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ABSTRACT
Meiotic prophase I is a long and complex phase. Interactions between homologs
during meiotic prophase I, such as recombination and synapsis, are required for proper
chromosome segregation. Although mutant studies have revealed a number of genes
required for recombination and synapsis, few genes have been identified in Arabidopsis.
Here I describe the mutant analysis of three Arabidopsis genes that are essential for
recombination and synapsis in Arabidopsis: SOLO DANCERS; AtRAD51; and AtRAD51C.
The solo dancers (sds) mutant was obtained from a collection of Ds-transposon
insertional mutants and mutant plants exhibit severe defects in homolog synapsis,
recombination and bivalent formation during meiotic prophase I, subsequently resulting
in seemingly random chromosome distribution and formation of abnormal meiotic
products. Sequence and protein interaction analyses indicate that SDS encodes a novel
cyclin (Azumi et al., EMBO J, 2002), arguing strongly that homolog interaction during
meiotic prophase I requires a novel meiosis-specific cyclin in Arabidopsis. Because
mutation in AtSPO11-1 causes similar abnormal meiosis, we hypothesized that AtSPO111 might be one of the downstream or interacting components of the SDS protein. To test
this hypothesis, expression of AtSPO11-1 in sds was characterized and meiosis in the sds
atspo11-1 double mutant was analyzed. The results indicate that AtSPO11-1 expression is
not blocked in sds, and double mutant analysis of sds syn1, sds ask1, and sds atrad51-1
suggests that AtSPO11-1 retains its function in Double stranded DNA breaks (DSB)
formation in the sds mutant.
In addition to the mutant characterization of sds, I analyzed the T-DNA insertional
mutants for the other two genes, AtRAD51 and AtRAD51C. AtRAD51 is an Arabidopsis
homolog of yeast and mammalian RAD51, and AtRAD51C is a RAD51 paralog in
Arabidopsis. Reverse genetics was applied to analyze the in vivo function of these two
genes. Both mutants exhibit normal vegetative and flower development and have no
detectable abnormality in mitosis, suggesting these two genes are not necessary for
genome integrity under normal conditions. However, both mutants are completely sterile
and are defective in both male and female meiosis. During meiotic prophase I, meiotic
chromosomes in these two mutants fail to synapse and become extensively fragmented.

iii

The severe fragmentation of meiotic chromosomes in these two mutants can be
suppressed or partially suppressed by an atspo11-1 mutation, suggesting that the
fragmentation phenotype largely represents a defect in processing DSBs generated by
AtSPO11-1. Analysis using electron microscopy of meiosis in these two mutants
indicates that atrad51-1 exhibits a more severe abnormality in the formation of
synaptonemal complexes (SCs), arguing that although both genes are required for
processing of DSBs. Furthermore, major aspects of meiotic recombination seem to be
conserved between yeast and plants, especially the fact that chromosome pairing and
synapsis depend on the function of SPO11 and RAD51 related genes.
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Chapter 1

Introduction
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Meiosis is a highly coordinated cell division which generates four haploid
reproductive cells required for sexual reproduction. Meiosis involves one round of DNA
replication and two nuclear divisions, meiosis I and meiosis II. The first nuclear division
segregates homologous chromosomes, and is unique to meiosis. During the second
division, sister chromatids are separated, resulting in the formation of four haploid nuclei
and subsequent cytokinesis to form four haploid cells. Similar to mitosis, both meiosis I
and meiosis II can be divided into four stages: prophase, metaphase, anaphase, and
telophase.
Plant meiosis has been studied extensively for many years using cytological and
genetic approaches. Recent studies have made Arabidopsis an excellent system. In
Arabidopsis male meiosis, meiotic chromosomes begin to condense and can be observed
at thin lines in leptotene (Figure 1A). Homolog pairing initiates at late leptotene to early
zygotene (Figure 1B), and synapsis and recombination occur from zygotene through
pachytene (Figure 1C). Fully synapsed chromosomes are seen as thick threads in light
micrographs, although synaptonemal complexes can only be observed using transmission
electron microscopy. The homologs separate except at specific regions (chiasmata) at
diplotene (Figure 1D), and five bivalents are formed at the diakinesis (Figure 1E) as
highly condensed entities. The bivalents then are aligned at the division plane at
metaphase I (Figure 1F). Following the separation of homologs, they move to opposite
poles of the spindle (not seen here) at anaphase I (Figure 1G). At the end of meiosis I,
five chromosomes at each pole form a cluster and chromosomes decondense at telophase
I. At prophase II (Figure 1H), chromosomes re-condense and are separated by an
organelle band; subsequently they are again aligned at two division planes at metaphase
II (Figure 1I). At anaphase II, sister chromatids separate and are segregated to form four
clusters, each consists of five newly formed haploid chromosomes (Figure 1J). These
clusters then undergo decondensation and form four haploid nuclei within the male
meiocytes at telophase II (Figure 1K). Cytokinesis will then yield four microspores in a
tetrad (Figure 1L).
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Figure 1. Male meiosis in Arabidopsis. Shown in the figures are leptotene (A),
zygotene (B), pachytene (C), diplotene (D), diakinesis (E), metaphase I (F), anaphase I
(G), prophase II (H), metaphase II (I), anaphase II (J), telophase II (K), and tetrad (L).
However, meiosis I differs from meiosis II as meiosis I involves homology search and
pairing, interhomolog recombination, and synapsis of homologous chromosomes,
processes required for correct segregation of homologs. The prophase stage of meiosis I,
also called prophase I, has been the target of interest because of the involvement of these
major processes of chromosome association. Meiotic prophase I is a complex and
precisely-coordinated process. During early prophase I, arms of sister chromosomes are
closely associated by cohesins, which are removed during the metaphase I/ anaphase I
transition. However, the centromere regions remained associated until the segregation of
sister chromatids during meiosis II. Homologous pairing and recombination occur from
zygotene to late pachytene. Homologous pairing is the result of interaction between
homologous chromosomes based on the homology of DNA sequences (Walker and
Hawley, 2000; Tsubouchi and Roeder, 2003), and is considered to be a transient and nonstable association between homologous chromosomes. Pairing between homologous
chromosomes facilitates the process of recombination. Recombination process confers
the interexchange of genetic information between non-sister chromatids, and generates
chiasmata which ensure proper association between homologous chromosomes prior to
chromosome segregation at anaphase I. Synapsis, however, is a stable association by
forming synaptonemal complexes. Synaptonemal complexes are three-partition
proteinacious complexes formed between homologs, and are to be removed at the end of
meiotic prophase I.
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In this chapter, we will discuss the underlying mechanisms based on results from
recent molecular and genetic studies and focus on the mechanisms of homologous
chromosome paring, formation of crossovers, synapsis, and the interplay between these
processes. This discussion will include some of the genes recently identified in yeast and
animals, as well as the functions of their paralogs in other organisms.
Chromosome Synapsis and recombination
Synapsis refers to the formation of synaptonemal complexes (Zickler and Kleckner,
1999). This structure contains three components that can be visualized using electron
microscopy: two lateral elements formed along two homologous chromosomes, and one
central element lying parallel between the two axial elements. The two axial elements
attach to the central element by perpendicular and thin proteinacious transverse elements
(Dawe, 1998). This basic dimension and organization are highly conserved among
organisms (Zickler and Kleckner, 1999).
The synaptonemal complex is thought to originally begin during leptotene at the sites
of axial association, connecting axial elements together (Sym et al., 1993; Rockmill et al.,
1995). Components of synaptonemal initiation complexes, including Zip1, Zip3, Zip2,
and Msh4, are loaded at these sites to initiate the formation of synaptonemal complexes
(Fung et al., 2004). At early meiotic prophase I, each homologous chromosome
condenses into a visible thin filament with an axial element. Proteins such as cohesins
and condensins play critical roles in this process (Page and Hawley, 2004). Other wellstudied proteins involved in axial element assembly include the synaptonemal complex
proteins (SCP) in mammals, HOP1 and RED1 in yeast, and ORD in Drosophila (see
Page and Hawley, 2004 for details). Then the establishment of central element and
assembly of connecting transverse elements form a mature synaptonemal complex (see
Page and Hawley, 2004 for details).
Recombination refers to the exchange or transfer of DNA information between
molecules (Krogh and Symington, 2004). Homologous recombination is a type of
recombination based on the sequence homology between partners, and is commonly
formed in both mitotic and meiotic cells. Genetic and biochemical studies on
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recombination processes have generated a number of models, among which the doublestranded DNA break repair model (DSBR) is most supported (see Fig. 1). According to
this model, recombination is initiated by the formation of a double stranded DNA break
(DSB) on one of the interacting non-sister chromatids, followed by the resection of the
5’strand ends to generate two 3’ single-stranded DNA overhangs. These 3’-overhangs
then invade its partner chromatid and form a D-loop. DNA synthesis from the invading
ends using the partner chromatid as a template and the ligation of these ends form a
double Holliday junctions (dHJ). The pattern of resolution of this double-Holliday
junction determines whether the product is a crossover or a non-crossover (Haber, 2000;

Figure 2. Diagram of the double-strand break repair (DSBR) model.
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Haber et al., 2004; Krogh and Symington, 2004). The crossover will further develop into
chiasma, an important chromosome structure holding two homologs together at late
prophase I through metaphase I- anaphase I transition.
The process of recombination is thought to occur at the sites of recombination
nodules (RNs), which are small proteinacious structures associated with SCs. RNs were
first identified under the electron microscopy in the female Drosophila (Carpenter, 1975).
Based on the timing of the appearance on meiotic chromosomes and other factors
including their frequency, shape, size and staining properties, RNs were empirically
identified as two groups: early RNs and late RNs (Bojko, 1989; Anderson et al., 1997).
Early RNs are abundant and these nodules are associated with axial elements or SCs from
leptotene to mid-pachytene. During mid-pachytene to late pachytene, late RNs appear on
the central element of SCs. In most organisms every pachytene chromosome has at least
one late RN, and in a number of organisms, the number and position of late RNs are
correlated with crossover formation (Croft and Jones, 1989; Sherman and Stack, 1995).
Since the RNs are correlated with sites of recombination and crossover formation, it is
expected that the proteins involved in these processes are present in RNs. Indeed, RecAlike proteins have been found to be the components of early RNs in the lily plant
(Anderson et al., 1997), supporting the hypothesis that these RNs are sites of
recombination.
Forward and reverse genetics have been extensively applied to dissect the genes
involved in synapsis and recombination. However, because pairing, synapsis, and
recombination are closely associated processes, mutants often exhibit defects in more
than one of these processes. Mutations in genes that are discussed in detail in (Page and
Hawley, 2004), such as zip1, zip2, rec8, and smc3 mutants, will not be included in this
chapter. In addition, mutations in RecA-likes genes will be discussed in later sections.
Mutants that exhibit defective chromosome synapsis have been described in a number
of organisms. These mutants can be divided into two groups: asynaptic mutants, which
fail to synapse; and desynaptic mutants, which can undergo synapsis but synapsis is
prematurely lost (Rockmill and Roeder, 1990; Maguire et al., 1991; Maguire and Riess,
1991; Caryl et al., 2003). Neither type of mutants is able to undergo correct homologous
6

chromosome segregation, thereby resulting in complete or partial sterility. In wild type
Arabidopsis, association of homologous chromosomes results in the formation of five
bivalents at the end of prophase I through metaphase I. However, in both kinds of
mutants, homologous chromosomes fail to associate and remain separated at metaphase,
resulting in the presence of univalents in mutant meiocytes. asynaptic1 exhibits defective
synapsis in both male and female meiosis and mutant meiocytes contain one to three
bivalents per cell (Ross et al., 1997; Caryl et al., 2000). The ASY1 protein shows
sequence similarity in its N-terminal region to the yeast Hop1 protein, which has a DNA
binding activity and acts directly in chromosome synapsis by binding to sites of DSBs
(Hollingsworth et al., 1990; Kironmai et al., 1998). Mutant studies and further analysis of
ASY1 localization indicate that ASY1 may be required for pairing of homologs and
morphogenesis of SCs (Armstrong et al., 2002). Furthermore, PAIR2, a rice ortholog of
Arabidopsis ASY1 is also required for proper homologous chromosome pairing
(Nonomura et al., 2004). This functional similarity suggests that the function of HOP1 is
conserved along speciation. Furthermore, desynaptic mutants have been described such
as dsy mutants, but the mutated genes have not been reported (Ross et al., 1997; Cai and
Makaroff, 2001).
In maize, forward genetics have identified a great number of mutants, although
mutated genes for most of them have not been identified. As maize has a polyploid
genome, mutations affecting homologous pairing may introduce pairing between nonhomologous chromosomes. The maize desynaptic1 mutant exhibits nonhomologous
synapsis and intrachromosomal synapsis from pachytene through diplotene, suggesting
that the DSY1 gene is required for restricting synapsis between homologs (Golubovskaya
et al., 1997). The maize desynaptic2 mutant shows aberrant synapsis, and reduced
homologous paring and recombination (Franklin et al., 2003). The maize poor
homologous synapsis1 (phs1) mutant exhibits a normal extent of synapsis, but 95%
synapsis occurs between nonhomologous regions, indicating that PHS1 is required for
restricting the synapsis between homologous chromosomes (Pawlowski et al., 2004). The
number of RAD51 foci on phs1 chromosomes is greatly reduced although RAD51 is
present at normal level in phs1. However, DSB can be formed and repaired even though
this repair might be delayed. These results suggest that PHS1 might be required for
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loading of RAD51 onto chromosomes, and maize may have a DSB repairing system
independent of RAD51 function.
In rice, the pair1 mutant fails to pair between homologous chromosomes, and the
chromosomes exhibit abnormal distribution and organization during prophase I and
nondisjunction and delayed segregation at anaphase I (Nonomura et al., 2004). PAIR1
encodes a novel protein containing an -helical coiled-coil domain and abundant in DNA
binding motif, indicating it might interact with both DNA and proteins. The details about
the abnormal spindle morphogenesis in pair1 are not clear; however, PAIR1 might be a
multifunctional protein.
In Arabidopsis, a mutant called solo dancers (sds) was isolated because of its greatly
reduced fertility from a transposon insertional population (Azumi et al., 2002). The sds
mutant exhibits a severe defect in homolog pairing, recombination, and bivalent
formation. These phenotypes are very similar to those of atspo11-1 and atdmc1 mutants,
suggesting that SDS may be involved in the SPO11-dependent recombination pathway.
However, the sds mutant does not show any chromosome fragmentation. Therefore,
unlike the atrad51 or atxrcc3 mutants, the sds mutant cells do not have any detectable
defects in DSB repair. SDS is specifically expressed in male and female meiotic cells and
encodes a putative novel cyclin (Azumi et al., 2002; Wang et al., 2004). Cyclins are
known to regulate multiple processes during the mitotic cell cycle by activating cyclindependent kinases, suggesting that SDS may coordinate pairing, synapsis, and
recombination by regulating protein activities via phosphorylation. These results suggest
that synapsis and recombination may be achieved by multiple pathways and performed
by multiple components. Further analysis of these mutants and possibly additional
mutants, the interplay between these genes, and the interplay between synapsis and
recombination, would help dissecting the underlying mechanisms of synapsis and
recombination.
Genes involved in DSB formation
The mechanisms for pairing can be divided into two groups: DSB-independent
mechanisms, and DSB-dependent mechanisms (Page and Hawley, 2003; Gerton and
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Hawley, 2005). DSB-dependent mechanism involves the formation of DSBs and the
interaction of DNA sequences for homology search. Recombination in budding yeast is
initiated by the formation of DSBs, a process which may be highly conserved among
other organisms (Sun et al., 1989; Cao et al., 1990). Depending on the size of genome,
one meiotic nucleus may contain abundant DSBs (Baudat and Nicolas, 1997) and
recombinational repair of the DSBs occurs at the sites of initiation of synapsis, providing
a way for pairing between homologous chromosomes (Petukhova et al., 2003; Tsubouchi
and Roeder, 2003; Page and Hawley, 2004).
The formation of DSBs requires a number of proteins (SPO11, RAD50, MRE11,
XRS2, MER1, MER2, MEI4, MRE2, REC102, REC104, REC114) (Paques and Haber,
1999). Proteins other than SPO11 may serve in chromosome pairing and modeling to
facilitate DSB formation, in regulating SPO11 function, or in removing SPO11 from the
sites after DSB formation (Paques and Haber, 1999). SPO11 is linked covalently to the 5’
ends of unprocessed DSBs (Keeney et al., 1997). Sequence analysis suggests that SPO11
belongs to a novel family with similarity to the topo6A gene product from the archaea
Sulfolobus shibatae (Bergerat et al., 1997). In topoisomerase catalyzed cleavage reactions,
a tyrosine residue attacks a phosphodiester bond, and generates DSBs via a transesterase
mechanism with the assistance of a set of other gene products. This tyrosine residue is
critical for the function of the SPO11 protein (Bergerat et al., 1997). Although the
biochemical activity of SPO11 has not yet been determined, mutations in genes required
for meiotic DSB repair result in chromosome fragmentation. However, this fragmentation
can be eliminated in a spo11 background, suggesting that SPO11 is responsible for
generating DSBs during meiosis (Cervantes et al., 2000) (Zenvirth and Simchen, 2000;
Bleuyard et al., 2004; Li et al., 2004; Puizina et al., 2004; Siaud et al., 2004; Li et al.,
2005). Moreover, SPO11 homologs have been found in a wide range of organisms,
including Arabidopsis thaliana, Caenorhabditis elegans, D. melanogaster, Coprinus
cinereus and mammals, indicating that this SPO11-catlayzed DSB generation is a
conserved process among organisms (Dernburg et al., 1998; McKim and HayashiHagihara, 1998; Keeney et al., 1999; Romanienko and Camerini-Otero, 1999; Shannon et
al., 1999; Celerin et al., 2000; Hartung and Puchta, 2000; Metzler-Guillemain and de
Massy, 2000).
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Mutant studies have been performed on some of the identified SPO11 genes. In
budding yeast, loss of SPO11 function eliminates meiotic recombination and the
formation of synaptonemal complexes but not mitotic recombination and mitotic cell
cycle (Klapholz et al., 1985; Wagstaff et al., 1985; Giroux et al., 1989). In addition, the
spo11 mutant exhibits reduced condensation and pairing; however, there is still residual
pairing, suggesting that either SPO11 is not essential in DSB-dependent pairing or there
might be DSB-independent pairing mechanisms (Loidl et al., 1994). This is consistent
with the report that somatic pairing has been found in budding yeast (Loidl et al., 1994;
Weiner and Kleckner, 1994). A recent study assigns an early function of SPO11 in
regulating meiotic S-phase progression, suggesting that SPO11 might be required for the
formation of certain chromosome structures required for cell cycle progression (Cha et al.,
2000). In S. pombe, rec12 mutants exhibit reduced recombination, and may have
additional functions after the completion of meiotic prophase I as Rec12 persists until
anaphase II (Sharif et al., 2002; Dewall et al., 2005). Similarly, a mouse spo11 mutant is
infertile and mutant spermatocytes form little or no synapsis (Romanienko and CameriniOtero, 2000). Mutation in an Arabidopsis AtSPO11-1 shows abnormalities similar to that
of yeast spo11 mutants, including greatly reduced recombination and synapsis. However,
the presence of bivalents indicates that there might be an SPO11-independent mechanism
(Grelon et al., 2001).
spo11 mutations in yeast and plants affect both recombination and synapsis,
supporting the possibility that these two processes are closely associated. However, in
Drosophila and C. elegans spo11 mutants, although meiotic recombination is defective,
formation of synaptonemal complexes were observed independent of SPO11 function
(Dernburg et al., 1998; McKim and Hayashi-Hagihara, 1998). Interestingly, the
Drosophila SPO11 homolog, MEI-W68 has a function in mitotic recombination. Careful
phylogenetic analysis of known SPO11 proteins and other types of topoisomerases and
functional analysis of SPO11 in other organisms would help to explain whether this is a
new function for MEI-W68, a function that appears to have been lost in yeast and plants.
Proteins other than SPO11 may serve in chromosome pairing and modeling to
facilitate DSB formation, in regulating SPO11 function, or in removing SPO11 from the
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sites after DSB formation (Paques and Haber, 1999). In budding yeast RAD50, a large
153 KDa protein with N-terminal ATP-binding domain, exhibits ATP-dependent binding
to double-stranded DNA, and is required for both meiotic recombination and synapsis
(Alani et al., 1990; Raymond and Kleckner, 1993). It is also necessary for repairing
mitotic DSBs. RAD50 may serve in chromatin remodeling and is required for removing
SPO11 from the 5’end after DSB is made (Liu et al., 1995; Keeney et al., 1997; Ohta et
al., 1998). MRE11 and XRS2 function together with RAD50 as a complex (Ogawa et al.,
1995; Usui et al., 1998; Chamankhah and Xiao, 1999). This complex plays a role in a set
of processes including homoglogous recombination, nonhomologous end joining,
telomere maintenance, and removal of SPO11 from 5’ end of newly formed DSBs
(Trujillo et al., 1998; Chamankhah and Xiao, 1999; Chamankhah et al., 2000; Tsukamoto
et al., 2005).
In Arabidopsis, atrad50 mutant fail to synapsis and processing of meiotic DSBs is
defective, resulting in the fragmentation of meiotic chromosomes visible starting from
premetaphase I (Gallego et al., 2001; Bleuyard et al., 2004). Abnormalities in mitosis is
not obvious in normal growth conditions; however, mutant plants exhibit increased
sensitivity to DNA-damaging agent methylmethane sulphonate (Gallego et al., 2001). An
Arabidopsis atmre11 mutant meiocytes lack synapsis, and both mitotic and meiotic cells
contain AtSPO11-1 function-dependent chromosome fragments, suggesting that this gene
function downstream of AtSPO11-1, which is consistent which the function of RAD50MRE11-XRS2 complex in budding yeast (Puizina et al., 2004). Moreover, the meiotic
breaks in atmre11 are not completely suppressed by atspo11-1 mutation, indicating that
other pathways might be involved in generating DSBs.
DSB processing and function of RecA proteins
After the DSBs are generated by SPO11, resection of the DSBs involves function of
RAD51, MRE11, and XRS2 produces a 3’ resected single-stranded DNA end. The
invasion of this 3’ resected ssDNA is catalyzed by a group of proteins including DMC1,
RAD51, RAD52, RAD54, RAD55, RAD57, and TID1 (Aylon and Kupiec, 2004;
Bannister and Schimenti, 2004).
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Among these proteins, DMC1 is a meiosis-specific protein. Phylogenetic analysis
indicates that DMC1 is a RecA-like protein (Petersen and Seberg, 2002). DMC1
homologs have been identified in a wide range of organisms including budding and
fission yeast, mammals, plants, and fungi (Klimyuk and Jones, 1997; Stassen et al., 1997;
Doutriaux et al., 1998; Yoshida et al., 1998; Nara et al., 1999; Ding et al., 2001; Gupta et
al., 2001; Shimazu et al., 2001; Kathiresan et al., 2002; Lamers et al., 2002). In budding
yeast, the severity of dmc1 mutants varies among different strains. The severe dmc1
mutants of an SK1 strain show defective recombination, accumulation of unprocessed
DSBs, and formation of abnormal SCs (Bishop et al., 1992). Mutation in the fission yeast
DMC1 causes reduced recombination (Fukushima et al., 2000). Mice mutants in DMC1
are both male and female sterile, with gametogenesis arrest at meiotic prophase I and
meiotic chromosomes failed to synapsis (Pittman et al., 1998). The Arabidopsis atdmc1
mutant fails to undergo meiotic synapsis; however, chromosomes remain intact (Couteau
et al., 1999). Although normal SC is not formed, yeast and mouse dmc1 mutants show
signs of axial element formation, suggesting that DMC1 is required for the establishment
of connection linking two axial elements.
In addition to DMC1, budding yeast possess another RecA homolog, RAD51.
Different than DMC1, RAD51 functions in both meiotic and mitotic homologous
recombination (Shinohara et al., 1992). In meiosis, rad51 mutants accumulate DSBs and
exhibits reduced recombination (Shinohara et al., 1992). RAD51 in budding yeast
interacts directly with RAD54, a member of SWI2/MOT1 family (Jiang et al., 1996).
Detailed analysis of the dmc1 and rad51 mutants suggests that these two genes perform
both overlapping and distinct functions in meiotic recombination (Shinohara et al., 1997).
Interestingly, these two proteins may share the same recombination functions, therefore
they can substitute each other under certain circumstances. Consistently, RAD51 may act
in a complex with DMC1 and function in recombination as they proteins might form
nuclear complexes prior to chromosome synapsis (Bishop, 1994). However, synapsis
appears to not be severely affected in the rad51 and dmc1 mutants, although the
association of axial elements is substantially delayed (Rockmill et al., 1995), indicating
that the RAD51 and DMC1 may function either later than the formation of synaptonemal
complex.
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RAD51 homologs have been isolated and characterized in a wide range of organisms
(Muris et al., 1997; Stassen et al., 1997; vanHeemst et al., 1997; Doutriaux et al., 1998;
Hayashi et al., 1999; Ayora et al., 2002; Rinaldo et al., 2002). The fission yeast RHP51
plays similar roles to that of the budding yeast RAD51, and fission yeast RHP51 and
DMC1 also play both distinct and overlapping roles in the repair of DSBs and in meiotic
recombination (Muris et al., 1997; Fukushima et al., 2000). The RAD51 homolog in
Aspergillus nidulans shows a 67.4% sequence identity to budding yeast RAD51
(vanHeemst et al., 1997). While a deletion mutant of A. nidulans RAD51 causes arrest at
meiotic prophase I, a null mutation causes the failure of meiotic cells to enter meiosis,
indicating that this RAD51 may have a function prior to entering meiosis (vanHeemst et
al., 1997). In Drosophila females, RAD51 plays essential roles in repairing meiotic DSBs
and also in meiotic chromosome pairing (Staeva-Vieira et al., 2003; Yoo and McKee,
2005). In C. elegans, rad51 RNAi lines show defective chromosome morphology in
diakinesis oocytes and accumulation of meiotic DSBs (Rinaldo et al., 2002; Takanami et
al., 2003). rad51 mutations in mice cause early embryo lethality, suggesting that mice
RAD51 may have an essential function in mitosis (Lim and Hasty, 1996; Tsuzuki et al.,
1996). In Arabidopsis, null mutation in RAD51 causes defective meiotic recombination
and synapsis, and an accumulation of unprocessed meiotic DSBs (Li et al., 2004).
Different than the function of RAD51 in budding and fission yeast, RAD51 homologs in
A. nidulans, Drosophila, C. elegans, and Arabidopsis seem to be dispensable for
processing mitotic DSBs under normal growth conditions. However, hypersensitivity to
DNA damaging reagents have been revealed in these rad51 mutants, suggesting that
there is a RAD51-dependent pathway only active in responding to abundant mitotic
DSBs.
In addition to mutant studies, biochemical results including patterns of protein
localization and interaction also suggest functions of RAD51 and DMC1 in chromosome
paring, synapsis and recombination. Moreover, these studies together with the protein
characterization results support the idea that these two proteins have both distinct and
overlapping functions. RAD51 foci exhibit a change in numbers during meiotic prophase
I, and studies suggest that these foci are correlated with the sites of DSBs and the
formation of early recombination nodules (Anderson et al., 1997; Moens et al., 1997). In

