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Meiosis ensures the reduction of the genome before the formation of generative cells and promotes the exchange of genetic
information between homologous chromosomes by recombination. Essential for these events are programmed DNA double
strand breaks (DSBs) providing single-stranded DNA overhangs after their processing. These overhangs, together with the
RADiation sensitive51 (RAD51) and DMC1 Disrupted Meiotic cDNA1 (DMC1) recombinases, mediate the search for homologous
sequences. Current models propose that the two ends flanking a meiotic DSB have different fates during DNA repair, but the
molecular details remained elusive. Here we present evidence, obtained in the model plant Arabidopsis thaliana, that the two
recombinases, RAD51 and DMC1, localize to opposite sides of a meiotic DSB. We further demonstrate that the ATR kinase is
involved in regulating DMC1 deposition at meiotic DSB sites, and that its elimination allows DMC1-mediated meiotic DSB repair
even in the absence of RAD51. DMC1’s ability to promote interhomolog DSB repair is not a property of the protein itself but the
consequence of an ASYNAPTIC1 (Hop1)-mediated impediment for intersister repair. Taken together, these results demonstrate
that DMC1 functions independently and spatially separated from RAD51 during meiosis and that ATR is an integral part of the
regular meiotic program.

INTRODUCTION

Reshuffling of genetic information during meiosis depends on
the timely and spatially coordinated formation of DNA double
strand breaks (DSBs) and their repair. In different organisms,
various members of DSB-forming complexes have been iden-
tified (reviewed in Keeney, 2001; Edlinger and Schlögelhofer,
2011), with the conserved topoisomerase-related SPO11 protein
as the catalytically active factor (Keeney et al., 1997). Two
SPO11 proteins work in concert at a given DSB site and become
covalently linked to the 59 ends of DNA. Work mostly performed
in Saccharomyces cerevisiae and Schizosaccharomyces pombe
demonstrated that the SPO11 proteins are subsequently re-
leased together with a short DNA oligonucleotide by an endo-
nucleolytic cleavage adjacent to the break site, mediated by the
Mre11/Rad50/Xrs2-Nbs1 (MRX/N) complex in conjunction with
Sae2/Com1 (Neale et al., 2005; Hartung et al., 2007; Uanschou
et al., 2007; Milman et al., 2009). The DNA break sites therefore
have, as demonstrated for S. cerevisiae and S. pombe, pro-
truding 39 termini, which are further extended by resection of the
59 termini depending on the activities of the MRX/N complex and
Exo1 (Cromie and Smith, 2008; Mimitou and Symington, 2008;
Farah et al., 2009; Manfrini et al., 2010; Zakharyevich et al.,
2010; Garcia et al., 2011). The extensive single-stranded DNA
(ssDNA) overhangs are bound by the heterotrimeric replication
protein A (RPA) complex with high affinity, a prerequisite for the

loading of the strand-exchange proteins Rad51 and Dmc1 (re-
viewed in Fanning et al., 2006; Broderick et al., 2010). Shown for
various organisms, although not formally for plants, RPA-coated
ssDNA filaments are potent activators of the Ataxia telangiectasia-
mutated and Rad3-related (ATR) damage signaling kinase, which
interacts with RPA via its associated partner, ATR-interactin pro-
tein (ATRIP) (Cortez et al., 2001; Zou and Elledge, 2003; Cimprich
and Cortez, 2008; Sweeney et al., 2009). ATR belongs to the
family of phosphatidylinositol 3-kinase–related kinases (PIKK)
(Cimprich and Cortez, 2008), and its closest relative is the
Ataxia telangiectasia mutated (ATM) kinase. An essential role for
ATM and/or ATR in meiosis has been reported for a variety of
organisms (reviewed in Carballo and Cha, 2007). ATM is indis-
pensable for mouse meiosis, whereas Atr2/2 mice are inviable;
therefore, the effect of ATR on meiosis in mice is still unknown
(Xu et al., 1996; Brown and Baltimore, 2000; O’Driscoll, 2009).
The related yeast proteins Tel1 (ATM) and Mec1 (ATR) phos-
phorylate a variety of proteins involved in meiotic recombination,
among them the axis protein Hop1 (Hollingsworth and Byers,
1989; Schwacha and Kleckner, 1994; Hollingsworth and Ponte,
1997; Niu et al., 2005). Only mec1D mutants show meiotic de-
fects, whereas tel1D mutants divide normally in meiosis (Kato
and Ogawa, 1994; Usui et al., 2001; Cha and Kleckner, 2002;
Nakada et al., 2003; Carballo et al., 2008). Arabidopsis thaliana
atm mutants display chromosomal fragmentation in most meio-
cytes, leading to reduced fertility (Garcia et al., 2003). atr mutant
plants, by contrast, are fully fertile, but atm atr double mutants are
completely sterile, because of severe chromatin fragmentation
(Culligan et al., 2004; Culligan et al., 2006; Culligan and Britt,
2008).
In most organisms, many meiotic breaks are generated in

