The TF proteins form parallel dimers
through their central coiled-coil region and then align between the
axial elements of the chromosomes. The globular carboxyl termini
of the dimer associate with the lateral axes of the homologs,
whereas the N termini overlap in the central region of the SC,
keeping the chromosomes synapsed to each other. TF proteins
are associated in many organisms with central element proteins
that are located along the center of the SC (Ecm11 and Gmc2
in S. cerevisiae, SYCE1-3 and TEX12 in mammals, and SYP-4 in
C. elegans (5, 30-35). In mutants of the TF, synapsis does not
occur as defined by close zipping of the chromosome axes, but
homologous chromosomes can align at a distance that is less
regular and twice or more than in wild-type synapsed chromo-
somes (8-10, 20).

The role of the TFs in regulating CO formation is still under
investigation and appears to be dual, with pro- and anti-CO
functions. The S. cerevisiae TF protein Zipl is one of the origi-
nally defined ZMM proteins required for class I CO formation. TF
proteins have also been shown to be required for most or all CO/
chiasmata formation in S. macrospora, mice, Drosophila, C. elegans,
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and barley (9, 10, 12, 14-16, 21, 36), suggesting that TFs are uni-
versally essential for class I CO formation. Interestingly, a
separation-of-function allele of Zip! (zipI-N1) in S. cerevisiae is
defective in tripartite SC assembly but makes class I COs (37),
suggesting that the TF itself, but not the tripartite SC, is a pre-
requisite for class I CO formation. Actually, this S. cerevisiae zip1-
NI mutation, as well as a moderate decrease of SYP-1 levels in C.
elegans, has the opposite effect compared to the null mutants, with
an increase of COs and attenuated interference (37, 38). In rice,
four zepl mutants generated by tosl7 insertions were described
(20). One of them, which is clearly hypomorphic as it shows re-
sidual loading of ZEP1 on chromosomes, has increased CO
numbers and reduced CO interference (19). The three other zep!
alleles have increased COs, but it is unclear if these alleles are
complete loss of function or not (20). These data suggest that TFs
participate in CO interference and limit CO numbers.

In A. thaliana, the TF is encoded by a tandemly duplicated
gene, making its functional analysis difficult with classical ge-
netics tools. ZYPI RNA interference lines showed a minor de-
crease in chiasma number (18), raising the intriguing possibility
that TFs are not essential for CO formation in this species. Here,
we used genome editing to reexplore the function of TFs in A.
thaliana. We generated a series of null zypla zypIb double mu-
tants and demonstrated that ZYP1 and the tripartite SC are
dispensable for CO formation. We observed the opposite be-
havior, with zyp! mutants showing an increased CO number and
abolished CO interference. Furthermore, the marked difference
between male and female CO rates observed in the wild type is
erased in the zypI mutant. Altogether, this supports the conclusion
that the SC limits COs and mediates both CO interference and
heterochiasmy.

Results

Organization of ZYP1 within the SC. The TF proteins were shown to
have a similar organization in budding yeast and animals, with
their globular carboxyl termini associated with the lateral axes of
the homologs and the N termini overlapping in the central region
of the SC (22-28). In A. thaliana and closely related species, the
TF element is encoded by a duplicated gene, ZYPIA and ZYPIB
(87% identity of the encoded proteins; 871 and 856 aa, respec-
tively). We used stimulated emission depletion (STED) micros-
copy and antibodies raised against the RECS8 cohesin, which is a
component of the lateral element, and two antibodies raised
against two different parts of ZYP1A/B to explore their ar-
rangement within the SC in A. thaliana. At pachytene, REC8
formed two parallel lines separated by a distance of 213 + 17 nm
(average + SD, measured between the signal peaks, Fig. 1).
Staining with an antibody raised against the amino acids 422 to
845 (total length = 871 aa) of ZYP1A and that recognize both
ZYP1A and ZYP1B (18) revealed two parallel lines separated by
a distance of 78 + 8 nm running between the RECS lines (Fig.
1A). In contrast, localizing ZYP1 with an antibody raised against
the N terminus (amino acids 34 to 45) of ZYP1A/B revealed a
single line running in the middle of the two RECS signals
(Fig. 1B). This shows that the general organization of the TF is
conserved in plants, with the carboxyl terminus orientated to-
ward the lateral elements and the N terminus lying in the central
region (Fig. 1C).

