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Abstract
Meiosis is a fundamental process for sexual reproduction in most eukaryotes and the evolutionarily conserved recombi-
nases RADiation sensitive51 (RAD51) and Disrupted Meiotic cDNA1 (DMC1) are essential for meiosis and thus fertility.
The mitotic function of RAD51 is clear, but the meiotic function of RAD51 remains largely unknown. Here we show that
RAD51 functions as an interacting protein to restrain the Structural Maintenance of Chromosomes5/6 (SMC5/6) complex
from inhibiting DMC1. We unexpectedly found that loss of the SMC5/6 partially suppresses the rad51 knockout mutant in
terms of sterility, pollen inviability, and meiotic chromosome fragmentation in a DMC1-dependent manner in Arabidopsis
thaliana. Biochemical and cytological studies revealed that the DMC1 localization in meiotic chromosomes is inhibited
by the SMC5/6 complex, which is attenuated by RAD51 through physical interactions. This study not only identified
the long-sought-after function of RAD51 in meiosis but also discovered the inhibition of SMC5/6 on DMC1 as a control
mechanism during meiotic recombination.

Introduction
Meiosis is required for sexual reproduction in most eukar-
yotes. During meiosis, a single round of DNA replication is
followed by two rounds of cell division, thus leading to the
production of haploid gametes with half the number of
chromosomes. After fertilization and the fusion of male and
female gametes, the number of chromosomes returns to
diploid level, thereby maintaining the same number of chro-
mosomes over different generations. One of the most

important events during meiosis is meiotic recombination,
through which the homologous chromosomes pair and ex-
change their genetic information, which consequently
ensures the reduction of chromosome numbers and genera-
tion of genetic diversity among offspring (Mercier et al.,
2015; Wang and Copenhaver, 2018).

Meiotic recombination initiates from the formation of
programmed Double-Strand Breaks (DSBs) mediated by the
DNA transesterase SPO11 as well as topoisomerase VIB-like
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protein (Bergerat et al., 1997; Grelon, 2001; Keeney, 2001; de
Massy, 2013; Robert et al., 2016; Vrielynck et al., 2016). These
DSBs must be repaired to ensure successful meiosis.
Previous studies have shown that the two evolutionarily
conserved recombinases RADiation sensitive51 (RAD51) and
Disrupted Meiotic cDNA1 (DMC1) are essential to repair
these DSBs through the homologous recombination (HR)
pathway (Bishop, 1994; Tarsounas et al., 1999; Pradillo et al.,
2014; Hinch et al., 2020). Both RAD51 and DMC1 bind to
the processed single end of DSBs and facilitate single-strand
invasion to search for homologous sequences. Loss of func-
tion of either RAD51 or DMC1 results in defective meiosis
and sterility in many species, including Arabidopsis thaliana
(Couteau et al., 1999; Li et al., 2004).

Recent studies in budding yeast (Saccharomyces cerevisiae)
and Arabidopsis revealed that although RAD51 is essential
for meiosis, its recombinase activity is fully dispensable
(Cloud et al., 2012; Da Ines et al., 2013). In budding yeast, al-
though the rad51-II3A mutant protein lost enzyme activity
and was defective in D-loop formation, it rescued the mei-
otic defects of the rad51 deletion mutant (Cloud et al.,
2012). In Arabidopsis, the RAD51–GFP fusion protein, which
lost its DNA break repair capacity in mitotic cells, can fully
complement the meiotic chromosomal fragmentation and
sterility of the rad51 knockout mutant (Da Ines et al., 2013).
Based on these results, it was concluded that DMC1 is capa-
ble of catalyzing the repair of all meiotic DSBs, and RAD51
only plays supporting roles in this process (Cloud et al.,
2012; Da Ines et al., 2013). Through in vitro biochemical
studies, the budding yeast RAD51 was shown to promote
the recombinase activity of DMC1 (Cloud et al., 2012; Chan
et al., 2019; Lan et al., 2020). However, it remains to be de-
termined whether this reflects the in vivo function of
RAD51 or whether this mechanism is conserved in other
organisms, especially in multicellular organisms.

The Structural Maintenance of Chromosomes5/6 (SMC5/
6) complex, related to cohesin and condensin, plays multiple
essential roles in DSB repair in eukaryotes (Uhlmann, 2016;
Aragón, 2018). It is recruited to DSBs and promotes DNA re-
pair through the HR pathway in mitotic and meiotic cells
(Pebernard et al., 2006; Fukuda et al., 2013; Verver et al.,
2014; Verver et al., 2016; Aragón, 2018). Studies in budding
yeast revealed that the SMC5/6 complex is required to pre-
vent the accumulation of DNA intermediates by inhibiting
the formation of DNA intermediates and facilitating the res-
olution of recombination intermediates (Wehrkamp-Richter
et al., 2012; Copsey et al., 2013; Lilienthal et al., 2013; Xaver
et al., 2013). The SMC5/6 complex contains SMC5, SMC6,
and six non-SMC elements (NSE1–NSE6). Except NSE5 and
NSE6, all the other components are highly conserved in all
eukaryotes (Potts, 2009; Wang et al., 2018). Functional
homologs of the NSE5 and NSE6 subunits have been identi-
fied in budding yeast, fission yeast (Schizosaccharomyces
pombe), Arabidopsis, and humans (Hazbun et al., 2003;
Pebernard et al., 2006; Yan et al., 2013; Raschle et al., 2015).
In Arabidopsis, Suppressor of NPR1-1, Inducible 1 (SNI1)

