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The integrity of the human genome is constantly under attack by several 

exogenous and endogenous sources of DNA damage. Among all types of 

DNA damage, DNA double-strand break (DSB) is considered to be of the 

most cytotoxic lesions. During meiosis, DNA DSBs is induced physiologically 

by the topoisomerase II like protein (Spo11). These induced breaks are 

repaired by a physiological and complicated repair process known as meiotic 

recombination (MR). Here, I analyzed and compared the expression of two 

of these highly conserved proteins, the recombinase Rad51 and the DSB 

marker phosphorylated enotsih variant γ-H2AX, which involve in the MR 

process during mouse and yeast meiosis. Consistent with previous studies, 

the expression analysis of γ-h2ax fluorescent (FL) foci formation during 

mouse MR show that the induced DSBs during leptotene stage of meiosis are 

fully repair at the end of pachytene stage except for spontaneous foci that 

represent persistent un-repaired ones. The recombinase Rad51 clearly 

marks the MR progression, where foci appear at early zygotene stage and 

disappear at the end recombination process when scynaptonaemal complex 

(SC) proteins signal degraded. However, both western blot and foci kinetics 

analysis of γ-H2A (human and mouse homologue) and Rad51 in WT and 

Spo11 knockout strains, revealed that γ-H2A is not a good marker for DSBs 

in during MR of yeast meiosis.  
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Rad51, Meiotic recombination 

 

INTRODUCTION 

Unlike cancer where cell division is uncontrolled, meiosis is a 

special type of programed cell division is needed to halve the 

genetic material of the diploid parental genome to produce haploid 
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gametes i.e. spores in fungi or egg and sperm cells in other 

eukaryotes; (reviewed in Hunter, 2015). This is achieved through 

one round of DNA replication followed by two rounds of 

chromosome segregation. The 1st segregation occurs between 

homologous chromosomes and the 2nd between sister chromatids. 

For correct segregation of chromosomes during meiosis, a 

programed DNA double strand breaks (DSBs) are induced during 

leptotene stage by the topoisomerase-like Spo11 protein (reviewed 

in Lam and Keenly, 2015). The induced DSBs are repaired by a 

complicated process known as meiotic recombination (MR), during 

which maternal and paternal chromosomes are paired establishes 

physical connections (chiasmata) and the formation of 

scynaptomaemal complex (SC) proteins between chromosomes 

takes place. This is followed by reciprocal exchange of maternal 

and paternal genetic material (crossovers). Once programmed DSB 

is formed by Spo11, resection occurs by the MRX complex and 

other nucleases. The resection process results in single strand ends 

at 3’ and thus both recombinases Rad51 and Dmc1 are loaded to the 

single strands forming a nucleoprotein filament. This is followed by 

strand invasion of one of the ‘3 ends and D-loops formation. The 

repair of the DSBs induced by SPO11 takes 7 days in mice (Moens 

et al., 2002). In synchronization with the biochemical changes 

during MR, cytological changes occur, as shown in Figure 1 for 

budding yeast and mice meiosis. The bounded Rad51 at the single 

strand is seen as foci that marks the hotspots at which chromosomal 

breaks are repaired and crossover and non-crossover may occur. At 

the same time, at the site of Spo11 induced DSBs, the histone 

variant H2AX is phosphorylated at serine 139 (in S129, in yeast), 

after which it is called γ-H2AX, leading to the formation of nuclear 

foci at the breaks sites. Hence, γ-H2AX is used as a marker for 

DNA DSBs. Studies on mouse germ cells have shown that the 

kinetics of γ-H2AX loss (reduction of foci numbers) is related to 

DSB repair activity during mice meiosis (Ahmed et al., 2010& 

2013; Chicheportiche et al., 2007). The genes involve in MR 

process are highly conserved among human and various eukaryotic 
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models such as mouse and yeast. Therefore, Recognizing the 

function of genes and proteins associated with the repair of DNA 

DSBs after physiological or exogenous damage will help to 

understand mechanisms involved in DNA repair and genome 

protection. In the current study, the expression of two highly 

conserved proteins (Rad51 and γ-H2AX), in mice and yeast was 

analyzed. The recombinase Rad51, which involve in the MR 

processin yeast meiosis marks the recombination process, as shown 

by western blot analysis and IF but not the phospho-H2A. 