Generation of a Series of zyp7 Mutants Using Cas9. The ZYP1A4 and
ZYPIB genes (AT1G22260 and AT1G22275) are arranged in a
divergent tandem duplication (Fig. 24) (18). The two start co-
dons are separated by 2,102 base pairs (bp) that contain the two
ZYPI promoter regions in diverging directions and the SMALL
ORGAN 2 gene ([SMO2), AT1G22270), which is required for
normal growth and fertility (39). We generated a smo2 mutant,
with a 1-bp insertion provoking a frameshift at codon 17 (smo2-2,
Fig. 24), and confirmed its reduced growth and strongly reduced
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Fig. 1. Immunolocalization of the C and N termini of ZYP1 on male meio-
cytes. A double immunolocalization was performed against REC8 (purple)
and ZYP1 (green). The ZYP1 antibody was raised against either the carboxyl
(A) or N terminus (B) of the protein. The images were acquired with STED
microscopy. The maximum intensity projection is shown. The complete series
of plans is shown in Movies S1 and S2. (Scale bar, 0.5 pm.) (C) A schematic
representation of the SC organization.

fertility (Fig. 3). Examination of meiotic chromosome spreads
did not reveal any meiotic defects in smo2-2 (SI Appendix, Fig.
S1), suggesting that smo2 does not affect meiosis and that the
origin of the quasisterility is postmeiotic.

The single zypla and zypIb mutants have normal synapsis and
both proteins localize in the SC, showing that they are redundant
(18). The close proximity of the two genes prohibited the gen-
eration of double mutants with classical genetics. Here, we
produced a series of zypla zyplb double mutants (hereafter
called zyp! for simplicity) with CRISPR-Cas9. Using a guide
RNA targeting an identical site in ZYPIA and ZYPIB (under-
lined sequences in Fig. 24), three independent double mutations
were identified with various small insertions/deletions provoking
frameshifts at codon Asp54 or Lys53 (zypI-1, zypI-2, and zyp1-3),
as well as a line with a complete deletion between the two loci
(zyp1-4), deleting the beginning of the ZYPI genes (the first in-
tact codon being GIn55 in both genes), the promoter regions of
both genes, and SMO?2. Using a guide further downstream in the
coding region, a larger deletion was obtained (zypI-5), deleting
SMO?2 and the ZYPI promoter regions and most of the ZYPI
coding regions up to Val702 for both genes. Finally, using two
guides in the 3’ untranslated region of the ZYPI genes, we
generated a complete deletion of the locus, where both ZYPI
genes and SMO?2 are entirely absent (zypl-7). While all of these
alleles were obtained in the Col-0 strain, we produced an addi-
tional allele (zypI-6) in the Ler strain with the exact same dele-
tion as zypI-5. Immunolocalization of ZYP1 (Cter) failed to detect
any signal beyond background on all tested mutants (zypI-1, zyp1-2,
zypl-3, zyp1-5, and zyp1-7), suggesting that all of the alleles are null
(Fig. 2B).
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Fig. 2. Identification of a series of zyp7a zyp1b double mutants. (A) A diagram of the ZYP1 locus, showing the exon organization of the ZYP1A, ZYP1B, and
SMO2 genes. The orientations of the genes are indicated by a triangle at the end. The two purple arrows show the positions of the mutations in zyp1-1, zyp1-
2, and zyp1-3. The green, red, and khaki vertical dotted lines show the position of the deletions in zyp1-4, zyp1-5/6, and zyp1-7, respectively. (B) ZYP1 is not
detected in zyp7-1 mutant. A double immunolocalization was performed against REC8 (purple) and ZYP1 (green). The images at pachytene were acquired
with STED microscopy. Maximum intensity projection: The individual plans are shown in Movies S3 and S4. (Scale bar, 0.5 pm.)
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Fig. 3. Analysis of fertility of zyp7 mutants. Each dot represents the fertility
of an individual plant, measured as the number of seeds per fruit averaged
on 10 fruits. The red bar shows the mean for a given genotype. The vertical
lines separate independent experiments. In each experiment, all plants have
been grown in parallel, and the wild-type controls are siblings of the mu-
tants. The tests are one-way ANOVA followed by Fisher’s least significant
difference (LSD) test compared with the respective wild-type control.