13

budding yeast, both proteins colocalize to meiotic chromosomes during meiotic prophase
I and are thought to be components of early recombination nodules (RNs) (Bishop, 1994).
In lily, however, although these two proteins colocalize on or adjacent to chromosomes
from leptotene on to zygotene, the DMC1 foci disappear but the RAD51 foci retain at
pachytene, indicating that RAD51 might have a late function after crossover formation
(Ikeya et al., 1996). Furthermore, in budding yeast, normal loading of DMC1 onto
chromosomes seems to be dependent on the presence of RAD51, as DMC1 foci are
detectable but reduced in rad51 mutants, but RAD51 foci are normal in dmc1 mutants
(Bishop, 1994; Shinohara et al., 1997).
Although DMC1 and RAD51 proteins share high sequence similarity, recent studies
suggest that their structural properties might be remarkably different. The human RAD51,
like RecA protein in E. coli, form typical helical nucleoprotein filaments that promote
strand invasion and formation of heteroduplex DNA. However, the human DMC1,
showing binding preference to ssDNA and promoting formation of strand exchange
between homologous DNAs, forms octameric ring structures that may be stacked to form
short filaments (Passy et al., 1999). Further studies identified hydrogen bond interaction
at the monomer-monomer interfaces of DMC1 that are required for forming octamer ring
structure (Kinebuchi et al., 2004). In fission yeast, RAD51 also forms helical
nucleoprotein filaments; but different than that in human, fission yeast DMC1 protein can
form both helical filaments and stacked rings (Sauvageau et al., 2005). This study may
stimulate further research in understanding the functions of DMC1 in fission yeast and its
relationship to RAD51 function.
Biochemical studies suggest that both DMC1 and RAD51 exhibit DNA-stimulated
ATPase activity, prefer to binding ssDNA, and catalyze ATP-dependent strand exchange
reactions with homologous duplex DNA. However, double mutant studies of red1 with
dmc1 and rad51 provide evidences supporting conclusion that these two proteins have
both distinct but overlapping functions (Shinohara et al., 1997). RED1 is a
phosphoprotein that serves as a structural component of axial element, and is important
for synapsis and the establishment of an interhomolog-only recombination pathway by
promoting DSB formation (Hollingsworth and Ponte, 1997; Schwacha and Kleckner,
1997; Smith and Roeder, 1997). Although both RAD51 and DMC1 function in promoting
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interhomolog recombination, in a red1 dmc1 double mutant, interhomolog recombination
is almost completely absent (Interhomolog:intersister <0.1), whereas a red rad51 double
mutant has a reduced but relatively high level of residue interhomolog recombination
(Interhomolog: intersister ratio is 0.35 (Schwacha and Kleckner, 1997). Therefore,
DMC1 may play a more critical role in directing the recombination into interhomolog
pathway.
Mammalian and plant RAD51 ortholgs: RAD51B, RAD51C, RAD51D, XRCC2, and
XRCC3
In addition to RAD51 and DMC1, mammals posses other RAD51 homologs,
including RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3 (Tebbs et al., 1995;
Albala et al., 1997; Dosanjh et al., 1998; Liu et al., 1998; Pittman et al., 1998). These
genes exhibit various levels of similarity with the RAD51 gene, and functional analyses
suggest that these genes are orthologous to RAD51.
Human RAD51B encodes a 305 amino acid protein and expresses widely but is
highest in tissues active in recombination (Albala et al., 1997). Mutant analysis of
RAD51B in a chicken B lymphocyte DT40 cell line indicates that RAD51B is important
for maintaining genome integrity and for homologous recombinational repair (Takata et
al., 2000; Takata et al., 2001). However, the rad51b mutant is viable, although about 20%
cells of each generation die as a result of spontaneous chromosomal aberrations,
indicating that RAD51B is required for repairing DNA breaks or damages under normal
growth conditions. Moreover, the rad51b cells exhibit increased sensitivity to DNA
cross-linking agents. Interestingly, rad51b exhibits a reduction of damage-induced
RAD51 foci formation, suggesting that RAD51B might function in proper loading of
RAD51 upon signaling DNA damages. Arabidopsis has a RAD51B homolog, named
AtRAD51B. The atrad51b mutant is fertile, undergoes normal meiosis, and normal
vegetative growth under normal conditions (Bleuyard et al., 2005; Osakabe et al., 2005).
atrad51b mutant exhibits moderate sensitivity to DNA-damaging agents including
gamma-radiation and cisplatin, indicating that the function of RAD51B is less important
in plant mitosis, possibly because homologous recombination is less active in plants.
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RAD51C in human encodes a 376 AA protein showing 18-26% identity to other
human RAD51 proteins (Dosanjh et al., 1998). This gene expresses widely with the
highest level in testis. Mutation of RAD51C results in the DNA damage-sensitivity in a
hamster cell lines, and an increase in spontaneous chromosomal aberrations such as a
lack of sister chromatid exchanges and increased isochromatid breaks (French et al., 2002;
Godthelp et al., 2002). Moreover, mutant cell lines also exhibit reduced RAD51 foci
formation upon DNA damage treatments, supporting the notion that RAD51C is a key
component in RAD51-dependent processes (Bleuyard et al., 2005). Drosophila possess a
RAD51C homolog which encodes a 271 AA protein and mutation in this gene results in
abnormal chromosomal behaviors including a high percentage of oblong and fragmented
chromosomes (77%) (Abdu et al., 2003). However, Drosophila RAD51C seems to lack a
significant role in mitosis as the mutant grows normally and does not show an increased
sensitivity to either MMS or gamma rays. The authors proposed that as Drosophila lacks
a detectable homolog of DMC1, it is possible that Drosophila RAD51C and XRCC3
function together in a pathway specific for meiosis as a replacement of the DMC1
function. In Arabidopsis, which has a DMC1 homolog, RAD51C is critical in meiosis
and mutation in this gene causes striking fragmentation of meiotic chromosomes visible
from the end of prophase I, suggesting that Arabidopsis RAD51C is critical for
processing meiotic DNA breaks (Bleuyard et al., 2005; Li et al., 2005). Furthermore,
homologous chromosomes in atrad51c fail to undergo synapsis and homolog
juxtaposition (Li et al., 2005).
RAD51D in mouse encodes a 319 AA protein with significant similarity to other
RAD51 proteins (Pittman et al., 1998). Mouse RAD51D expresses widely and different
sizes of transcripts are detected, suggesting the different mRNA splicing might be
involved in regulating the RAD51D function (Pittman et al., 1998). In human, the
splicing variants of RAD51D are also present, suggesting that this might be a conserved
mechanism in mammals (Kawabata and Saeki, 1999; Kawabata et al., 2004). Genetic
studies suggest that RAD51D also plays an important role in homologous recombination.
In mouse, rad51d lines exhibit embryo lethality and fibrablast cell lines undergo cell
lethality, suggesting that RAD51D plays an important role in cell proliferation (Pittman
and Schimenti, 2000). In addition, rad51d mutant cells exhibit increased centrosome
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fragmentation and RAD51 foci formation (Smiraldo et al., 2005). Therefore, RAD51D
may bind indirectly to RAD51 and may be required for maintaining genome stability by
repairing DNA damage, in conjunction with RAD51 (Pittman and Schimenti, 2000). The
death of rad51d mouse embryo may also be a result of p53 activation, as a p53 deletion
extends the life span of rad51d embryos and rescues the cell lethal abnormality (Smiraldo
et al., 2005). A recent study reports that RAD51D is also involved in telomere
maintenance (Tarsounas et al., 2004). RAD51D is shown to localize to telomere regions
in both mitotic and meiotic cells, and the mouse rad51d trp53 mutant exhibits telomeric
DNA repeat shortening and increased telomere end-to-end joining. A RAD51D homolog
has also been discovered in Arabidopsis; however, functional analysis has not yet been
performed.
XRCC2 (X-ray repair complementing defective repair in Chinese hamster cells 2)
was identified in human cells based on isolating cDNA that can complement X-ray
sensitive mutant cell lines. XRCC2 from human and mouse exhibit high similarity and in
mouse, XRCC2 expresses widely, with an elevated level in mouse testis (Cartwright et al.,
1998). The mutant cell line, irs1, shows extreme sensitivity to DNA cross-linking agents
and genome instability (Tambini et al., 1997; Cartwright et al., 1998). The mouse
XRCC2-deficient mutant exhibits embryo lethality and dies before or at birth. Embryonic
cells exhibit genome instability as shown by presence of high level of chromosomal
aberrations and sensitivity to gamma rays. In irs1 mutant cell lines, homologous
recombinational repair of DNA DSBs is greatly reduced although a normal level of nonhomoglogous end-joining is present (Johnson et al., 1999). Therefore, XRCC2 might play
a critical role specific for homologous repair of mitotic DSBs (Johnson et al., 1999;
Deans et al., 2000). Detailed analysis of human XRCC2 protein suggests that its putative
ATP-binding domain is critical for its function in homologous recombination repair as
site-specific mutations in the putative ATP-binding region fail to restore the irs1
phenotype (O'Regan et al., 2001). Similar to RAD51C and RAD51D, XRCC2 is also
required for proper loading of RAD51 onto chromosomes as determined by the lack of
RAD51 foci formation in irs1 mutant cells (O'Regan et al., 2001).
Human XRCC3 was isolated as a cDNA that partially restores MMC resisitance for
an irs1SF cell line (Tebbs et al., 1995). irs1SF mutant cells exhibit reduced plating
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efficiency and growth rate, severe chromosome instability, and sensitivity to cisplatin and
gamma rays. Further analysis using a novel fluorescence-based assay of the XRCC3deficient irs1SF cell line revealed a 25-fold reduction in homologous recombinational
repair of DSBs which suggests that XRCC3 is involved in homologous recombination
(Pierce et al., 1999; Brenneman et al., 2000; Johnson and Jasin, 2001). In addition,
RAD51 foci do not occur in the irs1SF mutant cells, indicating that a possible function of
XRCC3 in homologous recombinational repair is to establish or to stabilize the RAD51
foci upon signaling DNA damages (Bishop et al., 1998). Complementation of the mutant
cell line with XRCC3 increases the frequencies of homologous recombinational repair
(Brenneman et al., 2000). In addition to early function including initiation of homologous
recombination, XRCC3 may also function at late stages in resolving HR intermediates
(Brenneman et al., 2002). In Arabidopsis, AtXRCC3 was identified as a homolog of
mammalian XRCC3 (Osakabe et al., 2002). AtXRCC3 expresses widely but with the
highest level in flower buds (Osakabe et al., 2002). Mutation in AtXRCC3 results in
defective male and female meioses with severe fragmentation of meiotic chromosomes
after pachytene (Bleuyard and White, 2004). This chromosome fragmentation can
partially be suppressed by atspo11-1 mutation, indicating that AtXRCC3 is required for
repairing the meiotic DSBs generated by AtSPO11-1 function (Bleuyard et al., 2004).
Although atxrcc3 can survive and undergo normal vegetative development, mutant cells
and plants exhibit increased sensitivity to DNA-damaging treatments with MMC and
bleomycin (Bleuyard and White, 2004).
In mammals, biochemical analyses have shown that these mammalian RAD51
paralogs function in the form of complexes. Yeast two-hybrid tests confirmed that human
RAD51D interacts with XRCC2 and RAD51C; in addition, yeast three-hybrid system
indicates that a number of different pairs of interactions between these human RAD51
paralogs may occur simultaneously (Schild et al., 2000). Later experiments with isotopetagged proteins suggest that RAD51B is also involved in the above confirmed complex,
therefore making a four-component complex including RAD51B, RAD51C, RAD51D,
and XRCC2 (defined as BCDX2) (Masson et al., 2001). The BCDX2 complex binds to
nicks of duplex DNA and exhibits ATPase activity in vitro. These results together with
the observations that RAD51B (Takata et al., 2000; Takata et al., 2001), RAD51C
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(French et al., 2002), RAD51D (Smiraldo et al., 2005), and XRCC2 (O'Regan et al., 2001)
are required for proper formation of RAD51 foci, indicate that these proteins may
function as a complex in both assembling the RAD51 complex and in the initial
processing of the single-stranded DNA at the damaged sites. Another complex, between
RAD51C and XRCC3, was originally detected with a yeast two-hybrid system, and then
with interaction of proteins expressed in baculovirus-infected insect cells (Kurumizaka et
al., 2001; Masson et al., 2001; Masson et al., 2001), and then confirmed with human cells
lines that stably express isotope-tagged XRCC3 or RAD51C proteins (Wiese et al., 2002).
In addition, XRCC3 is shown to be required for stabilizing RAD51C possibly by forming
dimers, and this function requires the ATPase activity, suggesting that XRCC3 may
regulate the dimerization through its ATP binding and hydrolysis activity (Yamada et al.,
2004). Consistently, XRCC3 cDNA with a point mutation at the conservative amino acid
of ATPase domain fails to complement the irs1SF mutant abnormalities, indicating that
the ATPase activity is critical for the proper function of XRCC3 (Yamada et al., 2004). In
Arabidopsis, yeast two-hybrid experiments have identified an interaction between
AtXRCC3 and AtRAD51C (Osakabe et al., 2002) and an interaction between
AtRAD51B and AtRAD51C (Osakabe et al., 2005), suggesting that the mammalian
patterns of the RAD51 paralogs functions via forming complexes are also present in
plants.
Preview
This dissertation describes basically the studies of three genes. One of them, the
Arabidopsis SOLO DANCERS gene, encodes a novel putative plant cyclin specific for
meiosis and is essential for meiotic recombination and synapsis (See Chapter 2). My
observation of both male and female meiosis confirmed the previous results obtained by
Dr. Azumi. The categorization of meiocytes into substages during meiotic prophase I
indicates that the meiotic progression is affected in the sds mutant, suggesting a role of
SDS in cell cycle progression. Result of genetic tests indicates that SDS is required for
meiotic recombination. Further analysis of the relationship between SDS and other
Arabidopsis proteins required for meiosis indicates that AtSPO11-1 might not be
significantly regulated by SDS.
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I also analyzed the T-DNA insertional mutants of the other two genes required for the
processing (or repair) or meiotic DSBs, AtRAD51 (Chapter 3) and AtRAD51C (Chapter 4).
Mutant studies suggest that both genes are indispensable for the repair of AtSPO11-1
generated meiotic DSBs. Although mutant studies have suggested that their animal and
yeast paralogs are required for mitotic homologous recombination, the Arabidopsis
AtRAD51 and AtRAD51C genes are not essential for mitosis under normal growth
conditions, indicating that these two genes might be specialized for meiosis in plants.
These analyses, in together with the phylogenetic (Lin et al., unpublished data) and
mutant characterization of other Arabidopsis RAD51-like genes (Xiao et al., unpublished
data), have elucidated some targets of interest for further studies of the function of
RAD51 genes in Arabidopsis meiosis.
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Chapter 2
Functional analysis of SOLO DANCERS, a gene required for
homologous recombination and synapsis in Arabidopsis meiosis