a single meiocyte (Buhler et al., 2007; Sanchez-Moran et al.,
2007; Vignard et al., 2007; Pan et al., 2011). Only a fraction of
those is repaired in such a way that maternal and paternal
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chromosome arms get connected to form a crossover (Higgins
et al., 2004; Mercier et al., 2005; Wijeratne et al., 2006; Chen
et al., 2008; Mancera et al., 2008). The other breaks are repaired
to yield noncrossover products, possibly utilizing a synthesis-
dependent strand annealing pathway (Allers and Lichten, 2001;
McMahill et al., 2007), or are repaired via intersister recom-
bination. It has long been speculated that the two ends of
a meiotic DSB have distinct fates during meiotic DNA repair
(Blat et al., 2002; Goldfarb and Lichten, 2010; Storlazzi et al.,
2010), mediated by protein complexes of different composition.
Although the nucleoprotein filament formed at one side of a
meiotic DSB may probe for a repair template (like a “search
tentacle”) (Hunter and Kleckner, 2001; Blat et al., 2002; Kim
et al., 2010), the nucleoprotein filament formed at the other side
has to be temporally retained to avoid a deleterious second in-
vasion into another template DNA. It remained unclear how the
two ends of a meiotic DSB are differentially coordinated; how-
ever, RAD51 and DMC1 seemed instrumental (Bishop, 1994;
Shinohara et al., 1997). Earlier work in yeast demonstrated that
Rad51 and Dmc1 function in independent meiotic repair path-
ways and that their loading onto RPA-coated ssDNA is sup-
ported by distinct sets of proteins (Bishop, 1994; Dresser et al.,
1997; Gasior et al., 2001; Hayase et al., 2004; Lao et al., 2008).
Regulation of recombinase loading is different in higher eukar-
yotes (including plants), because, for instance, BRCA2 (a protein
not found in yeast) is essential for RAD51 loading (Siaud et al.,
2004) (reviewed in San Filippo et al., 2008). Other proteins in-
strumental for loading of Rad51 or Dmc1 in yeast, like the Mei5/
Sae3 complex, have not been found in Arabidopsis (Ray and
Langer, 2002; Liu and Heyer, 2011), and the molecular function
of the recently discovered RAD52-like proteins has not yet been
defined (Samach et al., 2011). In yeast, Rad51 and Dmc1 pro-
teins have been found to localize side-by-side in some well-
spread meiotic nuclei (Shinohara et al., 1997; Shinohara et al.,
2000). However, a side-by-side localization of RAD51 and DMC1
has not been revealed in previous studies performed in higher
eukaryotes (Terasawa et al., 1995; Tarsounas et al., 1999). The
molecular activities of RAD51 and DMC1 proteins have been
studied in depth in vitro. Both proteins form helical structures on
ssDNA and mediate the invasion of those so-called presynaptic
filaments into homologous duplex DNA to form displacement
loops (Shinohara et al., 1992; Ogawa et al., 1993; Benson et al.,
1994; Sung, 1994; Baumann et al., 1996; Li et al., 1997; Masson
et al., 1999; Hong et al., 2001; Sehorn et al., 2004; Yu and
Egelman, 2010). Although similar in structure, some differences
between the two recombinases may exist. Recently, it has been
shown that DMC1-mediated displacement loop structures are
more resistant to helicase-mediated dissociation in vitro (Bugreev
et al., 2010). Importantly, the activities of both proteins are mod-
ulated by a range of accessory proteins, accounting for the dif-
ferences between RAD51 and DMC1 function in vivo (Sheridan
and Bishop, 2006; Sheridan et al., 2008; Kagawa and Kurumizaka,
2010; Okorokov et al., 2010; Dray et al., 2011).

Below, we present data from extensive genetic and cytol-
ogical analyses, demonstrating that RAD51 and DMC1 pre-
dominantly localize to different sides of a meiotic DSB, that
ATR is involved in regulating DMC1 deposition, and that
DMC1’s proficiency to promote meiotic DNA repair using the

homologous chromosome is governed by the axial element pro-
tein ASY1 (Hop1).

RESULTS

AMutation in ATR Suppresses the Severe Meiotic Defects of
rad51 Mutants

We have shown previously (Vignard et al., 2007) that the number
of DMC1 foci, believed to represent the number of DMC1 nu-
cleoprotein filaments, is sharply decreased in Arabidopsis rad51
null mutants (rad51-1 [Li et al., 2004]) (see Supplemental Figure
1 and Supplemental Methods 1 online) (75 6 50, n = 11, P =
3.08 3 1025) compared with the number of foci seen in wild-
type plants (163 6 40, n = 12) (Figure 1B). rad51 mutant plants
are completely sterile and show severe DNA fragmentation (Li
et al., 2004) (Figure 1A). We reasoned that plants lacking the
RAD51 recombinase are deficient in forming nucleoprotein fila-
ments containing DMC1, possibly because of persisting RPA-
coated ssDNA (Fanning et al., 2006). As outlined above, RPA
activates ATR, which may impede DMC1 deposition and may
delay meiotic progression. To test this hypothesis, we crossed
the rad51 mutant to a previously characterized atr null mutant
(atr-2 [Culligan et al., 2004]). Indeed, in atr rad51 double mu-
tants, DMC1 foci numbers were restored to wild-type levels
(206 6 43, n = 9; P = 0.197; number not significantly different
from the wild type). Interestingly, significantly more DMC1 foci
(381 6 16, n = 6, P = 2.67 3 1024) were observed in atr single
mutants (Figure 1B). We further analyzed RAD51 foci formation
in the atr mutant background and observed a minor but signif-
icant reduction (146 6 27, n = 6, P = 0.01) compared with the
wild type (186 6 40, n = 12). RAD51 foci numbers were not
altered in dmc1mutants (dmc1 [Couteau et al., 1999]) (2076 40,
n = 5, P = 0.9188) (see Supplemental Figure 2B online). Strik-
ingly, the severe rad51 fertility defect (lack of seed formation; n =
258 siliques) was suppressed by atr (29 6 10 seeds per silique;
n = 715 siliques). Both wild-type and atr mutant plants produce
;46 seeds per silique (plus or minus seven seeds, n = 483 sil-
iques) (Figure 1A). Furthermore, the pervasive meiotic DNA
fragmentation observed in all rad51 meiocytes was alleviated in
atr rad51 double mutants (Figure 1A; see Supplemental Figure
2A online), with 36% (n = 117) of all observed meiocytes
showing intact chromosomes. The reestablished meiotic DNA
repair in atr rad51 mutant plants depended on the presence of
functional DMC1 (Figure 1A). We reasoned that eliminating a
cofactor of ATR—namely ATRIP (Cortez et al., 2001; Sweeney
et al., 2009)—instead of ATR may recapitulate the rescue of the
meiotic defects observed in atr rad51 double mutants. In line
with our idea, atrip rad51 double mutants generate approxi-
mately two seeds per silique (n = 48 siliques), as opposed to the
complete sterility seen in rad51 mutant plants. The lower effi-
ciency in rescuing the rad51 deficiency seen in atrip rad51
double mutants compared with atr rad51 double mutants may
be explained by residual activity of ATR in an atrip mutant
background (Unsal-Kaçmaz and Sancar, 2004). Taking these
results together, we conclude that successful RAD51 nucle-
oprotein filament formation during meiosis attenuates ATR
signaling, which otherwise negatively regulates DMC1 nucleoprotein
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filament formation. The results furthermore demonstrate that Arabi-
dopsis DMC1 can act independently of RAD51 as a bona fide re-
combinase in vivo, because it promotes DNA repair, chromosome
pairing (inferred from observed pachytene stages) (Figure 1A), and
synapsis (see Supplemental Figure 3 online) in atr rad51 double
mutants. Our observations are consistent with the findings of in vitro
recombinase activity of heterologously expressed and purified
DMC1 proteins from various organisms and with Dmc1-mediated
strand exchange activities observed in yeast rad51 mutants
(Schwacha and Kleckner, 1997; Shinohara et al., 1997; Hong et al.,
2001; Sheridan et al., 2008; Bugreev et al., 2010).