and its interacting protein Arabidopsis SNI1-Associated
Protein 1 (ASAP1) were identified as functional homologs of
NSE6 and NSE5, respectively (Yan et al., 2013). Genetic stud-
ies revealed that loss of function of RAD51 could suppress
the stunted growth of sni1 and asap1 mutants, suggesting
that the SMC5/6 complex negatively regulates RAD51 in mi-
tosis (Wang et al., 2010; Yan et al., 2013). Recently, the NSE4
subunit was found to be involved in meiosis and seed devel-
opment in Arabidopsis (Dı́az et al., 2019; Zelkowski et al.,
2019). Despite the importance of SMC5/6 and RAD51/
DMC1 in meiosis, their functional relationships are still
unknown.

In this study, we unexpectedly found that loss of SMC5/6
could partially suppress the sterility of the rad51 knockout
mutant in a DMC1-dependent manner. Cytological studies
suggested that DMC1 localization in meiotic chromosomes
is inhibited by SMC5/6. Biochemical studies revealed that
RAD51, DMC1, ASAP1, and SNI1 interact with each other,
and RAD51 attenuates the interaction between DMC1 and
ASAP1/SNI1, suggesting that RAD51 supports DMC1 by
inhibiting the SMC5/6 complex. Our study thus uncovers
the supporting role of RAD51 in meiosis and provides evi-
dence that DMC1 is inhibited by SMC5/6.

Results

Loss of function of the SMC5/6 complex partially
suppresses the sterility and pollen inviability of the
rad51 mutant
As a subunit of the SMC5/6 complex, ASAP1 is required for
plant development and loss of function of ASAP1 causes se-
vere growth defects in Arabidopsis (Yan et al., 2013).
Previously, it was found that loss of function of RAD51 par-
tially suppressed the growth retardation of the asap1 knock-
out mutant (Yan et al., 2013). Unexpectedly, we found the
asap1 mutant also partially suppressed the sterility of the
rad51 knockout mutant. As shown in Figure 1, A–C, the si-
lique length and seed number in the rad51 asap1 double
mutant were significantly higher than those in either asap1
or rad51 single mutants. Since SNI1 interacts with ASAP1 to
form a subcomplex in the SMC5/6 complex, it was expected
that loss of function of SNI1 could also suppress rad51.

However, the rad51 sni1-1 double mutant was still
completely sterile (Supplemental Figure S1). One explana-
tion was that the sni1-1 mutant is caused by a point-muta-
tion (Li et al., 1999) and the mutated protein is partially
functional. To test this possibility, we crossed rad51 with the
sni1-2 mutant, which contains a T-DNA insertion in the
coding region of SNI1 and lacks detectable expression of
SNI1 (Supplemental Figure S2). Consistent with the hypothe-
sis, the resulting rad51 sni1-2 double mutant was indeed
partially fertile, resembling the rad51 asap1 double mutant
(Figure 1, A–C). Methyl Methane Sulfonate Sensitivity 21
(MMS21) is the NSE2 subunit of SMC5/6 and has also a role
in meiosis (Xaver et al., 2013; Liu et al., 2014). Consistent
with this, loss of function of MMS21 also partially sup-
pressed the sterility of rad51 (Supplemental Figure S3).
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Together, the genetic data provided strong evidence that
loss of function of the SMC5/6 complex partially suppresses
the sterility of rad51, suggesting that the function of RAD51
in meiosis is to inhibit the SMC5/6 complex.

It was suggested that DMC1 is the recombinase that per-
forms meiotic recombination (Cloud et al., 2012; Da Ines
et al., 2013). The partially restored fertility in the rad51
asap1 and rad51 sni1-2 double mutants indicated that

Figure 1 Loss of function of SMC5/6 partially suppresses fertility and pollen inviability of the rad51 mutant in a DMC1-dependent manner. A,
The representative pictures of siliques of WT, dmc1, rad51, sni1-2, asap1, rad51 sni1-2, rad51 asap1, rad51 sni1-2 dmc1, and rad51 asap1 dmc1.
Bar ¼ 0.5 cm. A total of 30 siliques from different plants per genotype were examined. B, The length of siliques. C, The seed numbers per silique.
The data in (B) and (C) are represented as means 6 SD (n¼ 30). The statistical significance was determined by Student’s t test (two-tailed;
***P< 0.001). D, Representative images of Alexander staining of pollen. Red was viable, dark blue or purple were dead. Bar ¼ 50 lm. A total of
20 siliques from different plants per genotype were examined. E, Quantification of viable pollen grains per anther. The data are represented as
means 6 SD (n¼ 20). The statistical significance was determined by Student’s t test (two-tailed; ns, not significant; ***P< 0.001)
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DMC1 is functional in these mutants. To test this possibility,
we investigated whether the restored fertility in rad51 asap1
and rad51 sni1-2 is dependent on DMC1. We obtained the
rad51 asap1 dmc1 and rad51 sni1-2 dmc1 triple mutants by
crossing the double mutants with the dmc1þ/–. As expected,
the triple homozygous mutant was completely sterile, similar
to the rad51 single mutant (Figure 1, A–C), supporting the
idea that the remained fertility in both rad51 asap1 and
rad51 sni1-2 double mutants is DMC1-dependent.

