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ABSTRACT

The eukaryotic RecA homologue Rad51 is a key fac-
tor in homologous recombination and recombina-
tional repair. Rad51-like proteins have been identi-
fied in yeast (Rad55, Rad57 and Dmc1), plants and
vertebrates (RAD51B, RAD51C, RAD51D, XRCC2,
XRCC3 and DMC1). RAD51 and DMC1 are the strand-
exchange proteins forming a nucleofilament for
strand invasion, however, the function of the par-
alogues in the process of homologous recombina-
tion is less clear. In yeast the two Rad51 paralogues,
Rad55 and Rad57, have been shown to be involved in
somatic and meiotic HR and they are essential to the
formation of the Rad51/DNA nucleofilament counter-
balancing the anti-recombinase activity of the SRS2
helicase. Here, we examined the role of RAD51B
in the model bryophyte Physcomitrella patens. Mu-
tant analysis shows that RAD51B is essential for the
maintenance of genome integrity, for resistance to
DNA damaging agents and for gene targeting. Fur-
thermore, we set up methods to investigate meio-
sis in Physcomitrella and we demonstrate that the
RAD51B protein is essential for meiotic homologous
recombination. Finally, we show that all these func-
tions are independent of the SRS2 anti-recombinase
protein, which is in striking contrast to what is found
in budding yeast where the RAD51 paralogues are
fully dependent on the SRS2 anti-recombinase func-
tion.

INTRODUCTION

DNA double-strand breaks (DSBs) are a major threat for
genome integrity and the accumulation of such damage

leads to oncogenesis, cell death and severe dysfunction of
cells. The DNA DSB repair system is crucially important
for survival of living cells and highly conserved in eukary-
otes. DSB repair can be achieved by multiple pathways,
which can be grouped into two classes based on the involve-
ment of sequence homology: non-homologous end-joining
(NHEJ) and homologous recombination (HR). Repair of
DSBs through HR generally preserves the integrity of the
genomic material. In addition, HR events play an essen-
tial role in assuring proper meiotic chromosomal disjunc-
tion and represent an essential mechanism to create genetic
diversity.

The RECA/RADSI family proteins are involved in HR
mechanisms in prokaryotic and eukaryotic cells and have
been the object of considerable interest (for review see (1)).
In the budding yeast Saccharomyces cerevisiae, 4 RecA-like
homologues, Rad51, Rad55, Rad57 and Dmcl, have been
identified. Rad51, Rad55 and Rad57 are expressed ubiq-
uitously while Dmcl is a meiosis-specific gene. Rad51 and
Dmecl genes are conserved in many eukaryotes, while Rad55
and Rad57 seem to be specific to yeasts. All these Rad51-
like proteins play roles in DSB repair including HR (2) and
yeast mutants impaired in any of the Rad51-like proteins
are defective in meiotic recombination and exhibit reduced
spore viability (3). Even though Rad51 and Dmc1 have been
demonstrated to be the core protein for the formation of the
nucleoprotein filament for strand invasion, the function of
the Rad55 and Rad57 paralogues in the process of HR is
less clear. However, a recent study has demonstrated that
the Rad55/Rad57 complex is involved in the formation of
the Rad51/DNA nucleofilament, showing that this com-
plex acts to counterbalance the anti-recombinase activity of

SRS2 helicase (4).
In addition to RADS51 and DMCI, five RADSI
paralogues (XRCC2, XRCC3, RADS5IB/RADSILI,

RADS5IC/RADSIL2 and RADS5ID/RADSIL3) have
been identified in mammals, with 20-30% protein sequence
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identity with RADS51 and with each other (5). Unlike
RADSI1, no self-assembly of individual paralogues has
been detected. Biochemical studies have unravelled differ-
ent complexes: RADS5IB-RADS51C-RADSID-XRCC2,
RADS51C-XRCC3, RADSIC-RADSIB, RADSIC-
RADSID and RADSIC-RADSID-XRCC2 (reviewed
in (6)). The functions of these various subcomplexes are
still unclear mostly because knockouts of the RADSI1
paralogue genes are embryo-lethal in animal model sys-
tems and hardly any in vivo data are available (7-11).
Nevertheless, RADS51 paralogue functions investigated
using immortalized vertebrate cell lines, such as chicken
DT-40 or hamster CHO cells (12-15), showed that RADS51
paralogues all play roles in somatic recombination, DNA
repair and chromosome stability (for reviews see (9)).
One of the complexes, the RAD51B/RADS51C complex,
has been shown to promote strand exchange activity
of RADSI1-ssDNA filaments (16,17). Based on in vitro
studies it has been recently proposed that this func-
tion could be mediated by the direct formation of the
RADS1B/RADSIC complex on ssDNA that would par-
tially stabilize the RADS51 nucleoprotein filament against
the anti-recombinogenic activity of the Bloom’s syndrome
(BLM) helicase (18). Consistent with a major role of
RADS5I1B in HR, chicken DT40 rad51b mutant cell lines
show spontaneous chromosomal aberrations, high sensitiv-
ity to cross-linking agents, mild sensitivity to gamma rays
and significantly attenuated RADS51 focus formation after
gamma ray exposure. In addition, RADSIB deficiency
abolishes targeted integration in the Chicken DT40 cell line
mutant (14). Finally, the high expression levels of RADSIB
observed in testis (19) suggest that this protein could also
be involved in animal meiosis and possibly in meiotic HR.

The five RADSI paralogues described in vertebrates, in-
cluding RADS1B, have been identified in plants (20) and
corresponding mutants have been characterized (21-34).
Analysis of mutants affected in RADS51B supports a con-
servation of functions of this paralogue between animals
and plants. Indeed, disruption of the RADS51B gene in Ara-
bidopsis thaliana (Arabidopsis) confers hypersensitivity to
the DNA cross-linking agents mitomycin C and cisplatin
(21,22) and leads to hypersensitivity to bleomycin when
combined with disruption of the XRCC2 and/or RAD51D
genes (23). Moreover, spontaneous somatic recombination
was shown to be reduced in the Arabidopsis rad51b mutant
(24,35). The somatic role of the plant RADS51B paralogue
contrasts with its minor role during meiotic HR. Indeed,
the Arabidopsis rad51b mutant is fully fertile (21,22) and
shows only a very weak increase in meiotic recombination
rates (24).

Due to their tolerance, in term of development, to mu-
tation of the RADS1 paralogues, plants represent a very
attractive model to study the role of these proteins dur-
ing different phases of development, and particularly meio-
sis. In the plant kingdom, the moss Physcomitrella patens
(Physcomitrella) exhibits rates of gene targeting (GT) com-
parable to S. cerevisiae and has permitted advances in the
comprehension of HR-mediated DNA repair and transgene
integration via GT in plants (36-42). To gain further knowl-
edge on somatic and meiotic HR in plants, we investigated
the role of RADSIB in somatic and meiotic recombina-

tion. The results show that RADSI1B is indispensable for
DNA damage repair and HR in somatic cells and that this
role is independent of the SRS2 anti-recombination heli-
case. Moreover, we show that if some RADS5]1 functions are
clearly dependent on RADS1B, others, like its role in devel-
opment of Physcomitrella, are RADS1B independent. Fi-
nally, our data show for the first time an essential role for
RADS51B during meiosis.

MATERIALS AND METHODS
Plant material

Physcomitrella patens (Hedw.) B.S.G. ‘Gransden2004’ was
vegetatively propagated as previously described (43). Indi-
vidual plants were cultured as ‘spot inocula’ on BCD agar
medium supplemented with 1 mM CaCl2 and S mM ammo-
nium tartrate (BCDAT medium), or as lawns of protone-
mal filaments by subculture of homogenized tissue on BC-
DAT agar medium overlaid with cellophane for the isola-
tion of protoplasts. Transformation experiments were per-
formed as previously described (36) using linear fragments
of DNA generated by digestion of transforming vectors
with restriction enzymes (40). Growth conditions for the
generation of deletion strains were performed as described
(41). The rad51-1-2 double mutant has been described pre-
viously (41).

