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FIGL1 attenuates meiotic interhomolog repair and is
counteracted by the RAD51 paralog XRCC2 and the
chromosome axis protein ASY1 during meiosis
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Introduction

Summary

¢ Two recombinases, RAD51 and DMC1, catalyze meiotic break repair to ensure crossovers
(COs) between homologous chromosomes (interhomolog) rather than between sisters
(intersister). FIDGETIN-LIKE-1 (FIGL1) downregulates both recombinases. However, the
understanding of how FIGL1 functions in meiotic repair remains limited. Here, we discover
new genetic interactions of Arabidopsis thaliana FIGLT that are important in vivo determi-
nants of meiotic repair outcome.

¢ In figl7 mutants, compromising RAD51-dependent repair, either through the loss of RAD51
paralogs (RAD51B or XRCC2) or RAD54 or by inhibiting RAD51 catalytic activity, results in
either unrepaired breaks or meiotic CO defects. Further, XRCC2 physically interacts with
FIGL1 and partially counteracts FIGL1 activity for RAD51 focus formation. Our data indicate
that RAD51-mediated repair mechanisms compensate FIGL1 dysfunction.

e FIGL1 is not necessary for intersister repair in dmc7 but is essential for the completion of
meiotic repair in mutants such as asy7 that have impaired DMC1 functions and interhomolog
bias. We show that FIGL1 attenuates interhomolog repair, and ASY1 counteracts FIGL1 to
promote interhomolog recombination.

o Altogether, this study underlines that multiple factors can counteract FIGL1 activity to pro-
mote accurate meiotic repair.

homology searches of the genome and strand invasion on the
donor template during meijosis. Cytologically, RAD51 and

During meiosis, the repair of DNA double-stranded breaks
(DSBs) by homologous recombination (HR) yields crossovers
(COs) and noncrossovers (NCOs) (Hunter, 2015; Wang &
Copenhaver, 2018). Meiotic COs between homologous chromo-
somes (interhomolog) rather than between sister chromatids
(intersister) serve important mechanical and evolutionary roles
(Schwacha & Kleckner, 1994, 1997). The choice of the sister or
nonsister chromatid template for repair is thus a key determinant
for the outcome of meiotic recombination.

DNA strand exchange recombinases are central in regulating
the choice of DNA template for DSB repair (Brown &
Bishop, 2014; Humphryes & Hochwagen, 2014). RAD51 and
DMC1 recombinases are two eukaryotic RecA homologs and can
assemble into nucleofilaments on single-stranded DNA (ssDNA)
generated from the processing of DSBs (Sheridan ez al, 2008;
Brown & Bishop, 2014). Both recombinases can perform
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DMCI1 form nuclear foci on meiotic chromosomes (Bishop,
1994; Kurzbauer ez al, 2012; Brown et al, 2015; Slotman
et al., 2020). Studies in many species contend that meiotic break
repair occurs in two temporally distinct phases: a
DMCl-permissive  phase (Phase 1) followed by a
RAD51-permissive phase (Phase 2) (Hayashi ez 4/, 2007; Kim
et al, 2010; Crismani e al, 2013; Enguita-Marruedo
et al., 2019; Toraason et al., 2021; Ziesel et al., 2022). In the
DMCl-permissive phase, DMCI1 predominantly repairs DSBs
and catalyzes interhomolog recombination, whereas RADS1 is
kept catalytically inactive (Tsubouchi & Roeder, 2006; Busygina
et al., 2008; Niu er al, 2009; Lao er al, 2013; Callender
er al, 2016). In the RADS5I-permissive phase, the
RAD51-mediated pathway becomes active to repair remaining
DSBs, mainly using sister chromatids (Crismani ez al, 2013;
Enguita-Marruedo er al, 2019; Toraason et al, 2021; Ziesel
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et al., 2022). The RAD51-dependent pathway also repairs DSB
on sisters before meiotic entry (Joshi ez al., 2015).

During Phase 1, different RAD51-inhibiting strategies appear
to have evolved in eukaryotic species. The Mek1-mediated path-
way downregulates Rad51-dependent repair in budding yeast
(Niu ez al., 2009; Callender ez a/., 2016). This regulation is, how-
ever, not conserved in plants, because RAD51 can repair breaks
in the absence of DMCI1, albeit using sister chromatids inferred
from a lack of interhomolog COs (Couteau ez al., 1999; Wang
et al., 2016). The mere presence of DMCI attenuates RAD51
repair in yeast and Arabidopsis (Lao er 4l, 2013; Da Ines
et al., 2022). Constitutive activation of Rad51, in addition to
active Dmcl, elicits a longer repair time in yeast (Ziesel
et al., 2022). Wild-type (WT) DMCI1-mediated interhomolog
recombination nonetheless requires the presence of RAD51, but
not its catalytic activity (Cloud ez al, 2012; Da Ines er al,
2013b). In Arabidopsis, RAD51 fused to GFP at its C-terminus
(RAD51-GFP) is catalytically inactive and unable to repair
breaks in mitotic and meiotic cells but supports
DMCI1-mediated repair during meiosis (Da Ines ez al., 2013b).
This function suggests that the catalytic activity of RAD51 is
nonessential for DMC1-mediated repair in plants.

In vivo functions of DMC1 and RADS51 require many acces-
sory proteins in eukaryotes. In plants, BRCA2 mediates the for-
mation of RAD51 and DMCI foci, whereas SDS is specifically
required for DMC1 focus formation (Azumi, 2002; Seeliger
et al., 2012; Fu er al., 2020). These mediators appear to act i
vivo at the nucleofilament formation step. Further, MND1 and
HOP2 are two evolutionarily conserved proteins required for the
DNA exchange activity of DMCI1 in plants (Petukhova
et al., 2005; Chan et al., 2014; Uanschou et al., 2014). In mndl
and hop2, DMCI1 hyperaccumulation inhibits meiotic DSB
repair in Arabidopsis (Kerzendorfer er al, 2006; Panoli er al.,
2006; Vignard et al, 2007; Stronghill er al, 2010;
Farahani-Tafreshi et al., 2022). However, weak DMCI activity
in the Arabidopsis Aop2-2 hypomorphic mutant greatly compro-
mises interhomolog repair and allows RAD51-dependent DSB
repair on sisters (Uanschou ez 4/, 2014). RAD54 is also required
for RAD51 functions but is unnecessary for meiotic DSB repair
in the presence of DMCI1 in Arabidopsis (Hernandez
Sanchez-Rebato ef al., 2021). Further, Arabidopsis has five struc-
turally related RAD51 paralogs: RAD51C, XRCC3, RAD51D,
RAD51B, and XRCC2 (Bleuyard er al., 2005). These paralogs
can form a tetrameric complex called the BCDX2 complex (Osa-
kabe et al., 2002). Arabidopsis RAD51C and XRCC3 are essen-
tial for RAD51 focus formation and meiotic repair (Bleuyard &
White, 2004; Abe ez al, 2005; Vignard er al, 2007), but
RAD51B, RAD51D, and XRCC2 play no critical role in
RAD51-dependent meiotic DSB repair, irrespective of the pre-
sence or absence of DMCI1 (Bleuyard et 4/, 2005; Hernandez
Sanchez-Rebato ez al., 2021). However, the loss of Arabidopsis
RADS51B and XRCC2 slightly increases the meiotic recombina-
tion rate, implying their as yet unascertained roles in meiotic
repair (Da Ines ez al., 2013a).

Meiotic chromosome axis proteins ensure DSB repair and CO
formation between homologs in a process called interhomolog
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bias (Morgan er al., 2023). Arabidopsis ASY1, ASY3, and ASY4
are three meiotic axis-associated proteins that promote synapsis, a
process allowing tethering between homologs through polymeri-
zation of synaptonemal complex (SC) proteins such as ZYP1
(Caryl er al., 2000; Armstrong ez al., 2002; Higgins ez al., 2005;
Sanchez-Moran ez al., 2007; Ferdous er al, 2012; Chambon
et al., 2018; Vrielynck ez al., 2023). ASY1 localizes on the meiotic
axis in an ASY3-dependent manner and is depleted from
synapsed regions, following SC assembly between homologs (Fer-
dous ez al., 2012). Loss of ASY1, ASY3, and ASY4 results in a
substantial reduction in interhomolog COs, albeit at different
magnitudes, with meiotic DSBs predominantly repaired on sis-
ters. ASY1 is required for DMCI stabilization, suggesting a func-
tional relationship between the meiotic axis and repair machinery
(Sanchez-Moran et al., 2007). How meiotic chromosome axis
proteins promote DSB repair between homologs is currently
unclear.

