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A B S T R A C T   

DNA double-strand breaks (DSBs) are one of the most dangerous assaults on the genome, and yet their natural 
and programmed production are inherent to life. When DSBs arise close together they are particularly delete
rious, and their repair may require an altered form of the DNA damage response. Our understanding of how 
clustered DSBs are repaired in the germline is unknown. Using laser microirradiation, we examine early events in 
the repair of clustered DSBs in germ cells within Caenorhabditis elegans. We use precise temporal resolution to 
show how the recruitment of MRE-11 to complex damage is regulated, and that clustered DNA damage can 
recruit proteins from various repair pathways. Abrogation of non-homologous end joining or COM-1 attenuates 
the recruitment of MRE-11 through distinct mechanisms. The synaptonemal complex plays both positive and 
negative regulatory roles in these mutant contexts. These findings indicate that MRE-11 is regulated by modi
fying its accessibility to chromosomes.   

1. Introduction 

Clustered DNA double-strand breaks (DSBs) are DSBs found in close 
proximity to each other [1]. These forms of DNA damage are particu
larly deleterious as they pose challenges to the DSB repair response. 
Studies in tissue culture have shown that repair of clustered DSBs in
volves a shift in DSB repair pathway utilized from non-homologous end 
joining (NHEJ) to homologous recombination (HR) [2]. Whether a 
change in repair pathway choice occurs in cells that are already 
committed to HR is unknown. 

One of the tissues most overlooked in studies of repair of clustered 
DSBs is the germline, a complex tissue that generates gametes through a 
specialized reductional division termed meiosis. The germline contains a 
population of stem cells that proliferate mitotically, from which a frac
tion can differentiate and enter meiosis. Meiotic cells then undergo an 
extended meiotic prophase I in which programmed meiotic DSBs are 
induced by the topoisomerase-like protein Spo11 [3]. These DSBs are 
essential for meiosis because they are required for the formation of 
crossovers between homologous chromosomes that are in turn essential 
for their proper segregation into gametes. Meiotic DSBs are committed 
to repair through HR with a homolog by associating pairs of homologous 
chromosomes via the synaptonemal complex (SC) [4,5]. In addition to 
meiotic DSBs, the germline, like any other tissue, is exposed to other 

forms of DNA damage. This damage can be created by endogenous 
factors (such as collapsed replication forks) or exogenous factors (such 
as ionizing radiation). The repair of such damage has potential to be 
different than the repair of Spo11-induced breaks. One major difference 
between the types of breaks is the structure of the DSB ends. Spo11 
generates breaks by covalently attaching to the DNA and can only be 
removed by the Mre11-Rad50-Xrs2/Nbs1 (MRX/N) complex [6]. Breaks 
that do not contain adducts can progress to HR without requiring 
MRX/N activity [7]. Another difference between exogenously induced 
and programmed DSBs is in the timing of DSB formation. While meiotic 
DSBs form only at the entry to meiotic prophase, DSBs formed by radi
ation can occur at any stage of meiosis or mitosis. Thus, these two types 
of breaks may experience different repair environments. 

The HR pathway is initiated by resection, the processing of DSBs to 
create single-stranded DNA (ssDNA). Resection is performed by nucle
ases including the MRX/N complex with its accessory factor Sae2/CtIP/ 
Com-1 [8,9]. The ssDNA is then bound by the RPA complex, which is 
then replaced by Rad51 which initiates strand invasion, a key step in HR 
[10]. The covalent binding of Spo11 precludes other repair pathways 
from operating on these DSBs since ends bound by Spo11 cannot be 
ligated, and removal requires resection [11]. The ssDNA formed by 
resection is compatible with HR, but not with NHEJ, an error-prone 
repair pathway associated with indels and rearrangements [12–15]. In 

* Corresponding author. 
E-mail address: sarit-smolikove@uiowa.edu (S. Smolikove).  

Contents lists available at ScienceDirect 

Mutation Research - Fundamental and Molecular  
Mechanisms of Mutagenesis 

journal homepage: www.elsevier.com/locate/mut 

https://doi.org/10.1016/j.mrfmmm.2021.111743 
Received 3 December 2020; Received in revised form 11 February 2021; Accepted 15 April 2021   

mailto:sarit-smolikove@uiowa.edu
www.sciencedirect.com/science/journal/00275107
https://www.elsevier.com/locate/mut
https://doi.org/10.1016/j.mrfmmm.2021.111743
https://doi.org/10.1016/j.mrfmmm.2021.111743
https://doi.org/10.1016/j.mrfmmm.2021.111743
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mrfmmm.2021.111743&domain=pdf


Mutation Research - Fundamental and Molecular Mechanisms of Mutagenesis 822 (2021) 111743

2

mammalian meiotic cells and in yeast meiosis, NHEJ is also inhibited by 
the downregulation of its components inside of meiotic nuclei [16–18]. 
Nonetheless, it has been shown in some organisms that NHEJ can act at 
meiotic DSBs when HR is abrogated, indicating that NHEJ is not 
necessarily non-functional during meiosis [19,20]. While the presence 
of a covalently-bound protein drives repair towards HR with pro
grammed meiotic DSBs, it is unclear how regulation of repair pathways 
occurs at sites of exogenous damage in a meiotic context. Only one study 
so far has addressed the effect of clustered DSBs in the germline [21]. 
This study showed evidence for activation of the HR pathway, but the 
involvement of NHEJ was not examined. 

Studies of clustered DNA damage have been focused on generating 
DNA damage using methods such as high LET and laser micro
irradiation. The readouts for repair pathway engagement are frequently 
indirect, by recruitment of DSB repair proteins to the site of damage 
[22–24]. The type of damage induced by microirradiation universally 
includes clustered nicks that are formed in close proximity, thus creating 
clustered DSBs [25,26]. Laser microirradiation has been used primarily 
in tissue culture, but recently this method was applied to the multicel
lular organism Caenorhabditis elegans [21]. This offers a unique oppor
tunity to study clustered DSBs within the germline of a whole, live 
organism. 

The essential and early role MRE-11 plays in meiotic DSB repair 
makes it a key site of regulation for DSB repair pathway choice in the 
germline. As such, we set out to identify how the recruitment kinetics of 
MRE-11 protein are regulated in vivo. We hypothesized that competing 
pathways, accessory proteins and meiosis-specific chromosomal struc
ture, will all play a role in the ability of MRE-11 to access DSB repair 
sites. Here we show that microirradiation induces consistent damage 
that leads to MRE-11 recruitment as early as 10 s following micro
irradiation. MRE-11 forms few foci and clusters, the latter composed of 
multiple, proximal repair sites. Surprisingly these wild-type germ cells 
recruit a key NHEJ protein that colocalizes with HR factors. We show 
that cKU-70 does not affect the recruitment time of MRE-11 but in
fluences the formation of clusters in mitotic and early meiotic zones of 
the germline. In our investigation into accessory factors of the MRN 
complex, we demonstrate that COM-1 enhances both the recruitment 
and the activity of MRE-11 at sites of complex DNA damage in the 
context of a fully formed SC. 