Part of this chapter is drawn from the published article by Azumi Y, Liu D, Zhao D,
Li W, Wang G, Hu Y, Ma H (2002) Homolog interaction during meiotic prophase I in
Arabidopsis requires the SOLO DANCERS gene encoding a novel cyclin-like protein.
EMBO Journal 21: 3081-3095. Permission to use these results has been explicitly granted
from the publisher and copyright holder, the Nature Publishing Group. Dr. Azumi
contributed to the analysis of male meiosis in sds by providing some panels for Fig. 1 and
Fig. 3. Genetic analysis of the meiotic recombination in the sds mutant (Table 1) was
done in collaboration with Dr. Dazhong Zhao. All other results were generated by
Wuxing Li.
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Summary
Interactions between homologs in meiotic prophase I, such as recombination and
synapsis, are critical for proper homolog segregation and involve the coordination of
several parallel events. However, few regulatory genes have been identified; in particular,
it is not clear what roles the proteins similar to the mitotic cell cycle regulators might play
during meiotic prophase I. We describe here the characterization of a new Arabidopsis
mutant called solo dancers that exhibits a severe defect in homolog synapsis,
recombination and bivalent formation in meiotic prophase I, subsequently resulting in
seemingly random chromosome distribution and formation of abnormal meiotic products.
These results argue strongly that homolog interactions during meiotic prophase I require a
novel meiosis-specific cyclin in Arabidopsis. To further identify the interacting partners
or downstream components of SDS, molecular genetic approaches were applied to test
whether AtSPO11-1 function is blocked by the loss of SDS. Double mutant analyses
indicate that meiotic double-stranded DNA breaks can be formed in the sds background,
suggesting that the AtSPO11-1 function does not require the presence of SDS.
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Introduction
Cell cycle progression, especially the control of major cell cycle transitions, is
regulated by cyclin-dependent kinases (CDKs), together with their regulatory partners the
cyclins, which are required for the proper function of CDKs. Regulation of CDK activity
has been observed in both mitotic and meiotic cell cycles. In the mitotic cell cycle,
oscillation of CDK activity, which is achieved by regulated proteolysis of cyclins and
CDK inhibitors, promotes the progression through mitosis in eukaryotes (King et al.,
1996). Regulation of the activity of certain CDKs is also involved in meiotic cell cycle
progress from DNA replication, entry into meiosis, the first to second meiosis transition,
and transitions to meiotic divisions (Dirick et al., 1998; Liu et al., 1998; Stuart and
Wittenberg, 1998; Liu et al., 2000; Ortega et al., 2003; Strich et al., 2004; Sugiura et al.,
2005). The pattern that CDKs function together with cyclins has been found to be
conserved in all eukaryotes, including yeasts, Drosophila, C. elegans, mammals, and
plants. Furthermore, this interaction has been observed in both well-studied mitotic cell
cycle and less known meiotic cell cycle (King et al., 1996; Schafer, 1998; Joubes et al.,
2000; Nabel, 2002; Dewitte and Murray, 2003; Sanchez and Dynlacht, 2005).
Numerous studies have shown that cyclins function in mitosis by regulating DNA
replication, transitions, and other processes (Tyson et al., 2002; Sanchez and Dynlacht,
2005). However, in meiosis, very few cyclin-like genes have been identified and their
functions studied. In mouse, A-type cyclin family consists of two members, Cyclin A1
and Cyclin A2 (Wolgemuth et al., 2004). Cyclin A1 (Ccna1) is expressed exclusively in
germ cells of mouse. Mouse cyclin A1 mutants exhibit normal female meiosis, but male
meiosis is arrested before the first meiotic division, associating with increased desynapsis
of meiotic chromosomes and a p53-invovled apoptosis of meiotic cells(Liu et al., 1998;
Liu et al., 2000; Salazar et al., 2005). This indicates that Cyclin A1 plays a critical role in
the activation of the M-phase-promoting factor (CDK) during spermatogenesis prior to
metaphase I and mutants. In addition, the loss of Cyclin A1 function cannot be
complemented by concurrently expressing B-type cyclins, indicating that these cyclins
may have specific functions in progression of meiosis (Liu et al., 1998). Other
experiments have shown that cyclins may interact with cyclin-dependent kinesis (CDKs)
to regulate chromosome interactions during meiosis (Ashley et al., 2001).
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Proteins that are involved in both mitosis and meiosis have also been discovered and
studied. The Saccharomyces cerevisiae CLB5 and CLB6 proteins are known to function
in meiosis in initiating DNA replication by activating a CDK, CDC28. Studies suggest
that they are also required for premeiotic DNA replication, initiation of recombination,
and SC formation during meiosis (Dirick et al., 1998; Stuart and Wittenberg, 1998; Smith
et al., 2001). In budding yeast, single clb5 and clb6 mutants are defective in initiating
meiotic DNA replication, resulting in failures in DSB induction, and subsequent meiotic
recombination and SC formation (Stuart and Wittenberg, 1998; Smith et al., 2001). In
addition, these proteins might also function as components of a meiosis DNA replication
checkpoint since mutants proceed through abnormal meioses without DNA replicated
(Stuart and Wittenberg, 1998). On the other hand, ecotopic activation of B cyclin-cdc28
activity in budding yeast stimulates additional rounds of meiotic DNA replication, which
is facilitated by the repression of normal recombination and SC formation (Strich et al.,
2004), suggesting the presence of balancing forces exerted by different types of cyclins
between meiotic DNA replication and meiotic progression.
Cyclins involved in meiosis have rarely been studied in Arabidopsis and other plants.
SDS is so far the first cyclin known to be required for meiotic recombination and synapsis
(Azumi et al., 2002). This gene encodes a novel cyclin which does not belong to any
known cyclin categories (Wang et al., 2004), therefore it might have evolved with a novel
function. A point mutation with a isoleucine replacement of a conserved threonine
residue in the Arabidopsis CYCA1;2 protein, tardy asynchronous meiosis (TAM), results
in delayed and asynchronous meiotic cell divisions (Magnard et al., 2001; Wang et al.,
2004). TAM might be involved in controlling the G2/M transitions and other processes
such as chromosome condensation but is less likely involved recombination and SC
formation. Therefore, in comparison with TAM and most other known cyclins, SDS
seems more likely to be involved in meiotic recombination and SC formation. In sds
plants, male meiocytes progress through meiotic divisions and form polyads as a result of
abnormal chromosome segregation. Although we have not ruled out the possibility that
meiotic cell cycle may be elongated in sds or a certain fraction of meiocytes undergo
apoptosis during meiosis, our current studies focus on the recombination and SC
formation in sds.

39

One objective of the genetic study is to search for the possible interacting partners of
SDS in regulating meiotic recombination and SC formation. Based on the results of the
sequence analysis, interaction with Arabidopsis CDKs (Azumi et al., 2002), and
complementation of budding yeast cyclin mutants by SDS (Wang et al., unpublished
data), it is likely that SDS functions in regulating synapsis and recombination by
activating a cyclin-dependent kinase. Furthermore, in budding yeast, a C type cyclin
UME3, acts in repressing expression of certain recombination related proteins during
mitotic cell cycle (Cooper et al., 1997). In this hypothesized scenario, SDS may 1)
interact with a CDK, and this SDS-CDK activity is required for promoting the function of
their downstream components by protein modification in recombination and SC
formation; or 2) function in regulating some critical proteins at transcription levels. The
putative proteins for this test were chosen from Arabidopsis proteins known to be
required for meiotic recombination and SC formation. AtSPO11-1 was chosen because
mutation in this gene results in a similar but less severe abnormal recombination and SC
formation, therefore indicating that these two genes might function in the same pathway
(Grelon et al., 2001).
Study on the possible relationship between SDS and AtSPO11-1 is important because
although numerous studies has shown that SPO11 protein can be important in generating
DSBs in multiple organisms, how its function is regulated is almost unknown. Testing
our hypothesis could provide insight into the regulation of AtSPO11-1 function, and the
regulation of recombination in meiosis. To test this hypothesis, we designed experiments
to check the possible interaction between these two genes and report here the preliminary
results. Two sets of experiments were applied in testing the two sub-hypotheses: 1) RTPCR experiment was performed to determine whether the expression of AtSPO11-1 is
regulated by SDS; 2) The sds atspo11-1 double mutant was analyzed to determine
whether SDS is upstream of AtSPO11-1. Other double mutants, such as sds syn1, sds
ask1, and sds atrad51-1 were also analyzed in determining whether double-stranded
DNA breaks are formed in the sds background (Bai et al., 1999; Yang et al., 1999; Li et
al., 2004).
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Experimental procedures
Phenotypic characterization
Images for whole plants were taken with a Sony SCF-700 digital camera, and samples
of fresh plant parts were photographed using a dissecting microscope associated with an
Optronics digital camera. Developing microspores and meiotic products from fresh floral
buds were stained using an aqueous solution of toluidine blue (0.05%). Anthers prior to
dehiscence were stained with Alexander’s solution to distinguish viable and dead pollen
grains (Alexander, 1969). Chromosome spreads were prepared with meiocytes from
young developing anthers as described by (Ross et al., 1996) and stained with 5 µl of
DAPI (1 µg/mL). Digital images were obtained by using an Optronics camera mounted
on a Nikon fluorescence microscope. Female meiosis was analyzed essentially according
to (Armstrong and Jones, 2001), using floral buds at stages 10–11 (Smyth et al., 1990).
Genetic analysis of meiotic recombination in the sds mutant
For recombinational studies, plants were generated that had the appropriate genotypes
with respect to both the SDS gene and molecular markers for detecting recombination.
First sds/+ (Ler) was crossed with the Columbia (Col) ecotype to introduce the sds
mutation into a different ecotype so that we could use molecular markers to detect
recombinational events. We identified the desired F1 plants from such crosses using
kanamycin resistance and screened the F2 generation by PCR for sds/+ plants that were
homologous for the Col allele at both of two microsatellite markers (Bell and Ecker, 1994)
on either chromosome II or V. The chromosome II markers were nga1126 and AthBIO26,
and the chromosome V markers were nga76 and nga106
(http://genome.salk.edu/SSLP_info/SSLPsordered.html). These F2 plants were then
crossed with our original sds/+ (Ler) plants to yield both sds/sds mutant plants
(experimental) and sds/+ or +/+ normal plants (control); all of these plants were
heterozygous (L1L2/C1C2) for two molecular markers on either chromosome II or V.
The experimental and control plants were grown to maturity. Their seeds were then
germinated on MS plates and DNAs were isolated from the seedlings and used for
genotyping by PCR using the primers for the two markers on the relevant chromosome.
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Determination of the AtSPO11-1 expression in sds/sds mutant plants
RNA samples were extracted from young unopened floral buds of wild-type and sds
mutant plants. For RT-PCR, 1µg of total RNA from each sample was treated with
RNase-free DNase I (Invitrogen Inc.) followed by inactivation of the DNase I. Reverse
transcription was performed using Supertranscriptase II (Invitrogen Inc.) and synthesized
cDNA was used as the template for PCRs. The primers used for the PCRs were oMC 670
(5’- GCAAGAAAATAGACATGCTTCA-3’) and oMC 671 (5’ATCTCTGACAAAAAGGACAGT-3’). As a control, the APT1 cDNA in the same
samples was amplified using primer pair OMC571 5’TCCCAGAATCGCTAAGATTGCC-3’ and OMC572 5’-CCTTTCCCTTAAGCTCTG3’, based on a report that this gene is expressed constitutively in different Arabidopsis
organs (Moffatt et al., 1994).
Analysis of the meioses in the sds syn1, sds atspo11-1, and sds atrad51-1 double
mutants
F1 double heterozygous mutants of SDS/sds, SYN1/ syn1, SDS/sds; AtSPO11-1/
atspo11-1, and SDS/sds; AtRAD51/ atrad51-1 were generated by crossing between
SDS/sds and corresponding heterozygous mutant plants and genotyped with gene-specific
primers. The progeny of the double-heterozygous plants were genotyped with genespecific primers and chromosome behaviors in male meiocytes of identified doublemutant plants were analyzed with DAPI staining. For SDS/sds, the gene-specific primers
used for genotyping the progeny plants are: oMC 271 (5’-CGATGAGGAATTCAAAGC
GC-3’), oMC 272 (5’-CGTCTCCTTCACATTATAACC-3’), and oMC 207 (5’-GTTAC
CGACCGTTTTCATCC-3’). oMC 271 and oMC 272 are combined for detecting the
presence of a wild-type SDS copy, and oMC 271 + oMC 207 for detecting the Ds
insertion. For AtSPO11-1/atspo11-1, oMC 703 (5’-ACGTATCGGGCCTAAATTCC-3’);
oMC 704 (5’-TTTGGAGATCTTCCTTCAGCC-3’) are combined for detecting the
presence of a wild-type of AtSPO11-1, and oMC 703 and oMC 705 (5’-ACTGGGATTC
GTCTTGGACA-3’) are combined to detect the presence of a T-DNA insertion. For
SYN1/syn1, oMC 470 (5’-CTCTGAAAGTCTTCAAGTGTC-3’) and oMC 471 (5’-CTC

42

CGTTGAGGATTCTTACTC-3’) are used for detecting wild-type SYN1 copy, and oMC
471 + oMC 482 (5’-TGACTCTTTTCTGAGATTGTGCTC-3’) for the presence of a TDNA insertion. For AtRAD51/atrad51-1, amplification with the primers oMC1446 (5'TGCCGTATGCTCAACAGGAGGT-3') and oMC1447 (5'-GAACGCTATTGTGATCT
CATGTGTGTTACA-3') can generate a 379-bp band if one or two wild-type copies of
AtRAD51 are present, and oMC1446 and oMC1286 (5'-ATATTGACCATCATACTCAT
TGC-3') can be used to detect the presence of a T-DNA insertion.
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Results
1. Phenotypic analysis of the solo dancers mutant
In an attempt to isolate genes that are involved in meiosis in Arabidopsis, our lab
initiated a search for transposon-induced mutants several years ago. Among the genes
discovered, the SDS gene was found to encode a novel cyclin according to its sequence
similarity with known cyclin genes (Azumi et al., 2002).
1.1 Male and female meiosis I in sds is defective
Previous cytological studies in Arabidopsis have developed techniques in obtaining
high quality chromosome spread images for meiosis (Ross et al., 1996). In wild-type
Arabidopsis, during leptotene (Figure 1A), chromosomes begin to condense and form
visible thin lines. Chromosomes continue to condense and begin synapsis at zygotene
(Figure 1B); at pachytene (Figure 1C), homologs have completed their synapsis, as
indicated by the appearance of thick lines. In late diplotene (Figure 1D), homologs
desynapse along much of the chromosome, leaving only limited association at the
chiasmata; the chromosomes are also condensed further. At late diakinesis (Figure 1E),
chromosomes are very highly condensed and the five bivalents can be easily recognized.
In sds mutant cells, chromosomal patterns similar to the wild-type leptotene through
pachytene stages were observed (Figures 1F–H). Although it was difficult to determine
whether diplotene in the sds mutant (Figure 1I) was normal, it was obvious that by
diakinesis the homologs were not attached in sds cells, as indicated by the observation of
10 univalents (Figure 1J). In addition, we noticed that the sds cells with chromosome
images similar to that in Figure 1H were very infrequent, suggesting a defect in synapsis.
To determine the distribution of prophase I cells, we examined hundreds of wild-type and
sds meiotic cells. Because male meiosis in Arabidopsis is slightly asynchronous, a
population of male meiotic cells from a single flower can cover a few adjacent meiotic
stages or substages of the long prophase I. When data from samples containing only or
largely prophase I cells were summarized (Figure 2), we found that among the wild-type
prophase I cells (three samples, 717 cells), nearly half were pachytene cells, and
relatively few were leptotene cells, with the other stages having moderate numbers of
cells. In particular, pachytene was also the most frequent class in each individual sample
(data not shown). In contrast, the sds mutant showed a dramatically different distribution
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for prophase I substages (six samples, 1241 cells); the number of cells at the leptotene
and zygotene stages was higher than normal, whereas cells at the pachytene stage were
very rare. In this case, pachytene-like cells were the least frequent in each sample. The sds
distribution of prophase I stages further supports the idea that synapsis is defective in the
mutant.
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Figure 1. Male meiosis I in wild-type and the sds mutant.
Shown are images of DAPI-stained chromosomes. (A–E) Wild-type prophase I at
leptotene, zygotene, pachytene, diplotene and diakinesis, respectively; note that (E)
shows five brightly stained entities, representing five attached pairs of condensed
homologs. (F–J) The sds mutant prophase I at similar stages; note that in (J), 10 staining
bodies can be seen, indicating that the condensed homologs formed univalents. The
arrows, as well as the two pairs of arrowheads, point to two strands of a partially
separated chomosome, suggesting precocious separation of the arms of sister chromatids.
(K–N) Wild-type early metaphase I, late metaphase I, anaphase I and telophase I,
respectively. Chromosomes align at the equator (K), and are elongated presumably due to
the forces of the spindle (L). Homologs separate (M) and form two clusters (N). (O–
R) Meiosis I images from the sds mutant after prophase I. Chromosomes condense
further (O), similarly to normal metaphase I chromosomes, but they did not all align at
the equator. Chromosomes in (P) are elongated similarly to those in (L). Chromosomes
are elongated further in (Q), suggesting that they might be pulled by the spindle as
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normal homologs are at anaphase I. Some chromosomes more distant from the center
seem to have decondensed (R), resembling those in normal telophase I.
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Figure 2. Distribution of prophase I cells in wild type and the sds mutant.
Chromosome spreads were examined and the distribution of prophase I cells is shown
above. The number of images at each stage is shown above the appropriate bar. The sds
leptotene, zygotene, pachytene and diplotene stages were assigned on the basis on
chromosome condensation and overall morphology, as shown in Figure 2. The sds
zygotene and diplotene stages were not based on pairing or bivalents, respectively. The
sds diakinesis images all had 10 univalents.
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1.2 Meiosis II in sds exhibit abnormal chromosome behaviors
During meiosis II in the wild-type male meiocytes (Figure 1), the two groups of
chromosomes are separated by a band of organelles (arrows in Figure 1A–D). Partially
condensed chromosomes were observed during prophase II (Figure 3A); at metaphase II,
they congressed at the two equators (Figure 3B). Sister chromatids then separated at
anaphase II (Figure 3C), moved to opposite poles at telophase II (Figure 3D) and
decondensed to form four nuclei (Figure 3E). In the sds mutant, chromosome distribution
was abnormal, most probably due to a defective meiosis I, but chromosome condensation
and sister chromatid separation seemed to be quite normal. Chromosomes condensed at
prophase II (Figure 3F and K), but alignment was abnormal (Figure 3G and L). Then
sister chromatids separated at anaphase II (Figure 3H and M), and moved apart at
telophase II (Figure 3I and N). Distributions of meiotic cells from metaphase I to the end
of meiosis II were not dramatically different between the wild type and the sds mutant
(data not shown).
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Figure 3. Male meiosis II in wild type and the sds mutant.
(A–O) Images obtained from chromosome spreads. (A–D) Wild-type meiosis II at
prophase, metaphase, anaphase and telophase, respectively. The arrows in these panels
indicate the characteristic organellar band present during meiosis II. The DAPI staining
patterns suggest the following events during normal meiosis II. First chromosomes
condense (A) and move to the equatorial plain (B). Then sister chromatids separate (C)
and move apart (D). The well-separated chromosomes form four nuclei (E). In the sds
mutant, meiosis II seems to follow the normal course of events, although the distribution
of initial groups of chromosomes is abnormal due to defects in meiosis I. Arrows in (F–H)
and (K–N) indicate the organellar band. Chromosomes condense (F and K) but they do
not align into tight plates (G and L). Nevertheless, subsequent separation of sister
chromatids seems normal (H, I, M and N). In some cases, even an isolated chromosome
can separate into two sisters (arrowheads in H and M). The separated chromosomes then
form clusters. In (I), there are two pairs of clusters with four chromosomes each, and a
pair of clusters each with two chromosomes (arrowheads); in (N), one pair has four
chromosomes in each cluster (arrowheads) and the other pair has six chromosomes in
each cluster. These clusters then form nuclei (eight in J and six in O).
50

1.3 Female meiosis is also affected in the sds mutant
Because the sds mutant also had reduced female fertility, we examined female
meiosis in the wild-type and the sds mutant. As shown in Figure 4, wild-type prophase I
at diakinesis displays five bivalents (Figure 4A), which become highly condensed at
metaphase I (Figure 4B). The homologs separate at anaphase I, showing two groups with
five chromosomes each (Figure 4C). In contrast, female meiosis in the sds mutant at
diakinesis showed a variable number of univalents. Among 48 nuclei observed, 23
(47.9%) had only univalents (e.g. Figure 4D), similar to the sds male meiosis. Seven
(14.6%) and eight (16.7%) nuclei had one (Figure 4G) or two bivalents (data not shown),
respectively, with additional chromosomes forming univalents. Only a very small number
of nuclei had four (2/48, or 4.2%) or five (2/48) bivalents (data not shown). These 8% of
female meioses probably accounted for most of the female fertility when normal pollen
was used. At metaphase I in the sds mutant, as expected, many female meioses had only
univalents (Figure 4E) and others had some bivalents (Figure 4H). At anaphase I, one or
more pairs of chromosomes were often observed, suggesting that they were homologs
that had been associated in bivalents (Figure 4F and I). Other anaphase I images are
consistent with an absence of bivalents (data not shown). These results indicate that in the
sds mutant, female meiosis is defective in a way similar to male meiosis, but to a lesser
extent.
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Figure 4. Female meiosis I in wild type and the sds mutant.
Shown are DAPI-stained images of chromosome spreads from the wild type (A–C) or the
sds mutant (D–I). (A) A diakinesis image showing five bivalents. (B) At metaphase I, the
five bivalents are aligned in parallel. (C) At anaphase I, homologs had segregated and
formed two groups of five chromosomes each. (D) At diakinesis, 10 univalents can be
seen. (E) A metaphase I cell with 10 univalents. (F) An anaphase I cell with one pair of
chromosomes elongated (arrowheads), suggesting that they were from a bivalent. (G) A
diakinesis nucleus with one bivalent (arrows) and eight univalents (arrows point to two of
them). (H) A metaphase I cell with two bivalents (arrows) and six univalents. (I) An
anaphase I cell with three pairs of separating chromosomes that were probably from three
bivalents. Three (arrowheads) of the four univalents were on one side of the equator,
probably resulting in spores that have four or six chromosomes.
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2 Recombination is reduced in the sds mutant
The phenotypes of the sds mutant were similar to those of the recombination mutants
atspo11-1 and atdmc1, suggesting that sds might also be defective in recombination. To
test such a defect in the sds mutant, we generated sds/sds plants that were heterozygous
(L1L2/C1C2) for two molecular markers on each of chromosomes II and V (see
Materials and methods). Although the sds mutant was nearly sterile, it was able to
produce 50–100 seeds per plant (a normal plant can easily produce several thousand
seeds). When the seeds from sds plants were planted, many of them developed to
maturity and exhibited the same sds defects in fertility and meiosis (data not shown),
indicating that the seeds from sds plants were not from cross-pollination. The progeny of
sds/sds plants allowed the analysis of recombination frequency in the sds mutant. The
sds/+ or +/+ siblings were also heterozygous for the same molecular markers and served
as positive controls for recombination.
The progeny of both sds and normal plants (L1L2/C1C2) were analyzed for
genotypes of these markers. As shown in Table I, for the markers nga1126 and AthBIO26
on chromosome II, the control plants had 17.0% recombinants, whereas the sds plants
had no detectable recombinants. Similarly, for the markers nga76 and nga106 on
chromosome V, the control plants showed 16.5% recombinants, in contrast to the 4.5%
recombinants among sds plants. Therefore, meiotic recombination is greatly reduced in
the sds mutant. Our results were obtained from viable seedlings, which resulted from
viable pollen and embryos.
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Normal plantsa

sds mutant

Map
distanced

Markers
Genotypesb

P

Recombination Genotypesb

Recombination

frequencyc

frequencyc

R DR

P

R DR

Chrom. II
nga1126 and
AthBIO26

91 0

0

0

109 45 2

17.0%

25.46

92 9

0

4.5%

88

16.5%

35.05

Chrom. V
nga76 and
nga106

38 1

Table I. Meiotic recombination in normal and sds mutant plants
a

Plants included both SDS/SDS (chromosome II) and SDS/sds (chromosome V)

genotypes.
b

P (parental) = L1L2/L1L2 + L1L2/C1C2 + C1C2/C1C2; R

(recombinant) = L1L2/L1C2 + L1L2/C1L2 + L1C2/C1C2 + C1L2/C1C2; DR (double
recombinant) = L1C2/L1C2 + C1L2/C1L2; where L1 and L2 are Ler alleles, and C1 and
C2 are Col alleles.
c