ZYP1 Is Not Essential for CO Formation and Meiosis Completion. We
then explored the meiotic behavior of this zyp! allelic series.
Chromosome spreads of male meiocytes stained with DAPI
failed to identify classical pachytenes among prophase stages in
all mutants (e.g., compare Fig. 4 A-F), suggesting that synapsis
does not occur (see also below). However, ~90% of the cells at
metaphase I and diakinesis had five bivalents (Fig. 4 F and M),
sharply contrasting with the strong defect in bivalent formation
observed in msh5 (Fig. 4/) and all the other zmm mutants (msh4,
shocl/zip2, heil0, zip4, and mer3), in which class I COs are
abolished (40-45). One or two pairs of univalents were observed
in ~10% of the cells at metaphase I (Fig. 4 I and M), showing
that not all chromosomes receive the obligate CO in zypl mu-
tants. Consistently, chromosome segregation was slightly af-
fected in zyp! with 17% (zypl-1 2/24; zypI-7 9/52) of metaphase
IT showing 6:4 chromosome distribution (compare Fig. 4 C-D to
Fig. 4 G-H). This shows that CO and functional chiasmata, which
are required to connect homologous chromosomes and their
balanced segregation at meiosis I, are produced at high levels in
the zypl mutants. In the mshS5 zypl double mutant, bivalent for-
mation was almost entirely abolished (Fig. 4 K-M), showing that
the vast majority of COs that are produced in zyp! mutants are
class I/ZMM-dependent COs. This demonstrates that ZYPI1,
contrary to the ZMMs, is not required for class I CO formation
but required for full implementation of the obligate CO. The
number of bivalents in msh5 zyp! is lower than in msh5 (Mann—
Whitney U test, P < 1074), suggesting that ZYP1 and/or the SC
facilitates the formation of class II COs.

The Absence of ZYP1 Only Marginally Reduces Fertility. The zypI-1,
zypl-2, and zypI-3 mutants that contain frameshifts early in the
ZYP] genes showed fertility close to wild type with a modest
(~10%) but significant reduction in seed number (Fig. 3). The
zypl-4 to zypl-7 mutants, which contain large deletions and lack
the SMO?2 gene, showed a reduced fertility similar to the single
smo2 mutants. Furthermore, introducing a SMO2 genomic
fragment in zypI-4 restored fertility to the zypI-1/zypI-2/zypI-3
levels. This shows that the absence of the TF element in A.
thaliana only marginally reduces fertility. The low frequency of
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univalents and the associated frequency of nondisjunction is
presumably at the origin of the mild reduction of fertility pro-
voked by the zypl mutations.

In zyp1, Alignment Occurs, but Synapsis and ASY1 Remodeling Do Not.
In the wild type, ZYP1 polymerizes between chromosome pairs,
juxtaposing the two axes at ~200 nm (see above, Fig. 1). We
performed immunolocalization of REC8 and the HORMA do-
main meiotic protein ASY1 on male meiocytes (Fig. 5). In the
zypl mutants, juxtaposition of the two RECS8 axes at ~200 nm,
which is a hallmark of synapsis, was not observed (n = 90).
However, we observed alignment of chromosome pairs all along
their length at an increased and more variable distance of 415 +
109 nm (average + SD; Fig. 5B and Movie S1), showing that
paring occurs. On wild-type chromosomes, as previously shown
(46, 47), the ASY1 signal vanishes concomitantly with synapsis
(Fig. 54). In contrast, in the zypI-1 mutants, ASY1 and RECS8
both decorated chromosome axes on all prophase cells (n > 50)
(Fig. 5B). Altogether, this shows that pairing occurs in the ab-
sence of ZYP1 but that the close axes juxtaposition that defines
synapsis and the associated ASY1 remodeling are lost.

Cytological Markers of Class | COs Are Increased in zyp1. In the wild
type, HEI10 is a classical marker of the progression of class I CO
formation (45, 47). Indeed, HEI10 forms a hundred foci asso-
ciated with the central element of the SC at zygotene and early
pachytene (Fig. 6 A and B) and progressively concentrates into
about 10 larger foci that colocalize with MLH1 (Fig. 6 C and D),
specifically marking class I CO at late pachytene, diplotene, and
diakinesis (45, 47). In contrast, the numerous HEI10 foci ob-
served in the center of the SC in wild type were not detected in
zypl. However, large HEI10 foci were observed to form between
the two axes (Fig. 6E). In cells presumably at a later stage, the
large HEI10 foci become brighter and colocalize with MLH1 foci
(Fig. 6F), suggesting that recombination progresses until matu-
ration of COs in absence of the TF and synapsis and the asso-
ciated numerous HEI10 foci. Furthermore, quantification of
MLHI1-HEI10 cofoci on male meiocytes (Fig. 7) revealed an
increase of ~50% of their number in all zyp! alleles in the Col
strain, +23% in the Ler zypI-6 allele, and +45% in the zypl-1/
zypl-6 hybrid, compared to their respective wild-type controls.
This suggests that ZYP1 and/or the tripartite SC limit class I CO
formation.