MATERIALS AND METHODS 

Animals and samples collection 

 Testes of albino mice (8–10 week of age) were used to check DSB 

repair markers in male germ cells. Mice were maintained under 

optimal conditions of humidity and temperature for one week at 

Biological Science department, King Faisal University Saudi 

Arabia. Nucleus spreads of spermatogenic cells were prepared (see 

below). The animals wereused and maintained according to 

regulations provided by theanimal ethical rules and no specific 

treatment has been done for mice except for isolating testes from 

scarified mice. 

Induction of meiosis in yeast 

A single colony of WT and Spo11 knockout budding yeast 

strains were inoculated and grown overnight in 5 ml of yeast extract 

peptone dextrose (YPD) media. Then, the suspension was diluted to 

an OD600 of ~0.3 in (buffered yeast extract tryptone acetate) 

BYTA and incubated with aeration for 16 h. These synchronized 

cultured cells (at G1-phase) were harvested by centrifugation, 

washed with 200 ml 1% potassium acetate, re-suspended in 250 ml 

SPM (0.3% potassium acetate, 0.02% raffinose) with appropriate 

supplements to a final OD600 of ~1.9, and incubated with vigorous 

aeration. In the SPM, sporulation in budding yeast (one cell gives 4 

spores) occurs within 8 h (Hunt et al., 2019). Between 1 h and 8 h 

time points, samples were taken and were used to prepare meiotic 
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spreads for subsequent immunostaining or frozen to be processed 

later for western blot analysis. 

Surface spread preparations 

TesticularNucleus spreads were prepared as previously described by 

Ahmed et al., 2010. Briefly, a suspension of spermatogenic cells in 

MEM-α was obtained, followed by incubation with a hypotonic 

buffer (17 mM sodium citrate, 50 mM sucrose, 30 mMTrisHCl, pH 

8.2). After centrifugation (1000 rpm for 5 min), the pellet was 

carefully resuspended in a 100 mM sucrose solution and applied 

over a paraformaldehyde (PFA) covered glass slide (1% PFA, 

0.15% Triton-X-100, pH 9.5). The slides were kept in a humidified 

atmosphere in a box to slow down drying out. After 1.5 hr the box 

was opened and the slides were washed in 0.08% photo-flo (Sigma 

P7417, St. Louis, USA). Meiotic spreads preparation from testicular 

yeast cells (from time course points between 1 and 8 h of Zip1 

tagged WT) was done as described (Oh et al., 2009, Hunt et al., 

2019). 

Fluorescent immunostaining  

For immunofluorescence, nuclei were washed in PBS and incubated 

for 10 min in PBS including 0.04% Triton-X-100 and then 

incubated with blocking solution (10% low fat milk powder 10% 

BSA in PBS for 30 min). After blocking, primary antibodies were 

applied, diluted in blocking solution, for 2 h at room temperature. 

The slides were washed in PBS and incubated with the diluted 

secondary antibodies in blocking solution for 1 h at room 

temperature. Then, the nuclei were stained with DAPI (for 10 min), 

mounted in VECTAshield (Vector lab. H-1000)and viewed with an 

Olympus microscope. Images were recorded digitally. 

Protein extraction and western blots 

The frozen pellet was resuspended in alkaline solution (n 150 μl 

of 1.85 M NaOH) and , 7.5% (v/v) β-mercaptoethanol to break the 

yeast cell wall. Protein suspension in sample buffer (250 μl of 200 

mMTris-HCl at pH 6.5, 8 M urea, 5% (w/v) SDS, 1 mM EDTA, 

0.02% bromophenol blue, 5% (v/v) β-mercaptoethanol with 10 μl of 

http://www.sigmaaldrich.com/catalog/ProductDetail.do?N4=P7417%257CSIGMA&N5=SEARCH_CONCAT_PNO%257CBRAND_KEY&F=SPEC
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25× protease inhibitor stock (Roche), heat shock (d at 65 °C for 10 

min), loading to SDS-PAGE gel, western immunoblotting were 

done according to our recent submitted paper (Hunt et al., 2019). 

Membranes were incubated in 5% (w/v) skimmed milk in TBS and 

subsequently incubated with primary antibody in 1% (w/v) milk in 

TBS. Membranes were washed 3x in PBS, 5 min each at RT, and 

incubated in horseradish peroxidase-conjugated secondary 

antibodies. Membranes were washed 3x in PBS, 5 min each at RT, 

incubated with 2 ml high sensitivity ECL detection solution 

(Millipore), and blots were visualized on a 

GeneGnomechemiluminsescence imaging system. The Rad51 and 

γ-H2A signal were quantified relative to the house keeping protein 

PSTAIR using image J software (https://imagej.net/Fiji/). 