RAD51 and DMC1 Do Not Colocalize and Form Homotypic
Foci during Meiosis

We consequently speculated that during wild-type meiosis,
DMC1 and RAD51, respectively, form homogenous nucleoprotein

filaments on ssDNA generated at DSB sites. To test this hy-
pothesis, we simultaneously stained Arabidopsis RAD51 and
DMC1 proteins on meiotic chromatin spreads (Figure 2). Before
this experiment, we confirmed the specificity of the available
antibodies against Arabidopsis RAD51 (Mercier et al., 2003;
Kerzendorfer et al., 2006) and DMC1 (Chelysheva et al., 2007)
(see Supplemental Figure 4A online). To distinguish early and
late stages of meiotic prophase, we monitored axis formation by
staining the axial element protein ASY1 (Armstrong et al., 2002;
Higgins et al., 2004) (Figure 2A) or synaptonemal complex (SC)
extension by staining the SC component ZYP1 (Higgins et al.,
2005) (Figure 2B). We counted 210 6 45 (n = 9) RAD51 foci
in leptotene, with numbers decreasing to 186 6 44 (n = 12) in
zygotene and further to 50 6 16 (n = 8) in pachytene. By con-
trast, DMC1 foci numbers were 111 6 28 (n = 9) in leptotene,
increasing to 163 6 38 (n = 12) in zygotene and decreasing to
45 6 23 (n = 8) in pachytene (Figure 2C). Even though the total

Figure 1. A Mutation in ATR Suppresses the Severe Meiotic Defects of rad51 Mutants.

(A) Meiotic spreads of PMCs stained with DAPI and seed formation in percentage of the wild type. atr mutants are as fertile as wild-type plants and
show normal meiotic progression. In rad51 mutant plants, homologous chromosomes do not pair, and severe chromatin fragmentation can be ob-
served, leading to complete sterility. This phenotype is largely alleviated in atr rad51 double mutants. DNA repair in atr rad51 double mutants crucially
depends on DMC1, because complete sterility and severe DNA fragmentation are observed in atr rad51 dmc1 triple mutants.
(B) Images of nuclear spreads of PMCs at zygotene stage with DMC1 (red) and ASY1 (green) detected by immunofluorescence. Bars represent DMC1
foci numbers per meiotic nucleus. DMC1 foci numbers significantly increase in the absence of ATR and are significantly reduced in the absence of
RAD51. In atr rad51 double mutants, DMC1 foci numbers are similar to the wild type. Error bars represent SD; * P < 0.05, ** P < 0.01, *** P < 0.001;
Wilcoxon-Mann-Whitney test.
Bars = 10 µm.
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number of RAD51 foci decreased from leptotene to pachytene,
significantly more foci were found associated with ASY1 at the
later zygotene/pachytene stage (77.1%, P = 5.9 3 1023) than
during earlier leptotene (52.3%) (Figure 2A). Notably, the relative
number of RAD51 foci associated with ZYP1 decreased over
time from 65.4% in leptotene to 36.5% in pachytene (P = 5.6 3
10210) (Figure 2B). This suggests that RAD51 foci represent
nucleoprotein filaments that stay predominantly axis-associated

and furthermore that ZYP1 is loaded next to RAD51 at DSB
sites, as suggested previously (Agarwal and Roeder, 2000).
Decreasing total and ZYP1-associated RAD51 foci numbers
during meiotic progression could be explained by depletion of
RAD51 at sites of successful meiotic DNA repair (Franklin et al.,
1999; Allers and Lichten, 2001; Bugreev et al., 2010). In accor-
dance with our initial assumption that DMC1 foci formation
depends on RAD51, the maximum numbers of DMC1 foci over

Figure 2. RAD51 and DMC1 Display Different Dynamics of Appearance and Do Not Colocalize.

