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ABSTRACT

Studies of the repair pathways associated with DNA
double strand breaks (DSBs) are numerous, and
provide evidence for cell-cycle specific regulation
of homologous recombination (HR) by the regula-
tion of its associated proteins. Laser microirradi-
ation is a well-established method to examine in
vitro kinetics of repair and allows for live-imaging
of DSB repair from the moment of induction. Here
we apply this method to whole, live organisms, in-
troducing an effective system to analyze exogenous,
microirradiation-induced breaks in the Caenorhabdi-
tis elegans germline. Through this method we ob-
served the sequential kinetics of the recruitment of
ssDNA binding proteins RPA-1 and RAD-51 in vivo.
We analyze these kinetics throughout different re-
gions of the germline, and thus throughout a range
of developmental stages of mitotic and meiotic nu-
clei. Our analysis demonstrates a largely conserved
timing of recruitment of ssDNA binding proteins to
DSBs throughout the germline, with a delay of RAD-
51 recruitment at mid-pachytene nuclei. Microirradi-
ated nuclei are viable and undergo a slow kinetics
of resolution. We observe RPA-1 and RAD-51 colo-
calization for hours post-microirradiation through-
out the germline, suggesting that there are mixed
RPA-1/RAD-51 filaments. Finally, through live imag-
ing analysis we observed RAD-51 foci movement
with low frequency of coalescence.

INTRODUCTION

DNA double strand breaks (DSBs) are DNA lesions that
when not repaired can lead to cell death or the loss of genetic
information. Repair of DSBs occurs by either homology
driven pathways or pathways that do not require sequence
homology, such as non-homologous end joining (NHEJ)
(1). The homology-dependent pathways include homolo-

gous recombination (HR), which branches into several sub-
pathways, including double strand break repair (DSBR)
and synthesis dependent strand annealing (SDSA) (Figure
1A). A common and early step in both these pathways is the
resection of DSBs by endo- and exo-nucleases to form ss-
DNA used for a homology search. The success of this search
is crucial for the repair of DSBs and is mediated by a large
number of proteins. Key proteins that play a role in the early
steps of the HR pathways are the ssDNA-binding proteins
Rad51 and the Rpa protein complex. The Rpa complex
(Rpa1, 2 and 3) binds DNA immediately after the ssDNA
is formed (2). This binding protects the ssDNA from degra-
dation and prevents the formation of secondary structures.
These functions of Rpa are a prerequisite for the binding of
Rad51, which then completely, or partially, displaces Rpa.
This results in the formation of an ssDNA-Rad51 microfil-
ament capable of a homology search. The invasion of the
microfilament into the homologous sequence is followed ei-
ther by DNA synthesis and strand rejection (via SDSA) or a
double Holliday junction formation (via DSBR) (3). These
pathways can lead to gene conversion that is (DSBR), or is
not (DSBR and SDSA), accompanied by a crossover.

Mitotic DSBs are unintentional byproducts caused by
replication errors or by the action of exogenous agents (1).
Meiosis-specific DSBs are programmed and induced by the
enzymatic activity of the topoisomerase-like protein Spo11
(3). Meiotic and mitotic DSBs can be processed by the HR
pathway, but with one main difference: meiotic DSBs re-
quire the removal of Spo11 from DSBs by nucleases that
also take part in resection (4). Studies of germline DSBR
focus on Spo11-generated breaks, since they are the most
prevalent form of DSBs in the germline. DSBR of other
forms of DSBs in the germline have been investigated by
ionizing radiation, such as gamma irradiation [e.g. (5)]. This
tool was useful for identifying genes that play a role in
DSBR, because mutants for HR pathway genes are sensi-
tive to irradiation. However, due to the way gamma irradi-
ation is delivered, this method cannot be used for recording
early events of DSBR.

Laser microirradiation is a well-demonstrated method
for the induction of DSBs, which allows the recording of
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Figure 1. Laser microirradiation of C. elegans germline nuclei leads to GFP::RPA-1 and GFP::RAD-51 foci appearance. (A) Schematic representation of
pathways for the repair of DSBs; meiotic DSBs are induced by SPO-11 (wild type cells) or MIR (in this manuscript) and then repaired by the double stand
break repair pathway (DSB) or synthesis dependent strand annealing pathway (SDSA). Non homologous end joining can also repair DSBs, but it not a
favored pathway in meiosis. (B) Schematic representation of microirradiation experimental design. (C) An example of nuclei selected for microirradiation
prior to microirradiation (left image) and the same nuclei with visible GFP::RPA-1 foci 25 min post-microirradiation (right image). Scale bar, 2 �m. (D)
Different laser pulse intensities (1–15%) were applied to MP nuclei and the number of GFP::RPA-1 foci per nucleus was counted for each intensity setting.
n nuclei for 0 = 171, 1% = 30, 5% = 34, 10% = 35, 15% = 42. (E) The same foci from the experiment described in D were also quantified according to
the time (in minutes) it took them to appear for each level of intensity. 1% intensity was intentionally left out given that this intensity did not produce any
foci. Each data point represents a focus generated. n foci for 5% = 18, 10% = 31, 15% = 37. (F) An example of nuclei selected for microirradiation prior to
microirradiation (left image) and the same nuclei with visible GFP::RAD-51 foci 25 min post-microirradiation (right image). Scale bar, 2 �m. (G) Different
pulse intensities (1–15%) were applied to mid-pachytene nuclei and the number of GFP::RAD-51 foci per nucleus was counted for each intensity. n nuclei
for 0 = 220, 1% = 30, 5% = 40, 10% = 40, 15% = 41. (H) The same foci from the experiment described in G were also quantified according to time of
appearance (in minutes) for 5, 10, and 15%. 1% not included given that this intensity only produced foci in 2 nuclei. Each data point represents a focus
generated. n foci for 5% = 49, 10% = 152, 15% = 149. (I) Time of appearance of foci in nuclei with a particular number of foci. Each data point represents
a nucleus with a focus (or foci). n foci for nucleus with one focus = 10, two foci = 16, 3 and 4 foci = 24, 5 and 6 foci = 33, 7 and 8 foci = 37, 9 and 10 foci
= 29. All values are insignificant from each other (Kruskal-Wallis test P = 0.42). (J) Time of appearance of the subsequent foci plotted as a function of
the order of their appearance. Each data point represents a focus generated. n foci first focus = 62, second focus = 30, third focus = 28, fourth focus = 19,
fifth focus = 9. For simplicity of representation p values only for the first focus comparisons are represented. (K) Movement of foci within one particular
MP nucleus was quantified by measuring the distance (in �m) between each focus and the focus designated focus number one. Each data point indicates
a measurement taken at that time point for the specific pairwise distance indicated by the graph legend. Data point in purple shows example of coalescing
foci with focus #1. Bars in all graphs represent the mean ± SEM. * is for 0.01 < P < 0.05, ** is for 0.0001 < P < 0.01, *** is for P < 0.0001. For exact
P-values, mean, SD and SEM values see Tables S1–S5 in Supplementary Material.
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DSB repair protein recruitment by live-imaging from the
moment of DSB formation (6). Many methods and tech-
nologies are used for laser microirradiation. Some tech-
niques require pre-sensitization of the cells by growth in
BrdU. It was shown that a UV-spectrum laser can cause
DSBs (7–9). Some UVA laser microirradiation systems were
optimized to be used for the formation of DSBs and single
strand breaks without the need for cell pre-sensitizing. High
and medium laser intensities can induce DSBs, while low
laser intensities (<4% of total power/∼3�J) can induce sin-
gle strand breaks, oxidation, or interstrand cross-links (10–
12).

Laser microirradiation has the advantage of creating
DSBs without the need to genetically engineer cells, as re-
quired by methods that rely on generating DSBs by site-
specific endonucleases. Yet laser microirradiation is able to
provide results similar to those obtained with other systems.
Rpa1 and Rad51 are promptly recruited after DSB forma-
tion. Immunofluorescence analysis post-microirradiation
revealed that Rpa1 is observed as early as 5–10 min post-
microirradiation of human and yeast cells (13) and per-
sists for 6 h after microirradiation (14,15). Faster kinetics
of RPA recruitment were observed in yeast (16). Rad51 ap-
pears within 10–15 min post microirradiation and reaches
saturation at 2–3 h in human and hamster cells lines (17,18).
Rad51 foci repair kinetics are slow, as Rad51 foci can be
seen even 24 h post-microirradiation of hamster cells lines
(18). Despite the frequent use of laser microirradiation in
single-cell systems this method has not been used for DSB
formation in an intact multicellular organism.