Most eukaryotes have two classes of COs formed between
homologs. In Arabidopsis, class I constitutes a significant propor-
tion (85-90%) of COs, mediated by the ZMM group of proteins
(SHOC1, PTD, HEI10, ZIP4, MSH4/5, and MER3) and
MLH1/3 (Mercier ez al., 2015). The class I CO pathway ensures
the obligate CO between homologs but is sensitive to CO infer-
ence that avoids the formation of additional class I COs in close
proximity (Wang et al, 2015; Lloyd, 2023). Class II COs are
derived from the structure-specific endonuclease-dependent path-
way, including MUS81 (Berchowitz ez al, 2007; Wang &
Copenhaver, 2018). Three nonredundant anti-class II CO path-
ways involving FANCM, RECQ4A & RECQ4B, and
FIDGETIN-LIKE-1 (FIGL1) limit meiotic COs through dis-
tinct mechanisms (Crismani et al, 2012; Girard ez al, 2014,
2015; Séguéla-Arnaud e al, 2015, 2017; Fernandes ez al,
2018a). Although these three pathways regulate class II COs,
FIGLI can also control the distribution of class I COs among
chromosomes (Fernandes et al, 2018a; Li et al, 2021). Arabi-
dopsis mutants lacking FIGL1 show a moderate increase in COs
with occasional achiasmatic chromosomes (Girard et al, 2015;
Fernandes ez /., 2018a).

FIGL1 is a member of the AAA-ATPase family and has enig-
matic roles in positively and negatively regulating meiotic CO for-
mation. Arabidopsis and wheat FIGL1 limit class II COs
potentially by preventing aberrant recombination intermediates or
chromosome associations (Girard et al, 2015; Fernandes
et al., 2018a; Kumar et al, 2019; Osman et al., 2024). FIGL1 and
its mammalian ortholog FIGNLI1 physically interact with the two
recombinases and can antagonize positive mediators of
RAD51/DMCI1, such as BRCA2 and SDS in Arabidopsis or
SWSAP1 in humans (Girard et 4/, 2015; Fernandes ez 2/, 2018a;
Kumar er al, 2019; Matsuzaki et al., 2019). Surprisingly, maize
FIGL1 can act cooperatively with BRCA2 to positively regulate
meiotic recombination (T. Zhang ez al., 2023). Arabidopsis figl1,
rice figll, and mice ﬁgnllfko mutants show a change in the
dynamics of RAD51 and DMC foci, leading to the deregulation
of strand invasion, which supports a conserved role of
FIGL1/FIGNLI in meiotic DSB repair (Zhang et al., 2017; Fer-
nandes ez al., 2018a; Yang ez al., 2022; lto et al, 2023; Q. Zhang
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et al., 2023). FIGNLI is also involved in DSB repair via homolo-
gous recombination in somatic cells (Yuan & Chen, 2013; Matsu-
zaki et al., 2019). FIGL1/FIGNLI is thus a conserved regulator of
RAD51- and DMCl1-mediated strand invasion and may function
in the fine-tuned regulation of the strand invasion step to promote
accurate meiotic DSB repair. How FIGL1 regulates the outcome
of meiotic break repair when RAD51- and/or DMCI-dependent
pathways are fully or partially impaired remains unknown. In this
study, we investigated the impact of the functional relationship of
FIGLI with components of HR repair machinery and chromo-
some axis genes on the outcome of meiotic DSB repair. We
demonstrate that these genetic interactions are an essential determi-
nant of meiotic break repair outcomes.

Materials and Methods

Plant growth and genetic material

Arabidopsis (Arabidopsis thaliana) plants were cultivated in the
glasshouse or growth chamber with 16 h: 8 h, light : dark photo-
period at 20°C. Arabidopsis accession Columbia (Col.0) was the
WT reference. The following Arabidopsis lines were used in this
study:  figll  (Agll-1) (Girard et al, 2015), rad51
(GABI_134A01), RAD51-GFP (Da Ines et al., 2013b), mndl
(SALK_110052), dmcl (SAIL_170_F08), rad51b
(SALK_024755), xrcc2 (SALK_029106), asyl (SALK_046272),
asy3 (SALK_143676), asy4 (SK22114, CS1006148) (Chambon
et al, 2018), and rad54-2 (SALK_124992) (Hernandez
Sanchez-Rebato e al, 2021). Only the hop2-2 allele (EYU48)
(Uanschou ez al., 2014) was used in a Wassilewskija (Ws) ecotype
background. Haploid fig/I plants were produced by crossing
Genome Elimination (GEM) lines (Ravi & Chan, 2010) with
figlT™"~ heterozygous plants.

Fertility analysis

Fertility of plants was examined by counting seeds per silique
(fruit) on the scanned image of siliques fixed in 70% ethanol
using the Zeiss ZEN software. At least 10 siliques per plant were
sampled, and sister WT plants in the segregating population cul-
tivated together with the mutants were used as controls. The
unpaired Kruskal-Wallis test corrected by Dunn’s test for multi-
ple comparisons was used to compare the average number of
seeds per silique (using the PrismM 9.3.1, GraphPad Software,
Boston, MA, USA).

Cytological techniques

The surface spreads of meiotic chromosomes from pollen mother
cells were prepared as previously described (Ross et al., 1996).
Chromosomes were visualized by staining with DAPI
(1 g ml™!). The immunolocalization of MLH1 and HEI10
was performed on male meiocytes with a technique that preserves
the 3D structure of the meiocyte nucleus, as described previously
(Hurel ez al, 2018). For cytological detection of RADS5I,
DMCI, and RECS8, male meiotic chromosome spreads from
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prophase I were prepared as described previously (Armstrong
et al., 2002). Slides of spreads were either immediately used for
immunocytology or stored at —80°C before immunostaining.
Chromosome axis protein REC8 and SC protein ZYP1 staining
were performed to identify prophase I cells. The primary antibo-
dies used were as follows: rabbit or rat o-REC8 (1 : 250)
(Cromer et al., 2013), rat a-RAD51 (1 : 500) (Kurzbauer et al.,
2012), rabbit o-DMC1 (1 : 200) (Da Ines ez al., 2022), guinea
pig o-ZYP1 (1 : 250), rabbit o-MLH1 (1 : 1000) (Chelysheva
et al., 2010), chicken o-HEI10 (1 : 10000) (Chelysheva ez al,
2012), and rat o-ZYP (Higgins ez al., 2005). Secondary antibo-
dies used were conjugated with Alexa Fluor 488 (A27034;
Thermo Fisher Scientific, Waltham, MA, USA), Alexa Fluor 568
(A11041; Thermo Fisher Scientific), and Alexa Fluor 647
(A21247; Thermo Fisher Scientific).

For the chromosome spreads and 3D immunolocalization,
images were acquired using the ZEISS Axio Imager 2 microscope
with a X100 oil immersion objective driven by ZeN 2 Software
(Carl Zeiss Microscopy). MLH1-HEI10 cofoci counts were per-
formed using the IMARIS software (Oxford Instruments, Oxford-
shire, UK), and chromosome spreads were analyzed using the
ZEN software. RAD51 and DMCI1 foci were counted using Fi1 as
described previously (Fernandes et al, 2018a). The unpaired
Kruskal-Wallis test corrected by Dunn’s test for multiple com-
parisons was used for the comparison of (1) the average number
of MLH1-HEI10 cofoci per cell, (2) the average number of biva-
lents per cell, and (3) the mean number of RAD51 and DMCI1
foci per cell using the PRisM GRAPHPAD 9.3.1 software.