2. Materials and methods 

2.1. Strains used 

Worms were grown and maintained on nematode growth media 
(NGM) plates that were seeded with Escherichia coli OP50. Plates were 
kept at 20 ◦C. All strains used were in the N2 (wild type) genetic 
background. The following strains were used: 

N2 (wild type) 
mre-11(iow45[mre-11::gfp::3xflag]) V 
cku-70(tm1524) III; mre-11 (iow45[mre-11::gfp::3xflag]) V 
cku-80(iow75[FLAG::cku-80]) III; mre-11(iow95[mre-11::OLLAS]) V 
com-1(iow101)III/hT2[qls48](I;III); mre-11(iow45[mre-11::gfp::3xfl 

ag]) V 
syp-3(ok758)/hT2 [qls48] I; com-1(iow101)/hT2 [qls48]III; mre-11 

(iow45[mre-11::gfp::3xflag]) V 
syp-3(ok758)I/hT2[qls48](I;III); mre-11(iow45[mre-11::gfp::3xflag]) 

V 
com-1(iow101)/qC1[dpy-19(e1259) glp-1(q339) qls26] III; mre-11 

(iow45[mre-11::gfp::3xflag]) V 
com-1(iow101)/qC1[dpy-19(e1259) glp-1(q339) qls26] III; him-3 

(gk149)/nT1[qls51](IV); mre-11(iow45[mre-11::gfp::3xflag])V/nT1 
[qls51] (V) 

2.2. Genome editing via CRISPR/Cas9 

The following strains were created via CRISPR/Cas9 injections: mre- 
11 (iow95[mre-11::OLLAS]) V; com-1(iow101)/ht2 [qls48] I;III; cku-80 
(iow75[FLAG::cku-80]) III. Worms were injected as 1-day old adults and 
recovered onto an NGM plate (for ssODN and crRNA sequences see 
Table S1). The following day injected worms were singled. Singled 
plates were then screened for offspring showing rol or dpy phenotypes 
associated with mutation of dpy-10, the co-injection marker used in each 
CRISPR injection. Dpy, rol, and wild type siblings of dpy/rol phenotypes 
were then singled and screened for either an insertion or deletion, 
depending on injection performed. To verify that the tags did not disrupt 
the function of the protein we performed functional assays. cKU loss of 
function has no effect on viability under normal conditions, but late 
embryos subjected to γ-irradiation show irradiation sensitivity [14]. 
Eggs were collected from flag::cku-80 worms and subjected to γ-irradi
ation to determine sensitivity. Assessment of embryonic lethality and 
occurrence of abnormal progeny phenotypes revealed no significant 
difference from wild type (Table S2). Loss of function of mre-11 leads to 
almost complete embryonic lethality due to an inability to form or repair 
DSBs during meiosis [27]. mre-11::gfp produced viable progeny indis
tinguishably from wild type (Table S3). These experiments all together 
support the functionality of our tags. 

2.3. Microirradiation and live imaging 

We followed the UV laser microirradiation protocol outlined in 
Harrell et al. [28] for microirradiation of whole, live worms with the 
following modifications: for the experiments in all figures except Fig. S1 
and Fig. S4, one worm was imaged at a time to allow for 10 s interval 
acquisition for 15 min without photobleaching. Z stacks of 10 images at 
1 μm intervals were taken at each time point. For data presented in 
Fig. S1, images were taken every 2 min for 1 and a half hours and 2–3 
worms were imaged at a time. For data presented in Fig. S4, movies were 
taken at 40 s intervals for 1 h, and two worms were imaged at a time. For 
data presented in Figs. 2, 3B, 4, 5, 6EF, 7E-H, S2, S3, and S5 worms were 
placed on a live-imaging slide, microirradiated, and then recovered. For 
recovery following microirradiation, 340 μl of M9 was added onto the 
10 % agarose pad, allowing worms to be transferred to an NGM plate 
until dissection or fixation at desired time points. All worms where age 
matched at the time of microirradiation to be 1 day old adults. 

2.4. TrackMate analysis 

TrackMate v3.8.0 was used to track foci movement in the live images 
acquired in MetaMorph version 7.8.12.0 [29]. TIF files were imported 
into FIJI as 8-bit files with a set scale of 1000 pixels in distance, known 
distance of 64.5 pixels, pixel aspect ratio of 1, and a unit length of mi
crometers. The frame was cropped to contain the microirradiated nuclei 
throughout all frames then hyperstacked. Within TrackMate, the LoG 
Detector was used with an estimated focus size of 0.6 μm (“blob size” in 
the program), which corresponds to the threshold of what we consider a 
small focus versus a cluster (see Results). All movies were blinded and 
threshold and quality filters for every movie were set to eliminate 
background. Hyperstack Displayer was used as the viewer. The Simple 
LAP Tracker was used with the following settings: frame-to-frame link
ing max distance of 1 μm, max distance of 2 μm, and a maximum frame 
gap of 5 frames. Filters on tracks were set for each movie to eliminate 
any background outside of the microirradiated nuclei. Linkage was 
performed by TrackMate with our parameters listed above and subse
quently double-checked with manual corrections when necessary. While 
connections between foci were manually checked, no additional foci 
were manually added within these tracks to avoid any bias. 
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2.5. Intensity measurements 

One-day-old adult worms were dissected and transferred to charged 
slides and kept in the dark as much as possible to avoid photobleaching. 
The following fixation protocol was used: soaking in -20◦C methanol for 
1 min, 4% paraformaldehyde (PFA) for 20 min, a 10 min 1xPBST wash, a 
10 min 4’,6-diamidino-2-phenylindole (DAPI, 1:10,000 of 5 mg/mL 
stock in 1xPBST) wash, and a 1xPBST wash for 10 min to 1 h. Slides were 
imaged with MetaMorph version 7.8.12.0 with 100x/1.4 NA oil Leica 
illuminated with 110LED to capture whole gonad images. Intensity of 
light source was 5%, with a 500 ms exposure time for both DAPI and GFP 
channels. 31 images were taken in a stack, with 0.2 μm steps. Mea
surements of the intensity at the center plane of each nucleus were taken 
in FIJI in each zone corresponding to where microirradiation is normally 
performed. The data presented represent the average intensity of that 
stack and therefore reflect arbitrary units (A.U.) per area. Fluorescence 
intensity was corrected to cytoplasmic background by subtraction. 

2.6. MRE-11::GFP time course analysis 

One-day-old adult worms were microirradiated on live-imaging 
slides in indicated zone (TZ (Fig. 4) or MP (Figure S3)) and then 
recovered. Ethanol fixation was performed with the following protocol 
at indicated time points following microirradiation for each worm (as 
indicated in Results, Fig. 4 and Figure S3): 5–10 adult worms were 
placed on an uncharged slide (Surgipath Leica) in 5 μl M9 solution, most 
liquid was soaked up using filter paper, then 5 μl ethanol was applied 
and allowed to evaporate, followed by application of 5 μl M9-DAPI 
dilution. Most of this solution was soaked up using filter paper again 
and a coverslip with Vectashield was placed on top. Coverslips were 
sealed with acrylic nail polish. Images were taken on the DeltaVision 
wide-field fluorescence microscope (GE Lifesciences) with 100x/1.4 NA 
oil Olympus objective. Images were then deconvolved with softWoRx 
software (Applied Precision). Microirradiation was indicated by the 
presence of bright green foci, as no foci appear at endogenous DSBs, and 
these nuclei were scored. 

2.7. TUNEL assay 

Five 1-day-old adult worms were placed on a live-imaging slide at a 
time according to the protocol outlined in Harrell et al. [28]. All four 
germline zones were targeted in both gonads of each worm and micro
irradiated at 15 % attenuation (as for all microirradiation carried out in 
this paper). Worms were recovered and both gonads were dissected 15 
min post-microirradiation. Apoptosis analysis in wild type worms was 
carried out on 1-day-old adult worms without application of micro
irradiation. Terminal deoxynucleotidyl transferase-mediated dUTP 
nick-end labelling (TUNEL) protocol was followed as described in [30] 
with the following modification: slides were incubated for 30 min at 
room temperature in 0.1 M Tris-HCl (pH 7.5) containing 1% BSA and no 
bovine serum. Imaging was performed on the DeltaVision wide-field 
fluorescence microscope as listed previously in MRE-11::GFP Time 
Course Analysis. 

Volume of DNA, determined via volume of DAPI staining, was 
calculated using volume of a sphere equation (4/3πr3) with the inner, 
hollow sphere of the nucleus being subtracted from the outer sphere of 
DNA to get an accurate measurement of the DAPI volume: 
(

4
3
πr3

)

Outer Sphere
−

(
4
3

πr3
)

Inner Sphere 

Radius of the sphere was calculated using known step sizes of 0.2 μm 
between stacks and the top and bottom limits of the DAPI stain, and the 
area of the sphere was taken at the middle plane of the nucleus. 

Volume of the TUNEL stain was determined via volume of a trape
zoid, which employs the use of areas of irregular shapes. Each plane of 

the image was scrolled through for each nucleus and the total area of 
staining for every plane was calculated. The following formula was 
applied to determine overall volume: 

0.1 ∗ (a1 + 2 ∗ a2 + 2 ∗ a3 + …. an)

0.2 μm is the step size, therefore 0.1 is the radius of each plane. a1 is 
the area of the first plane of the nucleus with staining, followed by each 
subsequent plane (a2 and a3) until the final plane with staining is 
reached (an). 