Gene identification and isolation

Genomic DNA and total RNA was isolated from
Physcomitrella as previously described For verifi-
cation of gene models, RNA was extracted as de-
scribed in (44). Physcomitrella genomic sequences
encoding the RADS5IB and SRS2 genes were
identified by Basic Local Alignment Search Tool
(http://www.phytozome.net/Physcomitrella_er.php).  The
available gene models were used for the design of poly-
merase chain reaction (PCR) primers to amplify cognate
genomic sequences, which were cloned in the TOPO-TA
(Life Technologies, USA) or pBluescript (Stratagene, USA)
plasmids. PCR primers used are listed in Supplementary
Table S1. In order to obtain a correct gene model for each
sequence, full-length cDNA sequences were amplified from
Physcomitrella polyribosome-derived RNA by rt-PCR
(44). Predicted polypeptide sequences were aligned with
the orthologous genes from Arabidopsis and Homo sapiens
using CLUSTALW.

Targeted gene knockout

For generation of deletion mutant rad5/BA, the 5'- and
3'-targeting fragments were amplified from Physcomitrella
genomic DNA and cloned upstream (5) and downstream
(3') of the loxP sites flanking the resistance cassette in
plasmid pBNRF (41) to create pRADS1Bdelta. For the
deletion mutant srs2A, the 5'- and 3’-targeting fragments
were amplified from Physcomitrella genomic DNA and
cloned on either side of the Sall site of plasmid pUCI18.
A loxP-flanked G418 resistance cassette from pMBLSDL
(44) was cloned into this site to create pSRS2delta. For the
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PpRADSIB gene, a 475 bp 5-targeting fragment (coordi-
nates 11046726-11046252 on chromosome 25) and a 8§91 bp
3'-targeting fragment (coordinates 11042979-11042088 on
chromosome 25) were PCR-amplified. For PpSRS2, a 607
bp 5-targeting fragment (coordinates 20773717-20774323
on chromosome 1) and a 1043 bp 3'-targeting fragment
(coordinates 20783155-20784197 on chromosome 1) were
PCR-amplified.

Moss protoplasts were transformed with pPRADS51Bdelta
digested with Avrll and BsrGl, or with a 3.2 kb pSRS2delta
targeting fragment obtained by PCR amplification. Stable
disruptants were selected by successive subculture on selec-
tive and non-selective medium and PCR analysed as de-
scribed in (44). Clean deletions in the PpRADS5IB (exons
3-10) and PpSRS2 (exons 2-24) genes were obtained by
transient Cre recombinase expression (40). Deletions in the
recombinant loci were confirmed by PCR amplification for
five independent clones using gene-specific external primers
PpRADS1B#1 and PpRADS1B#2, and PpSRS2#10 and
PpSRS2#11, respectively. Primers APT#16 and APT#19
were used as positive controls (Supplemental Table S1).
The five rad51b A deletion mutants show similar phenotypes
when tested. Two out of the five independent clones are de-
scribed in this study.

Targeted gene knockin

In order to replace the PpRADS51B gene from ATG to stop
by the AtRAD51B cds, we produced the pPpAtRADS1B-
KanR plasmid. First, we amplified a PCR fragment cov-
ering the AtRAD51B cDNA region (21) using Arabidop-
sis cDNA as the starting template (coordinate 47-1037
on Genbank: AB194809) and cloned it into a pUCIS
plasmid to obtain pAtRADSI1B. To generate the hybrid
Physcomitrella-Arabidopsis RADS5IB expression cassette
pPpAtRADSIB, a 575 bp 5 targeting fragment (partial
promoter/SUTR of PpRADS5IB, coordinates 11047187-
11046613 on chromosome 25) and a 560 bp 3’ target-
ing fragment (partial 3’UTR of PpRADS5IB, coordinate
11042647-11042088 on chromosome 25) were amplified
from Physcomitrella genomic DNA and cloned in pPpA-
tRADSIB upstream of the ATG and downstream of the
stop codon of the 4tRADS51B cDNA, respectively. To ob-
tain pPpAtRADS1B-KanR, the 35S::neoR cassette flanked
by two LoxP sites was recovered from pBNRF (41) and in-
serted in pPpAtRADS1-2 between the AtRADS51B cDNA
stop codon and the 3’'UTR of PpRADSIB.

Moss protoplasts were transformed with
pPpAtRADSIB-KanR digested with BsrGl. Stable
disruptants were selected by successive subculture on
selective and non-selective medium and PCR analysed as
described in (44). Elimination of the 35S::neoR cassette
was obtained by transient Cre recombinase expression (40).
Replacement of the PpRADS51B gene by the AtRADS5SIB
cds at the recombinant loci was confirmed by PCR amplifi-
cation using locus-specific external primers PpRADS1B#1
and PpRADS1B#2. Primers APT#16 and APT#19 were
used as positive controls (Supplementary Table S1).
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Analysis of gene expression in mutants

Transcript abundance in selected knockout and knockin
lines was determined by rt-PCR of cDNA as described in
(44). Detection of RADS5IB and SRS2 mRNA in mutant
lines was by rt-PCR using primers indicated in Supplemen-
tary Table S1.

Bleomycin and ultraviolet (UV)-B sensitivity assays

Protoplasts of wild-type (WT), rad51B and rad51-1-2 mu-
tants in BCDAT liquid medium supplemented with manni-
tol were treated with bleomycin (Bleocin inj., Euro Nippon
Kayaku GmbH, Germany) at concentrations indicated in
the text for 1 h. Protoplasts were washed two times and then
resuspended in liquid mannitol medium. After 20 h in the
dark, the protoplasts were spread on BCDAT agar medium
supplemented with mannitol (ca. 10° protoplasts per Petri
dish). After 6 days regeneration, the number of survivors
was counted. We repeated these experiments three times.

Protoplasts of WT, rad51B and rad51-1-2 mutants were
spread (ca. 50 000/plate) on protoplast agar medium
(PpNH4 + 0.5% glucose + 8.5% mannitol). Plates were im-
mediately irradiated with UV-B light (308 nm) in a Strata-
gene Stratalinker. The intensity of the irradiation was con-
trolled using the internal probe of the Stratalinker and one
plate of each strain was treated simultaneously. The exper-
iment was repeated three times. Plates were immediately
transferred to darkness for 24 h after treatment then to stan-
dard growth conditions for protoplast regeneration. Sur-
vival was determined after 1 week by microscopic observa-
tion.

Evaluation of spontaneous mutation frequency

Mutations in the PpAPT gene confer resistance to 2-
fluoroadenine (2-FA), a toxic compound for cells. The num-
ber of 2-FA resistant colonies that grow following proto-
plast regeneration reflects the frequency of spontaneous
mutations. Protoplasts of WT and rad51b mutant were re-
generated for 6 days on BCD agar medium supplemented
with mannitol (ca. 10° protoplasts per Petri dish) and
then transferred on to BCDAT agar medium supplemented
with 10 wM 2-FA (Fluorochem). After 2 weeks, the num-
ber of resistant colonies was counted. Experiments were
repeated three times and statistically analysed using the
Fisher’s exact test. The adenine phosphoribosyl transferase
(APT) genomic sequence from 2-FA resistant clones was
subsequently PCR amplified using primers PpAPT#2 and
PpAPT#20 (Supplementary Table S1) and sequenced to
identify the mutation responsible for the resistance.

GT assays

Transformation efficiency and APT targeting frequency
were measured as previously described (41). Moss pro-
toplasts (4.8 x 10°) were transformed with the non-
homologous pPBHRF plasmid (41) digested with HindlIIl
to produce a linear fragment containing the 35S::hygroR
marker, or with the PpAPT-KO2 plasmid digested with
BsaAl/Hindll1l to produce the targeting A PT fragment con-
taining the 35S::hygroR cassette (from pBHRF) flanked
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by genomic PpAPT sequences. Targeted integration of
PpAPT-KO2 at the APT genomic locus confers resistance
to 2-FA. We selected primary transformants (unstable +
stable) with 25 mg/] hygromycin B (Duchefa). Integrative
transformants were isolated following a second round of se-
lection. Small pieces of protonemal tissue from these trans-
formants were then transferred onto medium containing 5
wM of 2-FA to detect APT GT events. Experiments were
repeated three times and statistically analysed using the x?
test.

Cytology

Binocular observations were made with a Nikon SMZ1000.

Microscopy

4’ 6-diamidino-2-phenylindole (DAPI) staining of spore
mother cells was adapted from the techniques described in
(45,46). Leafy-shoots bearing immature sporangia were col-
lected, fixed in 1:3 (v/v) acetic acid:ethanol and stored at
4°C.