The repair of DSBs is regulated throughout the cell cycle
[review (19,20)]. Cells in G1 do not have sister chromatids
available for HR, and therefore employ NHEJ as the main
DSB repair pathway. S and G2 cells have a replicating or
replicated genome and therefore can employ HR pathways.
Many DNA repair proteins, including Rpa and Rad51, are
the target of cell-cycle regulation (19). Some of the regula-
tion is indirect, as the loading of RPA and RAD51 requires
resection, and resection is a hub for cell cycle regulation
(20). Others have described a more direct regulation: Rpa2
is phosphorylated by CDKs and its hyper-phosphorylation
is critical for Rad51 recruitment and HR in response to
DSBs created by replication stress (21,22). The oscillation
in activity of Rpa and Rad51 throughout the cell cycle may
also be an outcome of controlling their mediators. For ex-
ample, Rad52, a protein required for the loading of Rad51,
is recruited to the DSB in a cell-cycle regulated manner
(23,24). Live imaging of laser microirradiated cells can also
reveal cell-cycle regulation of DSBR proteins. As expected
from their role in HR, Rad51 and Rpa1 recruitment to mi-
croirradiated DNA in hamster and human tissue culture
cells is reduced in G1 compared to S/G2 (18,25).

Meiotic DSBs are committed to the HR pathway. How-
ever, in some situations NHEJ can repair meiotic DSBs,
suggesting HR/NHEJ regulation is also imposed during the
meiotic program (26–28). Meiotic prophase I is an extended
phase of the meiotic program (ranging from hours to weeks
depending on the organism), during which many events
occur at the level of chromosome structure and dynamics
(29). Meiotic prophase I cells regulate events in DSBR with
meiotic progression in a manner analogous to mitotic cell-

cycle regulation. In yeast meiotic prophase I cells both Rpa2
phosphorylation and phosphorylation of Rad51 mediators
regulates crossover patterns (30–33).

In Caenorhabditis elegans meiotic and mitotic DSBR
pathways have been well-documented, although much of
the research into HR pathways is focused on the germline
(34). This stems mainly from the ability to analyze meiotic
events in a single germline in which nuclei are organized
in a temporo-spatial pattern. Here, we use laser microir-
radiation to examine RPA-1 and RAD-51 recruitment to
DSBs in the C. elegans germline. This represents the first
method for timed induction of DSBs in living C. elegans
throughout the germline. We show that this method is ef-
fective for DSB formation throughout the germline and can
be used to record the recruitment of ssDNA binding pro-
teins to the region of DNA damage. Through this analysis,
we identify for the first time the kinetics of recruitment of
RAD-51 and RPA-1 to DSBs in C. elegans in different re-
gions of the germline. We show that these kinetics are largely
constant throughout the germline, except in mid-prophase,
which shows delayed RAD-51 recruitment.

MATERIALS AND METHODS

Worm strains and culture

Worms were grown and maintained on nematode growth
media (NGM) plates seeded with Escherichia coli (OP50)
and raised at 20◦C. The following strains were used in
experiments: N2 bristol, oxIs279 [pie-1p::GFP::H2B +
unc-119(+)] II; spo-11 (ok79) IV / nT1 [qls51] (IV,
V), spo-11 (ok79) IV / nT1 [qls51] (IV, V); gtIs2368
[pie-1p::GFP(lap)::rpa-1 + unc-119(+)], GFP::rad-51
spo-11(iow16) IV/nT1[qls 51] (IV, V), rad-51(ok2218)
spo-11(iow14) IV/nT1[qls 51] (IV, V); gtIs2368 [pie-
1p::GFP(lap)::rpa-1 + unc-119(+)]

oxIs279 [pie-1p::GFP::H2B + unc-119(+)] II; spo-11
(ok79) IV / nT1 [qls51] (IV, V) was created by cross-
ing oxIs279 [pie-1p::GFP::H2B + unc-119(+)] and spo-11
(ok79) IV / nT1 [qls51] (IV, V).

rad-51(ok2218) spo-11(iow14) IV/nT1[qls 51] (IV, V);
gtIs2368 [pie-1p::GFP(lap)::rpa-1 + unc-119(+)] was
created first by making a spo-11 mutant (iow14, see
CRISPR-Cas9) in a rad-51(ok2218)/nT1[qls 51] (IV,
V) background, and then crossing that line to pie-
1p::GFP(lap)::rpa-1.

spo-11 (ok79) IV / nT1 [qls51] (IV, V); gtIs2368 [pie-
1p::GFP(lap)::rpa-1 + unc-119(+)]) was created by cross-
ing gtIs2368 [pie-1p::GFP(lap)::rpa-1 + unc-119(+)].
ltIs37 [pie-1p::mCherry::his-58 + unc-119(+)] and spo-11
(ok79) IV / nT1 [qls51] (IV, V).

The pie-1p::GFP(lap)::rpa-1 of spo-11 (ok79) IV / nT1
[qls51] (IV, V); gtIs2368 [pie-1p::GFP(lap)::rpa-1 + unc-
119(+)] was occasionally silenced, to induce de-silencing
the strain was grown for 1–2 generations at 25◦C and then
grown for a generation at 20◦C before analysis.

smIs34 [ced-1p::ced-1::GFP + rol-6(su1006)];
GFP::rad-51 spo-11(iow16) IV/nT1[qls 51] (IV, V).

meIs8 [pie-1p::GFP::cosa-1 + unc-119(+)] II; spo-11
(ok79) IV / nT1 [qls51] (IV, V) ojIs9 [zyg-12(all)::GFP
+ unc-119(+)].
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CRISPR-Cas9

GFP::rad-51 IV/nT1[qls 51] (IV, V) was created with
CRISPR-Cas9 to add a GFP tag to rad-51 using pDD282
as in (35). We decided to create an N- terminal tagged
RAD-51, as N- terminal tagged RAD-51 were known to
be more functional compared to C-terminal tags in other
species (see supplementary Table S2 of (36)). GFP::RAD-
51 does not complement a null RAD-51, but also does
not exert a dominant negative effect (GFP::RAD-51/+ are
fertile). Heterozygotes or homozygotes for GFP::RAD-51
show no defects in pairing or synapsis (Supplementary Fig-
ure S1A and B). GFP::RAD-51 accumulate in similar kinet-
ics as GFP::RAD-51/+ and GFP::RAD-51 homozygotes,
but persist in GFP::RAD-51 up to diakinesis (Supplemen-
tary Figure S1C). Six bivalents are observed in GFP::RAD-
51/+ mutants, as found in wild type, but GFP::RAD-51
homozygotes show misshapen bivalents that frequently as-
sociate with each other, indicative of DSB repair defects
(Supplementary Figure S1D). GFP::RAD-51 foci colocal-
ize with untagged RAD-51 foci (anti-RAD-51 antibody).
spo-11 is tightly linked to rad-51, therefore a new spo-11
partial 1034bp deletion mutation (iow16) was created in
the GFP::rad-51 IV/nT1[qls 51] (IV, V) strain using a
single crRNA that begins just before the N terminal cod-
ing region and selected using dyp-10 coconversion (37)
to generate GFP::rad-51 spo-11(iow16) IV/nT1[qls 51]
(IV, V). GFP::rad-51 spo-11(iow16) shows significantly
reduced foci numbers compared to GFP::rad-51 as well
as showing 12 DAPI-stained bodies in diakinesis. Some
GFP::RAD-51 foci are found in the absence of spo-11,
mainly in PMT. GFP::rad-51 spo-11(iow16) have 12 DAPI
bodies in diakinesis, indicating that crossovers cannot be
formed in this mutant.

The spo-11 mutation (iow14) in rad-51(ok2218)
spo-11(iow14) IV/nT1[qls 51] (IV, V); gtIs2368 [pie-
1p::GFP(lap)::rpa-1 + unc-119(+)] was made using the
same techniques as above creating an insertion in this case.
Loss of spo-11 function was assessed by DAPI body counts
with all gonads showing 12 DAPI bodies indicating lack of
crossovers.

Imaging

Live worms were imaged using MetaMorph Version
7.8.12.0 with 100×/1.4 NA oil Leica illuminated with
110LED. Intensity of light source was set to 5% and
exposure times were 500 ms for the GFP channel, and
20 ms for D&C. Nuclei were located based on fluo-
rescence of either GFP tagged Histone H2B, gtIs2368
[pie-1p::GFP(lap)::rpa-1 + unc-119(+)], or (SSM264
GFP::rad-51) spo-11 /nT1 [qls51] (IV, V). Row position
in the PMT was determined by counting from the distal tip,
and TZ was indicated by both crescent shaped nuclei, dis-
ruption in the organization of nuclei, and the beginning of
the hollow lumen center of the gonad as PMT has nuclei
throughout the center while pachytene nuclei are arranged
on the surface. Mid-pachytene was determined to be mid-
way between the start of transition zone and the start of
Diplotene, and late pachytene were nuclei immediately pre-
ceding diplotene (all LP experiments used the last seven
rows in pachytene).