2.8. Immunostaining 

One-day-old worms were microirradiated, recovered, and dissected 
in M9 solution on a coverslip and transferred onto positively charged 
slides, then placed onto aluminum blocks in dry ice. Worms were kept in 
the dark as much as possible throughout this protocol to avoid photo
bleaching. Antibody staining was performed by the following procedure: 
wash in -20

◦

C methanol for 1 min, 4% PFA for 30 min, wash in 1xPBST 
for 10 min, block in 0.5 % BSA in 1xPBST for 1− 2 hours, then incubated 
with the primary antibody overnight at room temperature. Following 
primary antibody incubation, slides were washed in 1xPBST 1–3 times 
for 10 min each, then incubated with the secondary antibody for 2 h at 
room temperature in the dark, followed by 1xPBST wash for 10 min, 10 
min staining in DAPI (1:10,000 of 5 mg/mL stock in 1xPBST), and a 
wash in 1xPBST for 10 min-1 h. All antibodies used were diluted in 
1xPBST. For the SYP images presented in Fig. 8A, no microirradiation 
was performed prior to dissection and staining. Primary antibodies used 
were: rabbit anti-RAD-51 (1:30,000), mouse anti-FLAG (1:500; Sigma 
F1804), rabbit anti-OLLAS (1:1,000; Genscript #A01658), goat anti- 
SYP-1 (1:500), and rabbit anti-HTP-3 (1:500). Secondary antibodies 
used were: goat anti-rabbit Alexa Fluor 555 (1:500; Invitrogen), donkey 
anti-rabbit Alexa Fluor 488 (1:500; Thermo), and donkey anti-mouse 
Cy3 (1:500). Anti-FLAG and RAD-51 were quantified using back
ground reduction as in [31]. 

2.9. γ-Irradiation 

1-day-old adult worms were exposed to 100 Gy of γ-irradiation from 
a cesium source and dissected 1 h post-irradiation. Worms were then 
stained according to the immunostaining protocol listed above. 

2.10. Statistical analysis 

All statistics were performed using GraphPad Prism 8. For all data 
presented, a normality and logarithmic test was employed on the data to 
determine if the distribution of the data was normal or not. If all dis
tributions were normal and there were only two groups being compared, 
a parametric t-test was employed. If all distributions were normal and 
there were more than two groups being compared, an ANOVA was 
employed to determine which groups had statistically significant dif
ferences and then a t-test was performed to determine exact p-values for 
statistical differences. If even one distribution was not normal, and there 
were only two groups to be compared, Mann-Whitney U-test was per
formed. If there were more than two groups, Kruskal-Wallis was 
employed to determine significant differences between rank means. For 
all pairwise comparisons that presented with a significant difference 
through this test, Mann-Whitney U-test was performed to determine an 
exact p-value. 

3. Results 

3.1. MRE-11 exhibits recruitment kinetics to microirradiation-induced 
breaks consistent with its role in meiosis 

To study early events of DNA repair at complex DSBs in vivo, we used 
UV laser microirradiation to generate DSBs in individual germline nuclei 
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of live C. elegans without increasing apoptosis or damaging adjacent 
germline nuclei that were not microirradiated [21]. Our previous studies 
were done in the spo-11 mutant background. To test if HR proteins 
localize to microirradiation-induced breaks and form clusters of DSBs in 
wild-type nuclei we followed MRE-11, a member of the MRN complex 
and the major nuclease that processes meiotic DSBs [32,33]. Consistent 
with its role in formation and processing of meiotic DSBs, MRE-11 is 
found in all germline nuclei (as evidenced by its concentrated nuclear 
haze) but does not form foci (Fig. 1A (left image) and Fig. 1B) [34]. 
MRE-11’s mechanism of action suggests that it can be used as an early 
marker for DSB repair following DSB cluster formation in meiosis, as 
found in mammalian (mitotic) tissue culture studies [35,36]. 

We have shown previously that MRE-11::GFP is expressed in all 
germline nuclei [34]. Since MRE-11 recruitment to 
microirradiation-induced breaks may be influenced by its relative nu
clear concentration, we determined if the amount of MRE-11 protein 
localizing to nuclei is altered throughout the germline. We measured the 
fluorescence intensity of MRE-11::GFP throughout four regions of the 
germline examined in this study: pre-meiotic tip (PMT), transition zone 
(TZ), mid-pachytene (MP), and late-pachytene (LP). In the C. elegans 
germline, nuclei divide in the PMT (most are in S/G2) and are pushed to 
move toward the uterus. As they move, they enter meiotic prophase I (in 
the TZ) and progress through all the stages of meiotic prophase I, 
including MP and LP, in consecutive order. Thus, in a single germline 
~1000 nuclei are found organized in a temporo-spatial order. The 

intensity of MRE-11::GFP expression significantly increases with pro
gression through the germline (Fig. 1B and S1A). This increase in 
expression is consistent with MRE-11’s transition from a redundant role 
(mitosis) to an obligatory role (meiosis) in the repair of DSBs in the 
germline and may also reflect protein accumulation for ensuring suffi
cient MRE-11 levels in the embryo. 

To study MRE-11 recruitment to microirradiation-induced damage 
we had to determine the conditions of the live-imaging experiments 
(frames/minute) which affects the overall time of imaging. Acquiring 
live-imaging data is limited by photobleaching, thus longer imaging 
times allows later appearing foci to be detected, but needs to be per
formed at a lower resolution (less frames/minute). This prevents the 
detection of foci undergoing fast turnover and over-estimates time of 
appearance (i.e., foci appearing 10 s post-microirradiation will be 
recorded as appearing at 2 min, when acquisition is done every 2 min). 
Thus the conditions of live-imaging experiments have tradeoffs, and 
results of the analyses performed is relative to the experimental condi
tions. Here, we conducted live-imaging experiments in a 15-minute 
window following microirradiation based on the rationale presented 
below. We previously demonstrated that upon microirradiation, RPA-1 
and RAD-51 form foci at sites of damage ~8 and ~20 min post- 
microirradiation, respectively [21]. First, since RPA-1 binds ssDNA, 
RPA-1 focus formation is dependent on DNA resection. Therefore it is 
expected that MRE-11, the nuclease forming ssDNA, will be recruited to 
DSBs prior to RPA-1, suggesting that a time window of 15 min will be 

Fig. 1. MRE-11 is recruited to microirradiation-induced DNA damage within the C. elegans germline. A) Example of microirradiation-induced foci in the mre-11::gfp 
strain. Left panel is MP nuclei before microirradiation, right panel is MP nuclei 4 min post-microirradiation. White circles in left panel indicate targeted nuclei. B) 
Top: A dissected gonad from an mre-11::gfp worm. Scale bar =10 μm. Bottom: Fluorescence intensity of MRE-11::GFP per area in the four main germline zones studied 
in this paper. Horizontal red line indicates median. Each point is an individual nucleus. Values were corrected to cytoplasmic background. C) Number of recruitment 
regions per nucleus after microirradiation. D) Time of recruitment region appearance in minutes after microirradiation. Each data point represents an individual 
region. Horizontal red lines indicate median. For data sets with more than 2 groups (B, C, and D) Kruskal-Wallis was applied to determine significant differences 
between rank means, and if there was determination of significant differences, Mann-Whitney U-test was applied for each pairwise comparison. 
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most appropriate for imaging MRE-11. Second, 15 min of total imaging 
permits data acquisition every 10 s, which allows high resolution timing 
of focus formation (67 % of foci appear in the first 2 min, Fig. S1B) and 
allows the detection of MRE-11 foci with a duration of less than 2 min 
(15 % of the foci). The only disadvantage of 15-minute imaging is that 
foci formed at later time points will not be detected (24 % of foci, 
Fig. S1C). To improve upon our data analysis utilized in the protocol 
from Koury et al., 2018, we use an automated focus calling software (for 
details see Materials and Methods [29]). We examined recruitment ki
netics of MRE-11 by 3D imaging every 10 s following microirradiation 
for 15 min to obtain a live time-course of MRE-11 recruitment (Fig. 1, 
Movie S1). Worms were microirradiated in 4 germline zones: PMT, TZ, 
MP, and LP. Images were analyzed using the FIJI Plug-In TrackMate to 
obtain number of foci per nucleus and the time of focus recruitment (see 