For chromosome preparation by squashing one imma-
ture sporogonium was placed on a dry microscope slide in a
drop of aceto-carmine stain (SIGMA, C6152) and crushed
with a dissecting needle to remove the meiocytes and ex-
pose them to the stain. A coverslip was applied and meio-
cytes were squashed by tapping the coverslip gently with the
flat back of a pencil. Slides were checked under a phase con-
trast microscope and slides showing meiocytes of the appro-
priate stages were immersed in liquid nitrogen until frozen
(about 30 s), and their coverslips flicked with a razor blade.
The air-dried preparation was dehydrated through an in-
creasing ethanol series (70%-90%-100%, 2 min each). Air-
dried slides were mounted in Vectashield antifade mounting
medium (Vector laboratories H-1000) containing a mix of
DAPI (Roche, 10236276001) and propidium iodide (Sigma,
P4170), 2 pg/ml each.

For chromosome preparation by spreading fixed leafy-
shoots bearing immature sporogonia were transferred to an
embryo dish and washed in 10 mM citrate buffer pH 4.5 at
room temperature and the buffer changed once before in-
cubating with an enzyme mixture comprising 0.3% w/v cy-
tohelicase (C1794), 0.3% w/v pectolyase (C8274) and 0.3%
w/v cellulase (P5936) (all Sigma) in citrate buffer for 3.5 h
at 37°C. Replacing the enzyme mixture with ice cold water
stopped the reaction. A single sporogonium was transferred
to a clean slide. The digested sporogonium was tapped out
in 5 pl of water, using a fine needle. Note that 15 pl 60%
acetic acid was added to the preparation and after gentle
stirring with a hook, the slide was then placed on a 45°C
heating block for 2 min. Air-dried slides were mounted in
Vectashield antifade mounting medium (Vector laborato-
ries H-1000) containing DAPI (Roche, 10236276001) at 2
wg/ml. All observations were made using a Zeiss Axio Im-
ager2 microscope. All images were further processed with
ZEN 2011 (Zeiss) or Adobe Photoshop 7.0.

RESULTS

Molecular and phenotypic
PpRADS51B deletion mutant

Sequence homology searches of the Physcomitrella
genome identified a single putative homologue for all
the RADSI paralogues except XRCC3 (Supplementary
Figure S1). PpRAD5IB is located on chromosome 25
(Phpat.025G051900) and our reverse transcriptase-PCR
(RT-PCR) and Rapid Amplification of cDNA Ends
(RACE) analyses of this gene, demonstrated that it consists
of 12 exons and 11 introns (Figure 1A) and contains an
open reading frame (ORF) of 362 amino acids (Figure 2).
Phylogenetic analysis revealed that the protein encoded by
PpRADS51B belongs effectively to the RADS1B family of
proteins (Figure 2). The PpRADSIB protein has 46% and
36% sequence identity and 63% and 57% sequence similar-
ity to AtRADS1B and HsRADSIB, respectively. There is
extensive similarity among all the RADS51B polypeptides
and PpRADSI1B contained the characteristic features for
RecA/Rad51 family proteins (Figure 2).

To investigate PpRADSIB function we generated a
rad51b deletion mutant, named rad51bA, using targeted
gene disruption followed by Cre/lox mediated elimination
of the resistance cassette (Figure 1A and Materials and
Methods). We confirmed that a portion of the coding region
was removed by PCR using primers that flanked the dele-
tion (Figure 1A) and sequence analysis confirmed the pres-
ence of a single LoxP site at the deletion site (not shown).
RT-PCR analysis established that the full-length transcript
was no longer produced in the mutant (Figure 1B). For
all further experiments, we used two independent rad51bA
strains, which displayed similar phenotypes.

characterization of the

The PpRADS51B deletion mutants show subtle developmental
defects

Like all mosses, the life cycle of Physcomitrella is charac-
terized by an alternation of two generations, a haploid ga-
metophyte that produces gametes and a diploid sporophyte
where haploid spores are produced. A spore develops into
a filamentous structure called protonema. Protonema fila-
ments grow exclusively by tip growth of their apical cells and
can originate side branches from subapical cells. Some side
branch initial cells can differentiate into buds rather than
side branches. These buds give rise to gametophores, more
complex structures bearing leaf-like structures, rhizoids and
the sexual organs: female archegonia and male antheridia.
Sperm cells can swim from the antheridia to an archego-
nium and fertilize the egg within. The resulting diploid zy-
gote originates a sporophyte, where thousands of haploid
spores are produced by meiosis.

The phenotype of the rad51bA mutants was character-
ized throughout this entire life cycle. By contrast with the
double rad51 mutant already described (41,47), that shows
a strong developmental phenotype on rich medium (Figure
3C and Supplementary Figure S2), the rad51bA mutants
display only a very weak defect in gametophytic develop-
ment (Figure 3E and 3F), showing a normal protonema
development but fewer gametophores than WT (81% of
the WT, see Figure 3A and Supplementary Figure S2).
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Figure 1. Structure and targeted disruption of Physcomitrella RADS51B and SRS2 genes. (A) Structure of the PnRADS51B and PpSRS2 genes. Exons are
represented by shaded boxes, with 5'- and 3’-UTR sequences in darker grey. The region deleted by cre-lox excision of a selection cassette is shown as a line
above each gene. (B) RT-PCR analysis of RAD51B and SRS2 transcripts in WT and mutants plants. RNA was isolated from protonemal tissue of WT
and mutants lines for cDNA synthesis and PCR amplification using gene-specific primers (PpRADS1B#19/#21; AtRADS1B#4/#5; PpSRS2#5/#6). The
PpAPT transcript has been used as control (primers: PpAPT#14/#19). Primers are listed in Supplementary Table S1.

However, after multiple subcultures we occasionally ob-
served some individuals showing strong developmental phe-
notypes (see one example in Figure 3G and 3H) suggesting
the possibility of a genetic instability in mutant lines.

Gametophores produced by the rad5/bA mutants are
normal. However, compared to WT, rad51bA plants pro-
duce fewer mature sporophytes (Figure 4A) and these
sporophytes produce capsules containing fewer spores (on
average, 4000 spores/sporogonium for the WT and 900
spores/sporogonium for the mutant, n = 20). Spores pro-
duced by the rad51bA plants were smaller than the WT, ir-
regular in shape, often remained as tetrads and could not
germinate (Figure 4B and Supplementary Figure S3). Thus,
if PPRADSI1B is not essential for vegetative development, it
is essential for fertility.

The rad51bA mutants display a mutator phenotype

In order to confirm the genetic instability phenotype of the
rad51bA mutant (see Figure 3G) and to evaluate its na-
ture, we measured the intensity of its mutator phenotype.
For this purpose, we investigated the effect of the loss of
the PpRADS51 B gene on mutation frequency of the APT re-
porter gene. Spontaneous mutations in this gene leading to
loss of APT activity confer resistance to adenine analogues,
such as 2-FA and can be selected on standard medium sup-
plemented with 10 wM 2-FA. We tested a total of 5.3 x 10°
rad51bA protoplast derived colonies and 107.2 x 10® WT
colonies for resistance to 2-FA. We observed two resistant
clones in the WT and a total of 145 2-FA resistant clones in
the rad51bA mutant (Table 1). Thus, our analysis revealed

that mutation rates were increased at least 1350 times in the
rad51bA mutant as compared to WT, a value three times
greater than the mutation rate observed in the rad51-1-2A
double mutant (41) and 20-fold lower than that observed
in the mismatch repair mutant PpMsh2 A (40). In order to
characterize the type of mutations found in the rad51bA
mutant context we partially sequenced the APT gene of 13
randomly chosen 2-FA resistant clones (Supplementary Ta-
ble S2). Mutations resulting from transitions, transversions
and deletions were recovered. These data support a direct
involvement of PpRADS1B in repairing naturally occurring
DNA damage to prevent the accumulation of mutations in
the genome.

The rad51hA mutants are hypersensitive to UV-B and
bleomycin C

WT, rad51-1-2A and rad51bA mutant were also analysed
for their sensitivity to DNA damaging agents. Sensitivity
of mutants and WT strains to UV-B (308 nm) was investi-
gated using a protoplast survival assay (40). The rad51bA
mutant displayed increased sensitivity to UV-B compared
to the WT; this increase is of the same order of magnitude
as that observed for the rad51-1-2 A mutant (Figure SA). We
further investigated sensitivity of the mutants to the DSB-
inducing agent bleomycin (48). We tested the acute toxic-
ity of bleomycin in WT and in the different mutants at the
cellular level. Following incubation for 1 h with increasing
concentrations of bleomycin, the ability of protoplasts to di-
vide and regenerate into colonies was assessed by subculture
on drug-free medium. Survival was calculated as the ratio
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Figure 2. The Physcomitrella genome encodes a RADS1B homologue. ClustalW alignment of the RADS1B proteins from Physcomitrella,Arabidopsis and
human. The amino acid sequences of the proteins are shown in the single-letter code. Gaps are indicated by dashes. Conserved amino acids are black shaded
and similar amino acids are grey shaded. The positions of the amino acids in each protein are shown at left. Black boxes indicate the positions of Walker
motifs A and B. Accession numbers used in this analysis are as follows: PpRad51B (Phpat.025G051900.1.p), AtRad51B (NP_180423) and HsRad51B
(AAC39723).