COs Are Increased in Male and Female zyp1 Meiosis. The increased
number of HEI10/MLHI1 foci in male meiosis suggested an in-
crease in COs. To measure COs genetically, we produced F1
hybrids carrying two nonfunctional ZYPI alleles, zypI-1 (Co-
lumbia Col strain) and zypI-6 (Landsberg Ler strain). These Fls
and sibling wild-type controls were crossed as male or female to
wild-type Col, and the progeny obtained was sequenced for CO
analysis (wild-type female n = 212, wild-type male n = 120, zyp1
female n = 223, and zypl male n = 178). Note that because a
given CO involves only two of the four chromatids of a bivalent
and that a gamete inherits a single chromatid, the number of
COs observed per gamete is on average one-half of the number
of COs per meiocyte. In males, the average number of COs per
gamete was increased from 4.58 + 1.9 (mean = SD) in wild type
to 7.05 + 2.2 in zyp!I (Fig. 84), a 54% increase in observed COs,
which is very close to the 45% increase of HEI10-MLHLI foci in
male meiocytes in this background. In female wild type, the av-
erage number of COs was 3.08 + 1.4 per gamete, which is
markedly lower than in male wild type as previously reported
(48), a phenomenon called heterochiasmy. Remarkably, the num-
ber of COs in female zypI was more than double compared to wild
type (7.05 = 3.1) and reached the same level as seen in male zypl.
Thus, zyp! mutation increases COs in both sexes but dispropor-
tionally affects female recombination, erasing the heterochiasmy
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Fig. 4. Chromosome spreads of male meiocytes. (A-D) Wild type. (A) Pachytene, (B) Metaphase | with 5 bivalents, (C) Metaphase Il, and (D) telophase II. (E-I)
zyp1-7. (E) Prophase |, (F) Metaphase | with five bivalents (B), (G) Metaphase I, (H) Telophase II, and (/) Metaphase | with four bivalents and one pair of
univalents. (J) Metaphase | in msh5, (K) Metaphase | in msh5 zyp1-3, and (L) Metaphase | in msh5 zyp1-5. (Scale bar, 10 pm.) (M) Quantification of bivalents at
metaphase |. Cells were categorized according to the number of pairs of univalents/bivalents. The average number of bivalents per cell and the number of
analyzed cells are indicated above the bar. The tests are one-way ANOVA followed by Fisher’s LSD test compared with msh5.

observed in wild type, suggesting that heterochiasmy is regulated by
the TF.

In addition to an increased number, CO distribution is also
modified in zypI with COs occurring more distally than in wild
type (Fig. 8B): In female zyp! meiosis, CO numbers are signifi-
cantly higher than wild type along chromosome arms and distal
regions (Fig. 8C) (1-Mb intervals where recombination is sig-
nificantly higher in zypI are indicated by red stars). In contrast,
in intervals directly adjacent to centromeres, recombination is
lower in female zypl than female wild type (intervals with sig-
nificantly lower recombination in zyp! are indicated with blue
stars). In male meiosis, where the global CO increase induced by
zypl is less marked than female, fewer individual intervals are
significantly different, but the trend is similar, with recombina-
tion being significantly increased in arms and distal regions
(green stars) and decreased in proximal intervals (yellow stars).
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This suggests that ZYP1, while globally limiting COs, favors the
formation of COs in proximal regions. This contrast with the zip/
mutant in yeast where COs are increased in pericentromeric
regions (49, 50).

CO Interference Is Abolished in zyp? Meiosis. To analyze interfer-
ence in zypl, we first looked at the distribution of the distance
between two COs that occurred on the same chromosome. In
wild type, the distributions are shifted to large distances com-
pared to the expected distribution of independent COs, which is
a manifestation of CO interference (Fig. 8C). In contrast, in
male and female zypl, the observed distributions of inter-CO
distances are not different from the expected distribution in
absence of CO interference, with notably numerous pairs of COs
at a distance of less than 5 Mb that are rare in wild type. This can
also be illustrated by plotting the position of the two COs as the
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Wild type

Fig. 5. REC8 and ASY1 localization in wild type and zyp7. A double
immunolocalization was performed against REC8 (purple) and ASY1 (green).
The images were acquired with STED microscopy. In wild-type zygotene (A),
the ASY1 signal (green) is associated with unsynapsed axes. When the two
REC8 axes (purple) are synapsed (aligned at ~200 nm), the ASY1 signal is
barely detectable. The open and closed arrows show unsynapsed and syn-
apsed axes, respectively. (Scale bar, 0.5 pM.) In the zypT mutant (B), synapsis
is not observed, but axes are paired with a loose alignment at ~400 nM. See
Movie S6 to visualize the pairing more clearly. The ASY1 signal is still present
on aligned chromosomes. Maximum intensity projection: The individual
plans are shown in Movies S5 and S6. (Scale bar, 0.5 pm.)