Materials and Methods). 
We found that MRE-11 forms significantly more foci in MP compared 

to all other germline zones (average 2 foci/nucleus vs. 1 focus/nucleus; 
Fig. 1C), similar to what we observed for RAD-51 [21]. Another mea
surement for recruitment of MRE-11 to DSBs is the time it takes for a 
focus to appear. Although a similar number of sites may be eventually 
available for MRE-11, the speed by which a focus forms can vary. This 
could be indicative of the ability of MRE-11 to access damage sites. 
MRE-11 is recruited to microirradiation-induced breaks ~2 min on 
average post-microirradiation in TZ and MP (early meiosis), which is 
significantly faster than the ~3 min it takes for focus formation in PMT 
and LP (Fig. 1D). The acquisition of RPA-1 recruitment time in [21] was 
done using different parameters (2-minute intervals). To directly 
compare recruitment of MRE-11 to RPA-1, we also analyzed MRE-11 at 

Fig. 2. Microirradiation induces damage that is distinct from apoptotic levels of damage. A) Experimental design for the terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) assay. B) Examples of nuclei that were hit with microirradiation (top two rows) or are apoptotic (bottom row). The top row is an example 
of MRE-11::GFP seen after microirradiation in MP (no staining). The middle row is from a wild-type worm and is an example of TUNEL staining in an MP 
microirradiated nucleus. The bottom row is TUNEL staining of an apoptotic nucleus in LP in a wild-type worm. Scale bars =1 μm. C) Volume of damage per nucleus 
that is marked by TUNEL staining after microirradiation in each germline zone. D) Percent of total DNA volume that is marked by TUNEL staining. The apoptosis 
column includes data from apoptotic nuclei in LP while the microirradiation column contains data from microirradiated nuclei in PMT, TZ, MP, and LP. Mann- 
Whitney U-test used to assess significance. Kruskal-Wallis was applied to determine significant differences between rank means (C). Mann-Whitney U-test was 
applied for each pairwise comparison (C and D). Horizontal red lines on graphs in C and D indicate median. 

Fig. 3. Clusters are made up of 2+ foci and can 
be resolved into individual foci in fixed images. 
A) Examples of clusters and foci in micro
irradiated nuclei that were fixed (left) or live 
imaged MRE-11::GFP worms. Dotted white line 
is the nuclear outline in the right panel. Red 
square in each panel is the area that is in the 
close-up panel below. Scale bar =1 μm. B) 
Percent of total regions of DNA damage that are 
either foci or clusters in the fixed imaging. C) 
Percentage of microirradiation-induced 
recruitment regions that are clusters (>0.6 
μm, black) or foci (≤0.6 μm, gray) in the 
analyzed live imaging. Fisher’s Exact Test (two- 
tailed) was applied for all pairwise comparisons 
in B and C.   
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MP using 2-minute interval movies and the same focus size calling as in 
[21]. By this analysis, MRE-11 appeared ~4 min earlier than RPA-1 
(Fig. S1D). The time of recruitment is consistent with our previous 
data and the role of MRE-11 in generating ssDNA for recruitment of 
RPA-1 and RAD-51, both of which show average recruitment times 
longer than that of MRE-11. Altogether, this indicates that the ability of 
MRE-11 to be recruited to DSBs is different throughout the germline, and 
this difference may reflect regulation of its activity. 

3.2. Microirradiation induces similar levels of localized damage 
throughout the germline 

We assume that the number of MRE-11 foci reflects the ability of 
MRE-11 to access the location of damaged DNA. However, this acts 
under the assumption that the same DNA damage was formed in each 
germline region tested. Since we used exactly the same laser power 
throughout the worm and all germline regions are positioned roughly 
the same distance from the laser and the edge of the worm’s body, we 

did not expect any differences in level of damage inflicted. To test this, 
we employed the terminal deoxynucleotidyl transferase-mediated dUTP 
nick-end labelling (TUNEL) assay which marks free 3′-OH and in doing 
so marks DNA damage (Fig. 2A). The protocol utilized does not mark 
SPO-11 induced breaks, likely due to interference from DSB binding and 
processing proteins. TUNEL is the most direct measurement of DNA 
damage created by laser microirradiation, as the mechanism of action of 
microirradiation is the formation of DNA nicks and, when clustered, 
nicks form DSBs [25]. Immediately following microirradiation, germ
lines exhibited localized TUNEL signal that was never found in 
non-microirradiated germlines (Fig. 2B, second row). The number of 
affected nuclei is consistent with DNA damage specific to micro
irradiated nuclei (Fig. S2A). 

Apoptosis also results in TUNEL-positive nuclei due to fragmentation 
of chromosomes that is part of the apoptotic process which is restricted 
to LP. However, this type of DNA damage is not localized and affects all 
nuclear DNA [37]. To determine if microirradiation-induced DNA 
damage is distinct from that formed by apoptosis, the area of all stained 

Fig. 4. MRE-11 exhibits an increase in foci and 
clusters in a 24 -h time period following 
microirradiation. A) Cartoon depicting the ter
minology for classifying the microirradiation- 
induced damage in fixed samples. “Total foci” 
is the total number of foci in the nucleus (out
lined in black). “Separate foci” are foci that are 
not touching any other foci (red). “Clusters” are 
2 or more foci that are touching (green). “Re
gions of DNA damage” is the number of clusters 
and separate foci within the nucleus (outlined 
in gray). B) Schematic of the C. elegans germ
line. Worms are microirradiated in TZ and then 
EtOH fixed at indicated time points: Immediate 
(12 min), 1 h, 2 h, or 24 h. Each time point is 
marked with a distinct color in the germline 
cartoon and indicates where the nuclei are in 
the germline upon fixation at that time point. 
Legend to the right of panel F applies to C-G. C) 
Total number of foci (within clusters and 
separate foci) per nucleus. D) Number of sepa
rate foci per nucleus. E) Number of clusters per 
nucleus. F) Number of foci per cluster. G) 
Number of regions of DNA damage per nucleus. 
H) Percent of nuclei targeted with micro
irradiation that have MRE-11 regions of dam
age at each time point. For data sets with more 
than 2 groups (C-G) Kruskal-Wallis was applied 
to determine significant differences between 
rank means, and if there was determination of 
significant differences Mann-Whitney U-test 
was applied for each pairwise comparison. For 
H, Fisher’s Exact Test was used for all pair-wise 
comparisons.   
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regions through the image stack was taken and volume was calculated 
for each nucleus (Fig. 2C and S2B). The volume was then normalized to 
DAPI to indicate the percent of DNA that contains 3’-OH DNA (Fig. 2D 
and S2CD). Only ~8% of the DNA volume of microirradiated nuclei 
stained with TUNEL, compared to 97 % of apoptotic nuclei (Fig. 2D). 
This clearly indicates that the DNA damage following microirradiation is 
localized and distinctly different from apoptotic DNA damage. 