Figure 3. Vegetative development of the rad51bA mutants. Morphology of colonies and gametophores of WT (A, B), double rad51-1-2? mutant (C, D),
two independent subclones of a rad51bA mutant (E, F and G, H) and srs2? mutant (I, J). The picture was taken after 30 days of growth. Scale bar = 5 mm.

Table 1. PpPRADS51B is required to repair endogenous DNA damage

Genotype Regenerants (x 10%) 2-FA resistant Rate in 10°
WT 107 200 2 0.022
rad51b? 5300 145 (P =3.9 x 107189 27.3

4D.S. and F.N. unpublished, data from pooled WT controls of numerous mutator experiments.
PDifferences were compared using Fisher’s exact test.
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Figure 4. Phenotypes of Physcomitrella rad5/bA mutant at later developmental stages. (A) WT and rad51bA gametophore and sporangium. (B) Spores
obtained from mature WT, and rad51b A sporangium. Arrows indicate tetrad-like structures.

of protoplasts surviving after 15 days of regeneration fol-
lowing treatment to the number of protoplasts undergoing
normal regeneration without treatment. The LDS50 for the
WT was about 500 ng/ml bleomycin, whereas the rad51-1-
2A and rad51b A cells were more sensitive, with an LD50 of
100 ng/ml (Figure 5B). The rad51b A cells show a sensitivity
similar to the cells depleted of the RADS51 genes, previously
described as hypersensitive to bleomycin (44).

GT is abolished in the rad51bA mutants

In order to investigate the involvement of the PpRADS1B
protein in transgenesis, we quantified GT efficiency in
WT and rad51bA mutant after transformation with linear
pPpAPT-KO2 which confers hygromycin resistance (selec-
tive marker) and 2-FA resistance upon targeted integra-
tion at PpAPT locus, as described in (41). GT efficiency
was determined as the frequency of 2-FA resistant plants
among hygromycin-resistant integrative transformants. In

the rad51bA mutant, GT was completely abolished, even
though relative transformation frequencies (RTF for HygR
around 1.6 x 107%) was similar to that observed in the WT
strain with a homologous vector (Table 2). This experiment
shows that PPRADS1B is essential for GT. Moreover, the
fact that RTF is not altered in the rad51bA mutant suggests
that the capacity of random integration of the linear vector
is enhanced in the absence of PpPRADS1B.

To further assess the specific role played by RADS1B
in the mechanism of random DNA integration in
Physcomitrella, we determined transformation effi-
ciencies with a vector sharing no homology with the moss
genome, pBHRF, in WT and rad51bA plants. We then
compared these values with HygR RTF achieved with
the PpAPT-KO2 homologous vector. The absence of
sequence homology on the transforming DNA reduces
transformation frequencies ~8-fold in WT (Table 2), which
is consistent with previous reports (36). By contrast, HygR
RTF was similarly high with both vectors in rad51bA
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Figure 5. Hypersensitivity of the rad51bA and rad51-1-2? mutants to UV and bleomycin. Survival curves of WT, rad51bA and rad51-1-2? mutant proto-
plasts regenerating after exposure to UV (A) or bleomycin (B) treatments. Error bars indicate SD based on at least two independent experiments in all

cases.

Table 2. Comparison of transformation and GT efficiencies

Genotypes PpAPT-KO2 pBHRF

RTF? HygR 2FAR GT(%)® RTF? AntibR
Wild type 1.2+0.1° 294 (98 + 16.5°%) 202 (67.34+ 8.0  69.1 3.5 0.15 4 0.03¢ 35 (12 + 4.6%)
rad51bA 1.6 £0.3° 360 (120 £ 16.1°) 0 0 1.21+0.114 267 (89 & 11.5%)
Pp::AtRADS5IB 1.4£0.3° 312 (104 + 6.2°) 0 0 nd nd
srs2A 124£0.2° 303 (101 = 20°) 193 (64.3 £ 10.8°) 64 +3.2° 0.16 & 0.054 37 (12.3 £ 6.0°)
radSIbA/ srs2 A 1.440.2° 336 (112 +16.1°) 0 0 nd nd

4RTF in % express the frequency of antibiotic resistant transgenic strains in the whole regenerated population.

PGT efficiencies (%) express the frequency of 2-FA resistant among the population of antibiotic resistant transgenic strains.
¢ Average and standard deviation was determined from three independent experiments.

d Average and standard deviation was determined from three independent experiments.

mutant, demonstrating that PpRADS51B directly represses
random integration independently of the presence of moss
homologous sequence on the transforming DNA. These
data demonstrate that loss of function of RADSIB in
Physcomitrella de-repressed the random integration that
probably takes place via an illegitimate recombination
pathway upon transformation as previously observed in
the absence of RADS1 (41).

A flowering plant RADSIB cannot complement the
Physcomitrella rad51b A mutant defaults

GT efficiency is low in vascular plants compared to
Physcomitrella but can be detected (49), implying that the
recombination machinery necessary for GT is present. The
Physcomitrella RADS51B is in the plant group of RADS1B
proteins and is thus clearly of plant origin (Supplemen-
tary Figure S1). Furthermore, the Arabidopsis AtRADS51B
protein shows a high level of identity (45%) with the
PpRADSIB protein (Figure 2). In order to determine
whether the AtRADS1B protein could fulfil the RADS51B
function of Physcomitrella we replaced the PpRADS5IB
gene (ATG to stop) by the 4tRADS51B cds (for details see

Materials and Methods). Complete loss of the PpRADS51B
transcripts and expression of the AtRADS51B cDNA were
confirmed by RT-PCR in the Pp::AtRADS5I1B lines (Fig-
ure 1). For all experiments, we used two independent
Pp::AtRADSIB lines; results were comparable in the two
lines.

The Pp::AtRADS51B lines show the same developmental
phenotypes as the rad51bA mutant (not shown) including
sterility. GT efficiency was tested at the Pp4 PT locus as pre-
viously described. We observed that GT efficiency is com-
pletely abolished in both Pp::AtRADS51B lines compared to
the WT (Table 1). These results indicate that expression of
the Arabidopsis RADS51B cDNA under the control of the
Physcomitrella RAD51B promoter is not able to restore a
correct fertility or high GT efficiency.

Absence of SRS2 does not restore GT in the rad51bA mutant

In S. cerevisiae, Srs2 encodes a helicase which is a key reg-
ulator of Rad51 filament formation and disassembly and is
thus considered as an ‘anti-recombinase’. It has been shown
that deletion of Srs2 can suppress the sensitivity to ioniz-
ing radiation of the mutants of the S. cerevisiae Rad51 par-



alogues, Rad55 and Rad57 (4,50). Moreover, the Rad55-
Rad57 heterodimer has been shown to counteract the anti-
recombination activity of the Srs2 helicase and a model has
been proposed whereby Rad51 pre-synaptic filament for-
mation is modulated by a balance between the stabilizing
function of Rad55-Rad57 and the destabilizing function of
Srs2 anti-recombinase (4). In order to test the possibility
that the RADS1 pre-synaptic filament formation could be
modulated by such a balance and antagonistic effects be-
tween the RADSIB and SRS2 proteins in Physcomitrella,
we have produced a mutant in the PpSRS2 gene and anal-
ysed its effect on GT.

By performing a sequence homology search with the
yeast SRS2 protein sequence, we were able to identify only
one candidate gene homologue in Physcomitrella, which is
located on chromosome 1 (Phpat.001G116600). These re-
sults were in agreement with the previously described pres-
ence of an SRS2 homologue in bryophytes (51). Our RT-
PCR and RACE analyses of this gene, named PpSRS2,
demonstrated that it consists of 29 exons and 28 introns
(Figure 1A), and contains an ORF of 1301 amino acids.
Sequence analysis and domain determination revealed that
the PpSRS2 protein has 50% and 26% sequence identity and
64% and 43% sequence similarity to AtSRS2 and ScSRS2,
respectively, and that the conserved UVRD/REP domain
of the proteins is clearly aligned (Supplementary Figure S4).