 

Antibodies 

The primary antibodies were rabbit polyclonal anti-SCP3 (1:400, 

ab15092, Abcam) and mouse monoclonal anti-phospho-

H2AX[Ser139] (1:400 Upstate Biotechnology USA).  Rabbit anti 

Rad51 (Santa Cruz, 1:2000); anti mouse PSTAIR, (Sigma, 1:2500) 

and anti-goat H2A-129 Santa Cruz (1:200). The secondary 

antibodies for IF, goat anti-rabbit (Alexa fluor 488, A-11008, 

Breda, Netherlands), goat anti-mouse (Alexa fluor 488, A-21121 

and 594, A-21125, Breda, Netherlands) and Texas Red-labeled goat 

anti-mouse (T6134), were obtained from Jackson ImmunoResearch 

(West Grove, USA). The secondary antibodies for western were the 

appropriate horse reddish peroxidase (HRP) anti-goat, anti-mouse 

and anti Rabbit Santa Cruz antibodies and used and analyzed as 

described (Oh et al., 2009, Hunt et al., 2019). 

RESULTS 

γ-H2AX foci marks the physiologically induced DSBs during 

mouse meiotic recombination 

The IF staining of early meiotic prophase testicular cells during 

mouse meiosis has shown that γ-H2AX displays staining at 

leptotene stage. In Zygotene stage, the signals start to be restricted 

at the autosomes and sex chromosomes and then as cells grow from 

https://imagej.net/Fiji/
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early to late pachytene the foci at autosomes pachytene stage are 

repaired and hence disappear as the meiotic recombination progress 

and crossover and non-crossover occur (Fig. 1). These data confirm 

that γ-H2AX is an ideal marker for DSBs during meiosis. 

Rad51 and γ-H2A showed different kinetics during yeast meiosis 

In yeast, the IF staining data revealed that γ-H2A is not clearly 

expressed as foci but showed non specific staining (Fig 2 B-E). 

These foci are not overlapped with Rad51 foci (Fig 2 B,C). On the 

other hand, Rad51 clearly marks the hotspot sites at autosomes and 

forms foci in early zygotene, zygotene and pachytene stages. Those 

foci disappear by the end of pachytene stage when the SC (ZIP1) 

protein degraded (Fig 2). These data indicated different kinetics 

between Rad51 and γ-H2A in yeast meiosis. 

Western blot analysis of Rad51 and γ-H2AX during yeast meiosis 

in WT and Spo11 knockout strains. 

Western blot analysis of Rad51 and γ-H2AX relative to the 

PSTAIR cyclin-dependent kinase during yeast meiosis in WT and 

Spo11 knockout strains reveals that Rad51 signals are reduced at 

longer time points during meiosis. However, γ-H2A signal is not 

reduced by time. Although in Spo11 knockout stain the 

physiological DNA DSBs are not induced, γ-H2A bands were seen 

which clearly indicate that this phospho-Histon variant is not good 

marker of DSBs in yeast.  

 

DISCUSSION 

In the present study, the expression of the DSB maker γ-H2AX 

(γ-H2A) at the chromosomal level by IF staining during meiotic 

recombination in mice and yeast has been analsed. In addition the 

expression of both γ-H2A and Rad51 have been analyzed by 

western analysis during yeast meiosis. γ-H2AX form foci at the 

spermatocytes’ autosomes hotspots, all these foci are 

dephosporylated as MR progresses, and disappear at the end of 

early meiotic prophase leaving only few persistent foci (Fig 1). 

These DSBs are induced during leptotene stage of mouse meiosis 
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when the SC protein are formed (SCP1, SCP2 and SCP3, the later is 

shown the figure 1 to ensure accurate chromosomal recombination 

and segregation (Keeney et al., 1997). However, during sporulation, 

that occurs in synchronized budding yeast cell within 8 hours, IF 

staining data reveals that γ-H2A is not expressed as foci and shows 

non specific staining (Fig 2 B-E). Although in mice, Rad51 and γ-

H2AX are partially overlapped (Ahmed et al., 2007) in yeast γ-H2A 

foci are not overlapped with Rad51 foci (Fig 2 B,C). The 

recombinase Rad51 clearly marks the hotspot site at autosomes and 

forms foci in early zygotene, zygotene and pachytene stages. Those 

foci disappear by the end of pachytene stage when the SC (Zip1) 

protein degraded (Fig 2). In mice, similar kinetics of Rad51 

formation and disappearance have been shown and partially 

overlapped with γ-2AX (Ahmed et al., 2007). Foci kinetics analysis 

of γ-H2AX and Rad51 in yeast, revealed that γ-H2A is not a good 

marker for DSBs in during MR of yeast meiosis. However, the 

recombinase Rad51 is a good marker for MR progression in yeast 

and mice.  