Previous studies showed that the pollen in rad51 is
completely inviable (Li et al., 2004). To investigate whether
pollen viability is also restored in these double mutants,
Alexander staining was performed to examine the pollen
viabilities (Figure 1D). Consistent with fertility phenotypes,
the pollen grains in the rad51 mutant were completely invi-
able (Figure 1, D and E). The pollen inviability was partially
suppressed in the rad51 asap1 and rad51 sni1-2 double
mutants, but was recaptured in the rad51 asap1 dmc1 and
rad51 sni1-2 dmc1 triple mutants (Figure 1, D and E).

Loss of function of the SMC5/6 complex partially
suppresses meiotic chromosome morphology
defects in rad51
Our genetic data suggested that SNI1 and ASAP1 are
involved in meiosis. To further characterize their roles in
meiosis, we performed chromosome spreads with 40,6-diami-
dino-2-phenylindole (DAPI) staining. As shown in Figure 2,
in wild-type (WT, n¼ 29) pachytene meiocytes, homologous
chromosomes fully synapsed and formed thick thread-like
chromosomes. The sni1-2 (n¼ 91) and asap1 (n¼ 80)
pachytene meiocytes displayed normal pachytene-like chro-
mosomes, which were obviously distinguishable to the rad51
(n¼ 29) pachytene meiocytes lacking synapsis. At diakinesis,
five bivalents are observed in both sni1-2 and asap1. At
subsequent metaphase I and anaphase I, chromosome
fragments are observed in sni1-2 and asap1, which may
result from the abnormal resolution of recombination
intermediates. Intriguingly, the rad51 asap1 (n¼ 20) and
rad51 sni1-2 (n¼ 20) double mutants displayed restored
pachytene chromosomes and reduced chromosome frag-
ments, similar to either sni1-2 or asap1 (Figure 2). Moreover,
both the rad51 asap1 dmc1 (n¼ 49) and rad51 sni1-2 dmc1
(n¼ 92) triple mutants resembled rad51 single mutant in
pachytene chromosomes and chromosome fragmentation
(Figure 2).

To examine the number of chromosome fragments in the
rad51 asap1 and rad51 sni1-2 double mutants, we per-
formed chromosome fluorescence in situ hybridization
(FISH) with labeled centromere 180-bp repeats as the probe.
As shown in Figure 3, in rad51 (n¼ 33), there were many
small-sized fragments, which make it infeasible to count an
accurate number (Figure 3A). Therefore, we defined the
number of fragments a range of >10 in rad51 (Figure 3B).
In the other mutant background, we only counted the
lagged broken chromosomes that were large in size.
Compared with rad51, the rad51 asap1 (n¼ 65) and rad51

sni1-2 (n¼ 23) double mutants showed significantly reduced
chromosome fragments (Figure 3, A and B). However,
the fragments in the rad51 asap1 dmc1 (n¼ 25) and rad51
sni1-2 dmc1 (n¼ 27) triple mutants resembled that of rad51
(Figure 3, A and B). Together, these results also support
the idea that loss of function of SMC5/6 suppresses chromo-
some fragmentation in rad51 in a DMC1-dependent man-
ner. These data further suggested that DMC1 is partially
functional to repair DSBs in the rad51 asap1 and rad51
sni1-2 mutants, supporting the possibility that DMC1 is
inhibited by the SMC5/6 complex.

Loss of function of the SMC5/6 complex restores
synapsis and the DMC1 foci in rad51
The chromosome spread of rad51 sni1-2 and rad51 asap1
had pachytene-like chromosomes (Figure 2), indicating that
synapsis is restored in these mutants compared with rad51.
To test this hypothesis, we analyzed the axial element
proteins Asynaptic1 (ASY1; Armstrong et al., 2002) and
transverse filament component ZIPPER1 (ZYP1; Higgins
et al., 2005) of synaptonemal complex. In WT zygotene
meiocytes, ASY1 formed continuous signals and ZYP1 had
discrete signals (n¼ 11). Following full synapsis at pachytene,
ASY1 was gradually removed from chromosomes to remain
a discrete signal, while ZYP1 formed a continuous signal
overlapping with chromosomes (n¼ 29, Figure 4). In con-
trast, the rad51 single mutant showed normal ASY1 signals,
but lacked ZYP1 signals at similar stage (n¼ 39) due to the
absence of synapse (Figure 4). Consistent with chromosome
morphology, as shown by DAPI staining (Figure 2), there
was no apparent difference of synapsis between WT, sni1-2
(zygotene: n¼ 30, pachytene: n¼ 46), asap1 (zygotene:
n¼ 28, pachytene: n¼ 35), rad51 sni1-2 (zygotene: n¼ 49,
pachytene: n¼ 45), and rad51 asap1 (zygotene: n¼ 32,
pachytene: n¼ 28; Figure 4). These data support the idea
that synapsis appears normal in sni1 and asap1, and muta-
tions of SNI1 and ASAP1 restore the absent synapsis in
rad51.

To examine whether the synapsed chromosomes are ho-
mologous chromosomes in sni1-2, asap1, rad51 sni1-2, and
rad51 asap1, we performed chromosome painting by label-
ing the entire Chromosome 1 as a probe. In WT pachytene
meiocytes, two homologous Chromosome 1 paired and syn-
apsed. We observed a thread-like signal overlapping with
chromosome (Supplemental Figure S4A), indicating a full
synapsis. Similar Chromosome 1 signals were also observed
in sni1-2, asap1, rad51 sni1-2, and rad51 asap1 mutants
(Supplemental Figure S4A). Furthermore, we analyzed the
45S rDNA pairing at zygotene and pachytene meiocytes and
found that the signals in sni1-2, asap1, rad51 sni1-2, and
rad51 asap1 mutants were indistinguishable to WT
(Supplemental Figure S4B).