Moreover, comparing the amount of damage between zones (total 

area of TUNEL, Fig. 2C) staining per nucleus indicated that the damage 
induced in each germline zone was similar. The organization of chro
matin changes as nuclei progress into and through meiosis which is re
flected in an increase in DAPI volume (Fig. S2B), leading to a decrease in 
the relative area of TUNEL staining in MP and LP compared to other 
stages (Fig. S2D). The percent of nuclei with TUNEL staining out of 
nuclei irradiated was consistent throughout the germline (Fig. S2A). 
Overall, this indicates that the damage induced in all of our studied 

Fig. 5. NHEJ proteins are not recruited to γ-irradiation-induced damage and DNA repair factors colocalize in clusters more often than as foci 1 h following 
microirradiation in TZ. A) Percentage of nuclei with the indicated number of cKU-80 foci per nucleus in an untagged strain without irradiation (N2) and in a tagged 
strain (FLAG::cKU-80) with either γ-irradiation (γIR) or microirradiation. Numbers below each condition indicate average number of foci per nucleus. B) Percentage 
of nuclei with the indicated number of RAD-51 foci per nucleus with no irradiation (no IR), with γ-irradiation (γIR) or with microirradiation. Numbers below each 
condition indicate average number of foci per nucleus. C) a cartoon representing how the data in this figure is analyzed with a specific example in the tables below 
the cartoon. Labels for the graphs presented in E-G for classification of colocalization are: separate indicates no overlap or touching (red), colocalized indicates 
overlap (green). D) Key for E-G. E) Colocalization data for MRE-11 and cKU-80 marked with anti-OLLAS and anti-FLAG antibodies, respectively (mre-11::ollas; flag:: 
cku-80 strain) This represents colocalization for microirradiation-induced damage split into foci and clusters for either MRE-11 with cKU-80 or for cKU-80 with MRE- 
11. F) Colocalization data for cKU-80 and RAD-51 marked with anti-FLAG and anti-RAD-51 antibodies, respectively (mre-11::ollas; flag::cku-80 strain). This represents 
colocalization for microirradiation-induced damage split into foci and clusters for either cKU-80 with RAD-51 or for RAD-51 with cKU-80. G) Colocalization data for 
MRE-11 and RAD-51 marked with GFP and an antibody against RAD-51, respectively (mre-11::gfp strain). This represents colocalization for microirradiation-induced 
damage split into foci and clusters for either MRE-11 with RAD-51 or for RAD-51 with MRE-11. H-J) Representative images of microirradiated nuclei after dissection 
and staining for indicated proteins. Scale bars =3 μm.The grid of four images to the right of each large representative image is a zoomed in view of a cluster. Top left 
image in the grid is the two channels merged, top right is the green channel (MRE-11 in H and J, RAD-51 in I), bottom left is the red channel (cKU-80 in H and I, RAD- 
51 in J), and the bottom right image is an overlap of the tracings down in the individual channels. Yellow indicates what would be considered colocalized. Scale bars 
in the close-ups =1 μm. For B and C a Mann-Whitney U-test was performed for all pairwise comparisons. For statistics in E-G, a Fisher’s Exact Test was performed 
between the Separate and the Colocalized category. 
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germline regions was similar, localized, and not confounded by location 
within a whole worm. Most importantly, MP and LP were exposed to 
identical damage (Fig. 2 and S2) and showed identical MRE-11 protein 
expression (Fig. 1B), indicating that the differences observed between 
these stages in their ability to recruit MRE-11 reflects a biological dif
ference in MRE-11’s ability to access breaks. 

3.3. MRE-11 forms two types of focus configurations: individual foci and 
clusters 

In our previous studies using fixed samples we noted that following 
microirradiation RAD-51 forms both individual foci and foci clusters (2 
or more foci that are touching [21]). The size of foci in the “individual 
foci” category was identical to that of RAD-51 foci induced by SPO-11 
that are considered sites in which a single DSB is formed (Fig. S2E). 
This suggests microirradiation creates two classes of damage sites: ones 
that contain multiple events (clusters) and ones that likely contain in
dividual events (individual foci). Analysis of fixed samples from 
MRE-11::GFP retrieved at different time points post-microirradiation 
(see below) was consistent with this observation (Fig. 3A), indicating 
that both complex (clusters, 2 or more foci touching each other) and less 
complex (single focus) DNA damage is formed following micro
irradiation. These events were evenly split in proportion (Fig. 3B) with 

minor differences between zones. The resolution of the images obtained 
from live-imaging analysis does not allow detection of individual foci 
within a cluster (Fig. 3A). However, such discrimination can be done by 
examining the size of the focus. We used the average diameter of the 
clusters defined by fixed sample analysis to divide the categories of 
damage observed by live imaging into clusters and foci (Fig. 3A). Based 
on this analysis, we set the threshold to identify foci in the time course 
images as 0.6 μm and we used this threshold to distinguish between foci 
(≤0.6 μm) and clusters (>0.6 μm). The ratio of these foci and clusters 
was then examined in each of the four zones microirradiated. This form 
of analysis yielded similar results to that obtained by fixed sample 
analysis: around 50 % of damage regions formed upon microirradiation 
were clusters, and there was no significant difference between the four 
zones regarding ratio of clusters to foci (Fig. 3C). Thus, our method of 
assigning foci versus cluster categories for live-imaged foci likely reflects 
foci and clusters identified by immunofluorescence analysis. All together 
this data shows that microirradiation creates two types of DNA damage 
sites that vary in the amount of DNA damage. To refer to clusters and 
foci collectively we will use the terminology “recruitment regions”. The 
presence of clusters allows us to test the hypothesis that clustered breaks 
are repaired using different mechanisms compared to foci that are not in 
clusters. 

Fig. 6. Deletion of cKU-70 leads to differential 
MRE-11 focus formation after microirradiation 
in PMT and TZ. cku-70(tm1524) mutant allele 
used for cku-70 mutant in this Figure. A-D) The 
percentage of nuclei with the indicated number 
of recruitment regions in each germline zone. 
Figure legend in A applies to graphs in A-D. E- 
H) The percentage of clusters (>0.6 μm, black) 
versus foci (≤0.6 μm, gray) in each micro
irradiated zone. Figure legend in E applies to E- 
H. For A-D Mann-Whitney U-test was 
employed. For E-H Fisher’s Exact Test (two- 
tailed) was used.   
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3.4. MRE-11 shows an increase in recruitment over a 24 -h time period 

Germline DSB repair occurs over the course of hours for both SPO- 
11-induced DSBs and microirradiation-induced DNA damage [21,38]. 
However, worms can endure live-imaging for no more than a couple of 
hours (typically one hour), which precludes the analysis of the whole 
process of DSB repair by live-imaging. To gain a better understanding of 
the duration and kinetics of repair of clustered DSBs in wild-type nuclei, 
we performed microirradiation, recovery, and gonad fixation at varying 
time points on our MRE-11::GFP strain. The drawback of this method is 
first, that the most immediate time point in which such analysis can be 
performed is 12 min following microirradiation, precluding analysis of 
early events of recruitment that live-imaging permits. Second, only 
nuclei with an MRE-11 focus or foci could be followed. The advantage of 
fixed sample analysis is two-fold. First, it provides the ability to look at 
the repair process hours and even days after DNA damage induction. 
Second, it can provide more detailed information, as single foci can be 
resolved both separately (Fig. 4A, red) and within clusters (2 or more 
foci touching, Fig. 4A, green). Thus, the number of foci per cluster and 
the total number of foci in a nucleus can be determined (Fig. 4A, black). 
When a cluster and a separate focus are each classified as a single 

“region” of DNA damage (Fig. 4A, gray) that provides a metric for 
comparison with our live-imaging data (“recruitment regions”). 

Microirradiation was performed in TZ, the region in which pro
grammed meiotic DSBs are typically formed. Four time-points post- 
microirradiation were examined: immediate (12 min), 1, 2, and 24 h 
post-microirradiation. Nuclei move in the germline at a rate of about 1 
nucleus row per hour, thus the process of DSB repair occurs concurrently 
with progression through meiosis. The position of nuclei post- 
microirradiation was consistent with their rate of movement in the 
absence of microirradiation; at the immediate and 1 h time points, nuclei 
were still in TZ at the time of fixation, while nuclei examined at the 2 h 
time point were in TZ transitioning to EP and nuclei at the 24 h time 
point were either in MP or LP (Fig. 4B). 