To further check the reliability of γ-H2A as a DSB marker 

during yeast meiosis, western blot analysis of the phosphorylated 

H2A-S129 has been conducted and compared with Rad51 

expression. Data indicated that γ-H2A is expressed in synchronized 

pre -meiotic cells (at G1-phase), its level increased as cells grow 

from early Zygotene to pachytene stage, but   only slightly 

decreased at the end of meiosis (at 8h where meiosis I and II are 

completed). The higher expression of γ-H2A at the end of meiosis is 

consistent with the finding of Lo et al., (2014). To clarify if the 

expression of γ-H2A is dependent on Spo11 induced DSB, Spo11 

knockout stain has been used to check the phosphorylated protein 

expression. Interestingly, signals of γ-H2A, but not for Rad51, were 

seen in the absence of Spo11 during yeast meiosis. 

CONCLUSION 

Both western blot and foci kinetics analysis of γ-H2A and Rad51 in 

WT and Spo11 knockout strains, revealed that γ-H2A is not a good 
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marker for DSBs in during MR of yeast although it is a reliable 

mouse and Human meiosis DSB marker. 
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Figures legend 

Fig. 1. γ-H2AX foci marks the physiologically induced DSBs 

during mouse meiotic recombination. (A and B) Leptotene cell, B) 

SCP3 protein is red and γ-H2AX signals in green, (C) early 

pachytene cells, foci at autosomes (green) and sex body (arrow-

head), (D) mid-Pachytene stage, (E) Late pachytene (persistent foci, 

arrow) and (F) Diplotene stage. Magnified images for autosomes 

(C’, C’’ and E’) 

Fig. 2. Rad51 and γ-H2A kinetics during yeast meiosis. (A) 

Progression of yeast cells  tagged with ZIP1 protein during meiosis. 

(C) Rad51 foci mark hotspots at early zygotene stage and  

pachytene stages (E). γ-H2AX appear to be not specific (B,D). 

Fig. 3. Western blot analysis of Rad51 and γ-H2AX during yeast 

meiosis in WT and Spo11 knockout strains. (A) Western data 

included the house keeping PSTAIR protein (cyclin-dependent 

kinase 1 (CDK1) and (B) Image J analysis of relative expression to 

PSTAIR. 

 

 

 الونويت الخلايب في الشريط الوسدوج النووي للحبهض الفسيولوجي التكسر دلالاث

 الخويرة في هيوزيب الونقسوت والخلايب الفئراى في الابتذائيت

 عوبدعبذالعسيسأحوذ

 أسيوط هعتجب – العلوم كليت – الحيواى علن قسن - الجسيئيت والفسيولوجيب الونبعت هعول

 

 تيف اٗ ىتنسش اىَسببت اىؼ٘اٍو ٍِ ىيؼذيذ ببستَشاس اىبششي اىجيًْ٘ يتؼشض

 أخطش ٍِ اىَضدٗج اىْ٘ٗي اىحبٍط تنسش ٗيؼتبش .اىْ٘ٗي اىحبٍط ٍِ أجضاء

 بص٘سة اىْ٘ٗي اىحبٍط يتنسش ٗقذ.ٗاىسشطبُ، ىيطفشاث اىَسببت الأّ٘اع

 اىتْبسييت ىيخلايب( اىَي٘صي) الاختضاىي الاّقسبً أحْبء ٗرىل فسي٘ى٘جيت طبيؼيت
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 ٗاىفئشاُ الاّسبُ في ٍت٘اجذ بشٗتيِ )Spo11  يسَي بشٗتيِ يقً٘ حيج