AlphaFold2 predictions

AlphaFold2 predictions for protein complexes between XRCC2
and FRBD-FIGL1 were computed through the ColabFold note-
book (ColabFold v.1.5.5 and AlphaFold2 v.2.2) using a Colab-
Pro+ plan (https://colab.research.google.com/github/sokrypton/
ColabFold/blob/main/AlphaFold2.ipynb). The pIDDT, PAE,
and ipTM scores and graphs were provided directly by this note-
book. No template information was used for structure prediction.
The predicted structures were not relaxed using amber. mmseq-
s_uniref_env was used for the unpaired MSA, and sequences
from the same species were paired. For the advanced settings, the
automatic modes were applied, only one seed was used, and
dropouts were not enabled. The UCSF CHIMERAX (v.1.7.1) was
used for producing images in figure.

Yeast two-hybrid assays

The DNA sequences corresponding to Arabidopsis XRCC2 and
FIGL1 flanked by attB1 and attB2 recombinant tails were cloned
into pDONOR221 and pDONOR?207, respectively, using the
Gateway technology (Thermo Fisher). The fidelity of the coding
sequence of all clones was verified by sequencing. The entry vec-
tors were used to generate the appropriate pGAD and pGBK
yeast two-hybrid expression vectors. Yeast two-hybrid assays were
carried out using a Gal4-based system (Clontech, TakaRabio,
Shiga, Japan) by introducing plasmids harboring the gene of
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RAD51 & regulators

DMC1 & regulators Chromosome axis

Fig. 1 Comparison of fertility in the fig/T mutant combined with mutations in genes regulating DMC1/RAD51 or the meiotic chromosome axis in
Arabidopsis thaliana. Each colored dot represents one plant with the average number of seeds per fruit counted from at least 10 fruits. The mean and the
SD are represented by the black bars for each genotype. Each fig/7 double mutant combination is compared with wild-type sister plants and respective
single mutants that were cultivated together in a segregating population. Mean and error bars representing SD for each genotype are presented in black.
The P values shown were computed using an unpaired Kruskal-Wallis test corrected with Dunn's test for multiple comparisons. ns, nonsignificant

(P>0.01). *, P<0.01; ** P < 0.001; *** P < 0.0001.

interest in yeast strains AH109 and Y187. After mating of hap-
loid yeasts on YPD plates, diploid cells expressing Gal4BD and
Gal4AD fusion proteins were selected in SD/LW, a dropout
medium without leucine and tryptophan. Protein interactions
were assayed by growing diploid cells in serial dilutions for 5 d at
30°C on selective media lacking leucine, tryptophan, histidine,
and adenine (SD/LWH and SD/LWHA). Two proteins were
deemed to interact when the spots grew on SD-LWH and/or
SD-LWHA, and no self-activation could be observed.

Results

Fertility analysis of wild-type and fig/7 plants

We generated numerous genotypes in combination with the
A. thaliana figll mutation to study genetic interactions of FIGLI
during meiotic repair. In all combinations, WT, single, or multi-
ple mutant sister plants were grown together and analyzed. When
compared with WT controls, fig// mutants showed a slight
reduction in fertility (seed set per fruit per plant), which is consis-
tent with the previous report (Fernandes ez /., 2018b) and was
statistically significant in most genotypes tested, except in a few
cases (Fig. 1; Supporting Information Dataset S1). The fertility
reduction in figll is correlated with a mild defect in meiotic chro-
mosome segregation due to a shortage of bivalents in 7% of
metaphase I cells, as already described (Fernandes er a/., 2018a).
The remaining genotypes are presented in their respective sec-
tions. Briefly, we observed a reduction in fertility when fig/! was
combined with mutations in various regulators of recombinases
and the meiotic chromosome axis (Fig. 1; Dataset S1).

Downregulation of RAD51-mediated functions in fig/1
alters meiotic DSB repair outcome

Lack of RAD51 strongly perturbs DMC1-dependent repair (Li
et al., 2004). We examined whether the deficiency of both FIGL1
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and RAD51 can facilitate DMC1-mediated repair by generating
a figll rad51 double mutant. Both rad51 and figll rad51 showed
complete sterility with a mean seed set per fruit of zero (rad51: 0
seeds per fruit, no. of plants = 2, no. of fruits = 56; figllrad51:
0 seeds per fruit, no. of plants = 3, no. of fruits = 70) (Fig. 1;
Dataset S1). Thus, rad51 sterility is unchanged in a fig/I back-
ground. Male meiotic progression was also indistinguishable in
rad51 and figll rad51, with strong chromosome fragmentation
indicating unrepaired meiotic breaks (Fig. S1). These observa-
tions suggest that rad51 is epistatic to fig/l and that loss of FIGL1
and RADS5]1 together did not facilitate meiotic repair.

We next explored whether or not the RAD51-dependent path-
way is necessary for meiotic repair in the absence of FIGLI. Ara-
bidopsis RAD51-GFP is catalytically inactive but can promote
DMCI1-mediated repair (Cloud et al, 2012; Da Ines er al.,
2013b). We combined figll with rad51 RAD5I1-GFP to evaluate
whether FIGL1 promotes accurate DMCl-mediated repair in
the presence of catalytically inactive RADS51. The fertility of fig/!
rad51 RAD51-GFP plants (38 seeds per fruit, no. of plants = 5,
no. of fruits = 93, corrected Dunn’s test 2 < 0.0001) was signifi-
cantly reduced compared with fig/l (52 seeds per fruit, no. of
plants = 5, no. of fruits = 94) and rad51 RAD51-GFP (58 seeds
per fruit, no. of plants =5, no. of fruits =90) (Fig. 1;
Dataset S1) but was similar to fig/ll RAD51-GFP plants (41 seeds
per fruit, no. of plants = 5, no. of fruits = 93, corrected Dunn’s
test > 0.99) (Fig. 1). This is consistent with the previous obser-
vations of RAD5I-GFP being dominant-negative (Da Ines
et al., 2013b). These data demonstrate that mutation in fig/! sig-
nificantly reduces fertility in a RAD51-GFP background, suggest-
ing that FIGLI is required to promote DMCI-mediated repair
in the absence of a fully functional RAD51.

Cytological analysis of meiotic spreads from male meiocytes
revealed a high frequency of metaphase I cells (37%) with univa-
lent pairs in figll rad51 RAD5I1-GFP (mean number of biva-
lents = 4.46, n = 58, P = 0.0001) compared with 7% of cells in
figll (mean number of bivalents = 4.9, »=53) (Fig. 2a,b;
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Dataset S2). We hypothesized that the presence of fewer bivalents ~ FIGL1 and catalytically active RAD51. We thus examined the
in figll rad51 RAD51-GFP could result from a partial defect in  class I CO frequency by immunolocalizing HEI10 and MLH1,
the implementation of obligate class I COs in the absence of =~ which colocalize at class I CO sites in late prophase I as
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Fig. 2 Downregulation of the RAD51-dependent pathway without FIDGETIN-LIKE-1 (FIGL1) alters meiotic break repair outcomes. (a) Representative
metaphase | and anaphase Il images of DAPI-stained chromosome spreads of male meiocytes are shown in rad51b, figl1 rad51b, xrcc2, figl1 xrcc2, rad51
RAD51-GFP, figl1 rad51 RAD51-GFP, rad54, and figl1 rad54. Bars, 5 um. (b) Quantification of bivalents and aberrant repair in metaphase I. The
histograms show the percentage of metaphase cells exhibiting bivalents and chromosome fragmentation. The number of analyzed cells (7) and the mean
number of bivalents per cell are indicated above each bar. (c) The number of HEI10-MLH1 cofoci is reduced in figl7 rad54, but not in figl1 rad51 RAD51-
GFP. Representative images of HEI10 (red) and MLH1 (green) colocalization in wild-type, figl1, rad54, rad51 RAD51-GFP, figl1 rad51 RAD51-GFP, and
figl1 rad54. Bars, 2 um. (d) Quantification of HEI10-MLH1 cofoci. Each dot represents a HEI10-MLH1 cofocus in an individual cell, and the red bars
represent the mean and SD for each genotype. n, number of cells analyzed. The P values shown were calculated for unpaired Kruskal-Wallis tests corrected
with Dunn's test for multiple comparisons. (e) 3D structure model of interaction between Arabidopsis XRCC2 (in green) and FIGL-FRBD domain (in
magenta) by Alphafold2 structural analysis. An enlarged 3D view of the binding interface between XRCC2 and the FIGL1-FRBD domain shows the
residues involved. The dark and light blue lines indicate the high confidence predicted aligned error (PAE) scores for residues with < 8 A distances, as
provided by Alphafold2. (f) Yeast two-hybrid assays showing the interaction of Arabidopsis FIGL1 with XRCC2 and DMC1 (used as positive control).
Proteins of interest were fused with the Gal4 DNA binding domain (BD, left) and with the Gal4 activation domain (AD, right), respectively, and co-
expressed in yeast cells with selection on SD/—LW (— Leu —Trp) for diploid strains and on SD/—LWH (— Leu —Trp —His) as well as SD/—LWHA

