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During meiosis, genetic recombinants are formed by homologous recombination accompanying with the
programmed double-strand breaks (DSBs) and strand exchanges between homologous chromosomes. The
mechanism is generated by recombination intermediates such as single-end invasions (SEIs) and double-Holliday
junctions (dHJs), and followed by crossover (CO) or non-crossover (NCO) products. Our study was focused on the
analysis of meiotic recombination intermediates (DSBs, SEIs, and dHJs) and final recombination products (CO and
NCO). We identified these meiotic recombination intermediates using DNA physical analysis under HIS4LEU2 “hot
spot” system in budding yeast, Saccharomyces cerevisiae. For DNA physical analysis, when the hot spot locus is
recognized by restriction enzyme from synchronous meiotic cells, the fragmented DNA that are forming
recombination intermediates can be detected and quantified through Southem hybridization analysis. Our study
suggests that this system can analyze the structural change of recombination intermediates during DSB-SEI
transition, double-Holiday junctions and crossover/non-crossover products in meiosis.
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AAs}aL, Spolle] 2J5te] DNA ©o]F 7} AHDSBs)o| 'HAY
3HA HHA Azgo] 7fAEHKeeney and Kleckner, 1997
Keeney, 2001; Neale et al., 2005). o] 1} o] o] 7}t Ak
9] 5" Tdo] 5'—3" AL AT IE )] 8 4 (Mrel 1-Rad50-Xrs2
nuclease complex, Sae2 and Exol nuclease)o] 2|3} A1A| &=
A A k(resection) HH3-© 2 3’ Teho] 12 1= DNA (single-
stranded DNA) FHo| =& %t FE7](zygotene)ol| A5 F
MEAZL HEE7) ARt =2d T F st s dM
EA 9 AeAdS ol & 7= X F(single-end invasions,
SEI)E B3} D-L2i8 B4R old Az HEy Hee
“homolog bias” 3L $tth(Zickler and Kleckner, 1999; Hunter,
2006; Kim et al., 2010). EjA}7](pachytene)ol] A5 A 2] 4
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o1% 7heh ek} o) FAEE e £ Dol Y DNA
2T} Southern 34 WS £3) ST 5 4SS AN
2k o2 59 A o] Bofel e TS Al
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(Psl-Smal), nucl::hph (Goldstein and McCusker, 1999)¢] 53
A3to] 3 HIS4::LEU2-(BamHl)/his4X:: LEU2-(NgoMIV)-URA3
(Kim et al., 2010)7} o] & & gto]c}
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YPG I AMJA](1% Yeast Extract, 2% Bacto-Peptone, 2%
Bacto-Agar, 3% Glycerol)2 J£35}1, th2d YPD ZAH|A]
(1% Yeast Extract, 2% Bacto-Peptone, 2% Bacto-Agar, 2%
Glucose)o]| =38} 227k vjerslsith. YPD TA|uj x| o] A] =}
F oY colonyE YPD MAufX|(1% Yeast Extract, 2%
Bacto-Peptone, 2% Glucose)Z FE£3}o] 24A)7F S<F vjokst
9, G17]9] 5x3} Al7]7] 93 200 ml SPS (Supplemented
Medium; 0.5%  Yeast Extract, 1%
Bacto-Peptone, 0.67% Difco Yeast Nitrogen Base without
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10 N KOH) %] 1/4002 3|4 == HFsto] 2ug wik
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Raffinose, 0.01% Antifoam) B X2 T}A] HE3}KTE o|AS
RS ATHS AATLEHN uFFO R Hol Q= vijA|
AES AoWglch JAAIR] A= 250 ml SPM Hj R = A
ato] @ulek Wyt uiek7] o)A 300 rpm, 30CE RIS ¥
E319 )k 10% Sodium AzideS 0.23 ml¥ EF35F EHoj Z+ A]
ZF¥E=2(0,2.5,3.5,4,5,6,7, 8, 10, 24 h) 23 mIXA-S F3} 3000
rpmo]| A YA ETTto] AFTHE A AT A2Fol AW F
9] DNAZ7F?] wx}A3%H cross-link)& QHA3}517] $J3l Psoralen
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EDTA,; pH 8.0)2 A7}st1L, 365 nm 3H32] xFoJAS 1087
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22AARE A7 R =R GA 8171 218ke] vortex A=
ARE-3}A] 9k9rth Guanidined} Phenol/Chloroform< ©]-&-3t |}
B2 7} 4|78 AEof A genomic DNA (gDNA)E $&34
t}. 355 A3z 1 ml Spheroplasting buffer (1 M Sorbitol, 50
mM KPOg; pH 7.0, 10 mM EDTA; pH 8.0)%} B-Mercaptoethanol
(final conc. 1% v/v) 12|31 0.4 mg 100-T ZymolyaseS Y1 &
E13te] 37 CoflA] 3087 WHSAIFT ¥he-2 B & YAl &35t
o AF=o8-S A A 8}37 Guanidine solution (4.5 M Guanidine-HCI,
0.1 M EDTA; pH 8.0, 0.15 M NaCl, 0.05% Sodium Lauryl
Sarkosyl)S @] 65C oA 2087 vhSA At 1 o 100%
EtOHE H7I3te] 20 Cof| A 2A]7F F<t Bast 5, Y4lEe]st
of A5l A|A3}3l RNase solution (100 mM Tris-HCl; pH
8.0, 10 mM EDTA; pH 8.0, 50 pug/ml RNase A; DNase free) S
o] 37°C ol A 1417 Et BhSAIH T BR8-S ubxl 842 micro
centrifuge £HZ 27|11 Proteinase-K solution (20 mg/ml, in
20 mM CaCly, 10 mM Tris-HCI; pH 8.0, 50% Glycerol)< &7}
gto] 65CeollA 1A7E B¢t BREAIFTE RS mhd o
Phenol/Chloroform/Isoamyl alcohol (25:24:1)& A7}5ke] Y4
EYE 39t AW A =2 micro centrifuge FEZ A
3 M Sodium Acetate (NaOAc pH 5.5)¢} 100% EtOH-S 2] A}
204 2087 JAA R 223 ohA] AAlRE]ste] 5
AASE T2 TE buffer (50 mM Tris-HCI; pH 8.0, 10 mM
EDTA; pH 8.0)¢] 2= -20C o] B3} t}.