Previous studies suggested that DMC1 is capable of cata-
lyzing the repair of all meiotic DSBs (Cloud et al., 2012; Da
Ines et al., 2013). The sterility of rad51 was partially restored
in rad51 sni1-2 and rad51 asap1, indicating that DMC1 is
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functional in rad51 sni1-2 and rad51 asap1. To test this pos-
sibility, we performed dual-immunofluorescence using anti-
DMC1 and anti-ZYP1 antibodies (Figure 5). Consistent with
previous findings (Vignard et al., 2007), the number of
DMC1 foci at rad51 (n¼ 25) zygotene meiocytes signifi-
cantly decreased compared with WT (n¼ 24; Figure 5, A
and B). Interestingly, the number of DMC1 foci significantly
increased in the sni1-2 (n¼ 28) and asap1 (n¼ 24) mutants
compared with WT (Figure 5, A and B). More interestingly,
compared with rad51, the number of DMC1 foci was dra-
matically increased in the rad51 sni1-2 (n¼ 31) and rad51
asap1 (n¼ 22) mutants (Figure 5, A and B).

To test whether the increase of DMC1 foci in sni1-2 and
asap1 mutant resulted from the increase of DSB formation,
we performed immunofluorescence assays using anti-c-
H2AX (phosphorylated histone H2AX, a DSB indicator) with
ZYP1. We found that the numbers of c-H2AX foci did not
differ significantly in sni1-2, asap1, and rad51 compared with
WT (n � 25, Figure 5, C and D). These results indicated
that RAD51 promotes DMC1 localization in meiotic

chromosomes, while the SMC5/6 complex inhibits it during
meiotic recombination.

DMC1, RAD51, and SMC5/6 interact with each
other both in vitro and in vivo
To further study the relationship between SMC5/6 and
DMC1/RAD51, we tested the physical interactions between
ASAP1, SNI1, RAD51, and DMC1. First, we performed
in vitro pull-down assays. As shown in Figure 6, A and B,
the recombinant RAD51-His and DMC1-His proteins could
be pulled down by either GST-ASAP1 or GST-SNI1, but not
the GST control. The DMC1-His could also be pulled down
specifically by GST-RAD51 (Figure 6C). To test whether
these proteins interact in vivo, we performed split-luciferase
assays (Figure 6D). The proteins were either fused with
the N-terminal half (Nluc) or C-terminal half (Cluc) of firefly
luciferase and were transiently co-expressed in Nicotiana
benthamiana. The interaction was indicated by the lumines-
cence captured by a Charge-Coupled Device (CCD) camera.
In line with the in vitro pull-down results, we found that

Figure 2 Chromosomes morphologies stained with DAPI. Representative image showing meiotic chromosome feature of WT, rad51, sni1-2, asap1,
rad51 sni1-2, rad51 asap1, rad51 sni1-2 dmc1, and rad51 asap1 dmc1 at specific stages labeled in each panel above. The arrows indicate chromo-
some fragments. Bar ¼ 5 lm. At least 10 meiocytes from different plants per genotype were examined
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ASAP1 and SNI1 interact with DMC1 and RAD51, and DMC1
interacts with RAD51. These in vivo interactions were further
confirmed by Co-immunoprecipitation (CoIP) assays in
Arabidopsis protoplasts (Figure 6, E–G). The RAD51-HA and
DMC1-HA proteins were co-immunoprecipitated by either
ASAP1-GFP or SNI1-GFP, but not GFP control. The DMC1-
HA protein was also co-immunoprecipitated by RAD51-GFP.
Together with the reported interaction between ASAP1 and
SNI1 (Yan et al., 2013), our results revealed that ASAP1, SNI1,
RAD51, and DMC1 can interact with each other both in vitro
and in vivo.

RAD51 attenuates the interaction between DMC1
and SMC5/6
Our genetic data suggested that RAD51 negatively regulates
SMC5/6 and SMC5/6 inhibits DMC1. Given that DMC1,
RAD51, ASAP1, and SNI1 interact with each other, we hy-
pothesized that RAD51 may support DMC1 by attenuating
the interaction between DMC1 and SMC5/6. To test this hy-
pothesis, we performed competing pull-down assays. We
added the same amount of the GST-SNI1 or GST-ASAP1
and HisMBP-DMC1 proteins but different amounts of
RAD51-His in the reaction. As shown in Figure 7, A and B,
the amount of GST-SNI1 or GST-ASAP1 pulled down by
HisMBP-DMC1 decreased with increasing amounts of
RAD51-His. To test whether the competition occurs in vivo,

we performed split-luciferase assays. Compared with the
empty vector control, when RAD51 was co-expressed with
SNI1-Nluc and Cluc-DMC1, the luminescence signal was
dramatically reduced (Figure 7C), indicating the interaction
between SNI1 and DMC1 is attenuated by RAD51. A similar
result was obtained for the RAD51–ASAP1–DMC1 interac-
tion (Figure 7D). Reverse transcription quantitative polymer-
ase chain reaction (RT-qPCR) analyses showed that the
decreased luminescence was not because the expression of
SNI1-Nluc, ASAP1-Nluc, and Cluc-DMC1 was reduced
(Supplemental Figure S5). Although the protein interactions
were tested in vitro or in somatic cells, together with our
genetic data, we believed that they could reflect the situa-
tions in meiotic cellular context.