X and Y positions on a two-dimensional plot (Fig. 8D). The lack
of events close to the diagonal, as observed in the wild type,
reflects the absence of close double COs. In contrast, close
double COs (close to the diagonal) are numerous in both male
and female zypl, suggesting a diminution of CO interference.
Interference can be accurately analyzed by a coefficient of co-
incidence (CoC) analysis, which divides the observed frequency
of COs occurring concomitantly in two intervals by the expected
frequency according to the frequency of COs in each interval (51,
52). A CoC of 1 means that COs are distributed independent of
one another. A CoC close to 0 reveals an absence of double COs
and thus of CO interference. The CoC is then plotted versus the
distance between the two considered intervals (Fig. 8E). In wild-
type A. thaliana, CoC curves are below 1 for short distances in
both male and female, confirming the presence of CO interfer-
ence, and then goes at 1 or above 1 for larger distances (~50% of
the chromosome length) where interference effects decline, as
previously shown (Fig. 8E) (53, 54). In contrast, the CoC curves
are flat, close to 1 for adjacent and distant pairs of intervals, for
both male and female zyp1, suggesting that CO interference is
abolished in absence of ZYP1.

Discussion

The synaptonemal complex is a prominent structure at meiosis,
but its function is still under debate more than 60 y after its
discovery (55). The TF of the SC has been shown to be required
for class I CO formation in species as diverse as budding yeast,
mice, S. Macrospora, Drosophila, C. elegans, and barley (8, 10, 11,
14-16, 21). It should be noted that the SC is not essential for all
classes of COs, as, for example, Schizosaccharomyces pombe
completely lacks both the SC and the class I pathway but pro-
duces COs by an alternative pathway (class II COs) (56). How-
ever, the SC seemed intimately associated with the class I
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pathway, which is dependent on the ZMMs that include the TF
protein Zipl (57). The role of the ZMMs homologs is remark-
ably conserved, and all, apart from ZYP1, were shown to be
required for class I CO formation in A. thaliana (40-45). Here,
we showed that, in the absence of ZYPI in A. thaliana, synapsis
does not occur, but class I COs (MSH5 dependent and marked
by MLHT) are produced at high levels. This shows that neither

(confocal) (STED)
ZYP1 REC8

MLH1 REC8

MLH1 REC8

Fig. 6. HEI10 localization in wild type and zyp1. A triple immunolocaliza-
tion was performed against REC8 (purple), HEi10 (green), and either ZYP1
(A and B) or MLH1 (C-F) on male meiocytes of wild type (A-D) and zyp1-5
(E and F). REC8 and HEi10 were imaged with STED, while ZYP1 and MLH1
were imaged with confocal microscopy. (A) Wild-type zygotene nucleus: The
arrow points at the synapsis forks. (B) Wild-type pachytene. (C) Wild-type
late pachytene nucleus: The arrow points at MLH1-HEI10 foci. (D) Diplotene:
The arrow points at MLH1-HEI10 foci. (E) Prophase stage with forming HEI10
foci, without corresponding MLH1 foci (arrow). (F) Prophase stage with
HEI10-MLH1 foci (arrow). (Scale bar, 0.5 pm.)

Wild type

Wild type

zyp1-5
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Fig. 7. MLH1-HEI10 foci are increased in zyp7 mutants. MLH1-HEI10 foci
were quantified following a triple immunolocalization REC8-MLH1-HEI10
performed on male meiocytes and imaged with an epifluorescence micro-
scope. Each dot is an individual cell, and the red bar is the mean. Tests are
one-way ANOVA followed by Fisher’s LSD test, compared with the respective
wild-type control. Fitting of the MLH1 number distribution to a Poisson
distribution is shown in S/ Appendix, Fig. S2.

ZYPI nor synapsis is essential for class I CO maturation and
suggests that the transverse element of the SC should not be
considered as a universal pro-CO factor like the other ZMMs.
The rice TF could be also dispensable for class I CO formation,
as four zep1 alleles show high levels of COs. However, in contrast
to our A. thaliana mutant series that includes a complete dele-
tion, it is unclear if any of the rice mutants are null, as the four
were generated by tos17 insertions and at least two show residual
ZEP1 expression (20, 21).