MRE-11 shows a significant increase in the total number of foci per 
nucleus (this includes both separate foci and all foci present in clusters) 
over the time course analyzed (Fig. 4C, ~4, 6, 7 and 11 foci per nucleus 
at the immediate 1, 2 and 24 h timepoints post-microirradiation 
respectively). We then broke down the numbers of total foci per nu
cleus to assess whether separate foci or foci in clusters were contributing 
to this increase in the total number of foci. The number of separate foci 
per nucleus increased significantly between the immediate and 1 -h time 

Fig. 7. Deletion of COM-1 decreases MRE-11 
recruitment and resection activity in MP and 
LP. com-1(iow101) mutant allele used in this 
figure for com-1 mutant. A-D) Percentage of 
nuclei with the indicated number of recruit
ment regions. E) Percentage of nuclei with the 
indicated number of RAD-51 foci in nuclei 
microirradiated in TZ, recovered, and dissected 
1 h post-microirradiation. F) The ratio of RAD- 
51 to MRE-11 foci within nuclei quantified in E, 
with the number of RAD-51 foci per nucleus 
divided by the number of MRE-11 foci within 
the same nucleus. G and H) Worms were 
microirradiated in MP, recovered, and dissected 
either immediately or 1 h later. G) Percentage 
of nuclei with the indicated number of RAD-51 
foci per nucleus. H) The ratio of RAD-51 to 
MRE-11 foci within nuclei quantified in G, with 
the number of RAD-51 foci per nucleus divided 
by the number of MRE-11 foci within the same 
nucleus. Each data point represents a single 
microirradiated nucleus. Horizontal red bar in
dicates the median in graphs in panels F and H. 
For A-D Mann-Whitney U-test was employed. 
For E-H Mann-Whitney U-test was used for 
statistical comparison between wild type and 
com-1 mutants at both time points.   
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points and remained around 2–2.5 foci per nucleus for the remainder of 
the time course, potentially indicating that there is a maximum number 
of separate foci that will form (Fig. 4D). The number of clusters per 
nucleus (2.1), the number of foci per cluster (4.1), and the area of each 
cluster (0.48 μm2) is significantly higher at 24 h post-microirradiation 
compared to all other time points analyzed (Figs. 4E, F, and S3A). 
These data indicate that the significant increase in total foci between 
immediate and 1 h time points is largely due to the appearance of 
separate foci, while the significant increase at 2–24 hours is largely due 
to expansion of foci number within clusters. The percentage of foci 
versus clusters reflects this trend as well, as there are significantly more 
foci than clusters in the 1- and 2 -h time points with respect to the 24 -h 
time point (Fig. 3B). However, the total number of recruitment regions 
of DNA damage do not significantly increase after the 1 -h time point 
(2.2 and 3.8 in immediate vs. 1 h; Fig. 4G). This could potentially mean 

that all sites of DNA damage have recruited MRE-11 to the point of 
detection by the 1 -h time point, and that following 1 h, half of these sites 
continue to accumulate more MRE-11 over time. While some nuclei 
have clusters that exhibit expansion over time, the overall number of 
nuclei with foci decreases significantly by the 24 -h time point, with a 
decrease from ~75 % of nuclei targeted with microirradiation showing 
MRE-11 foci at the immediate to 2 -h time points versus only ~50 % of 
targeted nuclei with MRE-11 foci at 24 h (Fig. 4H). This suggests that 
cluster expansion occurs in cells in which DSB repair is delayed or fails. 

Next, we examined what drives cluster expansion. Since nuclei move 
in the germline as time progresses, it is possible that the expansion of 
foci numbers from 2–24 hours is due to their movement from TZ to MP 
(stage in meiosis) and not due to the progression of repair (time). If the 
meiotic stage determines expansion, then microirradiation of nuclei in 
MP should lead to immediate cluster expansion (Fig. S3). However, the 

Fig. 8. COM-1 and KU are required for normal 
recruitment kinetics of MRE-11 in the presence 
of the synaptonemal complex. syp-3(ok758) 
mutant allele used in this Figure. A) Progression 
of the formation of the synaptonemal complex 
(SC). In TZ synapsis is initiated, by MP the SC is 
fully formed, and at the end of LP there is 
partial disassembly of the SC. Blue bars in the 
cartoon represent homologous chromosomes 
and the red is the proteinaceous SC which forms 
between them. On the right are representative 
images of each germline zone with SYP-1 
staining shown in red. Scale bar =3 μm. B) 
Percentage of regions that are either clusters 
(>0.6 μm, black) or foci (≤0.6 μm, gray) after 
microirradiation in MP. C) Time of appearance 
of regions of recruitment in minutes after 
microirradiation in MP. Each data point repre
sents a single region. Horizontal red bar in
dicates median. D) Number of recruitment 
regions per nucleus in PMT. E) Time of focus 
appearance (minutes) in microirradiated nuclei 
of PMT. Each data point represents an individ
ual focus. Horizontal red bar indicates the me
dian. F) The percentage of total recruitment 
regions in PMT that were either clusters (>0.6 
μm, black) or foci (≤0.6 μm, gray). G) Number 
of recruitment regions per nucleus in MP. H) 
Time of focus appearance (minutes) in micro
irradiated nuclei of MP. Each data point repre
sents an individual focus. Horizontal red bar 
indicates the median. I) The percentage of total 
recruitment regions in MP that were either 
clusters (>0.6 μm, black) or foci (≤0.6 μm, 
gray). J) A representative image of 
microirradiation-induced damage marked by 
MRE-11 next to the SC, here stained by the axial 
element HTP-3 (red). The two HTP-3 parallel 
stacks are from 2 different chromosomes, one 
containing MRE-11 cluster (arrow) and one not. 
Cartoon representation on the far right used the 
same colors as seen in the staining, except 
chromosomes that are not microirradiated are 
in yellow. Only the DNA of the microirradiated 
chromosome is represented in the cartoon 
(standard chromatin loop model). Kruskal- 
Wallis was applied to determine significant 
differences between rank means in C, D, E, G, 
and H, and if there was determination of sig
nificant differences Mann-Whitney U-test was 
applied for each pairwise comparison. Fisher’s 
Exact Test (two-tailed) was applied for all 

pairwise comparisons in B, F, and I.   
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number of foci per nuclei following microirradiation was similar in TZ 
and MP immediate time points and grow in similar proportion. Exam
ining the structure of clusters at 24 h post-microirradiation of MP nuclei 
was not attainable since these nuclei would have progressed to diaki
nesis. The overall number of foci per nucleus was higher in MP versus 
TZ, consistent with our live imaging data (Fig. 1C). Accumulation of 
MRE-11 foci within a cluster can be an outcome of recruitment of MRE- 
11 separate foci to an existing focus/cluster or expansion of a cluster. To 
test this, we performed hour-long imaging of live worms (40 s intervals 
to avoid bleaching). We observed no evidence for foci recruitment to 
clusters/foci convergence via live imaging (Fig. S4, Movie S2). Alto
gether, this suggests that clusters increase foci numbers by measure of 
expansion, likely as a function of their progression in the process of DNA 
damage repair. 

3.5. Proteins from HR and NHEJ repair pathways show recruitment to, 
and colocalization at, microirradiation-induced DSBs 

There is no evidence for the involvement of NHEJ in the repair of 
SPO-11 or γ-IR induced breaks in the wild-type C. elegans germline. 
Indeed, KU-80 (a member of the KU complex) foci are not apparent on 
SPO-11 nor on γ-IR induced DSBs (Figs. 5A and S5B). In the same con
ditions RAD-51 can be recruited to foci (Fig. 5B, S5B). This is consistent 
with the genetic evidence suggesting that DSB repair in the wild-type 
germline is committed to HR [19,39,40]. However, it is formally 
possible that other types of DSBs can recruit NHEJ proteins. We have 
shown that microirradiation induces clustered DSBs (Fig. 4). We there
fore tested the hypothesis that clustered DSBs are capable of recruiting 
NHEJ proteins (methodology in Fig. 5CD). We found that in complete 
contrast to what is found for SPO-11 and γ-IR induced breaks, cKU-80 is 
recruited to microirradiation-induced breaks, and that it does show 
some colocalization with MRE-11, mostly on clusters (Fig. 5EH and 
S5C). Although this was not demonstrated in C. elegans, it is possible that 
this colocalization indicates MRN activity in NHEJ. However, RAD-51, 
an obligatory HR protein, also colocalized with cKU-80 as well within 
clusters (Fig. 5FI and S5D). Unlike MRE-11, RAD-51 activity is not found 
in any NHEJ pathway, thus this colocalization indicates that HR and 
NHEJ proteins can be found at the same sites of complex DNA damage. 
We then examined colocalization between two HR proteins that act in 
different steps of repair: MRE-11 and RAD-51. As we found above for 
other proteins, MRE-11 colocalized with RAD-51 in a fraction of cases, 
and clusters of both MRE-11 and RAD-51 exhibited more colocalization 
than did individual foci (Figs. 5GJ and S5E). This is consistent with 
MRE-11 being maintained at the break following resection. In all cases 
examined, separate foci are mainly found at a distance (far, Fig. S5F-K). 
To conclude, this suggests that clusters represent many breaks in one 
location that may be undergoing different forms of repair and that 
clustered DSBs use mixed HR/NHEJ repair for different breaks within a 
cluster. One caveat of using microirradiation to produce DNA damage is 
that the location of the DSBs is random, thus the outcome of the repair 
process cannot be assessed. 