Recombination frequency = (R + 4 x DR)/2(P + R + DR). The observed recombination

frequencies in normal plants were lower than the published map distances, possibly due
to the inability to score double or multiple crossovers; the chromosome V distance might
also reflect a dominant effect of the sds mutation on recombination because the plants
were SDS/sds.
d

The map distances (cM) are from http://genome.salk.edu/SSLP_info/SSLPsordered.html.
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3. Genetic Interaction between SDS and AtSPO11-1
The phenotype of the sds mutant was similar to that of the atspo11-1 mutant (Grelon
et al., 2000). Because AtSPO11-1 is an Arabidopsis homolog of budding yeast SPO11, it
was hypothesized to function in the generation of double-stranded DNA breaks (DSBs),
which are required for the initiation of meiotic recombination. Based on the results that
SDS may encode a novel meiotic-specific cyclin, SDS might function in together with
other proteins such as a cyclin-dependent kinase (CDK) in the regulation of protein
activities during meiosis. We are interested in investigating the possible relationship
between AtSPO11-1 and SDS during meiosis. The objective of this study is to determine
whether the activity of AtSPO11-1 requires the function of SDS therefore is downstream
of SDS, or whether the SDS-dependent activity functions downstream of AtSPO11-1, or
whether these two proteins function in independent pathways. Experiments were
designed to test these hypotheses.
3.1 Expression of AtSPO11-1 is not significantly reduced in sds
One hypothesis is that AtSPO11-1 may be regulated by SDS at the transcription level. If
SDS together with its associated CDK functions in removing of deactivating the
transcriptional regulators of AtSPO11-1, it might be expected that the expression of
AtSPO11-1 will be reduced in the sds mutant background. RT-PCR experiment was
applied to determine the level of AtSPO11-1 expression in young floral buds of wild-type
and sds mutant plants. Result suggests that AtSPO11-1 is expressed at a similar level in
the young floral buds of sds plants in comparison with that in wild-type plants (data not
shown). This result suggests that AtSPO11-1 is not likely to be regulated by SDS at the
transcriptional level.
3.2 The spo11-1 and sds spo11-1 mutants showed similar chromosome behaviors in
male meiocytes
A genetic approach to test whether two genes are involved in the same pathway is to
compare the phenotypes of the double mutant with the two single mutants. If the two
genes are functioning in the same pathway, the double mutant should have a phenotype
similar to one of the single mutant that has a more severe phenotype. If they two function
independently, the double mutant may have a combined phenotype of the two single
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mutants, or have a phenotype that is more severe than either of these two single mutants.
I carried out detailed analysis of the atspo11-1 single mutant and the atspo11-1 sds
double mutant; our results suggested that the phenotype of the double mutants is similar
to that of the sds mutant, which has a slightly more severe defect than the atspo11-1
mutant (Fig. 6). This result is in agreement with the notion that these two genes might
function in the same pathway. However, further experiments need to be performed to
understand the relationship between these two gene functions.
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Fig. 5 Analysis of male meiosis I in WT (A-D), sds (E-H), atspo11-1 (I-L), and sds
atspo11-1 (M-P). Stages included are zygotene (A, E, I, and M), pachytene (B, F, J, and
N), diakinesis (C, G, K and O), and anaphase I (D, H, L, and P).
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3.3 Double mutant analysis of sds atrad51-1 and sds syn1 indicates that AtSPO11-1
functions in the absence of SDS
Whether AtSPO11-1 functions in the absence of SDS was also determined by genetic
approaches. Analysis was done on two Arabidopsis mutants showing chromosome
fragmentation in meiosis, syn1 and atrad51-1, and their double mutant with sds and
atspo11-1, respectively. The results suggest that AtSPO11-1 functions independent of
SDS (Fig. 7 and 8). The Arabidopsis syn1 male meiocytes exhibited abnormal
chromosome condensation during early meiotic prophase I (Fig. 7A and B), and meiotic
chromosomes were severely fragmented by anaphase I (Fig. 7D). The meiotic
chromosome fragmentation was suppressed by an atspo11-1 mutation, suggesting that the
AtSPO11-1 function, which is theorized to generate meiotic DSBs, is responsible for the
meiotic breaks (Fig.7 E-H). In the sds syn1 double mutant, meiotic chromosomes in male
meiocytes were fragmented, suggesting that meiotic DSBs can be formed in the sds
background, therefore AtSPO11-1 function remains (Fig. 7L). Analysis of the sds
atrad51-1 and atrad51-1 atspo11-1 double mutants also indicates that the function of
AtSPO11-1 is not lost in the sds background, although the possibility that SDS may
regulate the level of AtSPO11-1 activity remains unclear.
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Fig. 6 Analysis of male meiosis I in syn1 (A-D), sds syn1 (E-H), and atspo11-1 syn1 (IL). Stages included are zygotene (A, E, and I), pachytene (B, F, and J), diakinesis (C,
G, and K), and anaphase I (D, H, and L). Please refer to Fig. 5 for male meiosis in
wild-type plants.
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Figure 7. Analysis of male meiosis in atspo11-1 (A and D), atrad51-1 atspo11-1 (B
and E), and sds atrad51-1 (C and F). Please refer to Fig. 5 for male meiosis in wildtype plants.
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Discussion
The Arabidopsis SDS gene is required for homolog synapsis and bivalent formation
We have described here the characterization of solo dancers (sds), a new mutant in
Arabidopsis that exhibits clear defects in male and female meioses, resulting in greatly
reduced male fertility and partial female fertility, respectively. Although the sds mutant
male meiocytes displayed normal chromosome condensation during prophase I, there
were many more zygotene cells and very few pachytene cells. One possibility is that in
the sds mutant normal synapsis of homologs cannot be achieved for most cells. The
observed sds zygotene stage cells could include the cells that had partial or no synapsis;
further analysis is needed to determine whether there is homolog pairing in sds cells. The
observations of individual univalents in all sds cells at late prophase I and early
metaphase I, and of separated arms of sister chromatids for at least some chromosomes at
diakinesis indicate that sds was defective in homolog synapsis and had a severe limitation
in the formation and/or maintenance of bivalents.
In female meiosis of the sds mutant, many univalents were present at late prophase I
and metaphase I, although one or two bivalents were often observed and four or five
bivalents occasionally were found. Therefore, female meiosis was partially functional,
providing an explanation for a higher female fertility than male fertility. More mild
female meiosis and fertility phenotypes than male phenotypes have also been observed in
several maize meiotic mutants (I. Golubovskaya and W. Zacheus Cande, personal
communication). It is possible that the SDS function is not essential for female meiosis
because one or more other cyclins (Renaudin et al., 1996) might fulfill the SDS function
partially. Another explanation for differences in female and male meiotic phenotypes is
that female and male meioses may be regulated differently.
Possible roles of SDS in regulating synapsis, recombination and/or sister chromatid
cohesion
The sds mutant is defective in homolog synapsis and bivalent formation. It is possible
that during meiosis in the sds mutant, chromosomes can find their partners and begin
pairing, but the synapsis could not be achieved. Such an incomplete or abnormal
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association might be unstable or indistinguishable from the zygotene stage at the light
microscope level. Alternatively, chromosome pairing and SC formation might not occur
in the sds mutant. Because the SDS protein is similar to cyclins, SDS might activate one
or more CDK(s) during early to mid-prophase of meiosis I. The mammalian SCP1 protein,
which is a probable component of the SC transverse filaments, has a potential target site
for CDK that is thought to play a role in SC assembly and/or disassembly (Meuwissen et
al., 1992). In addition, the mammalian Cdk2 protein was found to localize to newly
synapsed axes and to disappear by mid-pachytene stage (Ashley et al., 2001). Therefore,
it is possible that SDS-dependent CDK(s) might regulate the activity of pairing and/or
synapsis proteins.
In animals and yeast, mutants defective in recombination exhibit homolog separation
prematurely before metaphase I (Dernburg et al., 1998; Woods et al., 1999). In
Saccharomyces cerevisiae, meiotic recombination is initiated by DNA DSBs, the
formation of which requires several genes, including SPO11 (Smith and Nicolas, 1998;
Paques and Haber, 1999). DSBs are also required for SC formation, so mutations
affecting DSBs also cause defects in synapsis. Arabidopsis male meiosis undergoes
recombination once or twice per chromosome, suggesting that recombination is also
needed for normal meiosis in Arabidopsis (Copenhaver et al., 1998). In addition,
mutations in Arabidopsis AtSPO11and AtDMC1 genes cause defects in meiotic
recombination, and SC and bivalent formation (Couteau et al., 1999; Grelon et al., 2001),
similar to the sds defects. Furthermore, we showed here that the sds mutant had greatly
reduced frequency of meiotic recombination. Because meioses that lacked any
recombinational crossover probably resulted in a greater number of non-viable pollen and
embryos, our results were probably an overestimate of the true recombination frequency
in the sds mutant. It is possible that the sds defect in meiotic recombination and in
synapsis may be caused by the same molecular defect. Alternatively, recombination and
synapsis may each be regulated by SDS via distinct mechanisms.
The S. cerevisiae B-type cyclins CLB5 and CLB6 were found to control
recombination initiation and SC formation (Smith et al., 2001). However, the fact that
CLB5 and CLB6 are required for meiotic DNA replication suggests that the defects of
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Clb5 Clb6 cells in recombination and SC formation might be a consequence of impaired
replication. In contrast, meiotic DNA replication in the sds mutant appears to be normal.
In mouse, cyclin A1 may play a critical role in the activation of the M-phase-promoting
factor (CDK) during mouse spermatogenesis prior to metaphase I (Liu et al., 2000).
Unlike the sds mutant, in the mouse mutant defective in cyclin A1, male meiocytes can
form synapsed chromosomes at pachytene (Liu et al., 1998). Therefore, the proposed
SDS functions in regulating synapsis and recombination might be distinct from those of
the mouse cyclin A1 and the yeast CLB5 and CLB6. The idea that cyclin–CDK may
regulate meiotic recombination is also supported by the recent observation that the
mammalian CDK2 protein co-localizes with the mismatch repair protein MLH1 at sites of
reciprocal recombination (Ashley et al., 2001).
The atspo11-1 mutant can form some bivalents, suggesting that the atspo11-1 mutant
is not totally defective in recombination due to gene redundancy (Grelon et al., 2001).
The fact that sds male meiosis is more defective than the atspo11-1 mutant in bivalent
formation could be explained if the sds mutation could possibly affect another aspect of
prophase I, such as sister chromatid cohesion, which is also required for bivalent
formation. The observations that the meiotic recombination in the sds mutant was not
zero and that there were a small number of pachytene-like images support the idea that
homolog synapsis occurred at a very low frequency in sds. Therefore, during sds male
meiosis, the failure of the infrequent homolog interactions observed at the pachytene
stage to be maintained as bivalents at the diakinesis stage could be explained if sister
chromatids separated pre-maturely along the arms, either at or before diakinesis; this idea
is supported by the observation that some univalents at diakinesis had ‘X’ or ‘Y’ shapes.
There are several lines of evidence for the idea that sister chromatid condensation and
cohesion are regulated by protein phosphorylation (Wei et al., 1998; Suja et al., 1999;
Wei et al., 1999; Kaszas and Cande, 2000). Therefore, if SDS is indeed a meiosis-specific
cyclin, one possible mechanism for its function could be to regulate the phosphorylation
of proteins involved in sister chromatid cohesion.
Searching for the downstream components of SDS-CDK complex
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Analysis of the double mutants indicates that AtSPO11-1 function is not lost in sds
background. However, possibility remains that the level of AtSPO11-1 activity may be
regulated by the phosphorylation of SDS-CDK complex. Therefore, function of
AtSPO11-1 may be increased or decreased in sds background which can be reflected by
the amount of meiotic DSBs generated during early meiotic prophase I. In addition,
further analysis of the AtSPO11-1 protein in wild type and sds plants might generate
information about whether this possible regulation is present.
Proteins other than AtSPO11-1 might be the target of SDS during meiotic
recombination and synapsis. Recently, the Arabidopsis SWITCH gene was shown to be
required for sister chromatid cohesion during meiosis (Mercier et al., 2001). In early male
meiosis of the swi1.2 mutant, homologs fail to synapse and sister chromatids separate
during prophase I; consequently, 20 individual chromatids, instead of five bivalents, were
observed at metaphase I, followed by abnormal chromosome segregation. In swi1.2
female meiosis, chromosome segregation resembles that in mitosis, suggesting that sister
chromatid cohesion is maintained until anaphase I. Therefore, SWI1 may play related but
distinct roles in male and female meioses; alternatively, female defects in swi1.2 may be
less severe than that in male meiosis. SWI1 encodes a novel protein, so it is not clear what
its biochemical function might be (Mercier et al., 2001). Because chromosomes do
condense in the swi1.2 mutant and cohesins also play a role in chromosome condensation
(Bai et al., 1999; Bhatt et al., 1999), the SWI1 protein may specifically regulate sister
cohesion but not condensation. If, as suggested here, SDS plays a role in controlling the
timing of the separation of sister chromatids, SDS might regulate the activity of SWI1.
Our results presented here strongly support the idea that we have identified a meiosisspecific gene that is required for normal homolog synapsis and recombination in early to
mid-prophase I of Arabidopsis meiosis. Furthermore, the remaining low frequency of
recombination and pachytene-like images, combined with the lack of bivalents at late
prophase I and metaphase I, support the idea that SDS may regulate the timing of sister
chromatid separation. SDS provides a new and important entry point into understanding
the regulation of homolog synapsis, recombination and bivalent formation in plant
meiosis using genetic, cytological, genomic and biochemical approaches.
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Chapter 3
The Arabidopsis AtRAD51 gene is required for meiotic
recombination and synaptonemal complex formation
This chapter is a reprint of the published article by Wuxing Li, Changbin Chen,
Ullrich Markmann-Mulisch, Ljudmilla Timofejeva, Elmon Schmelzer, Hong Ma,
and Bernd Reiss on PNAS (2004) 101: 10596-10601. Permission to include this article
here has been granted from the publisher, and the copyright owner, the National
Academy of Sciences.
This project was a collaborative effort with the laboratory of Dr. Bernd Reiss. Dr.
Changbin Chen performed RNA in situ hybridization of the AtRAD51 gene (Fig. 3), Dr.
Ljudmilla Timofejeva carried out electron microscopic observation of male meiosis in the
atrad51-1 mutant (Fig. 5), and Drs. Ullrich Markmann-Mulisch and Elmon Schmelzer
identified the T-DNA insertional mutant and provided the electron images of anthers and
developing ovules (Fig. 2 E, F, I, J, and K). All other results were generated by Wuxing
Li.
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The maintenance of genome integrity and the generation of
biological diversity are important biological processes, and both
involve homologous recombination. In yeast and animals, homologous recombination requires the function of the RAD51 recombinase. In vertebrates, RAD51 seems to have acquired additional
functions in the maintenance of genome integrity, and rad51
mutations cause lethality, but it is not clear how widely these
functions are conserved among eukaryotes. We report here a
loss-of-function mutant in the Arabidopsis homolog of RAD51,
AtRAD51. The atrad51-1 mutant exhibits normal vegetative and
flower development and has no detectable abnormality in mitosis.
Therefore, AtRAD51 is not necessary under normal conditions for
genome integrity. In contrast, atrad51-1 is completely sterile and
defective in male and female meioses. During mutant prophase I,
chromosomes fail to synapse and become extensively fragmented.
Chromosome fragmentation is suppressed by atspo11-1, indicating
that AtRAD51 functions downstream of AtSPO11-1. Therefore,
AtRAD51 likely plays a crucial role in the repair of DNA doublestranded breaks generated by AtSPO11-1. These results suggest
that RAD51 function is essential for chromosome pairing and
synapsis at early stages in meiosis in Arabidopsis. Furthermore,
major aspects of meiotic recombination seem to be conserved
between yeast and plants, especially the fact that chromosome
pairing and synapsis depend on the function of SPO11 and RAD51.

H

omologous recombination and DNA-damage repair are
fundamental biological processes found in all life forms.
Homologous recombination plays a major role in both maintaining genome stability (DNA-damage repair) and the generation of genetic variability. Defects in DNA-damage repair
generally lead to genome instability and are increasingly found
to be associated with cancer in mammals. The active surveillance
mechanisms that can recognize and precisely repair DNA damage to prevent the accumulation of errors are meanwhile thought
to be intimately involved in the prevention of cancer and the
delaying of aging (1, 2). Genes playing critical roles in homologous recombination are important for these processes.
Homologous recombination has been intensively studied in
budding yeast Saccharomyces cerevisiae, and a number of genes
have been identified that function in this process. Some of these
genes, including RAD51, were identified based on the hypersensitivity of their mutants to radiation (3). RAD51 and another
yeast gene, DMC1, share significant sequence homology with the
bacterial recA gene (4). Similar to the bacterial RecA protein, the
yeast RAD51 protein acts in homology searching, DNA pairing,
and strand exchange (5), activities important for both DNAdamage repair and meiosis. RAD51 homologs have been found
in all eukaryotic organisms thus far and are well studied in the
vertebrates human, mouse, and chicken. In contrast to yeast, the
loss of RAD51 function is lethal in both chicken DT40 and mouse
cells (4). These RAD51-deficient cells arrest during the mitotic
cell cycle, show signs of chromosome fragmentation, and undergo programmed cell death. Lethality of rad51 mutant cells is
delayed by a mutation in the p53 tumor suppressor gene. In
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addition, RAD51 and p53 proteins interact directly, and expression of a dominant negative RAD51 gene that interferes with
homologous recombination but not general DNA repair does not
cause lethality in hamster cells (6). Furthermore, RAD51 and
the cancer-susceptibility protein BRCA2 interact directly and
colocalize to nuclear foci formed after DNA damage (7, 8), and
defects in BRCA2 affect homologous recombination and DNAdamage repair. These data suggest that the lethality caused by
rad51 defects in vertebrate cells is connected primarily to the
effect of DNA damage on cell-cycle progression and not directly
related to homologous recombination. However, it is unknown
how conserved this feature is among higher eukaryotes.
Yeast rad51 mutations also cause meiotic defects including an
accumulation of meiosis-specific double-stranded breaks (DSBs)
and reduced formation of physical recombinants (9). RAD51
also plays a role in meiosis of fission yeast, Aspergillus nidulans,
Caenorhabditis elegans, and Drosophila (10–13). In addition,
RAD51 homologs are expressed at relatively high levels in the
reproductive organs or meiotic cells of several organisms including chicken and mouse (14, 15). Furthermore, the RAD51
protein is localized to recombination foci along early meiotic
chromosomes in yeast, maize, and mouse (16–19) and might be
a component of early recombination nodules in lily (18). Detailed analysis of RAD51 foci localization during normal and
mutant maize meiosis supports the idea that RAD51 is important for homologous chromosome pairing in addition to its role
in recombination (20, 21). These findings suggest that RAD51
operates in meiosis in a variety of organisms and plays important
roles in multiple processes including homologous chromosome
pairing and meiotic recombination.
Homologous recombination in meiosis is required for proper
chromosome segregation and generation of genetic diversity
(22). In budding yeast, SPO11 plays a major role in the initiation
of meiotic recombination (23) by catalyzing the formation of
DSBs via a topoisomerase-like transesterase activity (24). This
mechanism to initiate meiotic recombination seems to be conserved among eukaryotes because homologs of the SPO11 gene
have been identified in both animals and plants; additionally,
AtSPO11-1, the Arabidopsis SPO11 homolog, is also required for
normal meiotic recombination and synapsis (25). However, little
is known about the interplay between RAD51 and SPO11 in
multicellular eukaryotes.
Although RAD51 function has been studied in organisms from
fungi through animals, large gaps in our knowledge remain,
especially for plants. Previously, an Arabidopsis RAD51 homolog, AtRAD51, was described (26). To analyze the function of
AtRAD51, we identified a knockout mutation in this gene,
atrad51-1, and studied its role in development and meiosis.
Abbreviations: DSB, double-stranded break; T-DNA, portion of the tumor-inducing plasmid
that is transferred to plant cells; SC, synaptonemal complex.
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Materials and Methods
Plant Materials. Both wild-type and atrad51-1 mutant plants are
of the Columbia ecotype. Unless indicated otherwise, plants
were grown under long-day conditions (16-h day兾8-h night) at
22 ⫾ 2°C.
Phenotypic Analysis. Tetrads were dissected and stained with 0.1%

toluidine blue before being photographed. Viability of pollen
grains was examined by staining with Alexander’s solution (27).
Mitosis was examined by using root tips of 4-day-old seedlings;
spindle structure was examined by using antibodies against
␤-tubulin (Sigma). For mitotic index determination, cells that
have a preprophase microtubule band and a perinuclear envelope were regarded as preprophase兾prophase cells; cells with an
established spindle structure and aligned condensed chromosomes but lack a preprophase microtubule band and a nuclear
envelope were grouped as metaphase cells; anaphase cells were
those having an anaphase spindle and newly separated chromosomes; and telophase cells were those with clustered and partially decondensed chromosomes (28). Meiotic chromosomal
behavior in meiocytes was observed by preparing chromosome
spreads (29) stained with 4⬘,6-diamidino-2-phenylindole (1 g兾
ml). Female meiosis was analyzed essentially according to Armstrong et al. (30) by using floral buds at stages 10–11 (31).