Discussion
It was suggested that RAD51 and DMC1 bind to the oppo-
site sites of a meiotic DSB in Arabidopsis (Vignard et al.,
2007; Kurzbauer et al., 2012). Together with our genetic and
biochemical data, we proposed a simplified working model
to illustrate how SMC5/6, DMC1, and RAD51 function dur-
ing meiosis (Figure 8). In WT, the interactions among
SMC5/6, RAD51, and DMC1 are balanced, which allows
RAD51 and DMC1 to be loaded at the opposite end of DSB
sites, thus resulting in successful strand invasion between
homologous chromosomes and DSB repair. In the rad51

Figure 3 Loss of function of SMC5/6 partially suppresses the chromosome fragmentation of the rad51 mutant in a DMC1-dependent manner. A,
Representative meiotic chromosomes in anaphase I of WT, dmc1, rad51, sni1-2, asap1, rad51 sni1-2, rad51 asap1, rad51 sni1-2 dmc1, and rad51
asap1 dmc1 observed by chromosome spread with centromere FISH. Yellow Arabic number in each image showing the number of chromosome
fragments. Blue color refers to the DAPI stained chromosomes. The red dots refer to the centromere signals. Bar ¼ 5 lm. At least 23 meiocytes
from different plants per genotype were examined. B, The percentage of cells with different number of chromosome fragments. Four levels of
chromosome fragmentation (0, 1–5, 6–10, >10) were used according to the number of chromosome fragments per cell. The statistical signifi-
cance was determined by Chi-squared test (two-tailed; ***P< 0.001)
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mutant, in the absence of RAD51, SMC5/6 interacts with
DMC1 to inhibit its binding to single-strand end, thereby
preventing strand invasion and DSB repair, subsequently
leading to severe chromosome fragmentation and com-
plete sterility. In the rad51 smc5/6 double mutant, the in-
hibition of SMC5/6 on DMC1 is abolished, which allows
DMC1 to bind to both DSB ends, thereby resulting in suc-
cessful strand invasion. In the rad51 smc5/6 dmc1 triple
mutant, since the recombinase is absent, no strand inva-
sion and DSB repair occur, leading to severe chromosome
fragmentation and sterility. It is of note that SMC5/6 also
functions with resolvases to facilitate the resolution of
double Holliday junctions (Pebernard et al., 2006; Xaver
et al., 2013; Copsey et al., 2013). Therefore, although the
strand invasion is successful in the rad51 smc5/6 double
mutant, the resolution of double Holliday junctions is
compromised, which results in partial DSB repair and par-
tial fertility.

The recombinases RAD51 and DMC1 are two key players
in meiotic recombination. The relationship between RAD51
and DMC1 is an interesting and important question under

extensive study. It was reported that RAD51 is expressed
both in mitotic cells and meiotic cells, and DMC1 is only
expressed in meiotic cells (Pradillo et al., 2014). Given the
presence of meiosis-specific recombinases DMC1, it remains
unclear why RAD51 is also essential for meiotic recombina-
tion. Recent studies revealed that the enzyme activity of
RAD51 is not required for its function in meiosis (Cloud
et al., 2012; Da Ines et al., 2013), suggesting that cells evolved
to use RAD51 as a non-enzyme protein during meiosis.
However, the exact function of RAD51 in meiosis is unclear.
Our study suggested that RAD51 functions as an interacting
protein of SMC5/6 and DMC1 to support DMC1 to
bind DSBs. RAD51 may attenuate the interaction between
SMC5/6 and DMC1 in two ways. On the one hand, RAD51
interacts with SMC5/6 to reduce the capacity of SMC5/6 in
binding DMC1. On the other hand, RAD51 interacts with
DMC1 to prevent DMC1 from being bound by SMC5/6. In
this regard, RAD51 functions as a “brake” of SMC5/6 and a
“protector” of DMC1.

Unrestrained recombination causes undesired consequen-
ces such as translocation, deletion, inversion, and the

Figure 4 Dual immunostaining of the ASY1 and ZYP1 of synaptonemal complex in zygotene and pachytene meiocytes of WT, rad51, sni1-2,
rad51 sni1-2, asap1, and rad51 asap1. In both panels of zygotene and pachytene meiocytes, the left column in magenta refers to the ASY1 signals,
the second column in green refers to the ZYP1 signals, the third column merges the left two columns, and the right column merges the ASY1,
ZYP1, and DAPI stained chromosomes. Bar ¼ 5 lm. At least 11 meiocytes from different plants per genotype were examined
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accumulation of toxic recombination intermediates (Heyer
et al., 2010). Recently, it was reported that in the gain-of-
function dmc1 mutant in budding yeast (S. cerevisiae),
dmc1-E157D, recombination is abnormal because it displays
unusually high levels of multi-chromatid and inter-sister
joint molecule intermediates, as well as high levels of ectopic
recombination products (Reitz et al., 2019). Therefore, the
activity of DMC1 must be precisely regulated. However, how