Time series projects of microirradiated live worms were
created using Metamorph Multidimensional Acquisition.
Images were aquired at 2 min periods, imaging a 9 �m range
centered on the z-plane coordinate of microirradiation at 1
�m intervals resulting in 10 image stacks per time point.
The program was initiated and the time course was paused
after the first stack of each target region was imaged. The
stage was moved to each target region and microirradiated
nucleus, this took approximately 10 seconds per gonad; then
the program was resumed resulting in ≤2 min from microir-
radiation to the first post-irradiation image. Position of the
center Z stack was sometimes adjusted during recording
so that affected nuclei stayed in the image region (and did
not move out of imaging focus) if the gonad shifted during
recording. This could be done between images taken so as
not to change the time points. The program ran for 46 time
points.

Imaged stacks from live imaging were processed in Meta-
Morph to create a maximum projection for each time point.
Nuclei were scored for foci in FIJI-Image J. Foci were
counted in microirradiated nuclei and all nuclei immedi-
ately adjacent were scored as negative controls. The size of
foci were also recorded as some foci in microirradiated nu-
clei were abnormally large. Foci that exceeded a diameter
of 0.6 �m at the thickest point were recorded as a focus
cluster. The likely death of the worm during live imaging
was assumed at the time points when foci stopped mov-
ing within nuclei and auto-fluorescence of intestines dimin-
ished as well as small movements in the gonad completely
ceased (while the worms were completely immobile, gonads
would often pulse slightly internally), at which time nuclei
were no longer scored. All strains had some loss (or bleach-
ing) of fluorescence progressively during live imaging as live
worms were exposed to more excitation light. This was es-
pecially true for the relatively weaker fluorescence of pie-
1p::GFP(lap)::rpa-1 strains. Nuclei were not scored when
fluorescence diminished to the point when foci count could
no longer be assessed in a gonad.

As well as having some background foci, GFP::rad-51
spo-11(iow16) IV/nT1[qls 51] (IV, V) on rare occasion
would have a bit of background fluorescence during live
imaging that could not be distinguished as foci, but ap-
peared as light heterogeneous coloration in the nuclei that
increased in contrast during the experiments when back-
ground fluorescence diminished. Heterogeneous coloration
was not counted and only clear, relatively bright foci were
scored.

Each live imaging nucleus was scored for number of foci
at every time point with the total foci appearance calcu-
lated by number of foci minus foci before microirradiation
(i.e., new foci). In most cases there were zero foci present
before microirradiation but in GFP::rad-51 spo-11(iow16)
IV/nT1[qls 51] (IV, V), nuclei with foci were sometimes un-
avoidable, especially in the PMT and TZ.

Fixed slides were imaged using the DeltaVision wide-field
fluorescence microscope system (Applied Precision) with
100×/1.4 NA oil Olympus and images were deconvolved
with softWoRx software (Applied Precision). Length of go-
nad and location of foci were recorded using cell width
counts from the distal tip cell. Images were analyzed us-
ing softWoRx Explorer 1.3.0 software (Applied Precision).
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Foci were distinguished as a focus cluster if their diameter
exceeded 0.6 �m.

Microirradiation

Nuclei in the appropriate region of the germline were lo-
cated and the Z-plane was focused on the center of the target
nuclei before microirradiation. Target nuclei were selected at
the center of each nucleus and microirradiated using a single
pulse with Andor micropoint 365nm pulsed laser, and atten-
uated in MetaMorph to specified percentage of the total 80
�J output. Live worms were microirradiated and recorded
targeting the mid-pachytene nuclei at one pulse per nucleus
for a total of 5–7 nuclei per gonad as imaging allowed. The
manually driven optical attenuator was at max permissive-
ness and the motorized optical attenuator was adjusted and
displayed as a percentage of full power. For RAD-51 and
RPA-1 live imaging in Figures 1–3 live worms were microir-
radiated and recorded as in the indicated intensity one pulse
per nucleus and foci counts for each nucleus at every time
point was recorded. The data is presented in Figures 1–3
contains the first 85 min of recording. For the experiments
in Figure 4 and Tables 1–3 live worms were microirradiated
at 15% pulse intensity at one pulse per nucleus at the tar-
geted gonad region in two adjacent rows. Multiple targeted
worms were recovered and each experimental group (each
row in the tables) contained data collected from at least four
germlines. An example for the variability between worms is
seen in Supplementary Figure S2. The amount of nuclei tar-
geted was set per gonad region to allow for the number of
nuclei in a row and are as follows: PMT (row 5) 8 nuclei,
TZ 10 nuclei, MP 8 nuclei, LP 6 nuclei. Worms were recov-
ered immediately after microirradiation and dissected at the
appropriate time intervals.

Live image slides

Worms were positioned for live imaging and microirradia-
tion using both 1’x3’x.04’ slides with the worms on top of
a 3% agarose pad made with M9, or using a live imaging
petri dish (35 mm petri dish with 14 mm Microwell No. 1.5
coverglass MatTek corporation). The worms were placed
in M9 and Polybead 0.1-�m polystyrene beads (#00876;
Polysciences) and a coverslip was placed on top, or when
using an imaging petri dish, a thin circle of 10% agarose
made with M9 was placed on top of the worms in M9 and
polystyrene beads. Parafilm was used to seal the petri dish
and lid. To recover worms after microirradiation, the entire
slide was submerged in M9 and the coverslip gently pried
off, then M9 was emptied in to a petri dish and worms were
recovered with a glass pipet. To recover worms from the
imaging petri dishes, M9 was added to the petri dish and
the agarose pad was gently lifted to release worms before re-
covery with a glass pipet. When recovered, microirradiated
worms were placed on NGM plates seeded with OP50 until
time of dissection. A minimum of five worms were analyzed
for each experimental group ( = each bar).

Immunofluorescent staining

Worms were dissected to extract their gonads which were
fixed and stained as in (38) and are as follows: RAD-51

(Rabbit to RAD-51 1:10, 000; ModEncod), GFP (Chicken
to GFP 1:500; Abcam), HIM-8 (Rabbit to HIM-8 1:1, 000
Novus) SYP-1 (Goat to SYP-1 1:500). Secondary antibod-
ies used were �-rabbit Fluor 488 (1:500; Alexa), �-rabbit
TRITC (1:200; Jackson Immuno Research 711-025-152),
�-chicken Fluor 488 (Donkey to Chicken 1:500; Molec-
ular Probes), �-chicken 488 (1:500; Jackson Immuno Re-
search 103-545-155). All gonads were stained for 10 min
with 1:2,000 dilution of 5-mg/ml DAPI in PBS-Tween.

Distance measurements

FIJI-ImageJ straight line measurement tool was used to
measure distances in �m between foci within a mid-
pachytene nucleus. The first focus that appeared was des-
ignated the primary focus and all measurements of subse-
quent foci were to this first focus. Each focus was numbered
in order of their appearance (two appeared second, three
appeared third etc.). Measurements began as soon as more
than one focus was present in the nucleus and continued ev-
ery four minutes for the duration of the experiment.

Analysis of fixed samples

RAD-51 formed large foci, which we defined as clusters,
since they contained what appeared to be multiple RAD-
51 foci (both by shape and overall size). The diameter of a
RAD-51 cluster was 1.0 ± 0.3 �m, which is more than dou-
ble the size of a meiotic focus (0.4 ± 0.1 �m). We were not
able to individually count foci within this cluster in a reliable
manner, as we did with our live-imaging data, and there-
fore the fixed sample analysis refers to foci clusters as op-
posed to individual foci as a mark of laser microirradiation.
A control experiment in which non-microirradiated worms
were subjected to the same regimen lead to gonads without
any RAD-51 or RPA clusters (also see material and meth-
ods). We did see some small RAD-51 foci in our negative
control and therefore small foci were not counted as posi-
tive in our microirradiation fixed sample experiments. Due
to this background we believe that we are under estimat-
ing the number of foci in fixed samples, compared to live-
imaging. In agreement, our dissected samples had about
half of the expected numbers of RAD-51 positive nuclei ob-
served, while we had higher targeting rates when the read-
out was by live-imaging. However, by this methodology we
can be confidant that each RPA-1 or RAD-51 cluster in our
dissected germlines was a result of laser microirradiation.