7| YSHoll 2Jst DNA FEEA

A Z5E F7HA| AFEE-2 HIS4LEU2 “hot spot” 2.2 EA15H4
THHunter and Kleckner, 2001; Oh et al., 2007). DNA &3
TREAS 98l olF 71ed WHS AHSSFtH(Wanat et
al., 2008; Kim et al., 2010). 12} A A 93, 2 ugo
DNAE Xhol (Enzynomics) AlgtaAz A3 T 0.6%
SeaKem LE o}7}2%09] 1 x TBE, 2 V/cm2] A0 2 24A|7t
¢ A7) 952 STt 22k A B4 3], 2.5 pge DNA
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o 1 x TBE, 1 V/em®] 2722 2047} 59t A7 JES 5t
Ethidium Bromide (EtBr, 0.5 pg/m)Z I sFct 1H ot
& 7 e g Fehjol M2e 241 A Edolo] W35 W
9] 90°9] ZF= 2 Y X A] 7] 2L 22+ A(0.8% SeaKem LE o}7}=2
=, 0.5 pg/ml EBr ZHS T 9o Fo ZFt 0.5 pg/ml
EtBro] 7} 1 x TBEO|A 6 Vieme] ZA 0.2 4°Col| 4] 64|7F
£ 2719F Sck A AT AR BlEAA AT
AES 1249 AolH A5 913, 2 pgel DNAS Xholz}
NgoMIV (New England Biolabs) A|gta4=z #&|3}o] 0.6%
SeaKem LE o}7}2209] 1 x TBE, 2 V/cm&] XL Z 24 A7+
Bt 271 95= 3ttt Southern E43-Z o] Aol 7|«
= “Probe A”E ]85} 4=3)3}% tH(Schwacha and Kleckner,
1997). Probe+= Prime-It RmT Random Primer Labeling Kits
(Agilent Technologies)E ©|-&3}o] HIAY T A4E A]Hs}
k. £4313 DNAE Bio-Rad phosphoimager and Quantity
One® &2 E|o]2 Hfsigich
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Fig. 1. Yeast Meiosis and DNA physical analysis system. (A) The image shown are micrographs of unstained or DAPI stained yeast cells 10 h
after transfer SPM medium (magnified x 1,000). (B) Map of the HIS4LEU?2 hotspot locus showing diagnostic restriction sites and probe binding
position. “Mom” and “Dad” distinguished via Xhol restriction site polymorphisms (circled Xs). Each fragment digested with XAol or Xhol +
NgoMIV are shown that DNA size of parental, recombinant, DSBs, dHJs, SEIs and crossover products can be detectable after gel
electrophoresis and Southern hybridization with probe A. (C) DNA events of post-DSB steps in meiotic prophase 1.
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5% 2AS 1Y YES FASAKFig 14). A2E A2
& gEEA 67417 Aolo] 0% EAYY ABEL WYL
24417000 AL E Az 474) ZAE FA st