3.6. Deletion of cKU-70 inhibits the formation of MRE-11 clusters in 
mitotic and early meiotic regions 

With evidence that both NHEJ and HR factors are recruited to the 
DSB clusters induced by microirradiation, we wanted to determine 
whether recruitment of MRE-11 would be affected by the presence of a 
functional NHEJ pathway. The kinetics of MRE-11 recruitment were 
largely unaffected by the deletion of cKU-70 (Figs. 6A–D and S6A–D), 
with a slight increase in the amount of time it takes for MRE-11 to appear 
in TZ (1.8–2.5 minutes Fig. 6SB) and an increase in the number of MRE- 
11 recruitment regions formed in LP (1–2.3 Fig. 6D). The latter may 
indicate an inhibitory role for KU on MRE-11 recruitment in LP. The 
most notable difference observed with deletion of cKU-70 was the 
change in the percent of clusters and foci in PMT and TZ (Fig. 6E–H). In a 

cku-70 background, MRE-11 forms significantly fewer clusters in PMT 
(37 % to 10 %, Fig. 6E) and TZ (47 % to 10 %, Fig. 6F), whereas the 
relative proportion of clusters and foci was unchanged in MP and LP 
(Fig. 6G and H). Since the overall number of foci is not increased in PMT, 
TZ, and MP (Fig. 6A-C), these changes cannot be attributed to clusters 
breaking apart to individual foci, but to a lower level of MRE-11 on 
clusters that may lead to their classification as foci. Lower recruitment 
levels to clusters may also explain the increase in recruitment time in TZ 
(Fig. S6B). 

MRE-11 is required for resection of SPO-11 and γ-irradiation- 
induced DSBs in meiosis [19,27] and this resection is evidenced by 
formation of RAD-51 foci [19]. Following microirradiation in TZ neither 
the number of RAD-51 foci per nucleus nor the ratio of RAD-51 foci to 
MRE-11 foci changed with abrogation of cKU-70 (Fig. S6E and F). This is 
also reflected in the levels of colocalization of MRE-11 with RAD-51, 
which are similar between the two strains and show a similar pattern 
of colocalization being largely in clusters, as seen in Fig. 5 (Fig. S6G and 
H). This indicates that the attenuated recruitment of MRE-11 is suffi
cient to promote resection (leading to RAD-51 focus formation) at 
clustered DSB damage sites. 

3.7. Deletion of COM-1 inhibits the recruitment and nucleolytic activity of 
MRE-11 in mid- to late-pachytene 

MRN activity at SPO-11 breaks is dependent on COM-1/CtIP, its 
catalytic obligatory co-factor in meiosis [41]. Indeed, com-1 null mu
tants are phenotypically indistinguishable from mre-11 catalytically null 
mutants [19,42]. Since MRE-11 is thought to be recruited to DSBs as part 
of a complex with SPO-11, COM-1, which does not play a role in DSB 
formation, is considered irrelevant to MRE-11 recruitment to DSB sites. 
However, microirradiation produces DSBs with no covalently bound 
proteins at the ends. This raises the possibility that COM-1 would play a 
different role in recruitment and activity of MRE-11 at this form of 
damage. The previously described com-1(t1626) mutant was linked to a 
mutation that affected gonad length (unc-32), which complicates the 
comparable analysis to our other data performed in a wild-type germline 
structure. Therefore, we generated a deletion mutant of com-1 (com-1 
(iow101)) via CRISPR/Cas9 in an otherwise wild-type strain. com-1 
(iow101) contains an out-of-frame deletion which removes 94 % of the 
last exon (the most conserved region of COM-1), has a range of 1–12 
DAPI bodies in diakinesis, and is homozygous sterile, all similar phe
notypes to other COM-1 mutants that have been generated [42]. 

COM-1 deletion did not have an effect on the timing of MRE-11 
appearance in any of the germline regions (Fig. S7A–D). However, 
there were significantly fewer MRE-11 recruitment regions that 
appeared in both MP (2.1 to 0.9) and LP (1.4 to 0.5), compared to other 
stages (Fig. 7A–D). Unlike what was found for cku-70, the ratio of 
clusters to foci was unchanged in all zones (Fig. S7E–H). The significant 
change in the number of MRE-11 foci being recruited to microirradiation 
damage in MP and LP led us to test whether or not the activity of MRE-11 
was similarly reduced in these zones, as COM-1 in other organisms is 
shown to promote the nucleolytic activity of MRE-11. As a control, we 
also assayed the effect of COM-1 deletion on MRE-11 activity in TZ, a 
zone in which we saw no change in MRE-11 recruitment in our live- 
imaging assay. When microirradiated at TZ, no change in the levels of 
MRE-11 recruitment was observed in terms of number of RAD-51 foci 
generated or in the ratio of RAD-51 to MRE-11 foci (Fig. 7E and F). 
However, when the same experiment was performed in MP, significantly 
fewer RAD-51 foci were formed compared to the wild-type background 
(12 to 7 RAD-51 foci/nucleus, Fig. 7G). Similar results were obtained at 
the immediate time point (12 min: 4 to 2 RAD-51 foci per nucleus, 
Fig. 7G). The ratio of RAD-51 to MRE-11 was similarly reduced at both 
time points for MP in the com-1 deletion mutants (Fig. 7H). The ratio of 
foci/clusters or colocalization of MRE-11 with RAD-51 was similar to 
wild type in both zones assayed (Fig. S7E-K). Together, these data 
indicate that COM-1 enhances the recruitment and thus the nucleolytic 
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activity of MRE-11 at complex DNA damage in pachytene. 

3.8. The SC affects the recruitment of MRE-11 to microirradiation- 
induced DSBs 

The SC is a meiosis-specific complex that assembles between ho
mologous chromosomes to target DSB repair to the homologous chro
mosome (as opposed to the sister chromatid) through the HR pathway. 
In C. elegans, the SC is assembled independently from DSB formation and 
has minimal effects on meiotic chromosome movement [43,44]. In the 
germline, the SC begins assembly in TZ, is fully formed in MP, and be
gins to disassemble at late LP [45]. The microirradiation performed at LP 
was in the nuclei just prior to SC disassembly. For both cku-70 and com-1 
mutants we saw effects that are different between pachytene regions and 
PMT/TZ. Therefore we hypothesized that the SC plays a role in regu
lating cluster cohesion and/or MRE-11 recruitment. To test this, we 
removed the SC using a syp-3 mutant in the absence or presence of 
cku-70 or com-1. syp-3 encodes a structural protein of the SC [46]. 
Importantly, SYP-3 is a central region protein of the SC and as such acts 
downstream of DSB formation or sister chromatid cohesion [46,47]. 

First, we tested whether the SC plays a role in enabling or facilitating 
the formation of larger foci on clustered DSBs in the absence of cku-70. 
syp-3 mutants had no effect on timing of MRE-11 recruitment or for
mation of clustered DSBs (Fig. 8B and C). However, simultaneous 
deletion of both syp-3 and cku-70, while not changing the number of foci 
(Fig. S8A) led to a significant reduction in the relative proportion of 
clusters to foci in mid-pachytene (from 44 % to 23 % clusters, Fig. 8B) 
and increase in their time of appearance (Fig. 8C). This suggests that 
both the SC and cKU-70 affect cluster cohesion. 

We have shown that COM-1 is aiding MRE-11 recruitment to, and 
function at, complex DSBs induced in the context of a fully formed SC 
(Fig. 7). To test if the SC inhibits MRE-11 recruitment in the absence of 
COM-1, we tested MRE-11::GFP focus formation in com-1; syp-3 double 
mutants. Microirradiation in PMT where no SC is formed, has no effect 
on MRE-11 recruitment in com-1; syp-3 compared to com-1 mutant 
(Fig. 8D-F). However, in a zone with fully assembled SC, deletion of syp- 
3 suppressed the recruitment defects found in com-1 mutant (Fig. 8G), 
without affecting other parameters tested (Fig. 8H and I). Similar effects 
were observed when him-3, an axial component of the SC, was removed 
(Fig. S8B-G) [48]. Since him-3 and syp-3 mutants have opposing effects 
on chromosomal nuclear positioning, we conclude that effects we see on 
MRE-11 recruitment are likely direct [46,48]. Overall, our data suggests 
that COM-1 is required to stabilize the MRN complex in order to access 
damage, and that this function is important in the context of a fully 
formed SC. 