RNA interference

Frozen RNAi cultures were streaked on LB plates contain-
ing ampicillin and tetracycline, grown overnight and cul-
tured the following morning in ampicillin LB for 6 h, then
grown overnight in the dark at room temperature on IPTG
plates. Worms for rpa-1(RNAi) and rad-51(RNAi) were
bleached and embryos placed on OP-50 NGM plates and al-
lowed to grow to L4s before being placed on prepared RNAi
plates for 24 h, and microirradiated. rpa-1(RNAi) resulted
in small gonads as an indication for successful RNAi.
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Table 1. GFP::RPA-1, spo-11

Region
Hours post-

microirradiation

Nuclei with
RPA-1 foci

clusters

Total number
of RPA-1 foci

clusters

Total numbers of
microirradiated

nuclei

Fraction of nuclei
with foci

clusters/microirradiated
nuclei

RPA-1 foci
clusters/nucleus

with a cluster

PMT 2 33 39 48 68.8 1.2
PMT 24 19 33 40 47.5 1.7
PMT 48 16 19 112 14.3 1.2
TZ 2 20 27 50 40.0 1.4
TZ 24 25 47 40 62.5 1.9
TZ 48 0 0 40 NA NA
MP 2 21 26 40 52.5 1.2
MP 24 18 27 56 32.1 1.5
MP 48 0 0 32 NA NA
LP 2 40 45 60 66.7 1.1
LP 24 0 0 24 0.0 NA
LP 48 0 0 24 0.0 NA

Number of nuclei with foci, total number of foci, and total number of microirradiated nuclei per gonadal region for worms that were microirradiated and
then dissected at three different time points post-microirradiation. Immunofluorescence was performed with an anti-GFP antibody. ‘Fraction of nuclei
with Foci clusters/microirradiated nuclei’ indicates how many nuclei showed foci out of the total number of nuclei that were microirradiated. ‘RPA-1 foci
clusters/nucleus with a cluster’ indicates the average number of foci clusters per nucleus.

Table 2. GFP::H2B, spo-11 & GFP::RPA-1, spo-11

Region
Hours post-

microirradiation

Nuclei with
RAD-51 foci

clusters

Total number
of RAD-51
foci clusters

Total numbers of
microirradiated

nuclei

Fraction of nuclei
with foci

clusters/microirradiated
nuclei

RAD-51 foci
clusters/nucleus

with a cluster

PMT 2 65 80 88 73.9 1.2
PMT 24 40 58 64 62.5 1.5
PMT 48 33 43 144 22.9 1.3
PMT 72 0 0 32 0.0 NA
TZ 2 36 49 90 40.0 1.4
TZ 24 44 71 70 62.9 1.6
TZ 48 7 8 80 8.8 1.1
TZ 72 0 0 40 0.0 NA
MP 2 57 71 96 59.4 1.2
MP 24 43 65 96 44.8 1.5
MP 48 0 0 80 0.0 NA
MP 72 0 0 56 0.0 NA
LP 2 64 76 78 82.1 1.2
LP 24 2 2 54 3.7 1.0
LP 48 0 0 30 0.0 NA
LP 72 0 0 24 0.0 NA

Number of RAD-51 nuclei with a foci cluster, total number of foci clusters, and total number of microirradiated nuclei per gonadal region for worms
that were microirradiated and then dissected at 4 different time points post-microirradiation. Immunofluorescence was performed with an anti-RAD-51
antibody. ‘Fraction of nuclei with foci clusters/microirradiated nuclei’ indicates how many nuclei showed foci clusters out of the total number of nuclei
that were microirradiated. ‘RAD-51 foci cluster/nucleus with a cluster’ indicates the average number of foci clusters per nucleus.

Table 3. Colocalization of RPA-1 and RAD-51 clusters

Numbers of foci % of RPA-1 clusters % of RAD-51 clusters

Region
Hours post-

microirradiation Mostly RPA-1 Mostly RAD-51 Colocalized Mostly RPA-1 With RAD-51 Mostly RAD-51 With RPA-1

PMT 2 6 13 33 15 85 28 72
24 2 20 31 6 94 39 61
48 2 7 17 11 89 29 71

TZ 2 15 12 12 56 44 50 50
24 5 3 42 11 89 7 93

MP 2 16 16 10 62 38 62 38
24 6 11 21 22 78 34 66

LP 2 2 11 43 4 96 20 80

Data indicating the hours post-microirradiation for 4 different stages, and subsequent measurements of RPA-1, RAD-51, or both colocalized foci in
dissected, fixed, and stained worms. Immunofluorescence was performed by the combined use of both an anti-GFP antibody and an anti-RAD-51 antibody.
The data is further divided into the percentage of RPA-1 clusters that were either present mostly alone or with RAD-51 cluster, as well as RAD-51 cluster
that were present mostly alone or with RPA-1 cluster.
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Figure 2. GFP::RAD-51 loading depends on RPA-1. Number of foci per nucleus (A, C, E) and time of appearance (B, D, F) for GFP::RPA-1 (A–D)
or GFP::RAD-51 (E–F) in both a wild type and a rad-51 homozygous sterile deletion (ok2218) strain (A–B) or pL4440 and rad-51(RNAi) (C–D) or
rpa-1(RNAi) (E–F). Each data point in (B, D, F) represents a focus generated. Bars represent the mean ± SEM. n nuclei and foci for wild type = 42,
35, and rad-51mutants = 37, 25, n nuclei and foci for pL4440 = 29, 29 and rad-51(RNAi) mutants = 29, 26, n nuclei and foci for pL4440 = 40, 128 and
rpa-1(RNAi) mutants = 30, 26. * is for *** is for P < 0.0001. For exact P-values, mean, SD and SEM values see Supplementary Tables S6 and S7 in
Supplementary figures.

Statistics

Kruskal-Wallis test was performed to determine if any of
the groups are significantly different than the others. If
determined significant, then pair-wise comparisons were
made using Mann–Whitney U test to identify the signifi-
cant pairs, which is presented in the supplementary data or
in the text. Statistical analysis was performed using Prism
7 GraphPad software, which was also used for the graphic
representation of the data in the figures.

Apoptosis assay

Live imaging slides were made and microirradiation was
performed as described above, except the strain CED-
1::GFP; GFP::RAD-51; spo-11 was used. The bend region
of each gonadal arm was imaged 24 h, and 48 h post-
microirradiation, with worms being recovered from the live
imaging slides after each imaging session. Controls went
through the same treatment regarding plating and recovery,
but were not subjected to microirradiation, only imaging of
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Figure 3. Differences in number and time of appearance of GFP::RPA-1 and GFP::RAD-51 foci between mitotic and meiotic cells. (A) Cartoon repre-
sentation of the stages of meiosis in the C. elegans germline. Nuclei in mitosis (FM-PMT [row 5], SCN-PMT[rows 9–11]) and meiosis (TZ, MP, LP) were
microirradiated and compared in terms of number of foci per nucleus (B) and time of appearance (C) in the GFP::RPA-1, spo-11. (B) n nuclei SCN-PMT
= 34, FM-PMT = 45, TZ = 50, MP = 42, LP = 43. (C) Each data point in (C) represents a focus, when bars are the mean ± SEM. Only P < 0.01 are
shown. n foci SCN-PMT = 23, FM-PMT = 36, TZ = 41, MP = 37, LP = 46.The same experiment described in B and C was applied to the GFP::RAD-51,
spo-11. (D) n nuclei SCN-PMT = 42, FM-PMT = 43, TZ = 44, MP = 41, LP = 50. (E) Each data point in (E) represents a focus, when bars are the mean
± SEM. Only P < 0.01 are shown. n foci SCN-PMT = 100, FM-PMT = 118, TZ = 158, MP = 149, LP = 155. (F and G) The percent of GFP::RAD-51
foci appearance was plotted as a function of time for mitotic (FM-PMT) versus MP nuclei (F) and for meiotic prophase I nuclei MP and LP (G). Meiotic
prophase I MP and LP. Mean of % foci at each time point in each gonad ± SEM. * is for 0.01 < P < 0.05, ** is for 0.0001 < P < 0.01. For exact P-values,
mean, SD and SEM values see Supplementary Tables S8–S10 in Supplementary figures.
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Figure 4. The effect of microirradiation on crossover formation and apoptosis. (A) Cartoon representation of the design of the GFP::COSA-1 experiment.
(B) COSA-1 foci numbers with and without irradiation n = 130, 125 respectively. (C) The number of CED-1 positive cells a function of microirradiation
in TZ or LP 24 h post treatment. No significant values are observed. n gonads no MIR = 76, TZ MIR = 18, LP MIR = 20. (D) same as (A), but at 48
h treatment. No significant values are observed. n gonads no MIR = 16, TZ MIR = 18, LP MIR = 20. (E) Fraction of RAD-51 positive nuclei among
nuclei with CED-1. No significant values are observed. n gonads no MIR = 284, TZ MIR = 50, LP MIR = 77.
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the bend region 24 h, and 48 h later. The number of CED-
1::GFP engulfed nuclei in the bend region were counted at
each time point for all experimental conditions.