One possible function of the tripartite SC is to provide a
chromosome spatial arrangement that would be required for
class I CO maturation and chiasmata formation (5), but our results
argue against such a function. Indeed, the TF is dispensable for
class I CO formation in A. thaliana and potentially in rice. This
suggests that the major function of ZYP1 homologs in promoting
CO formation could be independent of the SC. In favor of this
hypothesis, budding yeast Zipl contributes to CO formation in-
dependently of synapsis (36, 37, 58). This synapsis-independent
pro-CO activity of the TF could be dispensable or ensured by
alternative mechanisms in A. thaliana. This might also be related
to the observation that ZMM proteins are not required for syn-
apsis in A. thaliana (40-45).

The mechanism of CO interference remains elusive despite a
century-old initial description (2). A current model postulates
that a signal propagates from an initial designated CO along the
chromosomes, preventing the designation of other COs nearby
(59). The nature of the hypothesized signal is still mysterious and
could be of physical (e.g., release of tension) (38, 60) or chemical
nature (e.g., a wave of protein modification) (61). An important
question is the scaffolding along which that signal propagates.
While it seems established that the chromosome axes propagate
CO interference (1, 3, 5, 62, 63), the requirement of a tripartite
SC (synapsis) is a matter of debate. In S. cerevisiae, the decision
of whether or not to make a CO, and thus interference, is made
very early, before synapsis (36, 64-66). Cytological markers of
COs still display interference in the zip/ mutant (67), and some
mutants defective in SC extension still show wild-type interference
(68). Altogether, this strongly suggests that CO interference is
established before and independently from synapsis in S. cerevisiae.
However, in the zipl-N1 and central element mutants, where
synapsis is abolished, CO interference is still present but weakened,
suggesting that synapsis may contribute to CO interference in S.
cerevisiae (37). In C. elegans and rice, a partial depletion of the TF
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protein level led to an excess of CO formation and diminished CO
interference (20, 38), strongly supporting a significant role of the
tripartite SC in CO interference in these two species. Our con-
clusion that class I COs occur in the absence of ZYP1 and synapsis
in A. thaliana offers an unprecedented opportunity to explore the
role of ZYP1/synapsis in CO interference. We showed that, in zyp!
mutants, class I CO number is increased, and CO interference is no
longer detected. This differs from other described mutants, in
which the alternative noninterfering class II COs are enhanced,
leading to an overall decrease of the observed interference (54,
69-72). We cannot exclude that some low level of CO interference
is present in the A. thaliana zypl mutant, but it is dramatically
reduced compared to the wild type, if not abolished. This suggests
that the tripartite SC has a central role in CO interference in A.
thaliana. 1t is therefore possible that the CO-discouraging signal,
which propagates from a CO site and prevents other COs nearby,
propagates along the axial element in some organisms while re-
quiring a fully assembled SC in others, such as A. thaliana. Alter-
natively, the perception of the CO-discouraging signal and its
translation into the formation of non-COs could be dependent on
synapsis in some organisms but not in others.

While interference appears abolished in zypl, the number of
COs is still limited to ~14 per meiosis on average, suggesting that
CO interference is not the sole mechanism that limits class I CO.
The existence of a limiting pro-CO factor would also provide a
ground for the loss of the obligate CO in zypl. Under this hy-
pothesis, the loss of CO interference would allow COs to form in
excess on some chromosomes, making the pro-CO factor un-
available for other chromosomes. Alternatively, homologous
chromosomes might not be aligned enough to produce recom-
bination products when there is a lack of a stable physical in-
teraction provided by the SC. This would be independent of the
transmission of CO interference and account for the lack of the
obligatory CO.

The variation in recombination rate between sexes—
heterochiasmy—is observed in many eukaryotes, with either male
or female having higher levels and the ratio being a fast-evolving
trait (73). Interestingly, it is also observed in hermaphrodite spe-
cies, such as A. thaliana, in which recombination levels are mark-
edly higher in male meiocytes than female meiocytes (48, 74),
despite having an identical genetic makeup as cells of a single or-
ganism. The mechanism of heterochiasmy is elusive, but a striking
covariation has been observed between SC length and recombi-
nation rates (75), notably when comparing male/female in species
as diverse as humans (76, 77), mice (78), zebrafish (79), planarian
(80), and A. thaliana (81). One proposed mechanism suggests that
interference propagates with the same properties along the axis/SC
in males and females, but because the SC is shorter in females, the
interference propagates on a larger part of the genome and re-
duces CO number (75, 81). This is supported by the observation
that class II COs, which are insensitive to CO interference, are not
subjected to heterochiasmy in A. thaliana (54). One key prediction
of this model is that the abolition of CO interference would erase
heterochiasmy. Our observation that both CO interference and
heterochiasmy are abolished in the zyp! mutant supports the
conclusion that a difference of the effect of CO interference is
responsible for heterochiasmy.