DMC1 is restrained is not well-understood. It has been
shown that SMC5/6 is required to exclude RAD51 to pre-
vent abnormal recombination in mitotic cells (Chiolo et al.,
2011). In this study, our genetic and biochemical data sug-
gested that SMC5/6 inhibits DMC1 binding to DSBs.
Therefore, our study not only reveals the supporting func-
tion of RAD51 in meiosis but also uncovers a negative regu-
lation mechanism of DMC1. Since SMC5/6, DMC1, and

Figure 5 Loss of function SMC5/6 restores the DMC1 foci in rad51 mutant. A, The colocalization of DMC1 and ZYP1 in zygotene meiocytes of
WT, rad51, sni1-2, rad51 sni1-2, asap1, and rad51 asap1. Bar ¼ 5 lm. At least 22 meiocytes from different plants per genotype were examined.
B, Quantification of DMC1 foci per cell. The data are represented as means 6 SD (n � 22). The statistical significance was determined by
Student’s t test (two-tailed; ***P< 0.001). C, The colocalization of c-H2AX and ZYP1 in zygotene meiocytes of WT, rad51, sni1-2, rad51 sni1-2,
asap1, and rad51 asap1. Bar ¼ 5 lm. At least 25 meiocytes from different plants per genotype were examined. D, Quantification of c-H2AX
foci per cell. The data are represented as means 6 SD (n � 25). The statistical significance was determined by Student’s t test (two-tailed; ns,
not significant)
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RAD51 are highly conserved in eukaryotes, it will be interest-
ing to investigate whether these mechanisms are conserved
in other organisms.

Materials and methods

Plant materials and growth conditions
All A. thaliana mutants except dmc1 (in Wassilewskaja
background) used in this study were in Columbia-0

background. The mutants of rad51 (GABI_134A01), sni1-2
(SAIL_298_H07), and asap1 (GABI_218F01) were purchased
from the Arabidopsis Biological Resource Center (https://
abrc.osu.edu). The dmc1, sni1-1, and mms21 mutants were
described previously (Couteau et al., 1999; Huang et al.,
2009; Li et al., 1999). Seeds were sterilized with 2% Plant
Preservative Mixture-100 (Plant Cell Technology) and strati-
fied at 4�C in the dark for 2 days, and then were plated on
Murashige and Skoog medium with 1% sucrose and 0.3%

Figure 6 DMC1, RAD51, ASAP1, and SNI1 interact with each other. A–C, In vitro pull-down assays. The recombinant GST, GST-SNI1, GST-ASAP1,
or GST-RAD51 proteins were coupled to glutathione beads and incubated with the recombinant DMC1-His or RAD51-His proteins. After washing,
the beads were subjected to western blotting using anti-His or anti-GST antibodies. The experiments were repeated three times using different
batches of proteins with similar results. D, Split luciferase assays. The Agrobacterium bacteria carrying the indicated constructs were co-expressed
in N. benthamiana leaves. The positive luminescence detected by a CCD camera indicates interaction. EV, empty vector. Nluc, N-terminal lucifer-
ase. Cluc, C-terminal luciferase. The experiments were repeated three times using leaves from different plants with similar results. E–G, CoIP assays.
DMC1-HA or RAD51-HA was co-expressed with GFP, SNI1-GFP, ASAP1-GFP, or RAD51-GFP in Arabidopsis protoplasts. Immunoprecipitation was
performed using GFP-Trap beads and western blotting was performed using anti-HA or anti-GFP antibodies. The experiments were repeated three
times using proteins from independent transfection with similar results
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phytagel. The plants were grown under long-day conditions
(16 h of light and 8 h of dark; light intensity is 100 lmol
photons m�2 s�1; supplied by white-light tubes) at 22�C.

Alexander staining
Alexander staining was performed as described previously
(Alexander, 1969). Briefly, the inflorescences were fixed in
Carnoy’s fixative solution (ethanol: glacial acetic acid ¼ 3:1)
and appropriate anthers were separated with Alexander

staining solution for 30 min (65�C). Images were captured
using Zeiss Axio Scope A1.

Chromosome spreading and centromere FISH
Chromosome spreading and centromere FISH were per-
formed as described previously with minor modifications
(Wang et al., 2014). The inflorescences were fixed in
Carnoy’s fixative solution and the unopen flowers were
digested with enzyme mix (3% cellulose, 3% Macerozyme,

Figure 7 RAD51 attenuates the interaction between DMC1 and SMC5/6. A, B, In vitro pull-down assays. The HisMBP-DMC1 proteins coupled
with amylose resin beads were incubated with the same amount of GST-SNI1 or GST-ASAP1 proteins but different amounts of RAD51-His pro-
teins. After washing, the beads were subjected to western blotting using anti-His, anti-GST, or anti-MBP antibodies. –, no GST-RAD51. þ, þþ,
and þþþ indicated 1, 2, or 3 volume of GST-RAD51. The experiments were repeated three times using different batches of proteins with similar
results. C, D, Split luciferase assays. The Agrobacterium bacteria carrying the indicated constructs were co-expressed in N. benthamiana leaves.
Nluc, N-terminal luciferase. Cluc, C-terminal luciferase. EV, empty vector. The density of luminescence was quantified using Image J. The relative
density to EV group in each leaf (n¼ 3) was calculated. The data are represented as means 6SD (n¼ 3). The statistical significance was deter-
mined by Student’s t test (two-tailed; ***P< 0.001). The experiments were repeated three times using leaves from different plants with similar
results