COSA-1 assay

Worms homozygous for GFP::COSA-1, GFP::ZYG-12 and
spo-11 deletion were subjected to irradiation as indicated
above, except all TZ nuclei were targeted. GFP::RPA -1 or
GFP::RAD-51 could not be used for this experiment since
both, as GFP::COSA-1, localize as foci following microir-
radiation. ZYG-12 assisted by DIC was used to identify
TZ nuclei (nuclear patch appearance). Worms were recov-
ered and dissected ∼28 h post-microirradiation. The late
pachytene region of each germline was scored, and the num-
ber of GFP::COSA-1 foci in each nucleus was counted.
Controls were worms of the same genotype and age that
were not subjected to microirradiation.

RESULTS

A system for the analysis of RPA-1 and RAD-51 recruitment
to DSBs generated by laser microirradiation in C. elegans

We hypothesized that the recruitment of DSBR proteins to
DSBs would be regulated throughout the germline, which
contains both mitotic and meiotic prophase I nuclei. To
test this hypothesis, we developed a system in which recruit-
ment of ssDNA binding proteins involved in DSBR can be
followed by live-imaging of germline nuclei. We adopted
the well-established laser microirradiation techniques used
for tissue culture studies to our in vivo system (UV range
laser using the Andor MicroPoint system, see Materials
and Methods). Using this methodology, we generated DSBs
in different regions of the germline and assessed if DSB
numbers and timing of recruitment to the DSBs were simi-
lar in each region analyzed. For the experiments described
here we immobilized C. elegans young adults under agarose
pads. In these conditions, DSBs were created in a system in
which protein recruitment to the breaks could be followed
in vivo in the context of a whole, intact, living organism. The
microirradiated nuclei were followed by live-imaging (Sup-
plementary Figures S2 and S3, and Figures 1–3) until the
death of the organism (1.5–4 h into imaging). Alternatively,
the organism was moved to petri dishes immediately after
microirradiation for variable amounts of times before anal-
ysis by immunofluorescence experiments (Figures 4 and 5,
Supplementary Figures S1 and S4, and Tables 1–3). In these
studies only laser induced DSBs were studied; all microir-
radiation experiments were performed in a genetic back-
ground (spo-11 null) with no meiotic DSBs and the anal-
ysis in live worms was done in strains that contain either
RPA-1 [(39)] or RAD-51 fused to GFP [this study]. All P
values reported below for live imaging experiments are for
Mann-Whitney U test, and for fixed samples Fisher’s exact
test (more detail in Materials and Methods). An outline of
the experimental design is presented in Figure 1B.

RPA-1 is recruited to foci in microirradiated nuclei of the
germline

RPA is an ssDNA binding protein that is the first to pro-
cessively bind resected DSBs and was shown to localize to

SPO-11 generated DSBs in the germline (27). As a first test
of our system, we generated DSBs using variable amounts
of laser power in GFP::rpa-1; spo-11 germline nuclei [a
strain expressing RPA-1 fused to GFP and containing a
deletion for spo-11]. We first calibrated the intensity by mi-
croirradiating nuclei at mid-pachytene (MP) with various
amounts of energy (for n values and statistics, see Supple-
mentary Table S1). High intensities frequently led to nu-
clear ablation and mechanical damage to the worm, but at
lower intensities we observed DSBs forming, as evident by
the generation of GFP::RPA-1 foci only in nuclei exposed
to microirradiation (Figure 1C and Supplementary Movie
S1). No GFP::RPA-1 foci appeared at non-microirradiated
nuclei adjacent to the microirradiated nuclei (n nuclei =
171). This indicates that microirradiation is able to target
nuclei autonomously, without affecting other nuclei in the
germline syncytium. At a laser intensity of 1% (0.8 �J) no
foci were observed. The numbers of RPA-1 foci at inten-
sity levels of 5% (4 �J), 10% (8 �J) and 15% (12 �J) ranged
from 0.5 to 0.9 foci/nucleus and were statistically different
from no microirradiation (P < 0.0001) and 1% intensity (P
< 0.05) (Figure 1D and Supplementary Table S1). While
most nuclei had one focus (% nuclei with one focus: 5% =
47, 10% = 74 and 15% = 64), we also observed some nuclei
with zero or two foci. The mean time of appearance of an
RPA-1 focus was similar between the three intensity levels
with most foci (5% = 71, 10% = 86 and 15% = 100) appear-
ing in the first 20 min following microirradiation (Figure 1E
and Supplementary Table S2).

RAD-51 is recruited to DSBs following RPA-1

We next assayed RAD-51 recruitment under the same con-
ditions, using a spo-11; GFP::rad-51 strain. GFP::RAD-51
can not complement a null rad-51 mutant, but exhibits no
early meiotic defects (see Materials and Methods and Sup-
plementary Figure S1). GFP::RAD-51 foci appeared fol-
lowing microirradiation at all intensities tested (Figure 1G–
H, Supplementary Movie S2; for n values and statistics, see
Supplementary Table S3). However, at 1% only 9 (30%) of
the microirradiated nuclei had foci, while at higher intensi-
ties 80–100% of the nuclei had foci (Figure 1G and Supple-
mentary Table S3). There was no significant difference be-
tween 10% and 15% intensity in terms of mean number of
RAD-51 foci, but other pairwise comparisons were signif-
icant (Supplementary Table S3). The large majority of the
foci can be attributed to microirradiation, as adjacent non-
microirradiated nuclei rarely showed new foci [15% 3.6±2.8
foci/nucleus (n = 41) versus non-microirradiated 0.01 ± 0.1
foci/nucleus (n = 87), P<0.0001]. We also verified that the
bottom layer of germline nuclei is not affected by microir-
radiation (Supplementary Movie S3). The mean number of
GFP::RAD-51 foci was three to five times higher than RPA-
1 foci (Figure 1D and G 1.2 ± 0.9, 3.8 ± 2.5 and 3.6 ± 2.8
foci/nucleus in 5, 10 and 15% respectively). This may stem
from under-detection of RPA-1 foci (see Discussion).

The current model of DSBR proposes that RAD-51 re-
cruitment requires prior binding of RPA to the ssDNA. In
agreement with this model, the mean time of RAD-51 foci
formation was almost double that of RPA-1 [e.g. for 15%:
30.1 min (n = 149) versus 9.2 min (n = 37), P < 0.0001].
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Figure 5. RPA-1 and RAD-51 colocalize on laser microirradiation DSBs. (A) GFP::RPA-1 strain was microirradiated and stained with both anti-
GFP(green), anti-RAD-51(red) antibody and DAPI (blue) to visualize chromosomes. Four representative MP nuclei are shown. Three of the nuclei show
colocalization between RPA-1 and RAD-51. The fourth nucleus (bottom left) shows RAD-51 cluster with very faint RPA-1 (defined as ‘mostly RAD-51’
in Table 3). Scale bar 2 �m. (B) Zoomed in images of the foci indicated by the asterisks in A. (C) Model depicting the process of DSB repair as it occurs
in the different stages of the C. elegans germline. The model is canonical until Early Pachytene, where RAD-51 may not completely displace RPA-1 on the
ssDNA overhang. RAD-51 may also be attenuated in Mid-Pachytene by the initiation of strand invasion. (D) Model depicting how individual RAD-51 and
RPA-1 foci may appear as clusters upon fixed sample staining, with comparison to how similar foci appear in live imaging. The live imaging representation
for RPA-1 is a lighter green, meant to demonstrate the weak signal of the GFP::RPA-1 strain. (E) Model depicting the three most likely explanations for the
appearance of a mixed RPA-RAD-51 filament. The first two columns illustrate the possibility of RPA-1 and RAD-51 occupying different strands around
the DSB at the same time, while the third column depicts how a mixed filament may look. RPA-1 is depicted in green, RAD-51 in red, for all sections.
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The mean time of appearance of RAD-51 focus in 10% and
15% intensities was slower when compared to the 5% inten-
sities; however, in all conditions most foci appeared in the
first 50 min following microirradiation (5% = 98, 10% = 87
and 15% = 89 and Figure 1H and Supplementary Table S4).
Since there were overall more RAD-51 foci than RPA-1 foci
in our experiments, we tested whether the apparent delay in
RAD-51 foci appearance was biased by the late foci appear-
ance. This was not the case, as the mean time of appearance
of the first RAD-51 focus was larger compared to that of the
first RPA-1 focus [Figure 1E compared to 1H, 22.8 min (n =
39) versus 6.3 min (n = 32), P < 0.0001]. Likewise, in nuclei
with only one focus, the mean time of appearance of this
focus was greater for RAD-51 compared to RPA-1 [29 min
(n = 10) versus 6.4 min (n = 27), P < 0.0001]. There was no
difference in the mean time of recruitment of RAD-51 foci
between nuclei with different numbers of foci (Figure 1I).
This indicates that RAD-51 foci appearance follows RPA
recruitment, regardless of the number of foci in a microir-
radiated nucleus.