RT-PCR. RNA was extracted from wild-type and atrad51-1 leaves

and young inflorescences and treated with RQ1 DNase (Promega). cDNA was synthesized by using Superscript II and
random priming (Invitrogen) according to manufacturer instructions. Quantitative RT-PCR was performed by combining genespecific primers atrad51-1-1 (5⬘-GGTTCCATCACGGAGTTATATGG-3⬘) and atrad51-2-1 (5⬘-AGCCATGATATTCCCAC
CAATC-3⬘) with plant-specific 18S rRNA primers (Quantum
RNA 18S internal standards) (1:10 dilution; primer兾competimer, 3:5) according to manufacturer instructions (Competimer
primer kit, Ambion, Austin, TX).
Complementation with a CaMV 35S::MYC::AtRAD51 Construct. The

AtRAD51 cDNA was cloned by PCR amplification of a wild-type
young inflorescence cDNA sample with gene-specific primers
oMC858 and oMC859 and inserted into a binary MYC vector
(pROK2-MYC vector). An Agrobacterium C3581 strain containing that the confirmed construct was used to transform
AtRAD51兾atrad51-1 plants. Transgenic plants that carried the
atrad51-1 allele but not the wild-type AtRAD51 allele were
identified, and the expression of the MYC::AtRAD51 transgene
was tested. Expression of the constitutive APT1 gene was
examined as a control (32) (for details, see Supporting Materials
and Methods, which is published as supporting information on
the PNAS web site).

Generation of the atrad51-1 atspo11-1 Double Mutant. A cross was
performed between AtSPO11-1兾atspo11-1 and AtRAD51兾
atrad51-1 plants, and resulting F1 double-heterozygous plants
(AtRAD51兾atrad51-1; AtSPO11-1兾atspo11-1) were identified by
using PCR with gene-specific primers. Progeny of the doubleheterozygous plants were analyzed to identify double mutants by
PCR (see Supporting Materials and Methods for details).
Li et al.

RNA in Situ Hybridization. Nonradioactive RNA in situ hybridization was performed essentially as described (33). The antisense
and sense RNAs of AtRAD51 were labeled with digoxigenin
through in vitro transcription of linearized pTA-AtRAD51, which
carries a fragment of the AtRAD51 cDNA, amplified with
gene-specific primers oMC1479 and oMC1480 (5⬘-CTGAATAATTTCCTGTCTCTGAGCATG-3⬘).
Transmission Electron Microscopy. For transmission electron microscopy, the fixation and infiltration procedures were performed according to ref. 34 with minor modifications. To
determine appropriate meiotic stages, thick cross sections
through the buds were cut, collected on glass slides, stained with
0.1% toluidine blue, and observed with a light microscope.
Ultrathin sections were examined with a JEOL 1200 EXII
transmission electron microscope, and at least 50 ultrathin
sections were analyzed for each bud. Additional details can be
found in Supporting Materials and Methods.

Results
Identification of an AtRAD51 T-DNA Insertional Mutant. A T-DNA
(portion of the tumor-inducing plasmid that is transferred to
plant cells) insertion line containing an insert in the AtRAD51
gene (line 134A01 [see Fig. 7A, which is published as supporting
information on the PNAS web site]) was identified in the
GABI-KAT population (35). This line contained two T-DNA
inserts that segregated independently. From this line, plants that
contained only the T-DNA insertion in AtRAD51 were obtained
by outcrossing, and this insertion was designated as the atrad51-1
allele. The insert is a highly truncated copy of the pAC161
tagging vector (GenBank accession no. AJ537514) located between nucleotide positions 2830 and 2831 in the DNA sequence
of the AtRAD51 gene (26). Southern blotting and long-template
PCR indicated that the atrad51-1 insert did not cause any
additional rearrangements of the AtRAD51 sequence (data not
shown). DNA sequencing of the PCR product showed that the
insertion carried neither a complete resistance marker nor an
intact right border. atrad51-1 is likely a loss-of-function allele,
because the AtRAD51 mRNA was not detectable in plants
homozygous for the T-DNA insertion (see Fig. 7B) by using
quantitative RT-PCR that was sensitive enough to detect a
⬍100-fold lower level of wild-type AtRAD51 transcript.
AtRAD51 Function Is Dispensable for Vegetative Growth and Root
Mitosis. Homozygous atrad51-1 plants showed no apparent ab-

normal phenotype during the vegetative phase. atrad51-1 homozygous plants were identified by PCR, grown under standard
long- and short-day conditions, and indistinguishable from heterozygous and wild-type plants until they started to set seeds (see
Fig. 8, which is published as supporting information on the PNAS
web site). In particular, homozygous plants grew with a similar
rate and developed a similar number of rosette and cauline
leaves and a similar biomass as their wild-type neighboring plants
(data not shown). Therefore, the loss of AtRAD51 function did
not cause detectable defects on vegetative development.
Loss of the RAD51 function in mouse and chicken severely
affects cell proliferation, and RAD51-defective cells have a
severe defect in mitosis that is accompanied by chromosome
fragmentation (reviewed in ref. 4). Because growth experiments
might not detect minor defects in mitosis, a direct cytological
analysis was performed. Mitosis in 4-day-old root tips of mutant
plants (Fig. 1 C, D, G, H, K, L, O, and P) was indistinguishable
from wild-type plants (Fig. 1 A, B, E, F, I, J, M, and N) in all
parameters analyzed. No difference was observed in the congression of the chromosomes at metaphase and the segregation
at anaphase that result in the formation of two daughter nuclei
at the end of mitosis. Moreover, the typical ratio of representative mitotic stages was not altered in atrad51 compared with
PNAS 兩 July 20, 2004 兩 vol. 101 兩 no. 29 兩 10597
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Unexpectedly, the homozygous atrad51-1 plants were fully viable
and developed normally under standard conditions. However,
mutant plants were completely male- and female-sterile, and
cytological and genetic analyses indicated that AtRAD51 is
required for repair of meiotic DNA DSBs generated by
AtSPO11-1. Our results demonstrate that RAD51 function in a
higher plant is significantly different from that in vertebrates but
may be similar to that in yeast and invertebrate animals.

Fig. 1. Mitosis in root tips of wild-type (A, B, E, F, I, J, M, and N) and atrad51-1
(C, D, G, H, K, L, O, and P) seedlings. Chromosomes (Left) and microtubule
structures (Right) in the same cells were visualized with 4⬘,6-diamidino-2phenylindole, and antibodies against ␤-tubulin were visualized at different
stages during the mitotic cell cycle (preprophase, A and C; metaphase, E and
G; anaphase, I and K; and telophase, M and O).

wild type [wild type: 56.9% preprophase兾prophase, 12.6% metaphase, 6.5% anaphase, and 24.0% telophase cells (n ⫽ 462);
atrad51-1: 58.0% prophase兾preprophase, 11.7% metaphase,
7.7% anaphase, and 22.6% telophase cells (n ⫽ 350)].
The atrad51-1 Mutant Is Male- and Female-Sterile. In contrast to the

normal vegetative development, the atrad51-1 mutant plants
were sterile (Fig. 2B). The mutant pollen grains were nonviable
(as shown by staining with Alexander’s solution; Fig. 2H),
variable in size, and usually smaller than wild-type ones (data not
shown). Although wild-type meioses (⬎99%, 230 meioses from
four plants) produced four spores (Fig. 2C), mutant meioses
produced multiple spores ranging in number from five to nine,
and most tetrads contained six or seven spores (Fig. 2D).
Although atrad51-1 flowers have normal carpels (Fig. 2 B and F)
and produce wild-type-like ovules (Fig. 2 J), the ovules did not
develop further after meiosis and subsequently degenerated
(Fig. 2K), preventing further seed development (Fig. 2N).
Female sterility is confirmed by the complete failure to obtain
seed set after the mutant stigma was pollinated with wild-type
pollen grains (10 stigma from four mutant plants).
The sterility phenotype is genetically linked to the atrad51-1
mutation, because in a population of 149 plants derived from a
heterozygote, only the 38 homozygous atrad51-1 plants were
sterile. In addition, the defect can be complemented by the
introduction of a CaMV 35S::MYC::AtRAD51 gene, which completely restored fertility in homozygous mutants (Fig. 2M).
Fertility was correlated with high-level expression of the introduced transgene (plants 16 and 37), whereas lines with low-level
expression remained sterile (e.g., plant 22; Fig. 2O). Expression
of the endogenous AtRAD51 gene was not detectable in any of
these plants (Fig. 2O), consistent with their atrad51 mutant
background. Complementation in the next generation strictly
cosegregated with the transgene (data not shown). Therefore,
the loss of AtRAD51 function is the cause of the sterility
phenotype.
The AtRAD51 Gene Is Highly Expressed in Meiotic Cells. AtRAD51 was

shown previously by Northern blotting to be expressed widely at
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Fig. 2. Phenotypes of wild-type (A, C, E, G, I, and L), atrad51-1 (B, D, F, H, J,
K, and N), and atrad51-1兾atrad51-1 35S::MYC::AtRAD51 transgenic plants (M).
Shown are opened flowers (A and B), stamens and carpels dissected from
unopened flowers (E and F), tetrad (C and D) with numbered microspores,
pollen grain (G and H), ovule (I–K; arrows point at aborted ovules), and young
siliques (L and N). Two independent 35S::MYC::AtRAD51 transgenic lines
(plants 16 and 37) produced siliques (M) that were similar in size to the
wild-type ones (L). RT-PCR analysis of these two lines and another sterile
transgenic line was performed and shown in O. Lanes: 1, wild type; 2, T1
transgenic plant 16; 3, T1 transgenic plant 37; 4, T1 transgenic plant 22. APT1
expression was determined as a positive control.

low levels, and the highest expression was in the floral buds (26).
We examined the AtRAD51 expression in detail in reproductive
organs by using RNA in situ hybridization. AtRAD51 expression
was first detected in flower primordia at a rather low level (Fig.
3A). An increased level was observed in young anthers before
meiosis (Fig. 3B), and its expression became even stronger in
flowers at the time of male meiosis, particularly in the meiocytes
(Fig. 3 C and D). AtRAD51 was expressed also in the female
meiotic cells (Fig. 3E). However, AtRAD51 expression could not
be detected in developing male gametophytes (Fig. 3F) or in
carpels (Fig. 3G) after meiosis. The expression of AtRAD51 in
both male and female meiocytes is consistent with an important
function in meiosis.
Male Meiosis Is Disrupted in atrad51-1 Mutant Plants. Because the

atrad51-1 mutant tetrads indicated that male meiosis is defective,

Fig. 3. AtRAD51 gene expression pattern in floral organs. AtRAD51 expression was detected in floral primordia (A) and at moderate levels in very young
flower buds (B). In later anthers, the expression is strong in meiocytes (C) and
restricted in the anther locules (D). Expression of AtRAD51 in carpels is
restricted to ovules (E). There was no detectable expression in pollen grains (F)
or gynoecium after meiosis (G) or when a sense probe was used (H).
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Fig. 4. Male and female meiosis in wild-type (male, A–F; female, M–R) and
atrad51-1 (male, G–L; female, S–X) plants. For male meiosis, stages included
for wild-type (A–F) and atrad51 (G–L) meiosis are leptotene (A and G), zygotene (B and H), pachytene (C and I), diplotene (D and J), diakinesis (E and K),
and metaphase I (F and L). For female meiosis, stages included for wild-type
(M–R) and atrad51-1 (S–X) meiosis are leptotene (M and S), zygotene (N and
T), pachytene (O and U), diakinesis (P and V), metaphase I (Q and W), and
anaphase I (R and X). The arrow in B indicates a pairing fork.
Fig. 5. Transmission electron micrographs of male meiocyte nuclei in wildtype (A and B) and atrad51-1 (C–E) plants. SCs (arrows) were observed at
zygotene (A) and pachytene (B) stages in wild type. In atrad51-1, the axial
elements (arrowheads) remained unpaired in nuclei corresponding to zygotene (C) or pachytene (D) stages; an occasional SC was observed (E). Nu,
nucleolus; RN, recombination nodule. (Scale bar, 100 nm.)

ing that chromosome fragmentation also occurred in female
meiocytes (Fig. 4 V–X).
DSB Formation by SPO11 Is a Prerequisite for Chromosome Fragmentation. To investigate the relationship of SPO11-induced DSBs

and chromosome fragmentation in atrad51-1 cells, we analyzed
atspo11-1 atrad51-1 double mutants (Fig. 6). The chromosomal
behavior of double-mutant plants (atrad51-1兾atrad51-1; atspo111兾atspo11-1) was similar (Fig. 6 G–L) to that of the atspo11-1
single mutant (Fig. 6 A–F). In particular, chromosome fragmentation was absent, and no meiocytes with ⬎10 brightly stained
dots were observed (Fig. 6 H and I). In addition, the absence of
typical zygotene chromosome structures characteristic for
atspo11-1 male meiosis was observed also in the atrad51-1
atspo11-1 double mutant (Fig. 6 A and G). Moreover, similar to
those seen in the atspo11-1 mutant (Fig. 6 A–D), multiple
unpaired chromosomes (6–10 per meiocyte) with only occasional chromosomal pairs were seen in the atrad51-1 atspo11-1
double mutant (Fig. 6 H–J and data not shown). Consistently,
both atspo11-1 and the double mutant had 20 sister chromatids

Female Meiosis in atrad51-1 Is Defective Also. The defects observed

in mutant female meiocytes were similar to those in male
meiosis (Fig. 4). In atrad51-1, homologous chromosome paring
at zygotene was absent (Fig. 4T). In addition, we could not find
fully synapsed chromosomes, and thus no typical pachytene
stage was observed (Fig. 4U). Mutant female meiocytes contained ⬎10 brightly stained chromosomal structures, indicat-
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Fig. 6. Male meiosis in atspo11-1 (A–F) and atspo11-1 atrad51-1 (G–L). Stages
included are zygotene (A and G), diakinesis (B and H), metaphase I (C and I),
anaphase I (D and J), metaphase II (E and K), and anaphase II (F and L). The
arrows in D and I indicate the presence of bivalents. See Fig. 4 for a comparison
of the wild-type and atrad51-1 meioses.
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we compared male meiosis in wild-type and atrad51-1 mutant
plants. Wild-type and mutant male meiocytes were similar at
early prophase I (leptotene; Fig. 4 A and G). However, at
zygotene, homologous chromosome pairing can be seen as
pairing forks in wild type (Fig. 4B) but not in atrad51-1 (Fig. 4H).
In wild type, meiosis proceeds by completing synapsis of homologous chromosomes at pachytene (Fig. 4C) and further condensation at diplotene (Fig. 4D), leading to the formation of five
highly condensed bivalents at diakinesis (Fig. 4E). These
bivalents further condense and align at the division plane at
metaphase I (Fig. 4F). In atrad51-1, no typical fully synapsed
chromosomes were observed among ⬎1,000 meiocytes. Additional analysis with transmission electron microscopy verified
that the vast majority of atrad51-1 meiocytes did not have any
synaptonemal complexes (SCs) (Fig. 5C), although an occasional
SC was observed (Fig. 5E). At the stages corresponding to
zygotene through late pachytene, axial elements remained unpaired in the mutant cells when chromosomes appeared much
more condensed (Fig. 5D), whereas in wild-type zygotene cells,
most axial elements were associated into SCs (Fig. 5A). Extension of SCs was increased during progression of chromosome
condensation, and by late pachytene no unpaired axial elements
were found (Fig. 5B).
In addition to the absence of SCs, mutant meiocytes contain
multiple brightly stained spots, ranging from 20 to 50 per
meiocyte from diakinesis through the end of meiosis I (Fig. 4
J–L). These observations indicate that severe chromosome fragmentation had occurred at an early stage. From anaphase I
through the end of meiosis II, the atrad51-1 meiocytes are
abnormal (see Fig. 9, which is published as supporting information on the PNAS web site), largely as a consequence of earlier
mutant defects. Chromosome fragmentation together with the
absence of normal chromosomal pairing and synapsis indicates
an essential role of AtRAD51 in Arabidopsis meiosis.

at anaphase II (Fig. 6 F and L). The epistatic analysis showed that
AtRAD51 functions downstream of AtSPO11-1 and suggests that
a major function of AtRAD51 is to repair DSBs generated by
AtSPO11-1. The atrad51-1 spo11-1 double mutant can also
produce a small number of seeds (data not shown), similar to the
spo11-1 single mutant, suggesting that segregation of the univalents can yield a low percentage of viable pollen.

well understood, they seem to be nonredundant with RAD51 but
have partially overlapping functions in vertebrates. Recently,
such a paralog, AtXRCC3, has been characterized in Arabidopsis
(40). In contrast to vertebrates, loss of AtXRCC3 function also
does not impair viability in Arabidopsis. Therefore, it is unlikely
that paralogs can substitute for RAD51 function in vegetative
development.

Discussion
A T-DNA insertion was identified that caused a loss-of-function
mutation in the Arabidopsis AtRAD51 gene. Phenotypic characterization showed that RAD51 is dispensable for normal vegetative development in Arabidopsis but has an essential function
in male and female meiosis. The phenotype of this T-DNAgenerated mutant is different from a report that used RNA
interference to suppress RAD51 function in meiosis, and no
effect on fertility was observed (36). These data imply that
RNA-interference-generated data need to be treated with caution and support our conclusion that the T-DNA insertion is
likely to have caused loss of RAD51 function.

AtRAD51 Is Required for Normal Meiosis. The fact that the atrad51-1
mutant is viable and healthy is in sharp contrast to its severe
meiotic defects. Light-microscopic analysis of both male and
female meioses showed that meiosis in atrad51-1 proceeded
normally through leptotene. However, in contrast to wild type,
atrad51-1 chromosomes were not paired at zygotene and did not
form SCs. Transmission electron microscopy strongly supported
the conclusion that atrad51-1 is defective in synapsis. In addition,
chromosomes become fragmented at the onset of diakinesis, and
fragmentation remains visible through the rest of meiosis. The
extensive chromosome fragmentation is likely to be the cause of
abnormal segregation of chromosomes and, consistently, of
complete sterility. The failure of atrad51-1 meiocytes in chromosome pairing and synapsis strongly suggests that RAD51 is
important for interhomolog recognition in Arabidopsis meiosis.
In maize and lily, RAD51 is localized to numerous loci at early
zygotene and associated with pairing, then subsequently found at
greatly reduced foci during pachytene (18, 19). Furthermore,
RAD51 foci are greatly reduced in many maize mutants that are
defective in pairing (20). Our analysis of atrad51-1 strongly
supports the conclusion drawn from these results that RAD51mediated homology search is critical for pairing and synapsis in
plants. This situation may be different from animals, because a
knockout of RAD51 in C. elegans resulted in abnormal chromosomal morphology and univalent formation at diakinesis but did
not affect meiotic homology recognition and synapsis (39). In
addition, the atrad51-1 defects in pairing and recombination do
not seem to activate a checkpoint that could prevent progression
through meiosis. This phenotype is in contrast to Drosophila
melanogaster, in which a meiotic checkpoint is directly involved
in the generation of the meiotic phenotype (9, 12), and Tetrahymena thermophila, in which rad51-null individuals resulted in
an arrest during meiosis I (41). These data suggest that RAD51
deficiencies affect meiosis differently in different organisms and
that meiosis in Arabidopsis is more similar to budding yeast than
to animals. Our results indicate a direct involvement of RAD51
in chromosome pairing and synapsis in Arabidopsis; however,
further experiments are needed to show that this role for RAD51
also applies to other organisms.