(— Leu —Trp —His —Ade) for protein interaction.

previously described (Chelysheva ez al., 2012). A similar number
of HEI10-MLH1 cofoci was observed in figll rad51 RAD5I-
GFP (mean = 10.3, n = 189, corrected Dunn’s test P > 0.99) as
in sister WT plants (mean = 10, n=75), fig/l and rad5I
RAD51-GFP (Fig. 2¢,d). More univalent pairs with WT levels of
MLHT]1 foci may imply either more intersister repair or defects in
CO distribution in figlI rad51 RAD51-GFP compared with fig/l.
In summary, fig/l does not modulate the number of HEI10-
MLHT1 cofoci but significantly reduces bivalent formation when
RAD51 is catalytically inactive.

Arabidopsis 7ad54 mutants show no meiotic defects but dis-
play massive chromosome fragmentation in the rad54 dmcl
mutant, indicating that RAD54 is essential for RAD51-mediated
repair in the absence of DMC1 (Hernandez Sanchez-Rebato
et al., 2021). We hypothesized that the loss of RAD54 in figll
compromises meiotic repair due to its implication in RAD51-
mediated repair. We thus tested the epistatic relationship
between rad54 and figll. Fertility of rad54 (65 seeds per fruit,
no. of plants = 5, no. of fruits = 80) compared with the WT
(Fig. 1) (62 seeds per fruit, no. of plants = 5, no. of fruits = 82)
was not affected as described previously (Hernandez Sanchez-
Rebato et al., 2021). The fertility analysis of figll rad54 (46 seeds
per fruit, no. of plants = 4, no. of fruits = 70) showed a slightly
lower seed set but was not significantly different from fig/I (49
seeds per fruit, no. of plants = 4, no. of fruits = 67, corrected
Dunn’s test 2 = 0.57) (Fig. 1). Analysis of meiotic chromosome
spreads revealed that rad54 and the WT displayed 100% meta-
phase I cells with five bivalents, but fig/I rad54 showed 16.9% of
metaphase cells with univalent pairs compared with 7% cells in
figll. The mean number of bivalents per cell in figll rad54 (4.8,
n = 65) was not significantly different from that in fig/7 (4.9,
n = 53). However, the mean HEI10-MLH1 cofocus formation
at late prophase I was ¢ 20% lower in figll rad54 (8 foci,
n = 189, corrected Dunn’s test < 0.0001) compared with fig/]
(9.9 foci, n = 37), rad54 (9.8 foci, n = 51), and the WT (10
foci, n=75) (Fig. 2¢,d). These data suggest that the loss of
RAD54 activity aggravates figll phenotypes, with a reduced num-
ber of HEI10-MLH1 cofoci and an increased number of cells
with fewer bivalents. Taken together, our data indicate that the
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lack of FIGL1 elicits the RAD51-dependent pathway to ensure a
WT level of meiotic COs or chiasmata. This relationship may
also imply that FIGLI suppresses the RAD51-dependent repair
pathway during WT meiotic repair.

XRCC2 and RAD51B are required for the repair of the
meiotic breaks in figl1

The cellular activity of RAD51 is regulated by RAD51 paralogs,
including RAD51B and XRCC2 (Bleuyard et 4/, 2005). We
examined whether RAD51B and XRCC2 interact genetically with
FIGLI by analyzing figll rad51b and figll xrcc2 double mutants
for fertility and meiotic defects. Similar to previous observations
(Da Ines et al., 2013a; Wang et al., 2014; Hernandez Sanchez-
Rebato ez al., 2021), the fertility of rad516 and xrec2 did not dif-
fer from their sister WT plants (Fig. 1; Dataset S1). However,
both figll rad51b (42 seeds per fruit, no. of plants = 9, no. of
fruits = 56, corrected Dunn’s test P < 0.0001) and fig/l xrcc2
(33 seeds per fruit, no. of plants = 6, no. of fruits = 44, cor-
rected Dunn’s test P < 0.0001) mutants showed lower fertility
than figll, and respectively rad51b and xrec2 (Fig. 1). Thus, loss
of FIGLI affects fertility differentially in 724516 and xrcc2 back-
grounds. Our cytological analysis of male meiosis also revealed
different severity of meiotic defects. As previously reported, no
visible meiotic defects were detected in rad516 and xrcc2 mutants
(Da Ines et al., 2013a; Hernandez Sanchez-Rebato et a/., 2021).
The figll rad51b mutant displayed 25% metaphase I cells with
aberrant chromosome structures and 10% metaphase cells with a
mixture of univalents and bivalents, suggesting a defect in meiotic
repair (Fig. 2a,b). The figll xrcc2 mutant displayed more severe
defects, with 75% of metaphase I cells having chromosome frag-
mentation, univalents, multivalents, or aberrant structures
(Fig. 2a,b). These meiotic catastrophes in both figll rad516 and
Jigl1 xrcc2 were also confirmed in subsequent meiotic stages, lead-
ing to unbalanced chromosome segregations (Fig. 2a). Alto-
gether, rad51b and xrec2 do not exhibit any meiotic defects but
significantly impair DSB repair in a fig/l context, revealing
that their functional interaction with FIGLI promotes meiotic
DSB repair.
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FIGL1 suppresses partial defects of RAD51 focus formation
in xrcc2 meiocytes

Our data suggested that Arabidopsis XRCC2 and FIGLI act as
positive and negative regulators of RAD51 assembly, respectively.
We then explored whether the functional relationship between
XRCC2 and FIGLI regulates RAD51 assembly in male meio-
cytes; to do so, we immunolocalized RAD51 and an axial ele-
ment (REC8). RAD51 focus formation was observed in WT,
xree2, figll, and figll xrcc2 meiocytes during prophase I, identi-
fied by a REC8 signal along the chromosome axis (Fig. 4a). The
mean RADS51 focus number was reduced by 27% in xrcc2 (101
foci, n =75, P < 0.0001) compared with WT meiocytes (138
foci, » = 103) (Fig. 3a,c). Hence, XRCC2 is required for the for-
mation and/or stabilization of a subset of RAD51 foci during
prophase 1. Mutation of fig/l suppressed this partial defect in
RAD51 focus formation in xrcc2. The figll xrcc2 (254 foci,
n=75, P<0.0001) meiocytes showed a significantly higher
number of RAD5]1 foci than xrcc2 and WT (138 foci, » = 103),
but similar to fig/l (204 foci, n = 89) (Fig. 3¢). These data sug-
gest that FIGLI disrupts a subset of RAD51 foci in x7cc2 and that

(@) REC8 (b) REC8
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XRCC2 protects RAD51 filaments by partially antagonizing
FIGLLI activity during meiosis.