RAD-51 foci move and infrequently coalesce

Having multiple RAD-51 foci formed following microirra-
diation permitted the examination of the timing of recruit-
ment as a function of the order of recruitment. We per-
formed this analysis for the 15% intensity data. While the
first focus is recruited in 23 min following microirradiation,
the subsequent foci are recruited faster (Figure 1J and Sup-
plementary Table S5).

We also analyzed the distance between GFP::RAD-51
foci over time in PMT, TZ and MP microirradiated nu-
clei. We found that foci change relative distance, indicating
movement in the nucleus, but, for the most, they do not co-
alesce (% of two foci merging to one: FM-PMT 11.5%, n
= 26, TZ 5.3%, n = 19, MP 12%, n = 25). Foci that initi-
ated close to each other, remained in close proximity (Fig-
ure 1K and more examples in Supplementary Figure S3C).
This observation was found regardless of the gonadal re-
gion tested. This may indicate that RAD-51 foci can move
towards each other, but this is not a frequent phenomenon
in the time frame examined.

RAD-51 is recruited to microirradiated foci in an RPA-1-
dependent manner

RPA-1 binds resected ssDNA, which allows for the recruit-
ment of RAD-51. If indeed the foci we observed are indica-
tive of binding of RPA-1 and RAD-51 to ssDNA, it is ex-
pected that RAD-51 foci will be dependent on the presence
of RPA-1, but not vice versa. We tested the genetic require-
ment for RPA-1 and RAD-51 recruitment by microirradiat-
ing nuclei depleted by RNAi of rad-51 or rpa-1, respectively
(see Material and Methods). All microirradiation experi-
ments below were performed with 15% intensity (for n val-
ues and statistics, see Supplementary Tables S6 and S7). We
chose this intensity to avoid nicking as opposed to breaking
which has been shown at lower intensities in other systems
(and since 10% and 15% intensities were statistically indis-
tinguishable for most parameters).

We analyzed the RPA-1 foci appearance in the rad-51 null
mutant. Data obtained from spo-11; GFP::rpa-1; rad-51

was not different from that of spo-11; GFP::rpa-1 mutants
(Figure 2A and B), both for number (P = 0.1) and time (P
= 0.6) of appearance of foci. Similar results were obtained
using rad-51(RNAi) (Figure 2C and D). These data indi-
cate that RPA-1 forms foci independently of RAD-51. We
then tested for the opposite relationship with RNAi for rpa-
1 in the spo-11; GFP::rad-51 background. Feeding of spo-
11; GFP::rad-51 with bacteria with empty vector control
(pL4440) lead to similar results (P = 0.73 MW) to those ob-
served above with no RNAi bacteria: 3.4 ± 1.9 GFP::RAD-
51 foci appeared following microirradiation. However spo-
11; GFP::rad-51 rpa-1(RNAi) germlines showed only 0.7
± 1.3 foci/nucleus (P < 0.0001), indicating that RAD-51
recruitment is RPA dependent, as expected if the foci ob-
served are indicative of RAD-51 bound to ssDNA (Figure
2E and F).

RPA-1 is recruited in a similar manner in different regions of
the germline

To test if RPA-1 recruitment is affected by the stage in which
the nuclei are found, we microirradiated nuclei in five dif-
ferent regions of spo-11; GFP::rpa-1 germlines. C. elegans
germline nuclei are arranged in rows in which their rel-
ative position reflects their mitotic or meiotic stage (Fig-
ure 3A). The distal region of the germline, the pre-meiotic
tip (PMT), is composed of mitotically proliferating nuclei.
Nuclei move from the distal tip into the transition zone,
where they enter meiosis [∼row 16–20, this study, (40)].
The transition zone (TZ) contains nuclei in the leptotene-
zygotene stage, where nuclei display clustered chromosome
morphology. This clustered chromosomal organization can
also be seen by the diffuse nuclear signal of GFP::RAD-
51 or GFP::RPA-1. Nuclei exit leptotene-zygotene and en-
ter pachytene when chromosomes disperse throughout the
nuclear periphery. The pachytene stage is relatively long
and is followed by a brief diplotene stage. The last meiotic
prophase I stage, diakinesis, involves condensation of the
chromosomes and formation of oocytes.

Meiotic DSBs are normally created in TZ, processed in
MP and repaired as crossovers and non-crossovers at late
pachytene (LP). However, in our system, meiotic DSBs were
prevented by a spo-11 deletion and DSBs were induced
by laser microirradiation. The rapid movement of chromo-
somes in diakinesis did not allow DSB targeting by laser
microirradiation, however earlier stages could be targeted
(see Materials and Methods). The three meiotic prophase
I regions we tested were the TZ, MP and LP nuclei. The
PMT contains mostly S and G2 phases of the cell cycle (41–
43). Nuclei in rows 1 to 6–8 are part of the stem-cell niche,
while the remainder of the PMT contains nuclei undergoing
the last division prior to meiotic commitment (40). There-
fore we decided to examine these two regions separately. We
designated the two PMT regions based on this classifica-
tion: microirradiation at rows 5–7 as stem cell niche PMT
(SCN-PMT) and rows 10–12 as final mitosis (FM-PMT).

In all regions examined, RPA-1 foci appeared following
microirradiation, as found in our MP data. The number of
foci per nucleus ranged from 0.6 to 1.1 foci/nucleus, but the
differences were significant with P < 0.01 only for LP (1.1
foci/nucleus) compared to SCN-PMT (Figure 3B and Sup-
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plementary Table S8). The timing of RPA-1 focus appear-
ance was significant with P < 0.01, only for the FM-PMT
and TZ comparison (Figure 3C and Supplementary Table
S9).

RAD-51 is recruited slower in MP germline nuclei

We performed a similar analysis for RAD-51 using the spo-
11; GFP::RAD-51 strain. As expected, RAD-51 foci ap-
peared following microirradiation in all regions examined.
There was no difference in the mean number of foci per nu-
cleus in each gonadal region (Kruskal-Wallis test, P = 0.07).
However, when timing of focus appearance was analyzed,
MP nuclei showed delayed kinetics of RAD-51 foci appear-
ance compared to all regions except TZ (P < 0.01 Figure 3E
and Supplementary Table S10). Similar observations were
made when data was pooled per germline and analyzed as a
percent of total foci appearing at each time point (Figure 3F
and G). These data indicate that RAD-51 foci are recruited
with delayed kinetics to DSBs in MP nuclei, compared to
other gonadal regions.

RPA-1 and RAD-51 foci resolution occurs more than 24 h
following microirradiation

If laser microirradiation leads to nuclear ablation, we would
expect microirradiated nuclei to be quickly eliminated from
the germline. Live imaging of worms is restricted to no >4
h post-microirradiation. Therefore, to perform long-term
analysis, we microirradiated GFP::rpa-1; spo-11 nuclei, and
GFP::H2B spo-11 strains, rescued the worms and fixed dis-
sected germlines 2, 24, 48 and 72 h post-microirradiation.
RPA-1 was examined by the use of an anti-GFP antibody,
while detection of RAD-51 was performed using an anti-
RAD-51 antibody. RAD-51 foci formed clusters of multi-
ple RAD-51 foci in close proximity (also see Materials and
Methods). These clusters appear in live imaging as single
foci, but as connected foci in fixed samples (Figure 5A, B
and D).

Each nucleus contained on average slightly more than
one RAD-51 or RPA-1 cluster/focus (Tables 1 and 2). Both
RPA-1 and RAD-51 localization persisted for at least 24 h
following microirradiation (Tables 1 and 2), indicating that
microirradiated nuclei can maintain viability for at least a
day. No nuclei with RPA-1 or RAD-51 staining were identi-
fied 48 and 72 h, respectively, post-microirradiation in mei-
otic zone. Similar results were found, in all regions microir-
radiated [SCN-PMT(PMT), TZ or MP]. As time passes, nu-
clei move in the germline (from distal to proximal); based on
RAD-51 staining, PMT (SCN-PMT) microirradiated nu-
clei were found at MP 24 h post-microirradiation and at
LP 48 h post-microirradiation (Supplementary Figure S4).
The rate of nuclear movement in the germline has been sug-
gested to be about one row per hour (43,44). In agreement
with this, and as an indication of the viability of microirra-
diated nuclei, microirradiated PMT and TZ nuclei moved at
the expected rates (∼0.85 rows/h). LP microirradiated nu-
clei with RPA-1/RAD-51 staining were mostly absent from
samples obtained 24 h post-microirradiation, while MP mi-
croirradiated nuclei had reduced RAD-51/RPA-1 staining
at 24 h and absent staining in samples obtained 48 h post-
microirradiation. We conclude that RPA-1/RAD-51 foci

disappeared more quickly in MP and LP compared to PMT
and TZ microirradiated nuclei (also see Discussion).