RAD51 Is Not Necessary for Vegetative Development in Plants. rad51

mutant yeast cells are hypersensitive to ionizing radiation and
DNA-damaging chemicals (9). Even more severely, rad51 mutations in vertebrates cause a severe defect in cell proliferation
that eventually causes cell death. In the absence of data from a
larger variety of organisms, different scenarios were discussed to
explain this difference in lethality between yeast and vertebrates.
One scenario was the need for a more efficient recombination
apparatus in vertebrates, because such cells have a more complex
genome and a different chromatin structure. Our data show that
RAD51 is normally not required for vegetative and flower
development in Arabidopsis. This fact indicates that an organism
with high genome complexity and chromatin structure can
survive without RAD51 function, and thus genome complexity is
not likely to be the cause of lethality in vertebrates.
Another possibility is that RAD51 in higher organisms has
acquired an additional function that links quality control in genome
maintenance to cell-cycle progression (4, 37). Such a link might exist
in human cells, in which RAD51 has been shown to interact with
tumor suppressor genes p53, BRCA1, and BRCA2 (4). However, it
is still unclear whether the relationship of RAD51 to cell-cycle
control or recombination functions more downstream are the
primary cause of lethality in vertebrates. To resolve this question,
additional data from other complex, multicellular organisms such
as Arabidopsis are needed. Arabidopsis differs in major aspects in
the signal transduction chain linking genome integrity to cell-cycle
progression. The genome contains no homolog for p53, and the
BRCA1 (38) and the BRCA2 (36) homologs that exist in Arabidopsis may differ from vertebrate BRCA proteins. Homology of
AtBRCA1 to the vertebrate proteins is rather low, and AtRAD51
differs in amino acid sequence from vertebrate proteins in one of
the interaction domains with BRCA2 that is considered important
for regulation (data not shown). Therefore, no effect on normal
mitotic growth together with major differences in the signal transduction pathway may indicate that plants differ from animals in the
link of RAD51 to cell-cycle control and apoptosis and thus mitotic
progression and DNA-damage control. RAD51 knockouts in other
organisms, including multicellular animals C. elegans (39) and
Drosophila (12), also do not cause lethality. Therefore, viability is
the more common phenotype, clearly indicating that the link of
RAD51 to cell-cycle control is the cause of lethality in vertebrates.
In addition, these data suggest that the additional functions of
RAD51 have mostly evolved in vertebrates, possibly because they
need a more stringent control of DNA-damage repair.
A number of proteins with limited sequence homology to
RAD51 are found in all eukaryotic genomes (reviewed in ref. 4).
Although their function in homologous recombination is less
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AtRAD51-1 Likely Acts Downstream of AtSPO11-1. In yeast, meiosis

is initiated by a DSB introduced by SPO11, and RAD51 is
involved in the repair of such DSBs (9, 12). Chromosome
fragmentation caused by the atrad51-1 mutation is suppressed by
an atspo11-1 mutation, implying that RAD51 also functions in
meiotic DSB repair in Arabidopsis. Furthermore, RAD51 acts
downstream of SPO11 in the Arabidopsis meiotic recombination
pathway. Therefore, major aspects of meiotic recombination are
conserved between yeast and plants, not only the function of key
players but also the molecular connections between them.
A variety of mutants affecting meiosis have been reported in
Arabidopsis. Mutants defective in synapsis include asy1, syn1, solo
dancers, atspo11-1, and dmc1 (25, 42–44). SYN1 is especially
interesting, because the mutation also to leads chromosome
fragmentation in meiosis. SYN1 encodes a cohesin that possibly
is required for the establishment of the chromosomal structure
during prophase I. Therefore the syn1 phenotype suggests that
a close interaction between homologous chromosomes is a
prerequisite for meiotic DSB repair, in which RAD51 is involved. The yeast DMC1 protein, a RAD51 paralog, has roles
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with cell division. The absence of a phenotype in the vegetative
phase of Arabidopsis atrad51-1, atxrcc3, and atrad50 mutants
suggests that plants might use pathways other than homologous
recombination for DNA-damage repair as suggested by the high
efficiency of nonhomologous DNA integration routinely observed in flowering plants (49). However, it is hardly conceivable
that such imprecise repair mechanisms are used exclusively for
DNA-damage repair in plants. Therefore, other homologous
recombination mechanisms might also function in somatic cells
or in mitosis, or yet-uncharacterized protein(s) might substitute
for RAD51 function. Furthermore, the finding that AtRAD51 is
important for chromosome pairing and synapsis during meiosis
supports the idea that AtRAD51-dependent homology search is
important for pairing and synapsis, in addition to its role in
meiotic recombination (20, 21, 50). Additional investigations are
needed to understand the function of AtRAD51 and also its
relationship between its paralogs, such as AtXRCC3 and
AtDMC1, in pairing, synapsis, and recombination.

both overlapping with and distinct from those of RAD51 in
meiotic recombination and synapsis. The yeast dmc1 mutant
exhibited extensive meiotic chromosome fragmentation, and
DMC1 may also function at a later stage than does RAD51 (45);
however, dmc1 knockouts in animals and plants lack chromosome fragmentation, although they were sterile and defective in
meiotic chromosome synapsis, indicating that these proteins
have separated functions in meiosis (46, 47). In contrast to yeast
in which both RAD51 and DMC1 are critical for the repair of
SPO11-dependent DSBs, RAD51 alone may have this function
in multicellular organisms, whereas the plant and animal DMC1
is not required and may be specific for late functions in meiotic
recombination and synapsis.
Defects in AtXRCC3 also lead to chromosome fragmentation
during meiosis I in Arabidopsis (40), suggesting that AtXRCC3
is involved in repair of meiotic DSBs as well. Apparently,
however, RAD51 paralogs cannot fully substitute for RAD51 in
meiosis. Therefore, AtRAD51 and its paralogs are likely to play
distinct roles in plant meiosis, and possibly both are required for
a certain process (AtRAD51 and AtXRCC3) or act in succession
(AtRAD51 and AtDMC1). Knockout phenotypes of other recombination genes including AtRAD50 are similar to atrad51-1
in Arabidopsis. In contrast to animals, knockouts of AtXRCC3
and the AtRAD50 show no phenotype in vegetative development; however, meiosis is severely affected (40, 48). These
results suggest that homologous recombination or major genes
operating in this pathway have evolved in plants to function
mainly in meiosis rather than DNA-damage repair.
Plant genomes are constantly challenged by genotoxic stresses
such as oxidative damage or stalled replication forks that arise

Supporting Materials and Methods to the Li et al. 2005
Complementation with a CaMV 35S::MYC::AtRAD51 Construct. The AtRAD51
cDNA was cloned by PCR amplification of a wild-type young inflorescence cDNA
sample with the gene-specific primers oMC858 and oMC859, and the resulting cDNA
was verified by sequencing, and inserted into a binary MYC vector (pROK2-MYC
vector). An Agrobacterium C3581 strain containing the confirmed construct was used to
transform AtRAD51/atrad51-1 plants. Transgenic plants were selected with kanamycin
resistance, and plants that carried the atrad51-1 allele but not the wild-type AtRAD51
allele were identified by using PCR. For the wild-type allele, we used the AtRAD51 genespecific primers oMC1446 (5'-TGCCGTATGCTCAACAGGAGGT-3') and oMC1447
(5'-GAACGCTATTGTGATCTCATGTGTGTTACA-3'), which were located in introns
flanking the T-DNA (portion of the tumor-inducing plasmid that is transferred to plant
cells) insertion. For the atrad51-1 allele, we used the AtRAD51 primer oMC858 and a TDNA-specific primer oMC1286 (5'-ATATTGACCATCATACTCATTGC-3'). The
primer pair oMC859 and oMC1479 (5'-CGCCATTTCCCTCCACTCTC-3') was used to
test for AtRAD51 expression, and the primer pair oMC859 and oMC1478 (5'ATGGAGCAAAAGCTCATTTCTGAAG-3', a primer specific for the tagged 6× MYC
sequence upstream of the AtRAD51 cDNA in the 35S::MYC::AtRAD51 construct) was
used to examine the expression of the MYC::AtRAD51 transgene. Expression of the
constitutive APT1 gene was examined as a control (1).

Generation of the atrad51-1 atspo11-1 Double Mutant. A cross was performed
between AtSPO11-1/atspo11-1 and AtRAD51/atrad51-1 plants, and resulting F1 doubleheterozygous plants (AtRAD51/atrad51-1; AtSPO11-1/atspo11-1) were identified by
using PCR with gene-specific primers. Progeny of the double-heterozygous plants were
analyzed to identify double mutants by PCR with the following gene-specific primers: (i)
for AtRAD51 and atrad51-1 alleles: oMC1446, oMC1447, and oMC1286; (ii) for
AtSPO11-1 wild-type and mutant alleles: oMC703 (5'-ACGTATCGGGCCTAAATTCC3'), oMC704 (5'-TTTGGAGATCTTCCTTCAGCC-3'), and oMC705 (5'ACTGGGATTCGTCTTGGACA-3'). Amplification with the primers oMC1446 and
oMC1447 can generate a 379-bp band if one or two wild-type copies of AtRAD51 are
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present, and oMC1446 and oMC1286 can be used to detect the presence of a T-DNA
insertion. oMC703 and oMC704 can produce a 404-bp band if a wild-type AtSPO11-1
copy is present, and oMC703 and oMC705 can be used to detect the T-DNA insertion.

Transmission Electron Microscopy. For transmission electron microscopy, the fixation
and infiltration procedures were according to ref. 2 with minor modifications. Entire
inflorescences were submerged in a fixative (2.8% glutaraldehyde in 0.1 M Hepes buffer,
pH 7.2/0.02% [lsqb]vol/vol[rsqb] Triton X-100) for 2 h at room temperature and then
transferred into fresh fixative for 1 day at 4° C. Samples were rinsed three times in the
same buffer for 15 min each wash, postfixed in 1% OsO4 in Hepes buffer for 1 day at 4°
C, rinsed again, dehydrated through a graded acetone series with a 10% increment for 15
min in each, and infiltrated in Spurr’s resin. Before embedding, all buds were dissected
from individual inflorescences and numbered according to their sizes. To determine
appropriate meiotic stages, thick cross sections through the buds were cut, collected on
glass slides, stained with 0.1% toluidine blue in 1% sodium tetraborate, and observed
with a light microscope. Ultrathin sections were prepared with a diamond knife on a
Reichert Jung Ultracut microtome, placed on copper-mesh grids, stained with 2% uranyl
acetate in 50% ethanol for 16 min and with Reynold’s lead citrate for 12 min, and
examined with a JEOL 1200 EXII transmission electron microscope at 80 kV. At least 50
ultrathin sections were analyzed for each bud. Images were captured by using a chargecoupled device camera.
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Fig. 7. Analysis of the T-DNA insertion in AtRAD51. (A) An illustration of the
AtRAD51 locus and the T-DNA insertion. The original line 134A01 was found to have
two T-DNA inserts that segregated independently. One of the two inserts is located
between nucleotides 2830 and 2831 in the AtRAD51 gene, is a highly truncated copy of
the pAC161 tagging vector, and carries neither a complete resistance marker nor an intact
right border. The other T-DNA was unlinked to the AtRAD51 gene, consisted of at least
two copies of the tagging vector, and carries a functional sulfadiazine-resistance gene
(data not shown). The two-insert loci were separated by outcrossing, and plants that
contained only the T-DNA tag in AtRAD51 were obtained as shown in A. Protein-coding
regions of the AtRAD51 gene are shown as solid boxes, introns and UTRs are shown as
gray lines, and the transcript is shown as solid boxes below the gene with an arrow at the
end of the transcript, indicating the direction of transcription. The T-DNA insertion in the
AtRAD51 gene was further confirmed by PCR using an AtRAD51 gene-specific primer
and a T-DNA tag-specific primer suggested by GABI-KAT (data not shown). (B)
Quantitative RT-PCR with AtRAD51 gene-specific primers. The results indicated that
transcripts of the AtRAD51 gene were not present in plants homozygous for the T-DNA
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insertion. Lanes 1 and 2, AtRAD51/atrad51-1 plants; lanes 3 and 4, atrad51-1/atrad51-1
plants; lanes 5 and 6, wild-type plants. Lanes 1, 3, and 5 are from flower samples; lanes 2,
4, and 6 are from leaf samples. Expression of 18S rRNA was determined as a control.
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Fig. 8. The atrad51-1 mutant exhibited normal vegetative development and defective
reproduction. Wild-type (A and C) and atrad51-1 mutant (B and D) plants were similar
in growth rate, height, and biomass. The growth was monitored in 14-day intervals from
sawing to seed set. Under these conditions, homozygous mutants were indistinguishable
from heterozygous plants and wild type until plants started to set seed. The same held
true for plants grown under long-day conditions. Therefore, the loss of AtRAD51 function
had no effect on vegetative development. However, mutant plants were completely sterile,
had siliques that were remarkably reduced in size, and lacked seeds.
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Fig. 9. Additional observations of male meiosis in wild-type (A–C and G–I) and
atrad51-1 (D–F and J–L) plants. For wild-type male meiosis, after alignment at the
division plane at metaphase I, the homologous chromosomes are segregated at anaphase I
(A) and form two clusters of univalents at telophase I (B). Meiosis II starts with prophase
II (C), followed by the alignment of chromosomes at metaphase II (G) and sister
chromatid segregation at anaphase II (H), resulting in tetrads with four nuclei (I). In
atrad51-1, multiple chromosome fragments were present at anaphase I (D), and these
fragments were segregated abnormally at telophase I (E). The abnormal meiosis II (F; J–
L) seems to be the consequence of abnormal meiosis I.
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Chapter 4
The AtRAD51C gene is required for normal meiotic
chromosome synapsis and Double-stranded break repair in
Arabidopsis

This chapter is a reprint of the published article by Wuxing Li, Xiaohui Yang, Zhenguo
Lin, Ljudmilla Timofejeva, Rong Xiao, Christopher A. Makaroff, and Hong Ma on Plant
Physiology (2005) 138: 965-976. Permission to include this article here has been
explicitly granted from the publisher, and the copyright holder, The American Society of
Plant Biologists.
This project was done in collaboration with the laboratory of Dr. Christopher A.
Makaroff. Dr. Xiaohui Yang performed FISH tests (Fig. 5 and 6), Dr. Ljudmilla
Timofejeva made electron microscopic observation of male meiosis in the atrad51c-1
mutant (Fig. 7), Mr. Zhenguo Lin helped in analysis of atrad51c-1 male meiosis (part of
Fig. 4), Ms. Yi Hu performed RNA in situ hybridization of AtRAD51C (Fig. 1C), and Ms.
Rong Xiao assisted me with the identification and analysis of the atrad51c-1 atspo11-1
double mutant (Fig. 8). All other results were generated by Wuxing Li.
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The AtRAD51C Gene Is Required for Normal Meiotic
Chromosome Synapsis and Double-Stranded Break
Repair in Arabidopsis1
Wuxing Li, Xiaohui Yang, Zhenguo Lin, Ljudmilla Timofejeva, Rong Xiao, Christopher A. Makaroff,
and Hong Ma*
Department of Biology and the Huck Institutes of the Life Sciences (W.L., Z.L., L.T., R.X., H.M.) and
Intercollege Graduate Program in Plant Physiology (W.L., R.X., H.M.), the Pennsylvania State University,
University Park, Pennsylvania 16802; Department of Chemistry and Biochemistry, Miami University,
Oxford, Ohio 45056 (X.Y., C.A.M.); and Department of Gene Technology, Tallinn University of
Technology, Tallinn 12618, Estonia (L.T.)

Meiotic prophase I is a complex process involving homologous chromosome (homolog) pairing, synapsis, and recombination.
The budding yeast (Saccharomyces cerevisiae) RAD51 gene is known to be important for recombination and DNA repair in the
mitotic cell cycle. In addition, RAD51 is required for meiosis and its Arabidopsis (Arabidopsis thaliana) ortholog is important for
normal meiotic homolog pairing, synapsis, and repair of double-stranded breaks. In vertebrate cell cultures, the RAD51
paralog RAD51C is also important for mitotic homologous recombination and maintenance of genome integrity. However, the
function of RAD51C in meiosis is not well understood. Here we describe the identification and analysis of a mutation in the
Arabidopsis RAD51C ortholog, AtRAD51C. Although the atrad51c-1 mutant has normal vegetative and flower development
and has no detectable abnormality in mitosis, it is completely male and female sterile. During early meiosis, homologous
chromosomes in atrad51c-1 fail to undergo synapsis and become severely fragmented. In addition, analysis of the atrad51c-1
atspo11-1 double mutant showed that fragmentation was nearly completely suppressed by the atspo11-1 mutation, indicating
that the fragmentation largely represents a defect in processing double-stranded breaks generated by AtSPO11-1. Fluorescence
in situ hybridization experiments suggest that homolog juxtaposition might also be abnormal in atrad51c-1 meiocytes. These
results demonstrate that AtRAD51C is essential for normal meiosis and is probably required for homologous synapsis.

Meiosis is essential for eukaryotic sexual reproduction, allowing the production of haploid gametes. In
addition, meiotic recombination during the early
stages of meiosis allows the exchange of genetic information, serving as an important source of genetic diversity. The success of meiosis depends on a complex
and prolonged prophase I that involves homologous
chromosome (homolog) pairing, synapsis, and recombination (Zickler and Kleckner, 1999; Page and
Hawley, 2003; Schwarzacher, 2003). After pairing, the
homologs continue to associate and this interaction
has been referred to as homolog juxtaposition (Zickler
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and Kleckner, 1999). Recombination results in crossover events that correspond to cytologically observed
chiasmata, which, in combination with sister chromatid cohesion, maintain the association between homologs in the form of bivalents, ensuring proper
segregation of homologs at anaphase I. Synapsis, the
formation of synaptonemal complexes (SCs) between
closely associated chromosomes, has also been implicated to play important roles in meiotic prophase I,
although its relationship with recombination differs
among organisms.
Cytological and molecular genetic studies support
the idea that homolog pairing, synapsis, and recombination are closely coupled events in normal meiosis.
In particular, recombination and synapsis are often
interdependent. In fact, a number of meiotic genes are
required for both normal synapsis and recombination
in yeast (Saccharomyces cerevisiae; Zickler and Kleckner,
1999). For example, in budding yeast, the SPO11 protein is required for both recombination and synapsis.
SPO11 is a member of a family of type II topoisomerases and is required for the generation of doublestranded breaks (DSBs; Keeney et al., 1997) that initiate
recombination. SPO11 homologs have been identified
in both animals and plants, suggesting that the pathway for enzymatic generation of DSBs is conserved. In
Arabidopsis (Arabidopsis thaliana), a SPO11 homolog,
AtSPO11-1, is required for meiotic recombination,
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suggesting that there is an AtSPO11-1-dependent
mechanism for DSB formation in plants (Grelon et al.,
2001). On the other hand, SPO11 homologs are required for recombination, but dispensable for synapsis
in Caenorhabditis elegans and Drosophila melanogaster
(Dernburg et al., 1998; McKim and Hayashi-Hagihara,
1998), indicating that requirements of specific genes
for recombination and synapsis are not identical among
organisms.
In the widely accepted DSB repair model for recombination (Szostak et al., 1983), DSBs facilitate the
initiation of interaction between homologs via RAD51
and other proteins. RAD51, first discovered in yeast, is
a homolog of the Escherichia coli RecA recombinase
(Shinohara et al., 1992). Like RecA, RAD51 catalyzes
DNA strand exchange in an ATP-dependent manner
(Sung, 1994). In addition, a second yeast RecA homolog, DMC1, functions specifically in meiosis (Bishop
et al., 1992). Biochemical studies indicate that RAD51/
DMC1 binds to single-stranded DNA (ssDNA) that is
formed following the generation of DSBs and then
promotes strand invasion of the ssDNA into the intact
homolog, producing a D-loop (Petukhova et al., 2000).
Genetic studies in yeast indicate that a portion of DSBs
leads to the formation of double Holliday junctions
and crossover events, whereas other DSBs result in
non-crossover events (Bishop and Zickler, 2004; Borner
et al., 2004). Protein localization studies of RAD51 in
maize (Zea mays) and Arabidopsis and molecular genetic analyses in Arabidopsis also support the idea
that RAD51 is important for pairing, synapsis, and
recombination (Franklin et al., 1999; Mercier et al.,
2003; Pawlowski et al., 2003, 2004; Li et al., 2004).
Five RAD51 paralogs have been identified in mammals and birds, including RAD51B, RAD51C, RAD51D,
XRCC2, and XRCC3 (Shinohara et al., 1993; Tebbs et al.,
1995; Albala et al., 1997; Dosanjh et al., 1998; Liu et al.,
1998; Pittman et al., 1998; Schild et al., 2000). In cell
cultures, mutations in these genes cause defects in DSB
repair, increased chromosome instability, and broadspectrum mutagen sensitivity (Takata et al., 2001)
similar to the effects of rad51 mutations. These RAD51
paralogs have been found in two complexes, the
RAD51C-XRCC3 complex and the RAD51B-RAD51CRAD51D-XRCC2 complex, and RAD51 may interact
with the RAD51C-XRCC3 complex (Masson et al., 2001;
Liu et al., 2002). RAD51C is the only protein present
in both complexes, suggesting an important role of
RAD51C in recombination. The human RAD51C binds
to ssDNA and double-stranded DNA and exhibits
a DNA-stimulated ATPase activity (Lio et al., 2003),
suggesting that it may have a similar biochemical function to that of RAD51. On the other hand, the fact
that RAD51 and RAD51C are both required for normal
DNA repair and recombination indicates that they do
not have identical functions. This is further supported
by in vitro analysis showing that RAD51C promotes
branch migration and the resolution of double Holliday
junctions in homologous recombination (Liu et al.,
2004). The critical role of RAD51C in mitotic recombi966

nation suggests that it might be involved in meiotic
recombination as well. In Drosophila, a putative
RAD51C homolog, spnD, is required for normal fertility
and oogenesis, but its role in meiosis has not been
analyzed in detail (Abdu et al., 2003). Therefore, the
function of RAD51C in animal meiosis is still not clear.
A putative RAD51C ortholog, AtRAD51C, is present
in the Arabidopsis genome (Osakabe et al., 2002). We
have identified an insertional line in the AtRAD51C
gene, atrad51c-1, and report our analysis of this mutant here. An independent analysis of this insertional
line and other mutants has been published recently
(Bleuyard et al., 2005) and these two studies both
indicate that the AtRAD51C gene is required for male
meiosis. We provide additional detailed characterization of the atrad51c-1mutant, including the result that
this gene is also required for female meiosis, but it
is not critical for mitosis under normal conditions.
Fluorescence and transmission electron microscopy
(TEM) results demonstrated that synapsis is abnormal
and homolog juxtaposition might also be altered in
this mutant, indicating that AtRAD51C may be required for both processes. Furthermore, atrad51c-1
mutant cells exhibit chromosome fragmentation in
an AtSPO11-1-dependent manner, indicating that
AtRAD51C is required for proper processing of
AtSPO11-1-generated DSBs. The number of breaks in
the atrad51c-1 cells is greater than the expected number of crossovers, suggesting that at least some of
the unprocessed DSBs would have resulted in noncrossover events. Therefore, our results provide clues
suggesting the involvement of non-crossover-generating DSBs in homolog juxtaposition. Here we also
discuss a possible model for RAD51C function in early
meiosis.
RESULTS
Identification of a T-DNA Insertion in the
AtRAD51C Gene

Both Arabidopsis genomic and cDNA sequences
reveal a putative homolog of the human RAD51C
gene, At2g45280, which was named AtRAD51C
(Osakabe et al., 2002). Sequence comparison indicates
that the predicted AtRAD51C protein is more similar
to the human RAD51C protein (37.7% identity and
59.8% similarity) than to other human and Arabidopsis RAD51 paralogs (21.3%–27.2% identities and
39.4%–48.8% similarities). Reverse transcription
(RT)-PCR indicates that AtRAD51C is expressed
widely, with the highest levels in floral buds (Fig. 1B).
RNA in situ hybridization detected strong AtRAD51C
expression only in meiocytes (Fig. 1C), suggesting a
function of AtRAD51C in meiosis.
To understand the in vivo function of AtRAD51C,
we obtained a T-DNA insertional line (SALK_021960)
that contained an insertion in the second intron of
the AtRAD51C gene (Fig. 1A). The position of the
insertion, named atrad51c-1, was confirmed by PCR
Plant Physiol. Vol. 138, 2005
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Figure 1. Analysis of the T-DNA insertion in the AtRAD51C gene and
expression of AtRAD51C. A, Illustration of the AtRAD51C locus and
the T-DNA insertion. Two copies of T-DNA fragments were present in
the insertion. Therefore, the primer for the left border recommended by
the SALK center (LBb1; designated as oMC 645 in this article) can
amplify a product when combined with AtRAD51C gene-specific
primers from either side of the T-DNA insertion. B, Detection of
AtRAD51C expression in root, stem, leaf, young inflorescences (infl),
anther (anth), stage 12 flowers (st12), and siliques (siliq). APT1
expression was used as a positive control (Moffatt et al., 1994). C, In
situ hybridization with an antisense AtRAD51C probe showing expression in the meiocytes (e.g. arrows). C1, Bright-field image; C2, darkfield image. D, Control with a sense probe. D1, Bright-field image; D2,
dark-field image.