To investigate PpSRS2 function and its potential interac-
tion with PpRADS51B we generated a srs2 deletion mutant,
named srs2A, and we retransformed this mutant to pro-
duce a double srs2 A/rad51b mutant (Figure 1A). RT-PCR
analysis established that the full-length transcripts were no
longer produced in the mutants (Figure 1B). In terms of ga-
metophytic development srs2A could not be distinguished
from WT, nor srs2A/rad51b from rad51bA mutant (Figure
3). The srs2 A mutant has normal sporogonia and produces
normal and viable spores, the double srs2 A /rad51b mutant,
like the rad51b A, is completely sterile (Supplementary Fig-
ure S3).

We quantified GT efficiencies in the srs2A and
srs2A/rad51b mutants after transformation with lin-
ear pPpAPT-KO2. In the srs2 A mutant, GT efficiency was
similar to the WT but in the double srs2A/rad51b mutant,
as already observed in the simple rad51bA mutant, GT was
completely abolished (Table 2). These data demonstrate
that SRS2 is not involved in GT and that its loss of function
does not restore GT in the rad51bA mutant context.

Meiotic recombination is altered in the rad51bA mutant

In order to investigate the origin of the sterility of the
rad51bA mutant we compared the spore germination effi-
ciency between WT and the different mutants. The rad51bA
mutant, Pp.: AtRADS51B line and srs2 A /rad51b double mu-
tant produce no viable spores, compared to a mean ger-
mination efficiency of 97.6% and 96.2% for the WT and
srs2A mutant plants, respectively (Supplementary Figure
S3). Thus, PPRADSI1B is essential for spore formation and
loss of function of SRS2 or addition of the AtRADS51B
function does not restore spore viability in the rad51bA mu-
tant context. Spores are the direct product of meiosis. In or-
der to explore the potential role of RADS51B in meiosis in
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Physcomitrella we have compared meiotic progression be-
tween the WT and the rad51bA mutant.

Young sporangia were first examined by fluorescence mi-
croscopy after cell squashing and DAPI staining of the
chromosomes. In the WT (Figure 6), the Physcomitrella
chromosomes condense during meiotic prophase I (Figure
6A and B) and can be seen as 27 pairs of homologous chro-
mosomes (bivalents) in metaphase I (Figure 6C and Supple-
mentary Figure S5). Homologous chromosomes then sepa-
rate from each other and migrate to the opposite poles of the
cell in anaphase I (Figure 6D). The second meiotic division
starts with the alignment of chromosomes in metaphase I1
(Figure 6E) and is followed by separation of sister chro-
matids in anaphase II (Figure 6F). Telophase II ensues,
chromosomes decondense (Figure 6G) and cytoplasm is
partitioned to produce a tetrad containing four haploid mi-
crospores (Figure 6H), which will differentiate into mature
spores (Figure 4B). In young sporangia of the rad51bA mu-
tant, prophase I proceeds (Figure 61 and J) but, at the transi-
tion between metaphase I and anaphase I, a mass of entan-
gled chromosomes can be seen in place of the 27 expected
bivalents (Figure 6K). Hardly any chromosome segregation
could be observed, but cytokinesis nevertheless takes place,
always generating four daughter cells with aberrant quanti-
ties of DNA (Figure 6L-N) and eventually producing un-
balanced tetrads (Figure 60 and P). Maturation of these
aberrant tetrads of microspores results in aggregated spores
with abnormal shape (Figure 4B).

In order to better characterize meiotic prophase, we es-
tablished a chromosome spreading technique (see Mate-
rials and Methods) that allowed the visualization of the
close association of chromosomes along their length (Fig-
ure 7A, C and D) (n = 25). These close associations are
very likely to reflect the formation of mature synaptone-
mal complexes between homologous chromosomes during
WT meiosis (pachytene stage). In the rad51b A mutant, such
close association was never observed (Figure 7B) (n = 19),
except on short portion of the nucleus (Figure 7E and F).

Taken together, these results show that RADSIB in
Physcomitrella is required for early meiotic events and for
the formation of normal bivalents.

DISCUSSION

We report here the identification and characterization of the
Physcomitrella mutant for the RADS51 paralogue RADS51B.
The first important result of this study is that Pprad51b mu-
tants display only a weak developmental phenotype, char-
acterized by a slight reduction of gametophore production.
This is in strong contrast with the situation in vertebrates
where mutation in RADS1B impairs viability (5), and also
different from vascular plants were the rad5/b mutant does
not show any developmental phenotype (22).

Although Pprad51B mutants are viable and show no
strong phenotypic defect under normal conditions, these
mutants show an increase in sensitivity to UV-B compared
with the WT. A role for RAD51B in UV-C-induced apop-
tosis of hamster CHO cells has been proposed (52), and
more recently, a stronger increase of UV-C-induced HR fre-
quency has been observed in the Arabidopsis rad51h mu-
tant compared to the WT (35). However, the role of the
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rad51bA

Figure 6. DAPI staining of WT and rad51bA meiotic chromosomes. (A, B) WT and (1, J) rad51b A prophase I, (C) WT and (K) rad51bA metaphase I, (D)
WT and (L) rad51bA anaphase I, (E) WT and (M) rad51bA metaphase 11, (F) WT and (N) rad51b A anaphase 11, (G) WT and (O) rad51bA telophase 11,

(H) WT mature spore and (P) rad51bA unseparated spores. Scale bar = 10 pm.

RADSI1B protein in mid-wavelength UV (UV-B) sensitiv-
ity, that is likely to be more biologically relevant than UV-C,
has not been studied and we show here for the first time the
involvement of RADS51B in this stress response. Decipher-
ing the UV-B resistance pathway in plants is of particular
interest in light of the potential influence of the solar UV-B
radiation on the genomic stability of plant populations (53).

The Pprad51B mutant also shows a strong increase in
sensitivity to the DSB inducing agent bleomycin. Hyper-
sensitivity to bleomycin is a hallmark of mutants affected
in RADSI1 and the RADS1 paralogues in S. cerevisiae (54)

and can be correlated to a default in HR-dependent DNA
DSB repair. A Rad51b mutant of DT40 chicken cells shows
a slight increase in sensitivity to gamma rays, another DSB
inducing agent (14). In vascular plants, the rad5/b mutant
of Arabidopsis shows a normal or only a slight increase in
sensitivity to gamma rays (21,22) and is slightly more sensi-
tive to bleomycin than the WT (23). The strong increase of
sensitivity to bleomycin of the Physcomitrella mutant is in
good agreement with an essential role of the HR-dependent
DNA DSB repair pathway in this moss (41), and confirms,
in regard of the difference of sensitivity to bleomycin be-
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Figure 7. Spread analysis of WT and rad51bA mutant prophase. (A, C, D) WT and (B, E, F) rad51bA mutant chromosome spreads (pachytene) counter-
stained with DAPI. C, D and E, F are enlarged regions of A and B, respectively. Scale bar = 5 pm for A and B and 1 pwm for C, D, E and F.

tween the Physcomitrella and Arabidopsis rad51h mutants,
the differences in the use of recombination pathways be-
tween the two plants (47).

We have shown previously that the loss of RADSI, that
is essential for HR function, induces genetic instability in
Physcomitrella (41). Here, we show that the rad5/h mu-
tant also exhibits a mutator phenotype and thus that the
RADSI1B protein is also essential for genetic stability. The
higher frequency of mutations in the rad51 and rad51b mu-
tants compared to the WT is probably due to the role of
the HR machinery in error-free-mediated damage repair
during DNA replication blocks (2,55). However, it must be
noted that, in addition to its general role in fork-associated
DNA damage repair via HR, RADSI has also an early
role during replication blocks, facilitating replication fork
restart when forks are still viable (56,57). In animal cells,
this second RADSI function consists, in part, of a direct
interaction between polEta and RADS]1 that is essential
for the restart of the replication fork (58). If this second
role of RADSI1 is conserved in Physcomitrella, failure to
restore synthesis and replication in the absence of RADS1
(15,55,58) could explain the decrease in growth rate ob-

served in the Physcomitrella rad5] mutant and its associ-
ated developmental phenotype (41,47). This second func-
tion of RADS1 would be independent of RADSIB and
in the rad51bh mutant, the presence of RADS51 and polEta
could permit the restart of the replication fork and thus cell
division would be only slightly affected in this context. Nev-
ertheless, in addition to the mutations resulting from the
failure to repair DNA damage via HR, the rad51h mutant
would accumulate mutations due to the restart of replica-
tion via an error-prone polymerase (59). Supporting this
hypothesis, mutations, like deletions, that were not found in
the Physcomitrella msh2 A mutant context for example (40),
and could result from the translesion synthesis-mediated
bypass of damages (60) can be found in the rad5/bA mu-
tant. Taken together, these results could account for the
weaker developmental phenotype and stronger mutator
phenotype observed for the Physcomitrella rad5/bh mutant
compared to the rad51 mutant.