The effect of the SC on MRE-11 suggested that the SC is present in 
proximity to the MRE-11 recruitment regions. However, studies of 
γ-irradiation have shown that the SC can disassemble in response to DNA 
damage, which results in bifurcation of the SC axis [49]. We did not 
observe such disassembly following microirradiation at similar condi
tions (n = 31). This indicates the SC maintains its structural role next to 
clustered DSB sites (Fig. 8J). 

4. Discussion 

The germline is a tissue in which programmed DSBs are committed to 
repair by HR. Exogenously-induced DSBs in meiosis can be repaired by 
HR, creating DSBs that can substitute for SPO-11-induced breaks, but 
may be also be repaired by other pathways. Here we have shown that 
clustered DSBs may impose a different DSB repair pathway choice de
cision on meiotic nuclei that now recruit HR and NHEJ proteins. 
Although recruitment of repair proteins to the break is suggestive of 
repair pathway activation, in the absence of an assay for the repair 
outcome of microirradiation-induced DSBs this cannot be directly 
tested. However, recruitment of repair proteins to the break site is an 
essential step required for pathway utilization and thus is informative. 

Our studies suggest that recruitment of DSB repair proteins to breaks can 
be a mode of regulation of their activity. 

4.1. Repair of clustered DSBs in the germline involves the recruitment of 
HR and NHEJ proteins 

Ionizing radiation induces DNA damage in the form of nicks that, 
when found adjacent to each other, form DSBs [25]. This mechanism is 
common to all forms of ionizing radiation including heavy particle ra
diation used in cancer therapy, γ-irradiation, and microirradiation [50]. 
Since nicks can be easily repaired, they are not considered mutagenic. 
However, DSBs are more deleterious and require repair prior to cell 
division. Different forms of radiation differ in the relative abundance of 
clustered DSBs, with high LET exposure (heavy ion) producing more 
clustered DSBs than low LET exposure (γ-irradiation). In agreement with 
studies from tissue culture, we show that microirradiation produces 
clusters of DSBs in the germline of intact organisms ([21] and this 
paper). This supports microirradiation as an effective method for the 
study of clustered DSBs. 

Studies in tissue culture indicate that the repair of clustered DSBs 
does not follow the normal repair program. Cells that typically engage in 
DSB repair via NHEJ shift their repair pathway choice to a mixed HR/ 
NHEJ model [2]. In mammalian tissue culture studies NHEJ factors 
such as the KU complex accumulate at microirradiation-induced DNA 
damage, and whether or not the break undergoes NHEJ or HR, both 
pathways’ repair factors are often present [51–53]. In the germline, 
DSBs are committed to repair via HR and we have shown that DSB 
clusters still recruit HR proteins ([21] and this paper). Because in tissue 
culture NHEJ shifts to an NHEJ/HR model, this may imply that HR is the 
preferred pathway for repair of clustered DSBs [2]. In the germline, we 
discovered that both NHEJ and HR proteins are recruited to 
microirradiation-induced breaks, regardless of the fact that repair of 
SPO-11-induced breaks is committed to HR. This suggests that clustered 
DSBs are a special form of DNA damage that may create a unique repair 
environment compared to when the same amount of damage is 
dispersed throughout the genome. 

The colocalization of RAD-51 and cKU-80 at clusters but not at foci 
indicates that HR and NHEJ events target the same cluster. The 
requirement for multiple repair pathways may stem from the combi
nation of different types of substrates at the break. Assuming a random 
positioning of nicks caused by microirradiation, it is likely that some will 
contain substrates favorable for c-NHEJ (blunt or almost blunt ends), 
while others can be targeted to MMEJ (short ssDNA overhangs) or HR 
(long ssDNA overhangs). The colocalization of HR and NHEJ proteins on 
a single focus in a cluster may reflect these two pathways in the process 
of competition on processing a break. Clustered DSBs also create new 
repair substrates-short pieces of dsDNA-that may be especially chal
lenging to repair and thus attempt repair by several pathways [54]. 

4.2. MRE-11 dynamics at complex DNA damage sites 

MRE-11 is one of the first proteins recruited to exogenously-induced 
DNA damage in mammalian tissue culture cells, forming foci within the 
first few minutes [35,36,55]. Our studies identified similar kinetics in 
C. elegans germline nuclei, showing a remarkable evolutionary conser
vation of this trait in metazoans. The time by which most MRE-11 foci 
are appearing precedes that of RPA-1 and RAD-51 foci [21] in agree
ment with the role of MRN(X) in DSB resection. Here we have shown 
that MRE-11 kinetics at the sites of DSBs can be unique to different 
germline regions (Fig. 1) or altered in mutants (Figs. 6–8). Since these 
changes do not affect the level of DNA damage, the changes in recruit
ment of MRE-11 reflects change in its regulation. 

One of the interesting findings we discovered is the growth in cluster 
size over time, likely due to expansion (Fig. S4, Movie S2). The most 
significant cluster expansion (Fig. 4F) occurs after about a third of MRE- 
11 recruitment regions disappeared (Fig. 4H), suggesting that cluster 
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expansion occurs at regions that are harder to repair. Cluster expansion 
could be an indication of ongoing repair and may be attributed to 
chromatin relaxation or a conversion of local damage into substrates 
that are suitable for MRE-11 recruitment over time. 

4.3. KU at complex DNA damage 

Following microirradiation, KU is found in both foci and clusters. 
The fact that KU is recruited to foci formed by microirradiation but not 
by SPO-11 or γ-irradiation suggests that clustered DSBs engage with the 
NHEJ pathway in the germline. With the tools we currently have we do 
not know if recruitment of NHEJ proteins actually means repair. 
Although cKU is recruited to microirradiation-induced breaks, it has a 
relatively small effect on MRE-11’s recruitment and mostly affects the 
ability of MRE-11 to accumulate on more complex repair sites (clusters). 
DSB clusters may be more susceptible to structural damage, as they 
contain short dsDNA fragments, and it is possible that KU’s action is 
required to maintain the integrity of the cluster in a way that facilitates 
protein recruitment throughout the cluster. The synergistic effect of syp- 
3 and cku-70 mutants may support such a model, as SYP-3 is part of a 
complex with structural function on meiotic chromosomes. 

4.4. COM-1 at complex DNA damage 

COM-1/Sae2/CtIP is an MRN(X) co-factor, promoting the resection 
activity of MRE-11 at the site of DSBs [8,42,56]. COM-1 homologues 
have other more controversial roles; having their own endonuclease 
activity and/or DNA bridging functions. COM-1’s activity as an MRN 
co-factor may be executed via various mechanisms and here we show 
that one of them may be the recruitment of MRE-11 to DSBs (Fig. 7), 
which as a consequence, can promote its resection activity (Fig. 7F and 
H). Microirradiation-induced breaks are likely available for all nucleases 
(not blocked by SPO-11), thus RAD-51 focus formation is not completely 
dependent on COM-1. SC removal suppresses the defects found in com-1 
mutants in MP but not PMT nuclei (Fig. 8), which suggests that the 
presence of the SC is an inhibiting factor for MRE-11 recruitment and is 
overcome by COM-1’s action in stabilization of the MRN complex. In 
agreement, in yeast a mutant in the SC axial component Red1, partially 
rescued the meiotic defect seen in com1/sae2 mutants [57]. 

Altogether these results show that MRE-11 recruitment to clustered 
DSBs can be modulated throughout meiotic prophase I, and by alter
ations in other DNA repair pathways and accessory proteins. The dam
age induced by microirradiation in wild-type germ cells can recruit 
NHEJ pathway proteins. This presents a complex nature of regulation of 
pathway choice at clustered DSBs in a meiotic context. 
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