In humans, RADS51 paralogs can protect RAD51 filaments by
antagonizing the FIGLI homolog through protein—protein inter-
action (Matsuzaki et al., 2019). We therefore tested whether Ara-
bidopsis XRCC2 and FIGLI also interact. Because XRCC2 has
structural similarities with RAD51, which interacts with FIGL1
through FIDGETIN-LIKE-1’ s RAD51 binding domain
(FRBD) (Yuan & Chen, 2013; Fernandes ez al., 2018a), we gen-
erated an interaction model of XRCC2 and FRBD from FIGL1
using Alphafold2. All five Alphafold2 models predicted a strong
interaction with a high interface-predicted template modeling
score (ipTM) (> 0.60) and a low predicted aligned error (PAE)
value for the FxxA motif in FRBD and three residues of XRCC2
(F152, W154, and V155) (Figs 2e, S2). We also tested the inter-
action between RAD51B and FRBD using Alphafold2, which
did not predict a high ipTM score (< 0.3) compared with the
XRCC2 and FRBD interaction (Fig. S2). These observations
suggest that XRCC2 likely interacts with FIGLI through FRBD,
more strongly than RAD51B, and that this may be reminiscent
of FIGL1 and RAD51 interaction. A yeast two-hybrid assay
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each genotype are presented in black. The P
values shown were calculated using unpaired
Kruskal-Wallis tests corrected with Dunn’s test
for multiple comparisons.
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Fig. 4 Chromosome spreads display the
completion of meiotic break repair in A. thaliana
wild-type (WT), dmc1, figl1, figl1 dmc1, and
haploid figl7 mutant plants. (a) Representative
metaphase | images of DAPI-stained
chromosome spreads of male meiocytes are
shown for WT, figl1, dmc1, and figlT dmc1. b,
bivalent or bivalent-like; u, univalent. Bars, 5 pm.
Figs 4(a) and 5(a) share the same metaphase
image of figl1 genotype for a direct comparison
with other genotypes. (b) Quantification of
bivalents at metaphase I. The histogram shows
the proportion of cells categorized based on the
presence of bivalents. The mean number of
bivalents per cell and the number of analyzed
cells are indicated above each bar. (c) Metaphase 7
I and Il images of DAPI-stained chromosome v 8
spreads from haploid WT and fig/7 plants. Bars, figlt dmc1 7
5 pm.

confirmed the interaction between full-length Arabidopsis
XRCC2 and FIGL1 (Fig. 2f). These results demonstrate an inter-
action between XRCC2 and FIGL1 and support the hypothesis
that XRCC2 counteracts FIGL1 to protect a subset of RAD51
filaments.

FIGL1 is not necessary for RAD51-dependent repair on
sisters in dmc7 and haploids

RAD51 mediates meiotic DSB repair on sister chromatids in
Arabidopsis dmcl (Couteau et al., 1999). We explored whether
FIGLl modulates RAD51-mediated meiotic repair without
DMCI1 by analyzing fertility and male meiosis progression in the
figll dmel double mutant. The fig/l dmecl double mutant was
almost sterile with a slightly higher seed set (three seeds per fruit,
no. of plants = 6, no. of fruits = 178, corrected Dunn’s test
P = 0.001) than dmecl (two seeds per fruit, no. of plants = 5, no.
of fruits = 160) (Fig. 1), showing that the fig// mutation does
not restore fertility but can produce slightly more seeds in a dmcl
background. Chromosome spreads of male meiocytes revealed
that meiotic progression in figll dmcl was comparable to that in
dmcl. We detected no pachytene stage with fully coaligned
homologous chromosomes in figll dmcl, similar to dmcl
(Fig. S3). The dmcl mutant displayed 10 univalents in 100%
metaphase I cells (z = 71) (Fig. 4a), whereas figll dmcl exhibited
10 univalents in only 96% of metaphase cells (z = 70). A lack of
chromosome fragmentation at meiosis II indicated DSB repair
completion in figll dmcl (Fig. S3). The remaining 4% metaphase
cells (n = 3) in figll dmel indicated the presence of at least one
bivalent (Fig. 4a,b), which may arise from nonhomologous

Mean
bivalents = 5.00 4.93 0.00 0.04

n= 60 53 71 73

mm 5 Bivalents
4 Bivalent

== 1 Bivalent

Em 0 Bivalent

% of Cells

Wild-type  figl1

dme1  dmcf figlt

—_
(3)
~

Metaphase | Metaphase Il

Haploid wild-type

=
S
=
T
g
[=%
©
I

association between homologs or from CO formation between
homologous chromosomes. However, we discount the former
possibility because such nonspecific associations would not
enhance the fertility in fig/I dmcl and are absent in dmcl. Thus,
loss of FIGL1 neither impairs repair on sisters nor restores CO
between homologs in dmecl, but FIGL1 appears to counteract
any rare RAD51-mediated interhomolog repair in the absence
of DMCI.

Repairing meiotic breaks relies on RAD51, but not on DMCI1
in Arabidopsis haploid meiocytes (Cifuentes ez al., 2013), which
lack homologs, and the only available repair template is the sister
chromatid. We examined whether FIGL1 regulates RAD51-
dependent repair on sisters in haploid fig/l. We analyzed male
meiotic progression in Arabidopsis haploid WT and fig/I plants
using chromosome spreads. In WT haploid meiosis, five univa-
lent chromosomes were intact at metaphase I, but segregated
unequally at anaphase I and in variable partitioning later in meio-
sis IT (Fig. 4c). Lack of fragmentation suggested efficient repair of
meiotic breaks using sister chromatids. No chromosome frag-
mentation was observed in the fig/] haploid meiocytes (7 = 32),
and meiosis appeared indistinguishable from the WT (Fig. 4c).
Alrogether, these results suggest that FIGL1 is not required for
RAD51-dependent meiotic DSB repair in haploids or dmcl but
can suppress rare RAD51-mediated interhomolog invasions.

FIGL1 is indispensable for repair completion in hop2-2

DMCI requires MNDI1 to facilitate strand invasion on homo-
logs (Kerzendorfer et al., 2006; Panoli er al., 2006). To investi-
gate whether FIGL1 modulates meiotic repair defect when
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DMCI cannot perform interhomolog invasions in the mndl
background, we generated the mndl figll mutant. Both mndI (0
seeds per fruit, no. of plants = 4, no. of fruits = 108) and mndI
figll (0 seeds per fruit, no. of plants = 5, no. of fruits = 86)
mutants were fully sterile with empty siliques (Fig. 1), suggesting
that fig/1 does not alter the fertility of mndI. Similar to previous
observations (Kerzendorfer et al., 2006), analysis of male mndl
meiocyte spreads showed no pachytene cells with synapsed chro-
mosomes and strong chromosome fragmentation at meiosis I and
IT (Fig. 5a). This observation supports a lack of interhomolog
strand invasion and unrepaired breaks in mndl. The double
mndl figll also showed meiotic progression with chromosome
fragmentation, which was indistinguishable from mnd1 (Fig. 5a),
indicating that mnd1 is epistatic to fig/].

The hop2-2 hypomorphic mutation weakly supports DMC1
functions that lead to the RAD51-dependent DSB repair on sis-
ters and severely disrupt interhomolog repair (Uanschou
et al., 2014). We investigated whether FIGL1 is involved in
meiotic repair when DMCI1 is not fully active by analyzing the
figll hop2-2 double mutant. The fertility of figll hop2-2 plants
(0.1 seeds per fruit, no. of plants = 3, no. of fruits = 64, cor-
rected Dunn’s test P = 0.0049) was lower than in hop2-2 (three
seeds per fruit, no. of plants = 2, no. of fruits = 40), WT (62
seeds per fruit, no. of plants = 4, no. of fruits = 76, corrected
Dunn’s test P < 0.0001), and figll (54 seeds per fruit, no.
of plants = 3, no. of fruits =75, corrected Dunn’s test
P < 0.0001) (Fig. 1; Dataset S1). Cytological analysis of meta-
phase I from male fig/l hop2-2 meiocytes further corroborated
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proportion of metaphase cells categorized based
on the presence of bivalents and chromosome
fragmentation. The mean number of bivalents
per cell and the number of analyzed cells (n) are
indicated above each bar. na, not applicable.

the reduction in fertility with defects in meiotic progression
(Fig. 5a). As reported previously (Uanschou er al, 2014), we
detected only 20% of metaphase I cells with 1-3 bivalents, the
rest having only univalent chromosomes in male hop2-2 meio-
cytes (Fig. 5b). In figll hop2-2, all metaphase I cells (z = 91) and
subsequent meiotic stages exhibited strong chromosome frag-
mentation compared with the hop2-2 meiocytes (Fig. 5a). These
results indicate that fig/I strongly disrupts meiotic repair in hop2-
2 and implies that FIGL1 is involved in meiotic repair switching
from interhomolog to mostly intersister when DMCI is partially
active.