Figure 8 A simplified working model. SMC5/6, RAD51, and DMC1 can interact with each other. SMC5/6 interacts with DMC1 to inhibit its bind-
ing to DSBs. RAD51 attenuates the interaction between SMC5/6 and DMC1. In WT, the interactions between SMC5/6, RAD51, and DMC1 are bal-
anced, which allows RAD51 and DMC1 to be loaded at the opposite end of DSB sites, thus resulting in successful strand invasion. In the rad51
mutant, SMC5/6 interacts with DMC1 to inhibit its binding to DSB, no strand invasion occurring. In the rad51 smc5/6 double mutant, the inhibi-
tion of SMC5/6 on DMC1 is abolished, which allows DMC1 to bind to both DSB ends, thereby resulting in successful strand invasion. In the rad51
smc5/6 dmc1 triple mutant, in the absence of recombinase, no strand invasion occurs
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5% Snailase) at 37�C for 20 min. After staining with DAPI,
the images were captured using Zeiss Axio Scope A2. To
quantify the severity of chromosome fragmentation, the
number of cells with 0, 1–5, 6–10, and over 10 fragments
were determined.

Immunostaining
For immunostaining, the inflorescences were fixed in 2%
(v/m) polyformaldehyde for 4–8 h. Stages 4–7 anthers in
unopen flowers were separated and digested with enzyme
mix (3% cellulose, 3% macerozyme, 5% snailase) at 37�C
for 30 min. Slides with proper anthers were immersed in
wash buffer (1�phosphate buffered solution, 0.2% Triton)
for 1 h at room temperature and blocked with goat serum
(Bosterbio) for 30 min before adding anti-ASY1 (rabbit-
sourced, 1:200; Wang et al., 2020), anti-ZYP1 (rabbit-sourced,
1:100; Wang et al., 2020), anti-c-H2AX (rabbit-sourced, 1:400;
Huang et al., 2015), and anti-DMC1 (rabbit-sourced, 1:400;
Yao et al., 2020) antibodies. Secondary antibodies (Alexa
Fluor 555 goat anti-rabbit, A21428; Alexa Fluor 488 goat
anti-mouse, A11001; Alexa Fluor 488 goat anti-rabbit,
A11008; Alexa Fluor 488 goat anti-rat, A11006; Alexa Fluor
555 goat anti-mouse, A21424; Thermo Fisher) were diluted
at 1:750. Images were captured using Zeiss Axio Scope A1 or
a Zeiss-LSM880 microscope.

Chromosome 1 painting and 45S rDNA FISH
Chromosome 1 painting was performed using oligonucleo-
tide probes. The probes were selected according to the pub-
lished paper (Han et al., 2015). Probes were synthesized by
Daicel Arbor Biosciences and were labeled following the
manufacture manual (Daicel Arbor Biosciences). After label-
ing by rhodamine, the probes were diluted by hybridization
mix and incubating at 37�C for 24 h. Slides were washed
3 times with 2� SSC for 10 min at room temperature.
When slides were air-dried, 8-lL Vectashield mounting me-
dium with DAPI was added to a slide. Chromosome images
were captured using a Zeiss Axio Scope A2 microscope.

The FISH was performed as previously described (Lysak
et al., 2006) with some modifications. Slides of chromosome
spreads were denatured at 85�C for 5 min, rinsed for 5 min
in cold 70% (v/v) ethanol, and in 100% ethanol for another
5 min at room temperature. Probes were labeled using DIG-
nick translation mix (11745816910, Roche) according to
manufacturer’s manual. After incubating probes for 95 min
at 15�C, 1-lL 0.5 M Ethylene Diamine Tetraacetie Acid
(EDTA,PH 8.0) was added to stop the reaction, and the mix
was heated to 65�C for 10 min. Slides were completely air-
dried, and 1 lL of probe was diluted to 20 lL using hybridi-
zation mix. Slides were incubated for 16 h at 37�C, rinsed
three times in 2� SSC for 5 min at room temperature, and
blocked for 1 h using goat serum (AR0009, BOSTER) at
room temperature. Then, 30 lL of diluted anti-digoxigenin–
rhodamine, Fab fragments (Roche, final concentration is
1 lg�mL�1, diluted by goat serum) was applied to the slide
and incubated for 1 h at 37�C. Slides were washed three
times with 2� SSC for 5 min at room temperature. DAPI

staining was performed using Vectashield mounting
medium DAPI (Vector Laboratories).

Construction of plasmids
The vectors were constructed using digestion–ligation
method, a lighting cloning system (BDIT0014, Biodragon
Immunotechnology), or Gateway technology (Thermo
Fisher). The coding sequences of genes were used for vector
construction. For split luciferase assays, the genes were
cloned into Kpn I/Sal I-digested pJW771 or pJW772 to gener-
ate Nluc and Cluc fusions, respectively; RAD51 was cloned
into Nco I/Xba I-digested pFGC5941. For protein expression
in Escherichia coli, SNI1 and ASAP1 were inserted into BamH
I/Xho I-digested pGEX-6P-1 (GE Healthcare) to generate
GST-SNI1/ASAP1; RAD51 was cloned into pDEST15 vector to
generate GST-RAD51, and DMC1 was cloned into pDEST-
HisMBP to generate HisMBP-DMC1; DMC1 and RAD51
were inserted into Nco I/Hind III-digested pET28a (Merck) to
generate DMC1/RAD51-His. For CoIP assays in Arabidopsis
protoplast, SNI1, ASAP1, and RAD51 were cloned into Kpn I/
BamH I-digested pM999 to generate SNI1/ASAP1/RAD51-
GFP; DMC1 and RAD51 were cloned into pUCGW14 to
generate DMC1/RAD51-HA using Gateway technology. All
primers used were listed in Supplemental Table S1.