(A) At left, images of nuclear spreads of wild-type leptotene and zygotene PMCs with RAD51 (red), DMC1 (green), and ASY1 (blue) detected by
immunofluorescence. At right, quantification of the observed association of either recombinase with the axial element protein ASY1. Relative numbers
of ASY1-associated RAD51 foci were significantly enriched in zygotene and late zygotene stages compared with leptotene.
(B) At left, images of nuclear spreads of wild-type zygotene and pachytene PMCs with RAD51 (red), DMC1 (green), and ZYP1 (blue) detected by
immunofluorescence. At right, quantification of the observed association of either recombinase with the synaptonemal complex protein ZYP1. Relative
numbers of ZYP1-associated RAD51 foci were significantly reduced in zygotene and pachytene stages compared with leptotene.
(C) Mean numbers of RAD51 or DMC1 foci on chromatin spreads during leptotene, zygotene, and pachytene stages.
(D) Mean numbers of colocalizing RAD51 and DMC1 foci during leptotene, zygotene, and pachytene stages, related to the mean total numbers shown
in (C).
(E) Computational Monte Carlo simulation for an exemplary, individually scored cell to determine the expected random frequency of colocalizing RAD51
and DMC1 foci. Error bars represent SD; * P < 0.05, ** P < 0.01, *** P <0.001; Fisher’s exact test. D1, DMC1; L, leptotene; P, pachytene; R51, RAD51; R/D
foci, colocalizing RAD51 and DMC1 foci; Z, zygotene; Z/P, late zygotene.
Bars = 10 µm.
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time follow those of RAD51 with some delay (Figure 2C). The
relative amount of axial element–associated and SC-associated
DMC1 foci, respectively, remained constant during meiotic pro-
phase (axial element–associated: 54.5% in leptotene and 65.7%
in late zygotene; numbers not significantly different, P = 0.1343;
SC-associated: 26% in leptotene and 34.6% in pachytene;
numbers not significantly different, P = 0.8798) (Figures 2A and
2B). Many DMC1 foci are not axis-associated at all times and may
therefore represent dynamic nucleoprotein filaments in search of
homologous repair templates.

In our experiments, RAD51 and DMC1 were not found to
colocalize extensively during any meiotic stage (Figures 2A to
2D). Only a small number of all RAD51 and DMC1 foci colo-
calized in leptotene (226 13, n = 7), zygotene (406 14, n = 8), or
pachytene (7 6 3, n = 8) stages (Figure 2D), and a complete
overlap was never observed. Two foci were counted as coloc-
alizing foci when their centers were no further than 330 nm
apart. This distance was chosen based on the mean recom-
binase focus diameter of 300 nm (n = 220 foci) and therefore
includes all foci that would overlap or just touch each other. We
added a tolerance of 10% to account for errors in measurement.
We performed computational Monte Carlo simulations with pa-
rameters (foci numbers and diameters, nuclear areas) taken from
individually scored cells to predict the expected random fre-
quency of colocalization of RAD51 and DMC1 foci (Figure 2E;
see Supplemental Figure 4B online). In the simulation, the two
populations of foci were randomly distributed over the given
nuclear area 200,000 times, revealing that random overlaps
were significantly more frequent (77.56 8.8 colocalizing signals)
than observed ones (40 colocalizing signals; cumulative prob-
ability = 0; P = 2.5 3 1022, n = 3). We therefore inferred that a
specific mechanism keeps the two different classes of foci apart
and that RAD51 and DMC1 bind to different microcompart-
ments that tend not to overlap. We concluded that mixed nu-
cleoprotein filaments, containing both RAD51 and DMC1
proteins, are highly unlikely to exist. Our findings instead sug-
gest that either (1) individual meiotic DSBs are processed
by either RAD51 or DMC1 or that (2) RAD51 and DMC1 occupy
opposite DNA ends at a meiotic DSB. The second probability
predicts the existence of a significantly higher proportion of
side-by-side localizations (doublets) of RAD51 and DMC1,
compared with RAD51–RAD51 or DMC1–DMC1 doublets.

Cytological Evidence That RAD51 and DMC1 Assemble
Predominantly onto Opposite Sides of a Meiotic DSB

We analyzed our images for the occurrence of side-by-side
localizations and counted foci signals as doublets when their
centers were no further than 540 nm apart. This distance was
based on the largest found recombinase foci being 490 nm in
size (very rare; n = 220 foci). If, theoretically, two of them would
be found to at least touch each other, their foci centers would be
490 nm apart. We added a tolerance of 10% to account for
errors in measurement. We reasoned that meiotic DSBs are rare
events on a genome-wide scale and that well-separated, single
chromatin threads emanating from the mass of chromatin would
allow us to characterize the configuration of recombinases at
individual DSB sites. According to the definition above, 40.7%

of the observed RAD51 signals (n = 145 foci) and 41.8% of the
observed DMC1 signals (n = 141 foci) were single signals,
whereas 46.9% of all RAD51 and 48.2% of all DMC1 foci were
found in RAD51–DMC1 doublets. By contrast, only 10% of all
DMC1 foci and 12.4% of all RAD51 foci, respectively, were ar-
ranged as homomeric doublets with only one type of recombinase
present (RAD51–RAD51, DMC1–DMC1) (n = 79 singularized
DNA threads from eight nuclei) (Figure 3A). Interestingly, the
proportional numbers of observed DMC1–DMC1 doublets on
single chromatin threads were 5.5-fold increased in atr (P = 3.93
1025; n = 42 foci) and 4.3-fold increased in atr rad51 mutants
(P = 0.01101; n = 60 foci) when compared with the wild type. The
relative numbers of RAD51–RAD51 doublets were unchanged in
atr mutants (data not shown).
Next, we performed immunostaining of meiotic spreads using