We then examined whether meiotic repair defects in fig/l
hop2-2 could be explained by hyperaccumulation of both recom-
binases during prophase I. To do so, we immunolocalized
RAD51 or DMCI1 with the axial element (RECS8) and the trans-
verse filament protein of the SC (ZYP1) in male meiocytes. Aver-
age RAD51 foci per cell during prophase I did not differ between
WT (foci = 115, n=104) and hop2-2 (foci = 114, n = 76)
meiocytes but were significantly higher in figll hop2-2
(foci = 155, n = 31) and fig/! (foci = 186, n = 116) (Fig. 3a,c).
A marked increase in mean DMCI foci per cell was observed in
hop2-2  (foci = 138, n = 93) meiocytes relative to WT
(foci = 101, n=74) but was similar to fig/l (foci = 135,
n=93) and figll hop2-2 (foci = 120, »= 100) (Fig. 3b,c).
These observations suggest that FIGL1 does not alter the number
of DMCI1 foci but appears to suppress RAD51 focus formation
in hop2-2. We have previously shown that fig/l mutation restores
RADS51 and DMCI1 focus formation and suppresses defects in
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synapsis between homologs in brca2a brca2b and sds (Fernandes
et al., 2018a; Kumar ez al., 2019). Because no pachytene was
observed in Aop2-2 suggesting a defective synapsis, we investi-
gated whether synapsis was restored partially or fully in fig/!
hop2-2 using ZYP1 immunostaining. Only punctuated ZYP1
signals were observed in figll hop2-2 relative to hop2-2, while
WT and fg/l meiocytes showed continuous ZYP1 signal along
the entire length of chromosomes (Fig. S4). These results imply
that overaccumulation of RAD51 and DMCI foci does not
restore interhomolog invasion in fig/l hop2-2 and that FIGL1
likely promotes meiotic repair in Ahop2-2 by suppressing
RAD5]1 foci.

FIGL1 promotes meiotic repair in asy7, asy3, and asy4 with
impaired interhomolog bias

We further explored whether FIGLI is critical for meiotic repair
when both RAD51 and DMCI are active, but interhomolog
bias is impaired. Unlike in hop2-2, DMCI is proficient for
meiotic repair in asyl, asy3, and asy4 mutants, which lack full
synapsis, have no pachytene stage, and show reduced bivalent
formation (Sanchez-Moran et al., 2007; Ferdous et al., 2012;
Chambon et al., 2018). asyl is epistatic over asy3 and asy4, and
shows the lowest number of bivalents in metaphase I followed
by asy3 and asy4 (Ferdous et al., 2012; Chambon ez al., 2018).
The reduction in interhomolog COs, no fragmentation, and
fewer bivalent numbers suggest that most meiotic DSBs are effi-
ciently repaired on sisters instead of homologs in asy mutants.
We generated figll asyl, figll asy3, and figll asy4 double
mutants and analyzed fertility and meiotic defects. All three sin-
gle mutants, asyl (10 seeds per fruit, no. of plants = 2, no. of
fruits = 23), asy3 (15 seeds per fruit, no. of plants = 3, no. of
fruits = 83), and asy4 (28 seeds per fruit, no. of plants = 4, no.
of fruits = 80), showed a severe reduction in fertility, albeit to a
variable extent, compared with figll (44 seeds per fruit, no. of
plants = 5, no. of fruits = 100) and the WT (54 seeds per fruit,
no. of plants = 5, no. of fruits = 100). Both fig/! asyI and figlI
asy3 double mutants were sterile and barely produced any seeds
(figll asyl: 0.6 seeds per fruit, no. of plants =4, no. of
fruits = 70, corrected Dunn’s test P < 0.0001; figll asy3: O
seeds per fruit, no. of plants = 7, no. of fruits = 138, corrected
Dunn’s test 2 < 0.0001) (Fig. 1; Dataset S1). The figll asy4
plants produced a few seeds, but fertility was decreased by more
than fourfold (six seeds per fruit, no. of plants =7, no. of
fruits = 140, corrected Dunn’s test P < 0.0001), relative to
asy4 and figll (Fig. 1; Dataset S1). Intriguingly, the fertility of
SfigllA asyl (14 seeds per fruit, no. of plants = 6, no. of
fruits = 95, corrected Dunn’s test 2 < 0.0001) was significantly
higher than in asyl (nine seeds per fruit, no. of plants = 8, no.
of fruits = 106), and no significant difference in fertility was
observed in figllA4 asy3 (20 seeds per fruit, no. of plants = 6,
no. of fruits = 60, corrected Dunn’s test P = 0.074) and asy3
(15 seeds per fruit, no. of plants = 9, no. of fruits = 133), sug-
gesting that meiotic repair is sensitive to FIGL1 dosage in asyl.
In summary, the fig/I mutation marginally affects fertility in the
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WT context, but it strongly reduces fertility in asyl, asy3, and
asy4 mutants of meiotic axis components.

Further, nuclear spread analysis of male meiocytes in asyl,
asy3, and asy4 showed mean bivalent numbers of 1.66 (7 = 50),
3.0 (n=067), and 4.1 (n= 38) at metaphase I, respectively
(Fig. 6). These values confirmed the previous observations of asy!
being most affected in CO formation (Sanchez-Moran
et al., 2007; Ferdous et al, 2012; Chambon et al., 2018). The
figll asyl mutants exhibited 82% of aberrant metaphases
(n=52) with unrepaired meiotic breaks, which was never
observed in fig/I or asyI (Fig. 6a,b). We, however, detected a frac-
tion of nonaberrant metaphase cells (18%) without any fragmen-
tation, but showing a mixture of univalent and bivalent
chromosomes with a higher mean number of bivalents per cell
(3.22, n=10) compared with asyl. These results indicate that
JiglI not only strongly impairs meiotic repair in most asy meio-
cytes but also partially restores bivalent formation between
homologs in a fraction of meiocytes and provide evidence that
FIGL1 suppresses interhomolog repair in asyl. We, therefore,
analyzed whether the reduction in FIGL1 dosage increases biva-
lent formation in figlIA4 asyl. The figllA4 asyl mutant showed a
significantly higher mean number of bivalents per cell (2.5,
n=52) in metaphase I cells than in asyl. These observations
offer further support that FIGLI attenuates interhomolog repair
when lacking asyl and suggest that ASY1 counteracts FIGL1 to
promote interhomolog repair.

Although asy3 is less affected than asyl, the figl! asy3 exhibited
the most severe meiotic defect of 100% aberrant metaphases
(n=86) with chromosome fragmentation, indicating that
FIGLLI is essential for meiotic repair in asy3 (Fig. 6). The figl!
asy4 mutants, however, displayed the least severe meiotic defects
among the three fig/] asy mutants, with 75% of metaphase cells
showing a lower mean bivalent number per cell in figll asy4
(3.13, » = 56) than in asy4 (4.1, n = 38) (Fig. 6). The remaining
25% metaphase cells in fig/] asy4 were aberrant with unrepaired
breaks (Fig. 6a,b). Meiotic defects in all three fig/l asy double
mutants were also detected at the postmetaphase I stages, show-
ing chromosome fragmentation, bridges, and unbalanced chro-
mosomal segregation (Fig. 6a). In summary, fig/l severely
impairs meiotic repair in the asyl, asy3, and asy4 mutants affected
in interhomolog bias and appears to enhance interhomolog repair
in asyl.