The possibility of manipulating CO frequency is of interest for
plant breeding (82). Mutation of the anti-CO genes RECQ¥,
FANCM, and FIGL] increases class II CO, while over expression
of HEI10 increases class I CO (54, 83). To date, the manipula-
tion of RECQ4 is the most effective strategy to increase CO in
both model and crop species (84). The identification of ZYP1 as
an anti-CO factor in both A4. thaliana and rice adds a tool to the
box, and it would be of interest to test the effect of the manip-
ulation on ZYPI—alone and in combination—in more crop
species.
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Fig. 8. Analysis of CO distribution in male and female zyp7. COs were detected following whole-genome sequencing of male and female backcrosses. (A)
Distribution of CO number per gamete. The number of analyzed samples is indicated in brackets. The mean CO number per gamete is given and indicated by
a dashed line. The difference was assessed by a two-sided Mann-Whitney test. The CO distribution per chromosome and fitting to a Poisson distribution is
shown in SI Appendiix, Fig. S3. (B) The distribution of COs along the five chromosomes. The centromere and pericentromeric regions are indicated by gray and
blue shading, respectively. Analysis is done with 1-Mb windows and 50-kb sliding steps. Intervals with significant difference between wild type and mutants
are indicated by stars (P < 0.05, not overlapping 1-Mb windows, Chi2 test, without correction for multiple testing). (C) Distribution of inter-CO distances for
chromosomes having exactly two COs. The gray bars represent the expected distribution of COs in absence of interference, as calculated by permuting the CO
positions between gametes. The number of analyzed events and the Mann-Whitney U test comparing observed and expected distributions are indicated in
brackets. (D) The positions of first and second COs for double-CO pairs, according to their physical distance. By construction, close CO pairs appear next to the
diagonal, and distant COs appear in the top left corner. () The CoC Curves. Chromosomes were divided into 11 intervals, and the mean CoC was calculated for
pairs of intervals separated by a certain distance (proportion of chromosome length).

Materials and Methods

Plant Materials and Growth Conditions. A. thaliana plants were grown in
greenhouses or growth chambers (16-h day/8-h night, 20 °C). Wild-type Col-
0 and Ler-1 are 186AV1B4 and 213AV1B1 from the Versailles A. thaliana
stock center (http:/publiclines.versailles.inra.fr/). The msh5-2 (N526553)
mutant was previously described (44). Genotyping was performed by PCR
(Dataset S1).

Generation of Mutants. Guide RNAs targeting ZYP1 or SMO2 genes were
designed with the TEFOR website (http://crispor.tefor.net). The guide RNAs
were synthetized with U6 promotor (Dataset S1) and Gateway recombina-
tion sites and inserted in the pDE-Cas9-DSred vector (85, 86). Transforma-
tions were performed with floral dipping (87). Plant transformants (T1) were
selected by seed fluorescence, and young plantlets were treated with heat
cycles to increase mutagenesis efficiency (88). T2 seeds without fluorescence
were selected and screened for mutations by PCR and Sanger sequencing of
the targeted locus.

Cytology. Chromosome spreads were performed as previously described
(89). Immunolocalization was performed on cells with preserved three-
dimensional structures as described in ref. 47 with modifications: Sepals
and petals were removed from 0.35- to 0.45-mm flower buds and collected
in buffer A (80 mM KCl, 20 mM Nacl, 15 mM Pipes-NaOH, 0.5 mM ethyl-
ene glycol tetraacetic acid (EGTA), 2 mM ethylenediaminetetraacetic acid
(EDTA), 80 mM sorbitol, 1 mM dithiothreitol (DTT), 0.15 mM spermine, and
0.5 mM spermidine) and fixed by incubation in bufferA +2% formaldehyde
for 25 min under vacuum. Buds were then washed in buffer A for 10 min and
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digested at 37 °C for 40 min (0.3% cellulase, 0.3% pectolyase Y23, 0.3%
driselase, and 0.1% sodium azide in citrate buffer). After a wash in buffer A,
digested buds were kept in buffer A on ice. To make the embedding, five to
eight buds were placed in 12 pl of buffer A on an 18 mm x 18 mm high-
precision coverslip, and anthers were dissected and squashed to extrude
meiocytes.