Microirradiated chromosomes can be repaired to form
crossovers marked by COSA-1

If laser microirradiation leads to DSBs, their repair is
expected to lead to formation of crossovers. The site of
crossovers is marked by the protein COSA-1, that forms
one focus per bivalents in wild type in late pachytene nu-
clei (45). COSA-1 foci are mostly, but not completely, elim-
inated in spo-11 mutants (45).To examine crossover forma-
tion, we microirradiated GFP::COSA-1 germline of spo-11
null mutants at TZ and examined the localization pattern
of COSA-1 ∼28 h post-microirradiation (Figure 4A), when
most nuclei are expected to reach late pachytene and RAD-
51 foci are in the process of disappearing (Supplementary
Figure S4). We observed a significant increase in the num-
bers of COSA-1 foci in microirradiated germlines (Figure
4B). These numbers are not representing a complete recov-
ery of crossover defects, as will be discussed below.

Microirradiation does not lead to an increase in germline
apoptosis

The reduction in numbers of nuclei with RAD-51 foci in LP
could be due to accelerated apoptosis following microirra-
diation. � -irradiation leads to a 5–10-fold increase in the
number of apoptotic nuclei in the germline, which is found
24–48 h post-microirradiation (for example; (46–48)). We
measured the levels of apoptosis using a ced-1::GFP re-
porter gene that marks engulfed nuclei to apoptosis. The
numbers of apoptotic nuclei marked by CED-1 was not dif-
ferent between non-microirradiated nuclei and microirra-
diated nuclei 24 or 48 h post-microirradiation (Figure 4C
and D). Non-microirradiated gonads showed very rare ap-
pearance of nuclei with RAD-51 foci (0.9/late pachytene;
Figure 4E). These foci are formed by low-level of naturally
occurring DNA damage (49). These spontaneous DNA
damage RAD-51 positive nuclei are different from RAD-
51 positive nuclei following microirradiation that are likely
a result of microirradiation induced DNA damage. De-
spite these differences, the number of CED-1 positive nu-
clei contained RAD-51 foci, was not different between non-
microirradiated and microirradiated nuclei (15.1%, 16%
and 15.6% for non-microirradiated TZ and LP microirradi-
ation nuclei respectively). This data indicates that microir-
radiation does not cause massive apoptosis (as generated
by � -irradiation) and that nuclei that are microirradiated
have the same chance of being eliminated as nuclei suffer-
ing from ‘natural’ DNA damage. However, our data can-
not completely exclude that microirradiated nuclei are se-
lectively eliminated by apoptosis.

RPA-1 and RAD-51 colocalize at DNA damage sites for
hours

It is well-established that RAD-51 displaces RPA-1 on ss-
DNA, but it is not clear if the whole filament is replaced
by RAD-51 or if these two ssDNA binding proteins can
cohabitate the same filament forming a transitional fila-
ment. In the first 30 min post-microirradiation, nuclei were
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more likely to contain RPA-1 than RAD-51 foci, but fol-
lowing that both RPA-1 and RAD-51 foci persisted for at
least 24 h and disappeared around the same time. To test
if these foci co-localize, we stained for endogenous RAD-
51 in a GFP::RPA-1 spo-11(null) strain at 2, 24, and 48
h post-microirradiation. We found that most nuclei con-
tained colocalized RPA-1 and RAD-51, regardless of the
stage in which they were microirradiated or time of anal-
ysis post-microirradiation (Table 3). Some nuclei contain
more intense RPA-1 or RAD-51 signal (‘Mostly RPA-1’
and ‘Mostly RAD-51’ categories in Table 3, respectively),
but most had signals with similar intensity co-localizing
with each other. The shape of the RPA-1 and RAD-51 clus-
ter was not identical, suggesting that the proteins localize
closely but not necessarily at the exact same position (Fig-
ure 5).

DISCUSSION

Our work establishes an experimental system for DSB in-
duction in the germline of C. elegans, a living, intact organ-
ism. We show that RPA-1 and RAD-51 form foci following
microirradiation, with an average appearance time indica-
tive of sequential recruitment. For the first time we have a
measurement of the kinetics of recruitment of RPA-1 and
RAD-51 in C. elegans and an observation of the process in
different regions of the germline. Our analysis indicates that
the kinetics of appearance of RPA-1 and RAD-51 foci are
largely uniform, with two exceptions that will be discussed
below. These data suggests that germline nuclei of different
stages are unique also in terms of regulation of the DSBR
pathway.

Laser microirradiation is a valid method for live-imaging the
cellular response to DSBs

Ionizing radiation, such as � -irradiation has been used for
many years as a tool for the study of DSBR in somatic cells
of many biological systems, as well as the germline of C.
elegans. However, there are several caveats for analysis of
DSBR using ionizing radiation. First, many DSBs are in-
duced simultaneously which complicates the quantitative
analysis of HR protein recruitment to DSBs. Second, the ex-
posure to many DSBs simultaneously may not reflect a sit-
uation analogous to in vivo exposure to natural DNA dam-
age, which generates fewer DSBs. Third, exposing a sample
to ionizing radiation requires specialized equipment which
makes live-imaging analysis not possible for the early events
of HR recruitment. Samples are typically processed not ear-
lier than 30 min following � -irradiation. Laser microirra-
diation can circumvent all of these problems by creating a
break (or a few localized breaks) using the same microscope
in which their repair is imaged. This allows for the imaging
of recruitment of proteins to the DSB immediately after a
DSB is formed.

We have shown that DSBs created by laser microirra-
diation can be imaged close to time zero in live, intact
worms. This expands the analysis of DSBR beyond tissue
culture to whole animals. We have shown that the recruit-
ment of proteins to microirradiated germline DSBs follows
the common model of DSBR: RAD-51 recruitment follows

that of RPA-1, and RAD-51 recruitment requires RPA-1
loading but not vice-versa. We have also demonstrated that
the DSBs are not toxic per se to the germline since nuclei
can maintain viability for over a day post-microirradiation.
Thus, the breaks that are caused by laser microirradiation
in C. elegans follow the basic criteria of DSBs used for the
study of DSBR in other systems.

� -irradiation results in a 5–10-fold increase in the num-
ber of apoptotic nuclei 24 and 48 h post-irradiation (47,48).
This may induce a stress response and other complica-
tions to the system. We have shown that microirradiation in
our conditions (6 nuclei/worm), does not lead to increased
apoptosis. Our experiments cannot exclude the possibility
that microirradiated nuclei are selectively targeted for apop-
tosis, while others are not, so overall apoptosis levels remain
the same. However, the overall lack of increase in apoptosis
indicates that microirradiation is a less intrusive method of
inducing DSBs compared to � -irradiation.

Finally, we have shown that DSBs generated by microir-
radiation can be repaired by forming crossovers. If all DSBs
were converted to crossovers and all crossovers could be vi-
sualized we would expect a larger increase in 1 and 2 foci cat-
egory. We propose that we did not observe as many COSA-1
foci as expected due to technical reasons. COSA-1 foci for-
mation is restricted only to the late pachytene region of the
germline (45). The inability of microirradiation to fully res-
cue crossover numbers may result from the variable move-
ment rate of nuclei in the germline. Despite the fact that nu-
clei move at an average of about 1 row per hour, movement
rate is highly variable between nuclei (43). Therefore, nuclei
that show COSA-1 foci 28 h post-microirradiation, are few
among others that already passed or have not yet reached
late pachytene, the region in which COSA-1 foci are visual-
ized.

Limitations in comparing laser microirradiation foci and nat-
ural foci

We believe that our experimental approach can model
DSBR of exogenous DSBs. This model may not be directly
applied to understanding DSBR of meiotic DSBs because
meiotic DSBs require the removal of a covalently bound
SPO-11 protein. The kinetics of RPA-1 recruitment to mi-
croirradiated DSBs are likely faster than SPO-11 induced
DSBs, since they do not require SPO-11 removal. To date
there is no system for synchronous induction of SPO-11-
mediated breaks in C. elegans that allows a direct compari-
son between the repair of exogenous versus SPO-11 breaks
throughout the germline. Once RPA-1 loads, meiotic and
laser-induced DSBs should be similar in nature. Therefore
the timing of RAD-51 recruitment would likely not vary be-
tween meiotic and exogenous breaks. We therefore propose
that the mean recruitment time of RAD-51 in the germline
is ∼14 min after RPA-1 loading.