amplification with AtRAD51C-specific (oMC1451) and
T-DNA-specific (oMC 645; LBb1) primers (Fig. 1A).
Molecular characterization indicated that the atrad51c-1
insertion contains two copies of T-DNAs with their
left border-AtRAD51C junctions. This insertion is also
associated with the loss of a 141-bp sequence in the
second AtRAD51C intron (Fig. 1A). RT-PCR with genespecific primers did not detect AtRAD51C transcripts
even after 43 cycles of amplification (Fig. 2M), indicating that atrad51c-1 is likely a null mutation. Segregation analyses indicated that atrad51c-1 was tightly
linked with a sterility phenotype (see below): Of the
359 plants examined, every plant (92) that was homozygous for atrad51c-1 was found to be sterile. In
addition, no sterile plants were found that were not
homozygous for atrad51c-1.
atrad51c-1 Is Normal in Vegetative Development,
But It Is Female and Male Sterile

Plants containing the atrad51c-1 mutation resembled
wild-type plants during vegetative development under standard growth conditions (Fig. 2, A and B).
Plant Physiol. Vol. 138, 2005

Flowers from atrad51c-1 plants had normal morphology, including normal floral organ identity and number (Fig. 2, C and D). However, the atrad51c-1 plants
were completely sterile, with small, empty seedpods
(Fig. 2, G and H). Examination of the mutant flowers
indicated that they were male sterile and mutant
anthers failed to produce functional pollen grains
(Fig. 2, D, F, and J). Some pollen grains were produced
in the mutant, but they had abnormal sizes (Fig. 2F)
and stained blue with Alexander’s solution, indicating
that they were not viable (Fig. 2J). At the tetrad stage,
atrad51c-1 anthers contained polyads with five to 10
microspores (Fig. 2L) instead of four in the wild type
(Fig. 2K). When the stigmas of atrad51c-1 flowers were
pollinated with wild-type pollen (16 flowers crossed),
they failed to set seed, indicating that the atrad51c-1
mutant is also female sterile.
Because mutations in human RAD51C affect the
DNA repair in somatic cells, and our RT-PCR results
as well as microarray data (Obayashi et al., 2004;
Zimmermann et al., 2004) indicate that AtRAD51C
is also expressed in leaves and roots, we examined
mitosis in root tips of wild-type and atrad51c-1 mutant
plants to detect possible minor defects that may not be
obvious at the plant or organ levels. Analysis in root
tips of 4-d-old mutant plants indicated that mitosis in
the mutant is very similar to that in wild-type plants,
with no obvious differences being detected (Fig. 3;
over 350 cells analyzed). Therefore, unlike the vertebrate
RAD51C genes, AtRAD51C function appears to be
dispensable for somatic growth in Arabidopsis under
normal conditions.
Male and Female Meiosis Is Disrupted in
atrad51c-1 Plants

Our morphological and genetic analyses suggest that
atrad51c-1 may be defective in both male and female
meiosis. To test this hypothesis, we compared both
male and female meioses in wild-type and atrad51c-1
plants grown under standard conditions, using chromosome spreads stained with 4#,6-diamidino-2phenylindole (DAPI). Meiotic abnormalities were
identified in both male and female meiocytes (Fig. 4).
In wild-type plants, male meiosis I starts with the
condensation of chromatin, forming distinct thin chromosome threads at leptotene (Fig. 4A). After further
condensation and pairing of homologous chromosomes during zygotene (Fig. 4B), juxtaposed homologs
are observed at pachytene (Fig. 4C). Following further
condensation (Fig. 4, D and E), the chromosomes then
aligned at the division plane (Fig. 4F). No obvious
alterations were observed in atrad51c-1 meiocytes at
leptotene (Fig. 4G); however, dramatic abnormalities
were observed from zygotene through telophase I. In
contrast to the wild type (Fig. 4B), close association of
homologs was rarely detected in mutant meiocytes
(Fig. 4H). In addition, typical pachytene images could
not be found in atrad51c-1 meiocytes (Fig. 4I), suggesting that fully juxtaposed chromosomes may not be
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Figure 2. Phenotypes of wild-type (A, C, E, G, I,
and K), and atrad51c-1 (B, D, F, H, J, and L)
plants. Arabidopsis plants (A and B), opened
flowers (C and D), pollen grains (E and F), siliques
(G and H), anthers stained with Alexander’s
solution (I and J), and tetrads (K and L) are shown.
M, RT-PCR result of AtRAD51C expression in
wild-type and atrad51c-1 plants. Expression of
APT1 was used as a positive control (Moffatt et al.,
1994).

present. Subsequent abnormalities were also observed
during diplotene (Fig. 4J) and diakinesis (Fig. 4K). A
striking feature of the atrad51c-1 mutant is the presence
of numerous brightly stained spots. The abnormally
large number of chromosomal entities was detected
beginning at approximately diakinesis, suggesting that
some DSBs were not repaired and subsequently were
manifest as broken chromosomes. The chromosome
fragments became more obvious at metaphase II, when
they are highly condensed (atrad51c-1, an average of
28.7 6 4.2 spots from 29 cells; for comparison, 31
atrad51-1 mutant cells have an average of 32.4 6 4.9
spots; only well-spread cells were counted, although
.1,000 were observed with fragmentation for each
mutant). To test the possibility that the observed
chromosome fragmentation might be resulting in part
due to the force of chromosome spreading, we also
examined intact atrad51c meiocytes (n 5 324) and
found similar chromosome fragments (data not
shown), whereas wild-type cells had the expected five
bivalents at late diakinesis. Other abnormalities observed in atrad51c-1 meiosis II were likely the consequence of defects in meiosis I (Fig. 4, S–X).
Female meiosis in atrad51c-1 exhibited similar, but
less severe, defects (Fig. 4EE–JJ) as those observed
during male meiosis. In atrad51c-1 female meiocytes,
association of homologs at zygotene was also altered
(Fig. 4FF), and fully juxtaposed chromosomes as seen
in normal pachytene could not be observed (Fig. 4GG).
968

Mutant female meiocytes also exhibited abnormal
chromosome alignment and the presence of more
than 10 chromosomal entities. However, fewer fragments were detected at metaphase I (Fig. 4II) and
anaphase I (Fig. 4JJ) in female meiocytes than male
meiocytes (13–15 chromosomal entities in 23 cells),
suggesting that female meiosis may be less affected by
the mutation.
atrad51c-1 Is Defective in Homolog Juxtaposition
and Synapsis

The absence of normal pachytene chromosomes
suggested that the atrad51c-1 mutant may be defective
in synapsis and/or in homolog juxtaposition. To test
the latter, we examined both wild-type and atrad51c-1
meiocytes using fluorescence in situ hybridization
(FISH). From interphase to early zygotene, eight to
10 centromere signals were observed in wild-type and
atrad51c-1 meiocytes (Fig. 5, A, B, E, and F). By late
zygotene, 72% of the wild-type male meiocytes had
five or fewer centromere signals (.100 cells); at
pachytene and diplotene/early diakinesis (Fig. 5, C
and D), 100% of the cells had five or fewer centromere
signals (.100 cells for each stage). In contrast, about
one-half of the atrad51c-1 meiocytes had more than six
centromere signals, with an average of 5.7, during
mid-to-late stages of prophase I (approximately equivalent to the wild-type pachytene, diplotene, and early
Plant Physiol. Vol. 138, 2005
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Figure 3. Mitosis in root tips of 4-d-old wild-type
(A–H) and atrad51c-1 (I–P) seedlings. Chromosomes (left) and microtubule structures (right)
from the same cell were visualized with DAPI
and antibodies against b-tubulin, respectively.
Cells at different stages during the mitotic cell
cycle were analyzed (preprophase, A, E, I, and M;
metaphase, B, F, J, and N; anaphase, C, G, K, and
O; and telophase, D, H, L, and P).

diakinesis stages, .100 cells for each stage; Fig. 5, G
and H). This suggests that the atrad51c-1 mutation
affects the juxtapositioning of the centromere regions
of some chromosomes. Furthermore, most atrad51c-1
cells observed had one or two centromere signals that
were larger than the rest and those in the wild type,
whereas other centromere signals were often smaller
and not as brightly stained as wild-type centromeres.
These observations suggest that centromere regions in
atrad51c-1 meiocytes may have abnormal structure.
Because paired centromeres could be nonhomologous, we next used a telomere-derived probe that labels,
in addition to telomeres, an arm sequence adjacent to
the centromere only on chromosome 1 (Armstrong
et al., 2001), in order to further assess homolog interaction in atrad51c-1 meiocytes. Two strong signals
corresponding to chromosome 1 were observed during interphase, leptotene, and early zygotene in both
wild-type and atrad51c-1 meiocytes (Fig. 6). Beginning
at late zygotene and extending through pachytene,
diplotene, and diakinesis, one signal was observed in
wild-type meiocytes (Fig. 6). In contrast, two sometimes adjacent signals were observed in the meiocytes
of atrad51c-1 plants at the stages corresponding to the
normal pachytene, diplotene, and diakinesis stages
(Fig. 6). atrad51c-1 cells containing a single chromosome 1 signal were rarely (,20/300) observed. These
results are consistent with our observations from DAPI
staining and centromere FISH and confirm that, while
Plant Physiol. Vol. 138, 2005

there may be some association of homologs, the
normal homolog juxtaposition is altered in the mutant.
In addition to the chromosome 1 signal(s), similar
numbers of telomere signals were observed in both
wild type and atrad51c-1 (Fig. 6). However, the overall
sizes of the telomere signals seemed to be smaller in
atrad51c-1 meiocytes than those in wild-type cells (Fig.
6). In some instances, a telomere signal was not detected at some chromosome ends, possibly due to chromosome breakage.
To investigate possible atrad51c-1 defects in synapsis, SC formation was analyzed using TEM (Fig. 7).
Wild-type meiotic chromosomes start to synapse at
early zygotene (Fig. 7, A and B). Two lateral elements,
aligned in parallel, become connected by transverse
filaments to the central element forming the SC. Early
recombination nodules associated with the SC structures can be observed in wild-type nuclei (Fig. 7B). In
mutant meiocytes, at the stages corresponding to
zygotene or early pachytene in wild-type meiocytes,
SC structures can be seen as short stretches (less than
10% in total length of that in wild type), indicating that
most chromosome regions remain unsynapsed (Fig. 7,
D–F). Recombination nodules were not observed on
the mutant SC central element among 73 cells that
were examined with 25 to 30 sections for each cell.
Furthermore, abnormal SCs consisting of more than
two lateral elements (Fig. 7E) were sometimes observed (approximately one-third of the SCs in the
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Figure 4. Male meiosis and female meiosis in wild-type (male, A–F, M–R; female, Y–DD) and atrad51c-1 (male, G–L, S–X;
female, EE–JJ) plants. For male meiosis I, stages included for wild-type (A–F) and atrad51c-1 (G–L) meiosis are leptotene (A and
G), zygotene (B and H), pachytene (C and I), diplotene (D and J), diakinesis (E and K), and metaphase I (F and L). During wild-type
male meiosis I, after alignment at the division plane of metaphase I, the homologs are segregated at anaphase I (M) and form two
clusters of chromosomes at telophase I (data not shown). Meiosis II starts with prophase II (N), followed by the alignment of
chromosomes at metaphase II (O), sister chromatid separation at anaphase II (P), and segregation at telophase II (Q), resulting in
four nuclei (R). In atrad51c-1, multiple chromosome fragments were present at anaphase I (S), and these fragments were
distributed abnormally at telophase I (H). The abnormal meiosis II (T–X) seems to be the consequence of defects in meiosis I. For
female meiosis, stages included for wild-type (Y–DD) and atrad51-1 (EE–JJ) meiosis are leptotene (Y and EE), zygotene (Z and FF),
pachytene (AA and GG), diakinesis (BB and HH), metaphase I (CC and II), and anaphase I (DD and JJ). Arrow in B indicates
a possible site of homolog interaction.

mutant), suggesting that synapsis might have occurred between nonhomologous chromosomes. However, no SC or SC-like structures were observed in
mutant nuclei at late pachytene, suggesting that partially synapsed chromosomes did not proceed to
become fully synapsed and that the partial SCs precociously disassembled during the stage corresponding to wild-type pachytene.
AtSPO11-1 Is Important for Chromosome Fragmentation
in atrad51c-1 Meiocytes

It is known that, in yeast, SPO11-generated DSBs are
required for normal recombination and synapsis and
that the Arabidopsis AtSPO11-1 gene is required for
pairing and recombination. The chromosome fragmentation observed in atrad51c-1 meiocytes suggests
that they may represent a defect to process DSBs
970

generated by the AtSPO11-1 protein. To test the relationship between AtSPO11-1-generated DSBs and
chromosome fragmentation in atrad51c-1 plants, we
generated the atspo11-1 atrad51c-1 double mutant and
analyzed its meiosis (Fig. 8). The meiotic chromosome
behavior in the double mutant was similar to that of
the atspo11-1 single mutant, including the presence of
many univalents and occasional bivalents (Fig. 8, D
and J). This was very different from that in the
atrad51c-1 mutant (Fig. 4). In the vast majority of cells
(.110), no more than 10 chromosomes were observed
in male meiocytes of the double mutant from metaphase I through metaphase II, and 20 newly separated
sister chromatids were observed at anaphase II (Fig.
4V), although, in a few cells (3 out of 110 examined),
there was an extra DAPI-staining spot in the double
mutant. Therefore, chromosome fragmentation was
Plant Physiol. Vol. 138, 2005
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Figure 5. FISH using a centromere
DNA probe in wild-type (A–D, I–L)
and atrad51c-1 (E–H, M–P) male
meiocytes. The centromere DNA was
labeled with biotin and detected with
FITC-labeled streptavidin (green) and
chromosomes were stained with DAPI
(red). Stages included are interphase I
(A and E), early zygotene (B and F),
pachytene (C and G), late diakinesis (D
and H), metaphase I (I and M), anaphase I (J and N), premetaphase II (K
and O), and telophase II (L and P).

nearly absent in the double mutant, indicating that
AtRAD51C acts downstream of AtSPO11-1. We conclude that AtRAD51C likely plays an important role in
processing AtSPO11-1-generated DSBs.

of double Holliday junctions. Therefore, analyses
reported here and from others indicate that RAD51C
is likely involved in multiple processes during the
meiotic prophase I and mitotic cell cycle in animals
and plants.

DISCUSSION

Conservation and Divergence of RAD51C and
Other RAD51 Paralogs

Our results clearly show that AtRAD51C is required
to repair the meiotic DSBs generated by the AtSPO11-1
during meiosis I, consistent with the function of
vertebrate RAD51C in mitosis. The atrad51c-1 mutant
plants can undergo normal vegetative and flower
development with apparently normal mitosis, although mutations in AtRAD51C and other RAD51
paralogs have recently been shown to cause increased
sensitivity to the DNA cross-linking agent mitomycin
C (Bleuyard et al., 2005), suggesting that AtRAD51C
plays a role in DNA repair in the mitotic cell cycle. In
vitro studies showed that mammalian RAD51C promotes branch migration and the processing of double
Holliday junctions in homologous recombination (Liu
et al., 2004). Our results also show that AtRAD51C is
required for normal synapsis and may be involved in
homolog juxtaposition, suggesting that AtRAD51C
may be required for early meiosis before the formation
Plant Physiol. Vol. 138, 2005

Although RAD51C orthologs have not been identified in yeast and other fungal organisms, putative
orthologs are found in plants and animals. In Drosophila, the spnD gene encodes a putative RAD51C
homolog (Abdu et al., 2003), but the levels of amino
acid sequence similarity between spnD and mammalian RAD51C are lower (approximately 30% identity
and 50% similarity) than those between AtRAD51C
and mammalian RAD51C proteins (approximately
40% identity and 60% similarity). Mutations in the
spnD gene affect meiosis and oogenesis (Abdu et al.,
2003), suggesting that RAD51C may have a conserved
function in meiosis in both animals and plants. It is
possible that vertebrate RAD51C also functions during
meiosis; this will need to be tested using mutants, such
as mouse knockouts or zebrafish mutants, if they are
not embryonic lethal.
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Figure 6. FISH of a telomere probe in
wild-type (A–D, I–L) and atrad51c-1
(E–H, M–P) male meiocytes. A FITClabeled telomere probe (green) was
hybridized to chromosome spreads.
Chromosomes were counterstained
with DAPI (red). Thick arrows denote
the telomere-associated chromosome
1 signals at the centromere region.
Stages included are interphase I (A
and E); zygotene (B and F; inset at the
top right corner of F shows the broken
chromosome ends with no telomere
signals in atrad51c-1); pachytene (C
and G); diplotene (D and H; note no
interaction occurred between the homologous chromosome I signals);
early anaphase I (I and M); late anaphase I (J and N); telophase I (K and O;
note that the telomere signals are
detected at the center of the mutant
cell, as indicated by a thin arrow), and
telophase II (L and P).

In contrast to mammalian and chicken RAD51C,
AtRAD51C and spnD are not required for mitotic
growth under normal conditions. A similar situation
exists for RAD51 homologs. The mammalian and
chicken RAD51 gene is required for the mitotic cell
cycle and a mouse rad51 knockout is embryonic lethal
(Lim and Hasty, 1996; Sonoda et al., 1999). In contrast,

the Arabidopsis atrad51-1 mutant exhibits normal
vegetative and flower development (Li et al., 2004).
Similarly, Drosophila rad51/spnA and C. elegans rad51
mutants are also both viable, although they have
elevated sensitivity to radiation (Rinaldo et al., 2002;
Staeva-Vieira et al., 2003). Furthermore, the Arabidopsis atxrcc3 and Drosophila spnB (a putative XRCC3

Figure 7. TEM of male meiocyte nuclei in wildtype (A–C) and atrad51c-1 (D–F) plants. SCs
(arrows) were observed at zygotene (A and B)
and pachytene (C) stages in the wild type. In
atrad51c-1, the majority of the axial elements
(arrowheads) remained unpaired in nuclei corresponding to zygotene (D) or pachytene (F) stages;
an occasional abnormal SC (thick arrows) was
observed (D and E). Nu, Nucleolus; ERN: early
recombination nodule. Bar in A equals 100 nm
(same scale for C, D, and F); bar in B equals
500 nm (same scale for E).
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Figure 8. Male meiosis in atspo11-1
(A–F) and atspo11-1 atrad51c-1
(G–L). Stages included are zygotene (A
and G), diakinesis (B and H), metaphase I (C and I), anaphase I (D and J),
metaphase II (E and K), and anaphase
II (F and L). (See Figure 4 for a comparison of the wild-type and atrad51c-1
meioses.)

homolog) mutants are viable (Abdu et al., 2003;
Bleuyard and White, 2004). Therefore, RAD51 orthologs and paralogs seem to be less critical for the mitotic
cell cycle than their counterparts in vertebrates. It is
thought that RAD51 and its paralogs are required to
maintain genome integrity during the cell cycle because even a small number of DSBs that can occur
during DNA replication trigger checkpoint control
and cell cycle arrest. The fact that RAD51 and some of
its paralogs are not as critical in plants and Drosophila
suggests that mitotic cell cycle regulation might be
different in these organisms or that DSBs formed in
mitosis could be repaired by alternative pathways (Li
et al., 2004).
The Relationship between Pairing, Synapsis,
and Recombination

Analyses in yeast, C. elegans, and Drosophila indicate that the relationship between synapsis and
recombination is not conserved between yeast and
invertebrate animals (Keeney et al., 1997; Dernburg
et al., 1998; McKim and Hayashi-Hagihara, 1998; Peoples
et al., 2002). Previously, phenotypic analysis of the
atspo11-1 mutant suggests that a SPO11-dependent
linkage between recombination and synapsis may
exist in plants, but synapsis was not described in the
atspo11-1 mutant (Grelon et al., 2001). Our results on
synapsis in the atrad51-1 (Li et al., 2004) and atrad51c-1
(this study) mutants support a close relationship
between recombination and synapsis. Our analysis
strongly suggests that yeast and plants share highly
conserved mechanisms for coupled recombination
and synapsis. Furthermore, the Arabidopsis syn1 mutant defective in a Rec8 homolog also exhibits chromosome fragmentation. It is possible that the loading
of AtRAD51 is affected in the syn1 mutant, resulting in
a failure to process SPO11-1-induced DSBs. Although
the relationship between SYN1 and RAD51 in Arabidopsis is not clear, recent studies revealed that Rec8
may promote the assembly of RAD51 foci in rat and
possibly in yeast (Eijpe et al., 2003; Zierhut et al., 2004).
The relationship between pairing and recombination
is much less clear than that for synapsis and recombination (Page and Hawley, 2003). It is known that the
processing of SPO11-dependent DSBs has two possible
outcomes—crossovers and non-crossovers—but the
Plant Physiol. Vol. 138, 2005

role of non-crossovers is not understood (Bishop and
Zickler, 2004; Haber et al., 2004). RAD51 is localized in
wild-type maize meiocytes initially to a very large
number of foci, about 10 times the number of crossover
sites, and then the number is reduced to be comparable
to that of crossovers (Franklin et al., 1999). Recently,
similar observations have been made from localization
studies in mouse and Arabidopsis meiocytes (Moens
et al., 2002; Mercier et al., 2003). Therefore, RAD51
seems to mark sites of DSBs for both crossovers and
non-crossovers in early prophase I. Further analysis of
RAD51 foci in pairing defective maize mutants provides strong evidence that RAD51 sites, including the
non-crossover sites, are pairing sites (Pawlowski et al.,
2003). The possible defect in homolog juxtaposition in
the atrad51c-1 mutant suggests that it might be abnormal in pairing. It is possible that, in plants, RAD51C
may also function in a complex with XRCC3, consistent
with the observation that both atrad51c and atxrcc3
mutations exhibit similar abnormalities in meiosis (this
study; Bleuyard and White, 2004; Bleuyard et al., 2004,
2005; see below). In addition, the number of chromosome fragments in atrad51c-1 cells exceeds those expected if only the subset of DSBs leading to crossovers
is affected by these mutations, indicating that at least
some of the non-crossover DSBs also are not repaired.
Therefore, strand invasion following the generation of
DSBs seems to be a critical mechanism for homology
recognition and pairing. It is possible that processing of
the DSB sites mediated by RAD51 and its paralogs
ensure correct pairing between homologs.
A Model for AtRAD51, AtRAD51C, and
AtXRCC3 Functions