antibodies specific for RAD51, DMC1, and gH2AX. gH2AX is the
phosphorylated form of the histone variant H2AX, transiently
generated at and locally restricted to sites of DNA damage
(Rogakou et al., 1998; Mahadevaiah et al., 2001; Amiard et al.,
2010). We used gH2AX staining as a marker for individual DSB
sites and quantified associated RAD51 and DMC1 foci. An as-
sociation was positively scored when the focus center of at least
one recombinase was no further than 330 nm apart from the
gH2AX focus center. We found that of the gH2AX-associated
signals, 44.7% of the RAD51 and 44.3% of the DMC1 foci were
single signals, whereas 55.3% of all RAD51 and 53.2% of all
DMC1 foci were found in R–D doublets. Only 2.6% of all DMC1
foci and none of the RAD51 foci were arranged as homomeric
doublets (Figure 3B; see Supplemental Figure 5 online) (n = 112
gH2AX foci from six nuclei). gH2AX and both recombinases
showed a high degree of colocalization, because 96.5% of all
R–D foci, 75.1% of all single RAD51 foci, and 90.0% of all single
DMC1 foci were associated with gH2AX staining (n = six nuclei).
The interfoci distances between RAD51–RAD51, DMC1–DMC1,
and RAD51–DMC1 doublets, respectively, did not significantly
differ for any given foci distance between 150 and 450 nm
(see Supplemental Table 1 online). The highly significant over-
representation of RAD51–DMC1 doublets over homomeric
doublets (P < 2.793 1029 for all cases) strongly argues that most
DSBs are flanked by two different filaments, comprised of either
RAD51 or DMC1. Single RAD51 and DMC1 signals may represent
intermediate steps during the repair process.

ASY1 Inhibits DMC1-Mediated Intersister DNA Repair

DMC1 nucleoprotein filaments may furthermore be highly dy-
namic, as suggested by the localization of DMC1 foci relative to
ASY1 and ZYP1 signals (Figure 2). Our mutant combinations
allow a detailed analysis of DMC1’s properties during DNA re-
pair. In atr rad51 double mutants, DMC1 becomes essential for
DNA repair (Figure 1A). Meiotic DSBs in atr rad51 were repaired
to a certain extent via the homologous chromosome, resulting in
bivalent formation in 69.7% of all meiocytes. The residual 30.3%
of cells showed a mixture of univalents and bivalents (n = 33). Of
all observed atr rad51 double mutant meiocytes, 36% displayed
no DNA fragmentation (Figure 4). In Arabidopsis dmc1 mutants,
meiotic DSBs are reliably repaired in a RAD51-dependent
manner, most likely using the sister chromatid as a repair template,
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leading to 100% univalents (Couteau et al., 1999; Sanchez-
Moran et al., 2007). Arabidopsis atr dmc1 double mutants were
cytologically indistinguishable from dmc1 single mutants (see
Supplemental Figure 2A online). Our observations are in ac-
cordance with previous findings (reviewed in Kagawa and
Kurumizaka, 2010) establishing that the ability to repair meiotic
DSBs using homologous chromosomes as repair templates is
predominantly associated with the DMC1 recombinase. To test
whether this competence is an intrinsic property of the DMC1
protein itself or determined by accessory factors, as suggested
earlier (Schwacha and Kleckner, 1997; Sheridan et al., 2008), we
generated the atr rad51 asy1 triple mutant. The HORMA-domain
protein ASY1 is part of the meiosis-specific chromosome axes
and displays highest similarity to the yeast Hop1 protein
(Sanchez-Moran et al., 2008). Hop1 is instrumental for estab-
lishing the interhomolog bias during meiotic DNA repair. It has
been shown that upon DSB formation, Tel1 (ATM) and/or Mec1
(ATR) phosphorylate Hop1, subsequently leading to activation of
the Mek1 kinase. Mek1 suppresses Rad51-mediated strand in-
vasion of sister chromatids by (transient) inhibition of Rad51/
Rad54 complex formation and via a Rad54-independent
mechanism (Niu et al., 2005; Carballo et al., 2008; Niu et al.,
2009). The plant asy1 mutants show a high frequency of uni-
valent formation (Caryl et al., 2000), and asy1 dmc1 double
mutants exclusively form univalents and display efficient repair
of meiotic DSBs. Different from yeast hop1 mutants, efficiency
of DSB formation has not been found to be affected in Arabi-
dopsis asy1 mutants (Sanchez-Moran et al., 2007). In Arabi-
dopsis atr rad51 asy1 triple mutants, we observed univalent

formation in 70% and a mixture of bivalent and univalent for-
mation in 30% of all cells (n = 40) (Figures 4A and 4B). DNA
repair was even more efficient in triple mutants than in atr rad51
double mutants (Figure 4C), with 36% (n = 117) of all meiocytes
observed in atr rad51 double mutants and 53% (n = 80) of all
cells in atr rad51 asy1 triple mutants displaying no DNA frag-
mentation. These results demonstrate that DMC1 may use both
sister chromatids and homologous chromosomes as repair tem-
plates, as shown in earlier experiments performed in budding
yeast (Shinohara et al., 1992; Schwacha and Kleckner, 1997).
We therefore conclude that during wild-type meiosis, the bias for
interhomolog DNA repair is supported by locally activated ASY1
inhibiting DMC1-coated nucleoprotein filaments from using
sister chromatids as repair templates.

DISCUSSION

Our data allow the extension of the current model of meiotic
DSB repair (Figure 5). We established that Arabidopsis DMC1 is
sufficient to promote interhomolog DNA repair of meiotic DSBs
even in the absence of RAD51. We demonstrated that RAD51
and DMC1 foci do not colocalize, consistent with the formation
of homogenous nucleoprotein filaments with RAD51 and DMC1
occupying opposite DNA ends at meiotic DSBs, as previously
suggested (Shinohara et al., 1997; Shinohara et al., 2000). We
furthermore revealed that DMC1-coated nucleoprotein filaments
are in principle competent to repair from both sister chromatids
and homologous chromosomes. In the wild type, they are
impeded from accessing the sister chromatid, presumably by

Figure 3. RAD51 and DMC1 Predominantly Occupy Opposite Sides of a Meiotic DSB.