We further assessed whether the repair defects in figl! asyl led
to a change in RADS51 focus formation by immunolocalizing
RAD51 and REC8 in male meiocytes. Similar to previous obser-
vations (Sanchez-Moran et al., 2007), the number of RAD51 foci
was not different in asy! (foci = 127, n = 94) and WT meiocytes
(foci = 138, n=103) (Fig. 3). As expected, both figll
(foci = 208, n = 89) and figlI asyl (foci = 190, n = 73) showed
a significant increase in RAD51 foci compared with asy/ and the
WT but did not differ from each other. These observations indi-
cate that FIGL1 limits overaccumulation of RAD51 foci in asy!
to promote meiotic repair. However, the outcomes of RAD51
foci accumulation in fig/I and figll asyl differ because repair is
carried out to completion in fig/1, but not in figlI asyl.
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Fig. 6 Functional interaction of A. thaliana figl1 with asy7, asy3, and asy4. (a) Representative metaphase | and anaphase Il images of DAPI-stained
chromosome spread of male meiocytes are shown in asy7, asy3, asy4, figl1 asy1, figl1/+ asy1, figl1 asy3, and figl7 asy4. Bars, 5 um. (b) Quantification of
bivalents and aberrant repair at metaphase I. The proportion of metaphase cells categorized based on the presence of bivalents and chromosome
fragmentation is presented. The mean number of bivalents per cell and the number of analyzed cells (n) are indicated above each bar. na, not applied.

Discussion

RAD51-dependent repair in fig/7 is critical for correct
meiotic repair outcome

Our data indicate a functional association between FIGL1 and
the RADS51-dependent repair pathway during meiosis. The
RAD51 pathway is critical for repairing DSBs before/at meiotic
entry and in late prophase I (Crismani er al, 2013; Joshi
et al., 2015; Enguita-Marruedo ez al., 2019), providing an alter-
native to the DMCl-dependent pathway. However, simulta-
neous activation of Dmcl and Rad51 in budding yeast elicits
distinct factors and increases the time it takes to repair Rad51-
mediated interhomolog intermediates (Ziesel et al., 2022). Ara-
bidopsis fig/l mutants display a change in kinetics, with massive
accumulation of RAD51 foci on meiotic chromosomes until
late pachytene compared with WT meiocytes (Fernandes
et al., 2018a). We speculated that RADS51, in addition to
DMCI, is active for interhomolog invasions, leading to aber-
rant recombination intermediates in fig/l. These intermediates
require MUS81 endonuclease activity that becomes necessary
for repair completion in figll mus81 (Girard er al, 2015;
Kumar ef al, 2019). FIGL1 is, however, essential for meiotic
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DSB repair in various crop plants, in which the fig// mutant
shows chromosome fragmentation in metaphase I (Zhang
et al., 2017; Yang et al, 2022; Osman et al., 2024). These
unrepaired breaks may result from complex DMCI- and
RAD51-mediated interhomolog invasions that MUS81 may be
unable to repair (Mu ez al., 2023). Here, our data provide evi-
dence that the RAD51-dependent pathway promotes accurate
meiotic repair outcomes in Arabidopsis fig/l. First, the inhibi-
tion of RADS51 catalytic activity in figl/] results in a higher per-
centage of metaphase cells with univalents, albeit with WT
levels of HEI10-MLHI1 cofoci during prophase 1. This suggests
either a defect in CO distribution or COs forming between sis-
ter chromatids in figll rad51 RAD51-GFP. Second, downregu-
lation of RAD54, which impairs RAD51-dependent repair, is
required to maintain the WT level of HEI10-MLH1 cofoci as
judged from the ¢ 20% reduction in fig/l rad54. Third, the
loss of RAD51B or XRCC2 leads to unrepaired breaks in fig/]
rad51b and figll xrcc2, indicating that the RAD51-dependent
pathway becomes limiting for recombination when lacking
FIGLI. Thus, it is tempting to speculate that FIGLI suppresses
RAD51-dependent interhomolog repair to limit class II COs
(Fig. 7) and to regulate class I CO distribution in WT meiosis
in Arabidopsis.

© 2024 The Author(s).
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Fig. 7 Model for FIDGETIN-LIKE-1 (FIGL1) in vivo functions during
meiotic break repair in A. thaliana. Blue and red lines represent
homologous chromosomes, and four lines in the same color denote the
two DNA strands of each sister chromatid. After the formation of double-
stranded breaks (DSB) and the resection of 5" ends, RAD51 and DMC1
polymerize at 3’ single-strand DNA (ssDNA) tails to form nucleoprotein
homofilaments. DMC1 is proximal to the DSB site, but RAD51 is distal to
the DSB site. Invasion of these homofilaments leads to the repair of
meiotic breaks. FIGL1 can negatively regulate RAD51 and DMC1 activity
at pre- and postinvasion steps. FIGL1 is not required for RAD51-mediated
intersister repair of meiotic breaks in the absence of DMC1 in plants.
However, FIGL1 can antagonize RAD51-mediated interhomolog invasions
in the presence of DMC1. MND1 and HOP2 likely act upstream of FIGL1.
The three meiotic axis proteins (ASY1, ASY3, and ASY4) act as positive
modulators of interhomolog recombination by counteracting FIGL1
activity. In the absence of FIGL1, RAD51 is likely active for interhomolog
invasions/repair in XRCC2 and RAD51B-dependent manner. RAD54 and
the catalytic activity of RAD51 are critical for ensuring the wild-type level
or distribution of meiotic CO/chiasmata formation when lacking FIGL1.

Arabidopsis XRCC2 partially counteracts FIGL1 to promote
RAD51-dependent repair

The roles of Arabidopsis RAD51B, RAD51D, and XRCC2 dur-
ing meiosis have remained enigmatic despite the proposed early
and late roles of these RAD51-mediators in other plant species
(Charlot e al., 2014; Zhang ez al., 2020; F. Zhang et al., 2023).
The absence of any obvious meiotic defects in single, double, and
triple mutants of Arabidopsis RAD51B, RAD51D, and XRCC2
indicates that they are not essential for DMC1-mediated repair
during meiosis (Bleuyard ez al, 2005; Wang et al., 2014; Her-
nandez Sanchez-Rebato er al., 2021). Mutants of rad516, rad51d,
and xrec2, when combined with dmcl, have no impact on meio-
sis, suggesting that they are not necessary for RAD51-mediated
repair on sisters (Hernandez Sanchez-Rebato er al, 2021).
However, an increase in meiotic COs between homologs in Ara-
bidopsis x7cc2 and rad51b remains unexplained (Da Ines

© 2024 The Author(s).
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et al., 2013a). Our findings demonstrate a genetic interaction
between xrcc2, rad516 and figll, with the latter playing a critical
role in meiotic DSB repair. First, both figll rad516 and figll
xrce2 mutants have severe meiotic defects, although in varying
degrees. These defects indicate that both paralogs are necessary
for repairing meiotic breaks when FIGL1 is absent, with the loss
of XRCC2 producing more severe meiotic defects. Recent struc-
tural studies of the human BCDX2 complex have suggested that
the RAD51 ensemble interacts with the BCDX2 complex by
engaging with RAD51B, but not with XRCC2 (Greenhough
et al., 2023; Rawal er al., 2023). We speculate that the BCD
complex can stll engage with RAD5I1-filaments through
RAD51B, leading to more toxic recombination intermediates
and severe meiotic defects in figll xrcc2, compared with no inter-
action of the CDX2 complex in r2d516 with the RAD51 ensem-
ble. Second, we observed a decrease in RADS51 focus number in
the x7cc2 meiocytes compared with the WT and an increase in
RAD51 focus number in fig/l xrcc2 and fig/l. This pattern sug-
gests that XRCC2 stabilizes or protects a subset of RAD5]1 fila-
ments from the destabilizing activity of FIGLI1, arguing for
partial antagonism between XRCC2 and FIGL1. We also
detected a protein—protein interaction between XRCC2 and
FIGL1, which is consistent with the model wherein the interac-
tion of RAD51 paralogs counteracts the destabilizing functions
of FIGL1 or other negative regulators (Liu ez al., 2011; Matsu-
zaki et al., 2019). We speculate that XRCC2 counteracts FIGL1
activity from the nonengaging end of BCDX2 complex and acts,
in addition to BRCA2, at the postnucleofilament assembly step
during meiosis.