Recent reports (Bleuyard and White, 2004; Li et al.,
2004; Bleuyard et al., 2005) and this study showed that
atrad51-1, atrad51c-1, and atxrcc3 mutants have related
meiotic phenotypes, suggesting that they are involved
in the same process. This is also supported by the
observations that chromosome fragmentation in
atrad51-1, atxrcc3, and atrad51c-1 mutants requires the
function of AtSPO11-1 (Bleuyard et al., 2004; Li et al.,
2004), although AtXRCC3 may have an additional
function during meiosis II because atxrcc3 atspo11-1
exhibited severe chromosome fragmentation during
anaphase II and telophase II (Bleuyard et al., 2004). At
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the same time, the fact that each of these three mutants
has very severe defects indicates that these genes have
distinct functions, even though they code for homologous proteins.
It is known that RAD51 can bind to ssDNA and
catalyze strand invasion by the ssDNA into a doublestranded DNA, forming a D-loop (Petukhova et al.,
2000). In vitro studies indicate that mammalian XRCC3
and RAD51C can form a complex and RAD51C can
complex with other RAD51 paralogs and at least some
of these complexes can promote the loading of RAD51
onto DNA (Masson et al., 2001; Sigurdsson et al., 2001;
Wiese et al., 2002; Lio et al., 2003). In addition, analysis
of mutant cell lines revealed that the formation of
RAD51 foci is reduced in both xrcc3 and rad51c mutant
cells and the formation of XRCC3 foci on chromosomes depends on RAD51C, but not on RAD51 (Lio
et al., 2004; Yoshihara et al., 2004). Therefore, we propose that AtRAD51C and AtXRCC3 form a complex
that facilitates the formation of AtRAD51 foci during
meiosis. It is possible that RAD51 foci can still form in
the absence of AtRAD51C or AtXRCC3, but in reduced
numbers. If this is true, it would explain the remaining homolog interaction that was observed in the
atrad51c-1 mutant. In addition, a smaller number of
chromosome fragments was found in atrad51c-1 mutant meiocytes than in atrad51-1 meiocytes, consistent
with the idea that some DSBs might be processed in
the atrad51c-1 mutant.
Mutant analysis has also been reported for the
Arabidopsis DMC1 homolog, AtDMC1 (Couteau et al.,
1999); the atdmc1 mutant exhibits abnormal chromosome segregation, but not chromosome fragmentation,
suggesting that AtDMC1 is not required for the processing of meiotic DSBs. In addition, Drosophila does
not possess a DMC1 ortholog, suggesting that its
function may be provided by another RAD51 paralog.
This is different from the situation in budding yeast
in which both RAD51 and DMC1 are required for
processing SPO11-generated meiotic DSBs (Shinohara
et al., 1997). The phenotypic difference of atrad51-1,
atrad51c-1, and atxrcc3 mutants from that of the atdmc1
mutant suggests that the AtRAD51/AtRAD51C/
AtXRCC3 genes may function upstream of AtDMC1.
Recently, it was observed that a Chinese hamster
mutant cell line defective in the RAD51C gene exhibits
abnormal sister chromatid cohesion (Godthelp et al.,
2002), suggesting a possible role for RAD51C in cohesion.
The model proposed above for AtRAD51,
AtRAD51C, and AtXRCC3 function may also explain
why these proteins are dispensable for the mitotic cell
cycle. It is likely that, during normal mitotic growth,
only a small number of DSBs are generated, far fewer
than the number of DSBs generated by SPO11. If so,
the number of RAD51 foci needed during the mitotic
cell cycle would be far fewer than during meiosis.
Indeed, the RAD51 mRNA levels are higher in meiotic
cells than other cells (Li et al., 2004). Therefore,
whereas AtRAD51C and AtXRCC3 may be important
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for the loading of RAD51 at numerous meiotic foci,
they might not be needed when only a few RAD51 foci
are needed during the mitotic cell cycle. This idea is
supported by the observation that atrad51c and atxrcc3
mutant cells are sensitive to DNA cross-linking agents
(Bleuyard and White, 2004; Bleuyard et al., 2005),
which presumably induce a large number of DNA
lesions. The fact that atrad51-1 is also normal during
mitotic growth suggests that some RAD51 paralog(s)
might even be able to substitute for AtRAD51 when
relatively little AtRAD51 activity is needed. The hypothesis that RAD51 is the primary player in the
homology search and that RAD51C and XRCC3 play
supporting roles is also supported by phenotypes of
Drosophila mutants. The Drosophila spnA (rad51)
mutant is hypersensitive to radiation, but spnB and
spnD (xrcc3 and rad51c) mutants are completely normal during mitotic development (Abdu et al., 2003;
Staeva-Vieira et al., 2003), suggesting that SpnB and
SpnD are less important than SpnA. It is possible that
the molecular interactions between RAD51 and its
paralogs RAD51C and XRCC3 are conserved between
meiotic recombination in plants and mitotic DNA
repair in Drosophila and mammals. Further experiments are needed to test the possible functional overlap between and distinct biochemical activities of
AtRAD51, AtRAD51C, and AtXRCC3, as well as other
RAD51 paralogs.

MATERIALS AND METHODS
Plant Materials
The atrad51c-1 T-DNA insertional line was obtained from the SALK stock
of Arabidopsis (Arabidopsis thaliana) T-DNA insertion lines. Both the wild-type
and the atrad51c-1 mutant plants are of the Columbia ecotype. Unless
otherwise indicated, the plants were grown under long-day conditions (16-h
day/8-h night) at 22°C 6 2°C.

Phenotypic Analysis
Plants were photographed using a Sony (Tokyo) digital camera DSC-F707,
and photographs of other fresh plant samples (flowers and siliques) were
obtained using a Nikon (Tokyo) dissecting microscope with an Optronics
(Goleta, CA) digital camera. Developing microspores from fresh floral buds
and anthers prior to dehiscence were processed as reported for examining
gametophyte development (Azumi et al., 2002). Chromosome spreads were
prepared as previously described (Ross et al., 1996) and stained with DAPI
(1 mg/mL). Digital images were obtained using a Nikon E400 fluorescence
microscope with an Optronics camera. Female meiosis was analyzed essentially as described (Armstrong et al., 2001), using floral buds at stages 10 to 11
(Smyth et al., 1990) and photographed using a Nikon E800 fluorescence
microscope with ImagePro software (Media Cybernetics, Silver Spring, MD)
and a Hamamatsu CCD camera (Hamamatsu Photonics, Hamamatsu City,
Japan). Mitosis images were obtained from root tip cells of 4-d-old seedlings
(Li et al., 2004).

RT-PCR and RNA In Situ Hybridizations
RNA samples were extracted from young inflorescence tissues of wildtype and atrad51c-1 mutant plants. One microgram of total RNA from each
sample was treated with RNase-free DNase I (Invitrogen, Carlsbad, CA)
followed by inactivation of the DNase I. Reverse transcription was performed
using Supertranscriptase II (Invitrogen) and synthesized cDNA was used as
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the template for PCRs. The primers used for the PCRs were oMC 1594
(5#-ATGATTTCATTTGGGCGGCGTA-3#) and oMC 1593 (5#-CCTCCAAGACCACCACACTCA-3#). As a control, the APT1 cDNA in the same
samples was amplified using primer pair oMC 571 (5#-TCCCAGAATCGCTAAGATTGCC-3#) and oMC 572 (5#-CCTTTCCCTTAAGCTCTG-3#), based on
a report that this gene is expressed constitutively in different Arabidopsis
organs (Moffatt et al., 1994). For RNA in situ hybridization, sections of wildtype immature floral buds were hybridized with 35S-labeled AtRAD51C
antisense and sense probes synthesized from a cDNA clone (amplified with
primers oMC 1605 [5#-CAACGATAGGGAGTTAAAAGACTTTCATCG-3#],
and oMC 1595 [5#-CGGCGCGCCGGATCCCGGGACCGAATATTTGCCCATTTGGGC-3#]), following previously described procedures (Drews et al., 1991;
Flanagan et al., 1996). The similarities of AtRAD51C to other RAD51 paralogs
are too low (44.4%–49.1%) for cross-hybridization.

Analysis of the atspo11-1 atrad51c-1 Double Mutant
Crosses were made between AtSPO11-1/atspo11-1 and AtRAD51C/atrad51c-1 plants and resulting double-heterozygous F1 plants (AtRAD51C/
atrad51c-1; AtSPO11-1/atspo11-1) were identified with gene-specific primers.
The progeny of the double-heterozygous plants were genotyped with genespecific primers and chromosome behavior in male meiosis of double-mutant
plants was analyzed following DAPI staining. The primers used for genotyping the plants include oMC 1662 (5#-TGAACTCCTCCTTGGAGCTATGTTGG-3#); oMC 1451 (5#-CCAATGCGATTTGCTCGGTGTAACT-3#); oMC
645 (5#-GCGTGGACCGCTTGCTGCAACT-3#); oMC 703 (5#-ACGTATCGGGCCTAAATTCC-3#); oMC 704 (5#-TTTGGAGATCTTCCTTCAGCC-3#); and
oMC 705 (5#-ACTGGGATTCGTCTTGGACA-3#).

FISH
Inflorescences were fixed in acetic alcohol (ethanol:glacial acetic acid, 3:1)
for 2 h at room temperature and stored at 220°C after replenishing the
fixative. Staged anthers were spread onto slides and subjected to FISH using
previously published procedures (Fransz et al., 1996; Caryl et al., 2000) with
modifications. The samples on slides were treated with a solution of 70%
formamide in 23 SSC for 2 min at 80°C and dehydrated immediately through
a graded ethanol series (5 min each in 70%, 90%, and 100%) at 220°C. The
slides were dried at room temperature before the application of the probe. The
pAL1 clone containing a pericentromeric 180-bp repeat (pAL1-CEN) was used
to detect centromere sequences (Martinez-Zapater et al., 1986). Primary PCR
amplification of pAL1-CEN was conducted using the M13 forward and
reverse primers followed by random primer labeling in the presence of biotin
high prime-labeled dUTP (Roche, Indianapolis). The biotin-labeled probe was
used in hybridization solution at 5 mg/mL and detected with 10 mg/mL
fluorescein-conjugated streptavidin. Chromosome 1-associated telomere sequences were detected by hybridization with the 5#-end fluorescein isothiocyanate (FITC)-labeled oligonucleotide probe, FITC-(CCCTAAA)6 at 5 mg/
mL. Slides were counterstained with DAPI, mounted, and viewed as above.

TEM
For TEM, the fixation and infiltration procedures were as described
previously (Owen and Makaroff, 1995) with minor modifications (Li et al.,
2004). To determine appropriate meiotic stages, thick cross-sections through
the buds were cut, collected on glass slides, stained with 0.1% toluidine blue,
and observed with a light microscope. Ultrathin sections were examined with
a JEOL 1200 EXII transmission electron microscope (JEOL, Tokyo). At least 50
ultrathin sections were analyzed for each bud.
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Analysis of SDS function in meiosis
Meiosis is a complicated process. Comparing with mitosis, meiosis involves two cell
divisions following one round of DNA replication. Understanding the mechanisms
underlying meiosis has been extensively facilitated by selecting mutants of model
organisms with defects in meiosis. In an attempt to generate transposon-induced
knockout sterile mutants in Arabidopsis, the SOLO DANCERS gene, coding for a novel
meiosis-specific cyclin, was identified (Azumi et al., 2002). So far, although a number of
mutants of cyclins involved in meiosis have been identified in Xenopus, Drosophila,
mammals and yeasts (Chun et al., 2005; Izawa et al., 2005; Raithatha and Stuart, 2005),
very few have been found in plants (Azumi et al., 2002; Stevens et al., 2004; Wang et al.,
2004). Therefore, this mutant provides an important tool for understanding the function
of cyclins in plant meiosis.
I joined this project and assisted in the phenotypic and genetic analyses of the sds
mutant. Results of my DAPI staining experiments confirmed that sds exhibits defective
homologous chromosome association in meiotic prophase I, resulting in the formation of
ten univalents rather than five bivalents at the diakinesis. I checked the female meiosis
and found a similarly abnormal but less severe defect in bivalent formation. I worked in
collaboration with Dr. Dazhong Zhao, a former post doctoral associate in this lab, in
analyzing the recombination via genetic approaches. I also studied the relationship
between SDS and other genes that are known to be involved in synapsis and
recombination, including AtSPO11-1, SYN1, ASK1, and AtRAD51. I made crosses
between SDS/sds and these mutants and analyzed the phenotype of the double mutants.
Although we initially hypothesized that SDS may function by regulating the AtSPO11-1
function based on the observation that mutations in both of these two genes caused
similar abnormal meioses, the analyses of sds syn1 and sds atrad51-1 double mutants
indicate that AtSPO11-1 still functions in the absence of SDS.
Although we have obtained information in understanding the SDS function, little is
known about the underlying mechanisms of SDS function in regulating chromosome
recombination and synapsis during early meiosis. Although sequence similarity to known
cyclins and the expression of SDS in budding yeast cyclin mutants (Wang et al.,
unpublished data) suggest that SDS may represent a novel cyclin, several critical
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questions remain to be answered to determine whether it is a classic cyclin: 1. Does SDS
interact with a CDK and function in a way similar to some mitotic cyclins? 2. How is
SDS regulated, is the amount of SDS protein in Arabidopsis meiocytes regulated by a
regulated proteolysis pathway, and does its amount oscillate during meiosis? 3. At what
time point does SDS function?
Experiments including Y2H have been applied to search for putative interacting
partners of SDS and a number of putative SDS-interacting proteins have been identified
(unpublished work in Ma lab). However, analysis has yet to be performed on further
screening of these candidates. Most of these candidates may turn to be false positives,
and it is expected that the CDKs that possibly interact with SDS, if there are, might be
low amount proteins. I would think that further Y2H experiments with a cDNA library
constructed with mRNA extracted from meiocytes would help to generate a higher
percentage of positive candidates, since the meiosis-related CDKs might be enriched in
the meiocyte cDNA library. The meiosis-specific cDNA library may also be applied for
studying other related projects ongoing in this lab.
In addition, we need to prepare a high quality antibody for the SDS protein. This
antibody can be used to determine the protein localization pattern therefore provide
information about the time point of SDS function during early meiosis. Although this
purpose might be achieved by GFP- or other epitope-tagged SDS driven by a SDS native
promoter, a good quality SDS antibody can generate more reliable results in the dynamic
pattern of the change of SDS protein during meiosis. For example, dynamics of the TAM
protein, the Arabidopsis cyclin CYCA1;2, has been observed with a GFP tagged protein
under the control of a native promoter (Wang et al., 2004). Their findings that the TAM
protein is abundant at pachytene but undetectable from later prophase I provide evidence
that TAM might be regulated in a way similar to a classic cyclin. However, results
obtained this way using a GFP- or other epitope- tagged construct may still require
confirmation using a good antibody. Moreover, a good SDS antibody may also be
directly used for detecting in vivo protein interaction. Therefore, a good antibody might
help to answer or provide clues for answering all three of the questions.
In several organisms, evidence suggests that ubiquitin-dependent protein degradation
pathways are involved in degenerating cell cycle related proteins. In pig, injection of
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ubiquitin-proteosome pathway inhibitors blocks meiotic cell cycle progression (Sun et al.,
2004). Further experiments such as proteomics might help in searching for the potential
targets of SDS function.
Current results indicate that SDS is required for correct meiotic chromosome
behaviors including synapsis, recombination during meiosis prophase I. How SDS acts in
these processes is intriguing but not clear. Especially as a cyclin, the understanding of
SDS functioning mechanisms might shed light on involvement of cyclin in regulation of
chromosome structures in addition to the control of meiotic transitions. A great number
of genes have been reported to be involved in synapsis and recombination in yeasts,
Drosophila, and mammals. In plants, recent forward and reverse genetic studies have
identified genes including SYN1, AtSPO11-1, AtRAD51, AtXRCC3, AtRAD51C, AtMSH4,
AtMER3/RCK1, and others. Understanding the functional relationship between SDS and
these proteins would be critical in understanding the SDS functions. In addition, it might
be possible that meiotic cell cycle progression is also affected in sds in a way such as
retarded cell cycle progression, and further determination of duration of the meiotic cell
cycle in sds is also needed. There is a possibility that control of chromosome structure
remodeling is a regulating point for the normal progression of meiotic cell cycle.
Although sds mutant exhibits defects in meiotic recombination and synapsis
(unpublished data from electron microscopy), the meiotic chromosomes remain intact
through the meiotic prophase I, indicating that SDS functions downstream of the DSBprocessing proteins including AtRAD51, AtXRCC3, and AtRAD51C. In Arabidopsis,
atdmc1 exhibits a similar but less severe abnormal meiosis (Couteau et al., 1999);
therefore, these two proteins might act at a similar time point or they may interact or
cooperate in their functions.
Functional studies of AtRAD51 and AtRAD51C
In addition to the sds mutant, we obtained T-DNA insertional mutants for AtRAD51
and AtRAD51C genes. AtRAD51 is a homolog of yeast and mammal RAD51 and
exhibits similarity to E. coli RecA. In mammals, RAD51 has five paralogs, including
RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3. Similarly, in Arabidopsis the
AtRAD51 protein also has five paralogs. In Arabidopsis studies have shown that
AtRAD51 and AtXRCC3 are required for processing of meiotic DSBs (Li et al., 2004;
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Bleuyard and White, 2004), and RAD51B (Osakabe et al., 2005) and RAD51D (Dong et
al., personal communication) are involved in somatic homologous recombination.
Prompted by the intention to determine the functions of AtRAD51 and AtRAD51C,
reverse genetic approaches were applied to study the function of these proteins in
Arabidopsis, and the preliminary results have been reported in two recently published
articles (Li et al., 2004; Li et al., 2005).
For both of these two genes, we analyzed the mutant phenotypes of the atrad51-1 and
atrad51c-1 mutants. Both mutants are completely sterile, but exhibit like normal
vegetative growth and development. Chromosome staining revealed that severe
fragmentation of meiotic chromosomes in these mutants, and this fragmentation can be
suppressed by an atspo11-1 mutation. Therefore, we conclude that these two genes are
required for normal processing of meiotic DSBs generated during early meiotic prophase
I, confirming that RAD51 and RAD51C in Arabidopsis play conserved roles as their
counterparts in yeasts and mammals.
However, our current studies are not sufficient to elucidate the functioning
mechanisms of these proteins. First, relationship or interaction between these proteins
during meiosis is not clear. In addition to AtDMC1 and AtRAD51, there are five paralogs
of AtRAD51. Four of them, AtRAD51, AtDMC1, AtRAD51C, and AtXRCC3, have
been found to be involved in meiosis. However, mutants of the other three genes exhibit
normal meiosis. We are wondering whether these three genes are specialized for mitotic
homologous recombination or loss of one of these three genes is not sufficient to disrupt
the normal meiotic chromosome behaviors. This latter hypothesis is proposed because
recent analysis suggested that these three proteins are more closely related and may share
redundant functions (Lin et al., unpublished data). We have generated multiple mutants
and analysis will be performed to determine whether meiosis is disrupted in the multiple
mutants.
In addition, more detailed analysis of these single and double mutants, most
importantly atrad51-1 and atrad51c-1, using multiple cytological approaches is required
for better understanding of the gene functions in Arabidopsis. One point we want to
determine is how these proteins, AtRAD51, AtXRCC3, and AtRAD51C, function in the
processing of meiotic DSBs. Since mutations in these three genes exhibit similar
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phenotypes under regular light microscope, a description using other techniques to
differentiate the severity of these mutants would be necessary, which will provide
information about which gene(s) function(s) upstream of the others. Our results have
shown that electron microscopy technique is a feasible approach and the results we
obtained show that the abnormality of synapsis in atrad51-1 is more severe than that in
atrad51c-1. However, electron microscopy technique requires experience and is time
consuming. We developed the counting of chromosome fragments on DAPI-stained
chromosome spreads. Although this is not a highly accurate approach, our preliminary
counting of the meiotic chromosome breaks indicates that there are more breaks in
atrad51-1 than in atrad51c-1. Further experiments to refine the counting of breaks using
an anti-H2AX antibody will offer us methods to comparing the severity in abnormality of
the single and multiple mutants more readily.
We have so far mainly focused on the observational and genetic analyses of mutants
and less attention has been paid to the underlying mechanisms. This is common for
research in other RAD51 related genes in Arabidopsis (Couteau et al., 1999; Bleuyard
and White, 2004; Li et al., 2004; Siaud et al., 2004; Bleuyard et al., 2005; Li et al., 2005;
Osakabe et al., 2005). RAD51 in yeast and mammal are thought to bind ssDNA and
processes an ATPase activity; whether these characteristics are conserved in their plant
counterpart needs to be determined. In addition, RAD51-related proteins form complexes
and, although in Arabidopsis some aspects of the complex formation have been shown by
Y2H (Osakabe et al., 2002; Osakabe et al., 2002; Osakabe et al., 2005), further in plant
experiments including co-immunoprecipitation of epitope-tagged RAD51-like proteins
can be applied to confirm those patterns of interaction (Li et al., unpublished data).
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