In the live-imaging studies RAD-51 foci appeared in 4-
fold greater numbers compared to those of RPA-1. We be-
lieve that this is due to under-detection of RPA-1 foci in
our system. The GFP::rpa-1 strain was generated by inte-
gration of an extra-chromosomal array, while the GFP::rad-
51 strain is a CRISPR/Cas9 mediated single-copy insertion.
The former is prone to silencing, while the latter is known to
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lead to expression similar to endogenous levels. GFP::RPA-
1 foci appeared dimmer compared to GFP::RAD-51 foci
(See also Figure 1C compared to 1F). In the future, genera-
tion of a CRISPR/Cas9 tagged RPA-1 can be used to verify
RPA-1 foci numbers and to observe in vivo colocalization of
RPA-1 and RAD-51.

Lastly, in our system we used a spo-11 null allele, so we
can guarantee that the foci observed are likely due to breaks
generated by microirradiation. We cannot completely ex-
clude the possibility that in the absence of spo-11 kinetics
of RPA-1 and/or RAD-51 recruitment are different than
what is observed for wild type nuclei that contain SPO-11.
In C. elegans, unlike what is found in yeast or mouse mod-
els, spo-11 null mutants only affect DSB formation and have
no effect on any other key meiotic processes such a pairing
or synapsis (50). Therefore, it is likely that any effects on
the kinetics of RPA and/or RAD-51 recruitment will not
be due to any effects on pairing or synapsis.

The timing of RPA-1 and RAD-51 recruitment to microirra-
diated DSBs in C. elegans germline is similar to that of mam-
malian tissue culture cells

The analysis of RPA-1 and RAD-51 localization to mei-
otic DSBs throughout the C. elegans germline was previ-
ously determined (27,28). However, this type of analysis
cannot define the order of protein recruitment to DSBs,
since both are present in TZ and SPO-11 DSB formation
is relatively asynchronous (TZ takes hours). Using microir-
radiation, we were able to record the timing of RPA-1 and
RAD-51 foci and the sequential loading of RPA-1 and
RAD-51. Our studies indicate that in C. elegans both pro-
teins are recruited within minutes to the DSB. Laser mi-
croirradiation experiments using the mammalian Rpa1 and
Rad51 were done mainly on fixed tissue culture samples;
this analysis revealed that Rpa1 is recruited within 5 min
post-microirradiation (13). Other studies observed longer
recruitment times, but this could be due to absence of sam-
pling earlier time points (14,15,51,52). In yeast, RPA-1 re-
cruitment is very fast, starting at approximately 50 seconds
and peaking at ∼20 min post-microirradiation (16). We ob-
served 27% of RPA-1 foci appear within 2 min of microirra-
diation and 86% of the foci appear in the first 30 min (MP),
which is in the range of what is found in single-cell systems.
Rad51 is recruited within the first 10–20 min in microirradi-
ated tissue culture cells (17,18,51,53) and the number of foci
peaks at 2–3 h post-microirradiation. In our system, 7% of
RAD-51 foci are recruited within the first 15 min and 99%
of the foci are formed in the first 60 min (MP). These data
taken together point to more similarities than differences
between the analysis of the C. elegans germline to mitotic
single cell systems.

The timing of later stages of DSB repair, as monitored
by the unloading of DSBR proteins, are also similar when
C. elegans germline and mitotic single-cell systems are com-
pared. In cell culture, Rpa1 persists 6 h after microirradia-
tion (14,15); Rad51 foci are removed with slower kinetics
and can be seen even 24 h post-microirradiation (18,51).
In C. elegans, RAD-51 foci were observed even 48 h post-
microirradiation of PMT nuclei. Foci formed by microir-
radiation of later stage (MP/LP) nuclei disappeared more

quickly, yet remained for at least a day. This could be ex-
plained if repair of germline DSBs takes close to two days
and that nuclei in MP/LP do not have the time to repair
DSBs and therefore are eliminated by apoptosis. Alterna-
tively, DSBR kinetics downstream of RAD-51 loading may
be faster in MP/LP compared with PMT/TZ, leading to
quick repair of DSBs in MP/LP microirradiated nuclei.

The germline is somewhat heterogeneous in terms of RPA-1
and RAD-51 recruitment

It is well established that repair pathway choice between HR
and NHEJ is cell-cycle regulated in somatic cells. This is also
supported by studies with DSBs created by laser microirra-
diation (18,25). Some of repair pathway choice occurs by
inhibiting resection and down regulating RAD-51 loading
in the G1 phase of the cell cycle (23,24). In C. elegans meio-
sis HR is imposed by efficient DSB resection (26,28). We
have shown that the rate of RAD-51 recruitment varies in
meiotic prophase I, suggesting another mode of regulation
of HR.

Since HR is the predominant pathway in meiosis, we did
not expect to find complete inhibition of RPA-1 and RAD-
51 loading in any prophase I nuclei. We detected a small
effect on RPA-1 loading in FM-PMT nuclei compared to
TZ, which have more foci with slow loading kinetics. This
may suggest that some FM-PMT nuclei have either delayed
RPA loading or slower resection. RAD-51 loading in MP
showed a more consistent pattern and was delayed 4–5 min
compared to other stages. These MP nuclei also exhibited
faster RPA-1 loading, leading to 20 min between RPA-1 and
RAD-51 mean loading time. This suggests that MP nuclei
take longer to load RAD-51. MP is the stage in which wild
type nuclei show the highest number of RAD-51 foci and
where strand invasion is thought to occur. Our studies im-
ply that RAD-51 loading may be attenuated when strand
invasion takes place (Figure 5C). This may serve as a mech-
anism to down regulate HR at this meiotic stage. Why later
stages (LP) do not show this attenuation may be explained
by the need to promote recombination of the last lingering
DSBs before the apoptotic program eliminates such nuclei.

RPA-1 is not completely displaced by RAD-51 in the C. ele-
gans germline

Colocalization of RPA-1 and RAD-51 on SPO-11 breaks
has not been tested in the C. elegans germline. Two hours
post laser microirradiation RPA-1 and RAD-51 showed
high levels of colocalization. These levels remained high
over time, until RPA-1 and RAD-51 disappeared from the
DNA at a similar time point. These data are consistent with
the timing of RPA-1 and RAD-51 appearance as largely
overlapping. Studies of laser microirradiation in other sys-
tems did not involve double staining of Rpa and Rad51,
but based on the timing of recruitment similar conclusions
can be made. Despite being localized and restricted, a sin-
gle pulse of microirradiation likely leads to several proximal
breaks. Thus, it is possible that colocalization reflects dif-
ferent ssDNA molecules, some coated with RPA and some
with RAD-51. Since RAD-51 has a conserved role in strand
invasion, the RAD-51 filaments have to contain the invad-
ing side of the processed DSB (Figure 5E, left). This model
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suggests that ssDNA that is not involved in strand invasion
does not acquire RAD-51, which contradicts the existing
model of DSBR. Alternatively, ssDNA may be coated by
RPA at different time points during DSBR, but on different
types of intermediates that are adjacent (i.e. D-loop versus
invading ssDNA, Figure 5E, middle). This model, however,
predicts RPA-1 foci appearing, disappearing and reappear-
ing as time progresses, which we did not observe in our live-
imaging experiments (e.g. all of RPA-1 foci appeared in the
first 20 min at MP). A third model suggests that our colo-
calization is a manifestation of mixed ssDNA RPA-RAD-
51 transitional filament that contains one terminal RAD-51
domain and one internal RPA domain (Figure 5E, right).
RPA-RAD-51 may cohabitate the same filament, at least in
a transitional state. This model is consistent with our data,
as well as ChIP data from yeast (54). The mixed filament
may occur when resection exposes longer ssDNA than what
can be completely coated by the pool of nuclear RAD-51.

Foci movement

Some studies proposed that part of the regulation of DSBR
involves movement and coalescing of individual DSBs to a
single location (55). Following individual RAD-51 foci for
the first few hours of live-imaging after microirradiation at
PMT, TZ and MP revealed their dynamic nature. However,
we rarely (5–12% of foci) found them coalescing over time
and their relative position remained fairly constant. The
presence of similar levels of foci coalescence in nuclei that
form the synaptonemal complex partially (TZ), fully (MP),
or do not form the synaptonemal complex (PMT) indicates
that the constraints placed by the synaptonemal complex
are not affecting coalescence. Movement was present in nu-
clei that are known to show rapid chromosomal movement
associated with chromosome pairing (TZ) or not (PMT,
MP), yet coalescing did not increase in these nuclei. This
data indicates that germline DSBs move, but most foci do
not move to one location in the first 1–2 h following their
appearance.

In conclusion, we propose that multiple DSBs are formed
locally by laser microirradiation, but most foci remain con-
strained in one cellular location due to their presence on the
same chromosome. Few foci may be on different chromo-
somes, and thus may drift apart, The numbers of RAD-51
foci induced by microirradiation is comparable to that ob-
served in normal meiotic cells and they can be live-imaged
immediately following DSB generation. These advantages
may promote the use of laser microirradiation as a method
of studying DSB repair proteins in C. elegans and other
multi-cellular organisms.
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