The lethality of the RADS51B mutations in animals has
made the study of the role of RADS5IB in HR difficult.
Moreover, due to the absence of an efficient test for GT in
most animals and vascular plants, no data are available on
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the putative role of RAD51B in HR-mediated GT in these
organisms. However, studies in human cells recently showed
that RADS51-dependent HR is reduced, but not abolished,
in the absence of RADS51B (61). Similarly, based on the use
of an in planta intrachromosomal recombination assay, it
has been shown in Arabidopsis that somatic recombination
is decreased but not abolished, in a rad51b mutant context
suggesting that RADS51B is involved but not essential for
RADSI1 nucleofilament formation in Arabidopsis (24). By
contrast, RADS51B has been shown to be essential for HR-
mediated GT in chicken DT-40 cells (14). The situation is
also different in unicellular eukaryotes: while RADS51B is
essential for GT in trypanosomatidae (62), the Rad55 and
Rad57 paralogues are not essential for GT in S. cerevisiae
(63). We show here that the RADS51B protein is absolutely
required for HR-mediated GT in Physcomitrella. The es-
sential role of this RADS1 paralogue in HR for GT compe-
tent eukaryotes, such as Physcomitrella, trypanosomatidae
and DT-40 cell lines contrasts with the less prominent role
of the RADSI paralogues for GT observed in S. cerevisiae
(63). The importance of RADS51B for GT in Physcomitrella
clearly distinguishes these two species and reflects the more
important role of RADS51 in GT in Physcomitrella com-
pared to S. cerevisiae (41).

The HR machinery is essential for targeted integration
of a homologous vector. Does this mechanism affect un-
targeted integration of a non-homologous vector? In S.
cerevisiae, illegitimate recombination of non-homologous
DNA fragments occurs at low frequencies (64), and the ab-
sence of RADSI1 leads to a further decrease in the num-
ber of Illegitimate Recombination (IR) events compared
to WT (63). By contrast, in A. nidulans, S. pombe and
Physcomitrella (41,65-66) the absence of RADSI increases
IR rates. Our data show that in Physcomitrella, deletion of
RADS5IB, like deletion of RAD51, leads to an increase in
IR. This implies that whereas in S. cerevisiae the HR ma-
chinery is necessary for the integration of exogenous DNA
with or without homology, in moss there is clearly compe-
tition for DNA integration between HR and IR (probably
NHEYJ). Thus, the idea that the outcome of transgenesis re-
flects the balance between HR- and IR-mediated DNA re-
pair is strongly supported in moss.

The Rad55/Rad57 complex promotes Rad51 nucleopro-
tein filament stabilization and facilitates Rad51-dependent
strand invasion reactions in yeast (2). Because the mam-
malian RADS51 paralogue complexes share biochemical
features and genetic functions with the Rad55/Rad57 het-
erodimeric complex it has been proposed that early role of
the RADS1 paralogues in HR is to promote RADS1 nucle-
oprotein filament assembly. Recently, in vitro studies have
shown that the RADS51B-RADSIC complex can regulate
the stability of the RADS1 nucleoprotein filament by act-
ing as a pro-recombinase against the BLM helicase that
acts as an anti-recombinogenic factor (18). However, evi-
dence of direct in vivo interaction between RADS1 and the
RADSI1 paralogues is still lacking and the respective roles
of the different RADS1 paralogues in the formation of the
RADSI1 nucleofilament is still unclear (6). In S. cerevisiae,
the Rad55/Rad57 paralogue-mediated Rad51 filament as-
sembly was shown to be counterbalanced by the Srs2 anti-
recombinase (4,50) which led us to test the potential inter-

play between SRS2 and RADS51B in Physcomitrella. For
this purpose we isolated the first plant srs2 mutant. Our
results show that the srs2 mutant has no obvious develop-
mental phenotype, is fully fertile, is not affected in GT and
shows a meiotic behaviour similar to WT which is very dif-
ferent from the situation in yeast where Srs2 is involved in
somatic DNA repair and in meiosis (67). We also observed
that the absence of SRS2 does not restore the GT capacity
of the rad51bh mutant. It should be noted, however, that even
in yeast, rad55 or rad57 recombination defects are only par-
tially restored by the srs2 mutation (4). The diversification
of the RADS1 paralogues in multicellular eukaryotes prob-
ably reflects a specialization of these paralogues in different
aspects of recombination. One possibility is that RADS1B
is not involved in the recombination steps potentially con-
trolled by SRS2 and that another RADS51 paralogue might
interact with SRS2 to control RADS5]1 loading in multicel-
lular eukaryotes, a hypothesis that we are currently testing.

Yeast mutants impaired in any of the RADS51 paralogues
are defective in meiotic recombination and exhibit reduced
spore viability (3). The situation in multicellular eukaryotes
is more complex. Indeed, while the XRRC3 and RAD51C
paralogues have been shown to be indispensable for meio-
sis in Drosophila, Arabidopsis and rice (25-27,68-69), the
RADSID paralogue has been shown to be essential for
meiosis only in rice (28). Moreover, it was recently shown in
Arabidopsis that the absence of XRCC2, and to a lesser ex-
tent of RADS51B, increases meiotic crossing over rates (24).
By contrast, we show here that RADSIB is essential for
meiosis in Physcomitrella and that in its absence, homolo-
gous chromosomes do not form bivalents at metaphase I
but instead appear as a mass of entangled chromosomes
that cannot subsequently segregate. This phenotype is as-
sociated with evidence of synapsis defects during prophase
and is reminiscent of the meiotic phenotype of the flow-
ering plant mutants affected in meiotic DSB repair, such
as rad51, xrcc3, mndl or hop2 (29). Therefore, it is very
likely that RADS1B is involved in meiotic recombination
in Physcomitrella, although more studies will be necessary
to define precisely at which steps of meiotic DSB repair.
Further studies will also be necessary to determine whether
the essential role of RADSIB during meiosis can be ex-
trapolated to other organisms. The high expression levels
of RADSIB observed in mouse testis (19) suggests that this
could be the case.

Our results and the recent demonstration that RADS1D
is also essential for rice meiosis (28) contrast strikingly with
the role of these genes during Arabidopsis meiosis (24) and
reinforce the idea that the function of the RADSI par-
alogues during meiosis can vary from one species to an-
other. More generally, the differences observed between
the Physcomitrella and Arabidopsis rad51b or rad51 mu-
tants and the fact that the Arabidopsis RAD5IB or RADS51
genes cannot complement the defects observed in the cor-
responding Physcomitrella mutants (this study and unpub-
lished data), leave the open question of whether there are
distinctly different somatic and meiotic HR machineries in
bryophytes and vascular plants.



SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

FUNDING

Agence National de la Recherche [ANR-09-GENM-
402 and ANR-11-BTBR-0001-GENIUS to A.E. and
F.N.]. UK Biotechnology and Biological Research Coun-
cil [BB/1006710/1 to A.C.C. and Y.K.]. Funding for
open access charge: INRA, Institut Jean-Pierre Bourgin
UMR1318, Saclay Plant Sciences, Versailles, France.
Conflict of interest statement. None declared.

REFERENCES

1.

10.

11

12.

13.

14.

15.

16.

Holthausen,J. T., Wyman,C. and Kanaar,R. (2010) Regulation of
DNA strand exchange in homologous recombination. DNA Repair
(Amst), 9, 1264-1272.

. Krogh,B.O. and Symington,L.S. (2004) Recombination proteins in

yeast. Annu. Rev. Genet., 38, 233-271.

. Paques,F. and Haber,J.E. (1999) Multiple pathways of recombination

induced by double-strand breaks in Saccharomyces cerevisiae.
Microbiol. Mol. Biol. Rev., 63, 349-404.

. Liu,J., Renault,L., Veaute,X., Fabre,F., Stahlberg,H. and Heyer,W.D.