(A) Picture details from nuclear spreads of wild-type PMCs with RAD51 (red), DMC1 (green), and ASY1 or ZYP1 (blue) detected by immunofluorescence.
Each image shows an example of a DNA thread emanating from the mass of chromatin. The occurrences of single or doublet RAD51 or DMC1 foci in
relation to all observed RAD51 or DMC1 foci within the chosen sections were quantified.
(B) Picture details of nuclear spreads of wild-type leptotene PMCs with RAD51 (red), DMC1 (green), and gH2Ax (blue) detected by immunofluorescence.
The occurrences of single or doublet RAD51 or DMC1 foci associated with gH2Ax signals were quantified. In both analyses, RAD51–DMC1 doublets
were significantly overrepresented compared with DMC1–DMC1 and RAD51–RAD51 doublets, respectively. D1, DMC1; D–D, DMC1 doublet; R51,
RAD51; R–D, RAD51 and DMC1 doublet; R–R, RAD51 doublet.
Bars = 0.5 µm.

DMC1 and RAD51 Form Distinct Functional Units 2063

http://www.plantcell.org/cgi/content/full/10.1105/tpc.112.098459/DC1


locally activated ASY1 (Hop1), consistent with earlier reports
from yeasts (Niu et al., 2005; Carballo et al., 2008; Goldfarb and
Lichten, 2010; Latypov et al., 2010). Building on these earlier
reports, we infer that this local, DSB-dependent activation is
mediated by ATM, because the interhomolog bias of meiotic
DNA repair is still intact in atr rad51 mutants. Our data indicate
that DMC1 abundance at DSB sites is negatively regulated by
the ATR kinase and that the strand-exchange activity of RAD51
may be dispensable for meiosis. Nevertheless, in all organ-
isms analyzed, RAD51 is an essential meiotic repair protein

(Shinohara et al., 1992; Rinaldo et al., 2002; Li et al., 2004;
Howard-Till et al., 2011).
RAD51 may not only be instrumental in the early stage of fil-

ament assembly, but later as well, if a DMC1-coated filament
fails to successfully invade a homologous sequence. In such
cases, RAD51 may be needed for repairing the DSB via the
sister chromatid (Goldfarb and Lichten, 2010). Total numbers
of DMC1 foci were elevated in atr mutants, and thorough in-
vestigation of DMC1 foci in atr or atr rad51mutants revealed that
the proportional numbers of observed DMC1–DMC1 doublets
on single chromatin threads were strongly increased when com-
pared with the wild type. Total RAD51 foci numbers were reduced
in atr, and relative numbers of RAD51–RAD51 doublets were
unchanged. The total number of all recombinase foci (RAD51
and DMC1 together) in atr mutants (553 6 80) is significantly
higher than the total number of all recombinase foci in the wild
type (350 6 41). This increase in numbers cannot sufficiently be
explained by the observed increase of DMC1–DMC1 doublets
and the mild decrease of RAD51 foci but suggests that the
number of meiotic DSBs may be increased in atrmutants. These
observations are in accordance with a recent study demon-
strating that yeast strains lacking the homolog of atr (mec1D) or
atm (tel1D), respectively, form more meiotic breaks by losing the
constraint of limiting DSB formation at a given locus to only one
of the four sister chromatids (Zhang et al., 2011). We therefore
postulate that ATR negatively regulates DMC1 abundance by
limiting its deposition to only one end of a processed meiotic
DSB site and by preventing the formation of supernumerary
meiotic DSBs. Two recent publications demonstrate that ATM
also acts as a negative regulator of meiotic DSB formation in
mouse and fly (Joyce et al., 2011; Lange et al., 2011). Further
efforts are needed to clarify to what extent ATM and ATR neg-
atively control meiotic DSB formation in Arabidopsis. atr mutant
plants are as fertile as wild-type plants, and the elevated levels
of DMC1 filaments may only be detrimental in cases where
DMC1 fails to find a homologous nonsister sequence for DNA
repair. Meiosis in isogenic laboratory lines is not challenged by
deletions and insertions, but genomes in nature may vary, and
DSBs may form in regions without an appropriate homologous
sequence present (Goldfarb and Lichten, 2010).
Our observations emphasize the notion that ATR is an integral

part of the regular meiotic program (Cha and Kleckner, 2002; Di
Giacomo et al., 2005; Carballo and Cha, 2007; MacQueen and
Hochwagen, 2011). Future studies will focus on the mechanisms
that promote differential RAD51 and DMC1 loading. In Figure 5,
we propose a model in which RAD51 loading may attenuate ATR
signaling and thereby allow DMC1 loading. However, it is still
not known whether ATR regulates DMC1 directly by limiting its
ATPase and ssDNA binding activity by phosphorylation, as re-
cently proposed for yeast Rad51 by Mec1 (Flott et al., 2011). The
highly conserved motif for ATM/ATR-dependent phosphoryla-
tion is also present in Arabidopsis RAD51 and DMC1. Several
additional factors may influence RAD51 and DMC1 filament
assembly. RPA, for instance, modulates meiotic recombination
in yeast (Bartrand et al., 2006; Liaw et al., 2011), and several
members for each of the three subunits, one of which is impli-
cated in meiotic DSB repair, are encoded in the genome of
Arabidopsis (Shultz et al., 2007; Osman et al., 2009; Sakaguchi

Figure 4. ASY1 Inhibits DMC1-Mediated Intersister DNA Repair.