Pull-down assays
The pull-down assays were performed as described previously
(Wang et al., 2021). All proteins used were expressed in
E. coli BL21 (induced with 0.5 mM IPTG at 16�C for 14–16 h)
and purified using glutathione-sepharose resin (CW0190S,
CoWin Biosciences) or Ni-Agarose Resin (CW0010S, CoWin
Biosciences). The GST-tagged proteins were coupled to gluta-
thione beads and incubated with His-tagged proteins in
binding buffer (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
1.8 mM KH2PO4, pH 7.4) for 2 h in 4�C. For competition
pull-down assays, the purified protein of HisMBP-DMC1 cou-
pled with amylose resin beads (SA026010, Smart Lifescience)
was divided into three equal portions and incubated with
the same amount of GST-SNI1 or GST-ASAP1 proteins
but different amounts of RAD51-His proteins. The beads
were then washed three times with washing buffer
(140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, 1% Triton X-100, pH 7.4). The proteins were
eluted by incubating beads with 2� Sodium Dodecyl Sulfate
(SDS) loading buffer at 100�C for 8 min. Both the input and
pull-down samples were subjected to immunoblotting using
anti-GST (1:4,000, Promoter), anti-His (1:4,000, Promoter),
and anti-MBP (1:4,000, AE016, ABclonal) antibodies.

Split luciferase assays
The split luciferase assays were performed as described
(Chen et al., 2008). The Nluc or Cluc constructs were trans-
formed into Agrobacterium tumefaciens strain GV3101, re-
spectively. After induction using 150-lM acetosyringone for
2–3 h, the agrobacteria were infiltrated into N. benthamiana
for transient expression. After 48 h of incubation, 1 mM
luciferin was applied onto leaves and the images were
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captured using Lumazone imaging system equipped with
2048B CCD camera (Roper). For competition split luciferase
assays, ASAP1/SNI1-Nluc and Cluc-DMC1 were co-expressed
with either empty vector or RAD51.

CoIP assays
The CoIP assays were performed as described previously
(Pan et al., 2021). The DMC1-HA was co-expressed with
SNI1-GFP, ASAP1-GFP, RAD51-GFP, or GFP in Arabidopsis
protoplasts. Total proteins were extracted using extraction
buffer (100 mM Tris–HCl, pH 7.0, 150 mM NaCl, 0.1%
Nonidet P 40, 1 mM PhenylMethaneSulfonyl Fluoride
(PMSF), 1� protease inhibitor cocktail) and were precipi-
tated by GFP-Trap-M (gtm-20, Chromotek) at 4�C for 3 h.
The beads were washed using washing buffer (100 mM Tris–
HCl, pH 7.0, 150 mM NaCl, 0.1% Nonidet P-40) five times
and eluted by incubating with 2� SDS loading buffer at
100�C for 8 min. For the CoIP assay between RAD51-HA
and SNI1-GFP or ASAP1-GFP, the same method as above
was used. Both the input and immunoprecipitated samples
were subjected to immunoblotting using anti-GFP (1:3,000,
Promoter) or anti-HA (1:3,000, Promoter) antibodies.

Quantitative RT-PCR assays
Total RNA was isolated using Trizol Reagent according to
manufacturer’s protocol (RN0102, Aidlab). Reverse transcrip-
tion reaction was performed using HiScriptII Q RT Supermix
for qPCR with gDNA Eraser according to the manufacturer’s
protocol (R223-01, Vazyme). The qPCR assays were per-
formed on the CFX Connect Real-Time PCR Detection
System (Bio-Rad) using ChamQ Universal SYBR qPCR
Master Mix (Q711-02, Vazyme). The UBIQUITIN 5 (UBQ5)
gene was used as a reference for gene expression in
Arabidopsis. The NbEF1A gene was used as reference for
gene expression in N. benthamiana. The relative expression
level was calculated using the 2�DDCT method. The primer
sequences are listed in Supplemental Table S1.

Accession numbers
Sequence data from this article can be found in the
Arabidopsis Genome Initiative or GenBank/EMBL databases
under the following accession numbers: DMC1 (At3g22880),
RAD51 (At5g20850), SNI1 (At4g18470), ASAP1 (At2g28130),
MMS21 (At3g15150), ASY1 (At1g67370), and ZYP1
(At1g22260).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. The point-mutation sni1-1 mu-
tant cannot suppress the sterility of rad51 (Supports
Figure 1).

Supplemental Figure S2. The T-DNA insertion sni1-2 mu-
tant is a null allele (Supports Figure 1).

Supplemental Figure S3. The mms21 mutant suppresses
the sterility of rad51 (Supports Figure 1).

Supplemental Figure S4. Chromosome 1 painting and
45S rDNA FISH (Supports Figure 2).

Supplemental Figure S5. The relative expression levels of
SNI1, ASAP1, and DMC1 determined by RT-qPCR assays
(Supports Figure 7).

Supplemental Table S1. All primers used in this study.
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