 يحفض ٍَب اىَضدٗج اىششيط ٍست٘ي ػيي اىْ٘ٗي اىحبٍط بنسش ٗاىخَيشة(

 ب٘اسطت اىتنسيش ٕزا اصلاح ػيي( الأٗه اىَي٘صي الاّقسبً) َّٕ٘ب احْبء اىخلايب

 اىنشٍٗ٘سٍ٘بث يحذحتضاٗج حيج اىبشٗتيْبث ٍِ يذاىؼذ فيٖب تشتشك ٍؼقذة ػَييت

 ٕزا.  اى٘ساحيت ىيَبدة تببده إىي رىل ىيؤدي اىؼب٘س حٌ اىتذاخو يؼقبٔ شقيقت اىغيش

 اىَفشدة اىْٖبيت ٍغRad51   ٕ٘ ٗاىؼب٘س ىيتذاخو اىَحفض اىبشٗتيِ  ٗيشتبط

 فسفشة تتٌ مَب .اىَؼقذة اىؼَييت ٕزٓ ٗي٘جٔ اىنسش ػِ اىْبتجت اىْ٘ٗي ىيحبٍط

 ٍ٘اقغ  ػْذ اىنشٍٗ٘سٍ٘بث ػيي بؤس ٗينُ٘H2AX ( H2A)اىٖستُ٘ ّظيش

 اىتؼبيش ٍٗقبسّت تحييو إىي اىذساست ٕزٓ تٖذف .اىفسي٘ى٘جي اىتنسش ٕزا

 خلايب في الاختضاىي الاّقسبً احْبء H2A-Y , Rad51 ٍِ ىنلا اىبشٗتيْي

 اىغزاء صّق ظشٗف ٗج٘د في ٍي٘صيب تْقسٌ اىتي اىخَيشة ٗخلايب اىفئشاُ

γ- بؤس تن٘يِ تؼبيش تحييو أظٖش اىسببقت، اىذساسبث  ٍغ تَبشيب  ٗاىْيتشٗجيِ.

H2AXٕزا اُ ٗاظحب ٗمبُ اىفبس ىخصيت الابتذائيت اىَْ٘يت اىخلايب في 

 ٗبقبء اىْ٘ٗي ىيحبٍط اىفسي٘ى٘جي الاصلاح ػيي مذلاىت يستخذً قذ اىبشٗتيِ

 يؤحش قذ ببىخييت ٍب خيو ػيي ٗيذىو اصلاحت يتٌ ىٌ اىزي اىتنسش يؼنس اىب٘س

 الاّقسبً ٍِ الاّفصبىي اىط٘س احْبء اىنشٍٗ٘سٍ٘بث ٗتببػذ اّفصبه ػيي

 اىبشٗتيِ ىٖزا اىََبحو اىٖستُ٘ بْظيش يتؼيق الاخشفيَب اىجبّب ػيي اىَي٘صي.

 اىْ٘ٗي اىحبٍط ىتنسش ىذلاىت استخذاٍت اىحبىيت اىذساست تؤيذ لا اىخَيشة في

 ٍجبه في اىْ٘اة ىحقيقيبث ٌٍٖ مَْ٘رج تستخذٍٖب ىتيا الابحبث في ٗاصلاحت

 ٗاىؼب٘س اىنشٍٗ٘سٍ٘ي ىيتببده اىَحفش اىبشٗتيِ مبُ بيَْب اىبي٘تنْ٘ى٘جي.

Rad51 ٗٗاظحت. دلاىت ر 
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Fig. 1. γ-H2AX foci marks the physiologically induced DSBs during mouse meiotic 

recombination. (A and B) Leptotene cell, B) SCP3 protein is red and γ-H2AX signals in 

green, (C) early pachytene cells, foci at autosomes (green) and sex body (arrow-head), 

(D) mid-Pachytene stage, (E) Late pachytene (persistent foci, arrow) and (F) Diplotene 

stage. Magnified images for autosomes (C’, C’’ and E’)
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A Fig. 2. Rad51 and γ-H2A kinetics during yeast meiosis. (A) Progression of 

yeast cells  tagged with ZIP1 protein during meiosis. (C) Rad51 foci mark 

hotspots at early zygotene stage and  pachytene stages (E). γ-H2AX appear to 

be not specific (B,D). 
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Fig. 3. Western blot analysis of Rad51 and γ-H2AX during yeast meiosis in WT 

and Spo11 knockout strains. (A) Western data included the house keeping PSTAIR 

protein (cyclin-dependent kinase 1 (CDK1) and (B) Image J analysis of relative 

expression to PSTAIR. 

 