(A) Nuclear spreads of PMCs during metaphase I displaying five biva-
lents in atr rad51 and 10 univalents in atr rad51 asy1 triple mutants.
(B) Quantification of meiocytes with univalents, bivalents, or both (irre-
spective of DNA fragmentation). In atr rad51, most cells show bivalent
formation, and only about one-third display bivalents and univalents (n =
33). In atr rad51 asy1, most cells show only univalents, one-third show
bivalents and univalents, and cells containing only bivalents were never
observed (n = 40).
(C) Quantification of chromosome fragmentation in the double and triple
mutants. Of all observed atr rad51 double mutant meiocytes, 36% show
no DNA fragmentation, 17% show only one additional DAPI-stained
fragment, 35% show two to six additional DAPI-stained bodies, and 12%
show severe DNA fragmentation with more than seven fragments (n =
117). DNA fragmentation is reduced in the triple mutants: 53% of cells
show successful DNA repair, 11% display only one fragment, 35% have
one to six fragments, and severe fragmentation with more than seven
chromatin fragments was never observed in atr rad51 asy1 meiocytes
(n = 80).
Bar = 10 µm.
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et al., 2009). The yeast Swi/Snf2-remodelling factors Rad54 and
Tid1/Rdh54 specifically promote strand exchange reactions of
Rad51 and Dmc1, respectively (Shinohara et al., 2000; Niu et al.,
2009; Mazin et al., 2010; Ceballos and Heyer, 2011). Several
members of this family can be found in the genome of Arabi-
dopsis, but so far none of them has been found to be required
for meiosis (P. Schlögelhofer, unpublished data). In yeast, Rad51
nucleoprotein filament assembly requires the Rad51 paralogs
Rad55 and Rad57, and Dmc1 nucleoprotein filament assembly
depends on Mei5 and Sae3. None of the respective homologs
have yet been identified in Arabidopsis. Five Rad51 paralogs
(RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3) have been

identified in higher eukaryotes, including plants. In Arabidopsis,
only RAD51C and XRCC3 are involved in meiosis but most likely
play a role in recombination after DMC1 and RAD51 loading
(Bleuyard et al., 2005; Vignard et al., 2007). Consistently,
RAD51C (Abe et al., 2005) is an essential factor for DMC1-
mediated meiotic repair (data not shown). Finally, BRCA2, only
found in higher eukaryotes, has been found to substitute to
some extent for Rad52 function, stimulating loading of re-
combinases (reviewed in San Filippo et al., 2008; Liu and Heyer,
2011). Arabidopsis encodes two BRCA2 genes, and RNA in-
terference lines that silence both copies show severe DNA
fragmentation during meiosis (Siaud et al., 2004).

Figure 5. Model for Early Events during Meiotic Recombination.

One of the sister chromatids (I) receives a programmed, SPO11-mediated DNA DSB early in meiotic prophase. The DNA damage leads to activation of
the ATM kinase that phosphorylates the axial element protein ASY1 (Hop1), thereby generating a locally restricted signal in the vicinity of the DNA DSB
site (II). DSB processing generates 39 ssDNA overhangs that are rapidly bound by the trimeric RPA complex (III). RPA deposition recruits and activates
ATR via its interaction partner ATRIP. ATR signaling blocks loading of the DMC1 recombinase but not of RAD51. RAD51 is loaded and replaces RPA at
one end of the DSB (IV). Attenuated ATR-signaling allows subsequent loading of DMC1 to the other end of the DSB (V). The RAD51-coated end is
retained, and the DMC1 nucleoprotein filament is released to search for homologous sequences. Locally activated ASY1 impedes access to the sister
chromatid, thereby promoting interhomolog DNA repair and recombination (VI).
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Alternatively, or additionally, ATR may indirectly influence the
timing of the differential loading of recombinases by regulating
meiotic progression. As shown, RAD51 loading is needed to
overcome a meiotic checkpoint that depends on ATR. The re-
placement of RPA by RAD51 on one side of a DSB may atten-
uate ATR signaling and thereby allow DMC1 loading to the other
side. In yeast, ATR (Mec1) ensures that meiotic DNA repair is
completed before the first division can take place (reviewed
in Carballo and Cha, 2007). In mammalian somatic cells, ATR
triggers a signaling cascade that indirectly regulates the level of
cyclin-dependent kinases in S-phase (Syljuåsen et al., 2005;
Hurley and Bunz, 2007). Even though homologs of several key
factors involved in these processes have not yet been identified
in the genome of Arabidopsis, the conserved ATR kinase has
been established as a central player during meiosis.

METHODS

Plant Growth Conditions

Plants were grown under long-day conditions (16 h light, 8 h dark, 21°C;
60 to 80% humidity, 5800 LUX, 33 Philips TLD 36W, and 23 Sylvana
GroLUX 36W). All lines were Arabidopsis thaliana, ecotype Columbia,
except when otherwise noted.

Mutant Plant Lines

The following mutant plant lines were used: atr-2 (SALK_032841 [Culligan
et al., 2004]), dmc1 (Feldmann line 3668 [Couteau et al., 1999], ecotype
Wassilewski), rad51-1 (GABI_134A01 [Li et al., 2004]), and asy1 (SALK_
144182 [Sanchez-Moran et al., 2007]). Please refer to Supplemental Table 2
online for primer and genotyping information.