A 6-pl drop of activated polyacrylamide solution (25 pl 15% polyacryl-
amide [SIGMA A3574] in buffer A + 1.25 pl of 20% sodium sulfite + 1.25 pl of
20% ammonium persulfate) is added to the meiocytes, and a second cov-
erslip is placed on the top with gentle pressure. The polyacrylamide gels
were left to polymerize for 1 h, and then the two coverslips were separated.
The coverslips covered by a gel pad were incubated in 1x phosphate-
buffered saline (PBS), 1% Triton X-100, and 1 mM EDTA for 1 h with agi-
tation, followed by 2 h in blocking buffer (3% bovine serum albumin in 1x
PBS + 0.1% Tween 20) at room temperature. Coverslips were then incubated
with 200 pl of primary antibody in blocking buffer at 4 °C in a humid
chamber for 48 h. Coverslips were washed four times for 30 min with 1x PBS,
0.1% Triton X-100. A total of 100 pl of the appropriate fluorophore-
conjugated secondary antibodies in blocking buffer were applied (1:250)
and incubated at room temperature for 2 h in the dark. Gels were washed
four times for 20 min with 1x PBS, 0.1% Triton X-100. A total of 15 pl of
Vectashield + 10 uM DAPI (for the epifluorescence microscopy) or SlowFade
Gold (for super-resolution microscopy) was used for mounting the coverslip
with a slide that was sealed with nail polish.

The primary antibodies used were as follows for both epifluorescence and
super-resolution microscopy: anti-REC8 raised in rat (90) (laboratory code
PAKO036, dilution 1:250), anti-ASY1 raised in rabbit (91) (PAK006, 1:1,000),
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anti-MLH1 raised in rabbit (92) (PAK017, 1:200), anti-HEI10 raised in chicken
(PAKO046, 1:10,000) (45), and anti-ZYP1A carboxyl terminus raised in rabbit
(18) (PAKO042, 1:500). The anti-ZYP1IN was raised against the peptide
DSVSSGSFSNLKTA in guinea pig and affinity purified (Eurogentec speedy
program) (PAKO053, 1:500). Secondary antibodies were conjugated with
Alexa 488, Alexa 568, and Alexa 647 for epifluorescence and confocal mi-
croscopy and Abberior StarRed and STAROrange for STED microscopy. Im-
ages for MLH1-HEI10 cofoci analysis were taken with a Zeiss Axio Imager Z2
epifluorescence microscope and deconvolved and analyzed with Zen 3.2
Lite. Super-resolution images were acquired with the Abberior instrument
facility line (https://abberior-instruments.com/) using 561- and 640-nm exci-
tation lasers (for STAR Orange and STAR Red, respectively) and a 775-nm
STED depletion laser. Confocal images were taken with the same instrument
with a 485-nm excitation laser (for Alexa 488). Images were deconvolved
with Huygens Essential version 20.04 (Scientific Volume Imaging, https:/svi.
nl/) using the classic maximum likelihood estimation algorithm with lateral
drift stabilization; signal-to-noise ratio: 7 for STED images and 20 for con-
focal images, 40 iterations, and quality threshold of 0.5. Maximum intensity
projections and contrast adjustments were done with Huygens Essential.

CO Analysis. Plants heterozygous for the zyp1-17 mutation (Col) were crossed
as female with plants heterozygous for the zyp7-6 mutation (Ler). Wild type
and zyp1-1/zyp-6 plants were selected among the F1s and crossed as male or
as female with wild-type Col. Leaf samples from the four obtained back-
cross populations were used for DNA purification and library preparation
(93) for lllumina sequencing(HiSeq 3000 2 x 150 base pairs [bp]), performed
by the Max Planck-Genome-center (https://mpgc.mpipz.mpg.de/home/). CO
analysis suggests that a genome rearrangement is present on chromosome 4
(~15 to 17 Mb, see Fig. 8B) that was not seen in previous analysis using the
same strains. This rearrangement may have been produced during the ge-
nome editing procedure or be previously present in either our Col or Ler
wild-type strain.

The whole-genome resequencing datasets of A. thaliana Col (SRX202246)
and Ler (SRX202247) were downloaded from the National Center for Bio-
technology Information Sequence Read Archive database (94). The raw
reads were evaluated for quality by using FastQC version 0.11.9 (95), and
then potential adapter sequences were trimmed and low-quality bases
were filtered using Trimmomatic version 0.38 (96). Then, paired-end reads
were aligned to the A. thaliana Col TAIR10 reference genome (97) using
Burrows-Wheeler Aligner version 0.7.15-r1140 (98) with default parameters,
and those with mapping quality larger than 20 were considered as uniquely
mapped and were used in subsequent analysis. inGAP (99) and inGAP-sv
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