(2011) Rad51 paralogues Rad55-Rad57 balance the antirecombinase
Srs2 in Rad51 filament formation. Nature, 479, 245-248.

. Kawabata,M., Kawabata,T. and Nishibori,M. (2005) Role of

recA/RADSI family proteins in mammals. Acta Med. Okayama, 59,
1-9.

. Suwaki,N., Klare,K. and Tarsounas,M. (2011) RADS5]1 paralogs:

roles in DNA damage signalling, recombinational repair and
tumorigenesis. Semin. Cell Dev. Biol., 22, 898-905.

. Kuznetsov,S.G., Haines,D.C., Martin,B.K. and Sharan,S.K. (2009)

Loss of Rad51c leads to embryonic lethality and modulation of
Trp53-dependent tumorigenesis in mice. Cancer Res., 69, 863—-872.

. Pittman,D.L. and Schimenti,J.C. (2000) Midgestation lethality in

mice deficient for the RecA-related gene, Rad51d/Rad5113. Genesis,
26, 167-173.

. Deans,B., Griffin,C.S., Maconochie,M. and Thacker,J. (2000) Xrcc2

is required for genetic stability, embryonic neurogenesis and viability
in mice. EMBO J., 19, 6675-6685.

Shu,Z., Smith,S., Wang,L., Rice,M.C. and Kmiec,E.B. (1999)
Disruption of muREC2/RADS51LI in mice results in early embryonic
lethality which can Be partially rescued in a p53(-/-) background.
Mol. Cell. Biol., 19, 8686-8693.

. Tsuzuki,T., Fujii, Y., Sakumi,K., Tominaga,Y., Nakao,K.,

Sekiguchi,M., Matsushiro,A., Yoshimura,Y. and Morita,T. (1996)
Targeted disruption of the Rad51 gene leads to lethality in embryonic
mice. Proc. Natl. Acad. Sci. U.S.A., 93, 6236-6240.

Urbin,S.S., Elvers,I., Hinz,J.M., Helleday,T. and Thompson,L.H.
(2012) Uncoupling of RADS1 focus formation and cell survival after
replication fork stalling in RADS51D null CHO cells. Env. Mol.
Mutagen, 53, 114-124.

Takata,M., Sasaki,M.S., Tachiiri,S., Fukushima,T., Sonoda,E.,
Schild,D., Thompson,L.H. and Takeda,S.(2001) Chromosome
instability and defective recombinational repair in knockout mutants
of the five Rad51 paralogs. Mol. Cell. Biol., 21, 2858-2866.
Takata,M., Sasaki,M.S., Sonoda,E., Fukushima,T., Morrison,C.,
Albala,J.S., Swagemakers,S.M., Kanaar,R., Thompson,L.H. and
Takeda,S.(2000) The Rad51 paralog Rad51B promotes homologous
recombinational repair. Mol. Cell. Biol., 20, 6476-6482.

Sonoda,E., Sasaki,M.S., Buerstedde,J.M., Bezzubova,O.,
Shinohara,A., Ogawa,H., Takata,M., Yamaguchi-Iwai,Y. and
Takeda,S.(1998) RadS1-deficient vertebrate cells accumulate
chromosomal breaks prior to cell death. EMBO J., 17, 598-608.
Sigurdsson,S., Van Komen,S., Bussen,W., Schild,D., Albala,J.S. and
Sung,P. (2001) Mediator function of the human Rad51B-Rad51C
complex in Rad51/RPA-catalyzed DNA strand exchange. Genes
Dev., 15, 3308-3318.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Nucleic Acids Research, 2014, Vol. 42, No. 19 11977

Lio,Y.-C., Mazin,A.V., Kowalczykowski,S.C. and Chen,D.J. (2003)
Complex formation by the human Rad51B and Rad51C DNA repair
proteins and their activities in vitro. J. Biol. Chem., 278, 2469-2478.
Amunugama,R., Groden,J. and Fishel,R. (2013) The
HsRADS51B-HsRADSIC stabilizes the HSRADS1 nucleoprotein
filament. DNA Repair ( Amst), 12, 723-732.

Cartwright,R., Dunn,a M, Simpson,P.J., Tambini,C.E. and
Thacker,J. (1998) Isolation of novel human and mouse genes of the
recA/RADSI recombination-repair gene family. Nucleic Acids Res.,
26, 1653-1659.

Lin,Z., Kong,H., Nei,M. and Ma,H. (2006) Origins and evolution of
the recA/RADSI gene family: evidence for ancient gene duplication
and endosymbiotic gene transfer. Proc. Natl. Acad. Sci.

US.A.,103, 10328-10333.

Osakabe,K., Abe,K., Yamanouchi,H., Takyuu,T., Yoshioka,T.,
Ito,Y., Kato,T., Tabata,S., Kurei,S., Yoshioka,Y. et al. (2005)
Arabidopsis Rad51B is important for double-strand DNA breaks
repair in somatic cells. Plant Mol. Biol., 57, 819-833.

Bleuyard,J.-Y, Gallego,M.E., Savigny,F. and White,C.I. (2005)
Differing requirements for the Arabidopsis Rad51 paralogs in meiosis
and DNA repair. Plant J., 41, 533-545.

Wang,Y., Xiao,R., Wang,H., Cheng.Z., Li,W., Zhu,G., Wang,Y. and
Ma,H. (2014) The Arabidopsis RADS51 paralogs RADS1B, RADSID
and XRCC2 play partially redundant roles in somatic DNA repair
and gene regulation. New Phytol., 201, 292-304.

Da Ines,O., Degroote,F., Amiard,S., Goubely,C., Gallego,M.E. and
White,C.1. (2013) Effects of XRCC2 and RADS51B mutations on
somatic and meiotic recombination in Arabidopsis thaliana. Plant J.,
74, 959-970.

Kou,Y., Chang,Y., Li,X., Xiao,J. and Wang,S. (2012) The rice
RADSIC gene is required for the meiosis of both female and male
gametocytes and the DNA repair of somatic cells. J. Exp. Bot., 63,
5323-5335.

Li,W,, Yang,X., Lin,Z., Timofejeva,L., Xiao,R., Makaroff,C.A. and
Ma,H. (2005) The AtRADS51C gene is required for normal meiotic
chromosome synapsis and double-stranded break repair in
Arabidopsis. Plant Physiol., 138, 965-976.

Bleuyard.J.-Y. and White,C.1. (2004) The Arabidopsis homologue of
Xree3 plays an essential role in meiosis. EMBO J., 23, 439-449.
Byun,M.Y. and Kim,W.T. (2014) Suppression of OsRADSID results
in defects in reproductive development in rice (Oryza sativa L.). Plant
J,79,1-15.

Vignard,J., Siwiec,T., Chelysheva,L., Vrielynck,N., Gonord,F.,
Armstrong,S.J., Schlogelhofer,P. and Mercier,R. (2007) The interplay
of RecA-related proteins and the MND1-HOP2 complex during
meiosis in Arabidopsis thaliana. PLoS Genet., 3, 1894-1906.
Abe,K., Osakabe, K., Nakayama,S., Endo,M., Tagiri,A., Todoriki,S.,
Ichikawa,H. and Toki,S. (2005) Arabidopsis RADS51C gene is
important for homologous recombination in meiosis and mitosis.
Plant Physiol., 139, 896-908.

Li,W. and Ma,H. (2006) Double-stranded DNA breaks and gene
functions in recombination and meiosis. Cell Res., 16, 402-412.
Hamant,O., Ma,H. and Cande,W.Z. (2006) Genetics of meiotic
prophase I in plants. Annu. Rev. Plant Biol., 57, 267-302.
Osakabe,K., Yoshioka,T., Ichikawa,H. and Toki,S. (2002) Molecular
cloning and characterization of RADS5]1-like genes from Arabidopsis
thaliana. Plant Mol. Biol., 50, 71-81.

Durrant,W.E., Wang,S. and Dong,X. (2007) Arabidopsis SNI1 and
RADSID regulate both gene transcription and DNA recombination
during the defense response. Proc. Natl. Acad. Sci.

US.A., 104, 4223-4227.

Yao,Y., Bilichak,A., Titov,V., Golubov,A. and Kovalchuk,I. (2013)
Genome stability of Arabidopsis atm, ku80 and rad51b mutants:
somatic and transgenerational responses to stress. Plant Cell Physiol.,
54, 982-989.

Schaefer,D.G. and Zryd,J.P. (1997) Efficient gene targeting in the
moss Physcomitrella patens. Plant J., 11, 1195-1206.