Cytology

Spreads of pollen mother cells (PMCs) for cytological detection of pro-
teins were performed as described previously (Armstrong et al., 2002),
with some modifications. In brief, anthers were dissected from several
inflorescences and kept in artificial pond water (Miller and Gow, 1989) until
further use. PMCs were released from anthers and collected in a small
volume of artificial pond water (Chen et al., 2010). The liquid was ex-
changed for 15 mL of enzyme mixture (1% [w/v] cytohelicase [Pall], 1.5%
[w/v] Suc, and 1% [w/v] polyvinylpyrrolidone, average molecular weight
40,000 [all Sigma-Aldrich]) (Albini et al., 1984), and meiocytes were in-
cubated for 5 min at room temperature. A total of 8 mL of the enzyme
mixture, containing extracted meiocytes, was transferred to a clean glass
slide, and spreading was achieved by addition of 20 mL of 1% Lipsol (pH
9.0, borate buffer). After 4 min, 24 mL of 4% paraformaldehyde (pH 8.0)
was added. Slides were air-dried and kept at room temperature until
further use. Immunolocalization was performed as described before with
some modifications (Armstrong et al., 2002). In brief, slides were rehy-
drated in 13 PBS before staining. Primary antibodies were applied, and
slides were incubated at 4°C overnight in a humid atmosphere. After
washing twice in 13 PBS, slides were sequentially incubated with ap-
propriate secondary antibodies, each for 1 h at 37°C in a humid atmo-
sphere. After washing again, slides were mounted with Vectashield
(Vector Labs) supplied with 2 µg/mL 49,6-diamidino-2-phenylindole
(DAPI). In the case of the RAD51/DMC1/ASY1, RAD51/DMC1/ZYP1, and
RAD51/DMC1/gH2AX sequential triple stainings, the first two primary
antibodies (aDMC1 and aRAD51) were applied and incubated at 4°C
overnight in a humid atmosphere. After washing twice in 13 PBS, slides
were first incubated with the first two appropriate secondary antibodies

and incubated for 1 h at 37°C. After washing, the third primary antibody
(aASY1, aZYP1, or agH2Ax) was added, and after a 3-h incubation at
37°C, slides were washed again, and the appropriate secondary antibody
was added. Washing and mounting were then performed as described
above. Analysis was performed on a Zeiss Axioplan microscope, where
Z-stacks with 100-nm intervals were acquired with MetaMorph software.
Z-stacks were deconvolved using AutoQuant software and are presented
as projections done with HeliconFocus software. The RAD51/DMC1/
ASY1, RAD51/DMC1/ZYP1, and RAD51/DMC1/gH2AX triple stainings
were analyzed and processed on a Personal Deltavision system (Applied
Precision). Recombinase foci were counted manually with the help of the
Count tool in Adobe Photoshop CS4. The following primary antibodies
were used as described previously: aASY1 raised in rabbit (Armstrong
et al., 2002), aASY1 raised in rat (Higgins et al., 2004), aRAD51 raised in
rat (Mercier et al., 2003; Kerzendorfer et al., 2006), aDMC1 raised in rabbit
(Chelysheva et al., 2007), aZYP1 raised in rat (Higgins et al., 2005), and
agH2Ax raised in rabbit (Amiard et al., 2010). The secondary antibodies
used were as follows: Goat-anti-rabbit conjugated to FITC (1:300; Sigma-
Aldrich), goat-anti-rat conjugated to Cy3 (1:300; Chemicon), goat-anti-
rabbit conjugated to Alexa Fluor 568 (1:500; Invitrogen), donkey-anti-rat
conjugated to Alexa Fluor 488 (1:500; Invitrogen), and donkey-anti-rabbit
conjugated to Cy5 (1:100; Jackson Immunoresearch).

Statistical Analysis

Monte Carlo Simulation of Foci Colocalization

To determine the expected number of RAD51 and DMC1 foci colocali-
zations, random distributions of two foci populations were simulated in
silico (custom-made Java program). The same foci sizes, counts, and
nucleus sizes (as measured in pixels) were applied, and 200 3 1000
simulations were performed. Foci were assumed to be circles, spreading
areas (nuclei) as elliptic areas. Colocalization of a foci pair was defined by
fulfillment of the condition (r1 + r2)2$ (x22 x1)2 + (y22 y1)2, where r1 and
r2 are the radii of focus 1 and focus 2, x1 and x2 are the respective x
coordinates within the nucleus, and y1 and y2 are the respective y co-
ordinates. Thus, two foci were said to colocalize when the distance
between the two foci centers was smaller than or equal to the sum of their
radii. To avoid distance measure artifacts, the numbers of observed
colocalizations were calculated based on the observed radii, distances
between centers, and percent overlapping areas of closely lying foci pairs.
The average simulated overlap counts were subsequently compared with
the observed counts. Three nuclei were treated as separate cases, be-
cause the spread areas (and thus foci sizes and counts) showed high
variability. Each case resulted in a significantly lower number of observed
colocalizations compared with the randomly distributed foci, with z values
ranging from 24.237 to 22.678. For calculation of the overall P value, an
unpaired, one-sided t test with confidence level = 0.95 was performed (R
version 2.12.0; t.test).

Foci Counts

To test whether two foci size distributions are significantly different, a two-
sided, unpaired Wilcoxon-Mann-Whitney test was performed (confidence
level = 0.95; R 2.12.0, wilcox.test with exact P value and continuity
correction). For testing the significance of RAD51 or DMC1 counts (as
proportions of total RAD51 or DMC1 counts) associated with the axis or
the synaptonemal complex during different meiotic phases, the means of
the respective counts were subjected to the Fisher’s exact test (R 2.12.0,
fisher.test). The same test was applied for determination of the significant
overrepresentation of RAD51–DMC1 doublets versus RAD51–RAD51 and
DMC1–DMC1 doublets, respectively, and for determination of differences
of interfoci distances comparing RAD51–RAD51, DMC1–DMC1, and
RAD51–DMC1 doublets, respectively.
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