Furthermore, our data also suggest that when both RAD51 and
DMCL are active for homolog invasions (Fig. 7), the RAD51-
dependent repair pathway has additional requirements compared
with those when DMC is absent or not functioning. One possibi-
lity is that XRCC2 and RAD51B are needed to process a subset of
RAD51-mediated invasions, especially in fig/l, when RAD51 is
probably blocked from polymerizing to 3’ ends (Fig. 7). XRCC2
can also promote the processing of the recombination intermedi-
ates through its interaction with RAD51D to form a subcomplex
(DX2) (Thacker, 2005), which can recruit additional factors
(Braybrooke ez al, 2003; F. Zhang et al., 2023). Altogether, our
data indicate that Arabidopsis XRCC2 and RAD51B promote
RAD51-dependent repair during meiosis.

ASY1 counteracts FIGL1 activity to promote interhomolog
recombination

Arabidopsis ASY1, ASY3, and ASY4 are three meiotic axis pro-
teins whose mechanism in interhomolog repair remains elusive.
ASY1 appears to be a main player as judged from the lowest
chiasma level and epistatic analysis among asy mutants (Cham-
bon et al., 2018). The lack of ASY1 does not affect total MLH1
focus numbers, but 50% occur between sister chromatids, indi-
cating reduced interhomolog and high intersister recombination
levels in asyl (Lambing er al., 2020). ASY1 stabilizes DMCI onto
DSBs without affecting RAD51 localization (Sanchez-Moran
et al., 2007). The residual interhomolog recombination in asy!
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still depends on DMCI1 because the asyl dmecl mutant shows
only univalents with DSBs repaired by RADS51 using sisters
(Sanchez-Moran et al., 2007). Thus, the loss of ASY1 activates
both the RAD51- and the DMC1-dependent pathways to repair
meiotic breaks. Our findings show that FIGLI is required to
maintain the balance between interhomolog and intersister
recombination f or repair completion in asyl. The figll asyl is
completely sterile, and 82% of metaphase I cells exhibit an aber-
rant phenotype with DNA fragmentation. We noticed that 18%
metaphase I cells showed no fragmentation but had a significantly
higher mean number of bivalents (3.22) in fig/1 asyI than in asyl
(1.66 bivalents) (Fig. 6). Furthermore, the reduction in FIGL1
dosage in figl/+ asyl also led to an increase in mean bivalent num-
ber as well as a higher mean seed set per fruit compared with asy!
(Figs 1, 6). This indicates that FIGL1 suppresses interhomolog
invasion in the absence of ASYI1, and the repair defects in fig/!
asyl can thus be attributed to an increase in interhomolog inva-
sions. Altogether, ASY1 counteracts FIGL1 activity to promote
interhomolog recombination.

Our data also indicate a functional relationship between asy3,
asy4, and figll for the completion of meiotic break repair. The
double mutant figll asy3 exhibited the most severe repair defect
phenotype due to the presence of chromosome fragmentation in
100% of metaphase I (Fig. 6). The absence of ASY3 significantly
changes the localization of ASY1, which forms foci instead of lin-
ear structures and reduces the level of DSBs, as measured by
proxy based on the number of RAD51 and DMCI foci in asy3
(Ferdous et al., 2012). One attractive hypothesis is that chromo-
some fragmentation defects result from interhomolog invasion
imposed by altered ASY1 localization, along with deregulation of
RAD51/DMC1 dynamics in figll asy3. However, the double
figll asy4 mutant showed less severe repair defects with only 25%
of aberrant metaphase I cells and an overall mean number of
bivalents reduced to 2.84. ASY1 and ASY3 are recruited in asy4,
but form abnormal patchy and lumpy patterns on the chromo-
some axis; furthermore, ASY1 is not depleted from the synapsed
regions (Chambon ez al., 2018). We suspect that the presence of
ASY1 and ASY3 in figll asy4 enforces interhomolog invasions
and counteracts FIGL1 functions up to a certain extent, resulting
in partly unrepaired breaks and defects in chiasma formation. In
our model (Fig. 7), ASY proteins act as positive modulators of
interhomolog recombination, while FIGL1 counteracts inter-
homolog invasions. Lack of both FIGL1 and ASY proteins would
thus lead to aberrant meiotic DSB repair.

Arabidopsis FIGL1 promotes meiotic intersister repair when
interhomolog bias is impaired

In plants, RAD51 repairs meiotic DSBs using sister chromatids
in dmel (Couteau et al., 1999; Wang et al., 2016), suggesting
either plant RADS51 is unable to perform interhomolog invasions
or RAD51-mediated interhomolog invasions in dmcl can be
actively counteracted by an unknown factor(s). Our data show
that FIGL1 does not modulate RAD51-mediated intersister
repair in dmel or haploid meiosis. We observed univalents and
no fragmentation in Arabidopsis figll dmcl and haploid figl]
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mutants (Fig. 2). However, we noticed the presence of rare biva-
lents and slightly higher fertility in fig/l dmcl compared with
dmcl. This observation favors the idea that RAD51 mediates
interhomolog invasions at a low frequency in dmcl and that
FIGLI counteracts these interhomolog invasions in dmcl.
DMCI is crucial for interhomolog bias, and its dysfunction
leads to weakened interhomolog bias in hop2-2 and asyl
(Sanchez-Moran et al., 2007; Uanschou et al., 2014; Lambing
et al, 2020). The insufficient amount
HOP2/MND1 complexes results in a majority of univalents and
rare, DMC1-dependent bivalents (¢. 0.5 per cell) at metaphase 1
in hop2-2 (Uanschou et al., 2014). Similarly, most univalents and
a few DMCl1-dependent bivalents (¢. 1.7 per cell) were observed
when the stability of DMC1 was compromised in asyl. DMCl1
dysfunction thus leads to more repair on sisters at the expense of
lower interhomolog repair in hop2-2 and asyl. We found that
FIGLLI is critical for this shift in meiotic DSB repair in hop2-2
and asyl. How does FIGLI shift repair between interhomolog

of functional

and intersister? Our data show a hyperaccumulation of RAD51
foci in figll hop2-2 and figll asyl meiocytes, compared with
hop2-2 and asyl, but similar to fig/l. This pattern of hyperaccu-
mulation indicates that RAD51 foci accumulation largely
depends on FIGLI and is likely independent of HOP2 and
ASY1. Because FIGLI is not necessary for intersister repair (in
dmcl) but counteracts interhomolog invasions (in asy/ and
dmcl), our data imply that FIGL1 dismantles a subset of RAD51
filaments, in addition to DMCI filaments, arising from interho-
molog invasions in hop2-2 and asyl to promote repair on sisters.
The strong fragmentation observed in figll hop2-2 and figlI asyl,
but not in figll, also suggests that HOP2 and ASY1 promote
DSB repair in fig/ll. We speculate that an interplay between
HOP2, ASY1, and FIGLI is required for WT levels of interho-
molog recombination in Arabidopsis. Unlike the antagonism
between BRCA2 or SDS and FIGL1 at the nucleofilament for-
mation step, we propose that ASY1 counteracts FIGL1 activity
for a subset of recombinase foci at postinvasion steps.

Conclusions

In conclusion, the genetic interactions of fig/l revealed that
FIGL1 arttenuates interhomolog repair during meiosis and
that these genetic interactions are an essential determinant of the
meiotic break repair outcome. We have previously shown that
BRCA2 and SDS antagonize FIGLI activity to protect
RAD51/DMCI fodi, likely at the step of nucleofilament forma-
ton. This study suggests that multiple factors can counteract
FIGL1 activity, in addition to BRCA2 and SDS, likely at the
invasion step after nucleofilament formation to promote meiotic
interhomolog repair.
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