Kamisugi,Y., Cuming,A.C. and Cove,D.J. (2005) Parameters
determining the efficiency of gene targeting in the moss
Physcomitrella patens. Nucleic Acids Res., 33, el73.

Kamisugi, Y., Schlink,K., Rensing,S.A., Schween,G., von
Stackelberg,M., Cuming,A.C., Reski,R. and Cove,D.J. (2006) The
mechanism of gene targeting in Physcomitrella patens: homologous


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku890/-/DC1

11978 Nucleic Acids Research, 2014, Vol. 42, No. 19

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52

53.

recombination, concatenation and multiple integration. Nucleic Acids
Res., 34, 6205-6214.

Trouiller,B., Charlot,F., Choinard,S., Schaefer,D.G. and Nogué.F.
(2007) Comparison of gene targeting efficiencies in two mosses
suggests that it is a conserved feature of Bryophyte transformation.
Biotechnol. Lett., 29, 1591-1598.

Trouiller,B., Schaefer,D.G., Charlot,F. and Nogué,F. (2006) MSH?2 is
essential for the preservation of genome integrity and prevents
homeologous recombination in the moss Physcomitrella patens.
Nucleic Acids Res., 34, 232-242.

Schaefer,D.G., Delacote,F., Charlot,F., Vrielynck,N.,
Guyon-Debast,A., Le Guin,S., Neuhaus,J.M., Doutriaux,M.P. and
Nogué,F. (2010) RADSI loss of function abolishes gene targeting and
de-represses illegitimate integration in the moss Physcomitrella
patens. DNA Repair (Amst), 9, 526-533.

Murén,E., Nilsson,A., Ulfstedt,M., Johansson,M. and Ronne,H.
(2009) Rescue and characterization of episomally replicating DNA
from the moss Physcomitrella. Proc. Natl. Acad. Sci. U.S.A., 106,
19444-19449.

Cove,D.J., Perroud,P.-F., Charron,A.J., McDaniel,S.F.,
Khandelwal,A. and Quatrano,R.S. (2009) Culturing the moss
Physcomitrella patens. Cold Spring Harb.

Protoc., 2009, pdb.prot5136.

Kamisugi, Y., Schaefer,D.G., Kozak,J., Charlot,F., Vrielynck,N.,
Hola,M., Angelis,K.J., Cuming,A.C. and Nogué,F. (2012) MREI11
and RADS0, but not NBSI, are essential for gene targeting in the
moss Physcomitrella patens. Nucleic Acids Res., 40, 3496-3510.
Ross,K.J., Fransz,P. and Jones,G.H. (1996) A light microscopic atlas
of meiosis in Arabidopsis thaliana. Chromosome Res., 4, 507-516.
Maluszynska,J. and Heslop-Harrison,J.S. (1991) Localization of
tandemly repeated DMA sequences in Arabidopsis thaliana. Plant J.,
1, 159-166.

Markmann-Mulisch,U., Wendeler,E., Zobell,O., Schween,G.,
Steinbiss,H.H. and Reiss,B. (2007) Differential requirements for
RADS]1 in Physcomitrella patens and Arabidopsis thaliana
development and DNA damage repair. Plant Cell, 19, 3080-3089.
Favaudon,V. (1982) On the mechanism of reductive activation in the
mode of action of some anticancer drugs. Biochimie, 64, 457-475.
Puchta,H. and Fauser,F. (2013) Gene targeting in plants: 25 years
later. Int. J. Dev. Biol., 57, 629-637.

Fung,C.W., Mozlin,A.M. and Symington,L.S. (2009) Suppression of
the double-strand-break-repair defect of the Saccharomyces
cerevisiae rad57 mutant. Genetics, 181, 1195-1206.

Blanck,S., Kobbe,D., Hartung,F., Fengler,K., Focke,M. and
Puchta,H. (2009) A SRS2 homolog from Arabidopsis thaliana
disrupts recombinogenic DNA intermediates and facilitates single
strand annealing. Nucleic Acids Res., 37, 7163-7176.

. Havre,P.A., Rice,M.C., Noe,M. and Kmiec,E.B. (1998) The human

REC2/RADS51B gene acts as a DNA damage sensor by inducing G1
delay and hypersensitivity to ultraviolet irradiation. Cancer Res., 58,
4733-4739.

Ries,G., Heller,W., Puchta,H., Sandermann,H., Seidlitz,H.K. and
Hohn,B. (2000) Elevated UV-B radiation reduces genome stability in
plants. Nature, 406, 98-101.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Moore,C.W. (1978) Responses of radiation-sensitive mutants of
Saccharomyces cerevisiae to lethal effects of bleomycin. Mutat. Res.,
51, 165-180.

Branzei,D. and Foiani,M. (2010) Maintaining genome stability at the
replication fork. Nat. Rev. Mol. Cell. Biol., 11, 208-219.
Hashimoto, Y., Ray Chaudhuri,A., Lopes,M. and Costanzo,V. (2010)
Rad51 protects nascent DNA from Mrel 1-dependent degradation
and promotes continuous DNA synthesis. Nat. Struct. Mol. Biol., 17,
1305-1311.

Petermann,E., Orta,M.L., Issaeva,N., Schultz,N. and Helleday,T.
(2010) Hydroxyurea-stalled replication forks become progressively
inactivated and require two different RAD51-mediated pathways for
restart and repair. Mol. Cell, 37, 492-502.

Hashimoto, Y., Puddu,F. and Costanzo,V. (2012) RADS51- and
MREI!1-dependent reassembly of uncoupled CMG helicase complex
at collapsed replication forks. Nat. Struct. Mol. Biol., 19, 17-24.
Goodman,M.F. (2002) Error-prone repair DNA polymerases in
prokaryotes and eukaryotes. Annu. Rev. Biochem., 71, 17-50.
Fortune,J.M., Stith,C.M., Kissling,G.E., Burgers,PM.J. and

Kunkel, T.A. (2006) RPA and PCNA suppress formation of large
deletion errors by yeast DNA polymerase delta. Nucleic Acids Res.,
34, 4335-4341.

Chun,J., Buechelmaier,E.S. and Powell,S.N. (2013) Rad51 paralog
complexes BCDX2 and CX3 act at different stages in the
BRCA1-BRCA2-dependent homologous recombination pathway.
Mol. Cell. Biol., 33, 387-395.

Dobson,R., Stockdale,C., Lapsley,C., Wilkes,J. and McCulloch,R.
(2011) Interactions among Trypanosoma brucei RADS51 paralogues
in DNA repair and antigenic variation. Mol. Microbiol., 81, 434-456.
Schiestl,R.H., Zhu,J. and Petes,T.D. (1994) Effect of mutations in
genes affecting homologous recombination on restriction
enzyme-mediated and illegitimate recombination in Saccharomyces
cerevisiae. Mol. Cell. Biol., 14, 4493-4500.

Schiestl,R.H., Dominska,M. and Petes,T.D. (1993) Transformation
of Saccharomyces cerevisiae with nonhomologous DNA: illegitimate
integration of transforming DNA into yeast chromosomes and in
vivo ligation of transforming DNA to mitochondrial DNA
sequences. Mol. Cell. Biol., 13, 2697-2705.

Ichioka,D., Itoh,T. and Itoh,Y. (2001) An Aspergillus nidulans uvsC
null mutant is deficient in homologous DNA integration. Mol. Gen.
Genet., 264, 709-715.

Muris,D.F., Vreeken,K., Schmidt,H., Ostermann,K., Clever,B.,
Lohman,P.H. and Pastink,A. (1997) Homologous recombination in
the fission yeast Schizosaccharomyces pombe: different requirements
for the rhp51+, rhp54+ and rad22+ genes. Curr. Genet., 31, 248-254.
Palladino,F. and Klein,H.L. (1992) Analysis of mitotic and meiotic
defects in Saccharomyces cerevisiae SRS2 DNA helicase mutants.
Genetics, 132, 23-37.

Joyce,E.E., Paul,A., Chen,K.E., Tanneti,N. and McKim,K.S. (2012)
Multiple barriers to nonhomologous DNA end joining during
meiosis in Drosophila. Genetics, 191, 739-746.

Abdu,U., Gonzalez-Reyes,A., Ghabrial,A. and Schiipbach, T. (2003)
The Drosophila spn-D gene encodes a RADS1C-like protein that is
required exclusively during meiosis. Genetics, 165, 197-204.