<

P

TZE SZH 24 AAH

R A2 14 F weolAe 44y A2 S0A
£ E4317] Y34 HIS4LEU2 “hotspot” system< ©|-&-3} 5tk
(Cao et al., 1990; Hunter and Kleckner, 2001; Oh et al., 2007).
o] A|A”E Eotak 3 FMA|S HIS4 FAA 3" Heke]
LEU2 9714 G0] H98 2.2 shto) o) rheh Anhe ks
ofuict.

REAE fEslel 2 AL R S8 AZ)H DNAS
FZ&3}4] Xhol = Xhol + NgoMIV Agta A2 X 2|3HH 74
£ A7)o A== A2 SHAE 27000 w=t 22T 5
UtH(Fig. 1B).
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F YPD A oI weFstsich. mestel §aE olupA)
AR I e A ERE A Slske] 6417 et
HoFe S9E YPD 3A|H Aol wEsho] 30C oA 2207F vof
shsich. meate] 29071 WiSFRE oA EHE B BRI B
wol whet S8 7H 3 97 uhie] whgA] Ewet vl wst
o AT 4 glek. AE3E o|ulA] ERE SPM Aol 10412
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ol vjeretel 4R SEsIT AEH L AASL 47)
o] EAE sy Bejsly] 945 Zymolyase® H2lsHRc.
YPD AR $lo] EAE s vl 30T o)A 2203 v
st LaE 47e) EAo A BAS B2 48 249 2
3, ol AEolN A4RAS B BejE v Gui
90% o|4o] | Ark(Fig. 24).
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“Mom”™2 HIS4::LEU2 §AAEE 7}AaL $Jo] Histidine
(HIS)} Leucine (LEU)©| 2@ H wjA|o| A 242 B35} ofu]e
ARS- SHAJSHe] ZA18 4= Qi) ¥bE “Dad” = his4x:: LEU2-URA3
RS 7HA 3L glo] HISo] AHE iAo\ A ofm|ieibS §F
43 2 glof S4B Tl Thxks A SAWOIT} S E
), LEUT} Uracil (URA)] 2B HiAo] & AAE ofali
AFE RAISI] S418 4 ek AHES] WA B2 “Mom™ 3}
“Dad” 9] S-AAHE &2lst7] ¢J8}e] Yeast Tetrad Dissection
& Replication”| S ARSI TE “Mom” ) “Dad” 2] -3 AR+
S 71 ke BB kel mufgol g mufala 2k
gL §=319ch du)7o) AR Yeast Tetrad Dissection A
8 UR5-g o 5to] 47he] TAE YPD TAuA 9ol Helated
Lpedakz 30 C ol 4 2907+ vhopateict. YPD mAuRle] =7] %
o ekzk 2t 28] BB BE0] 100% BE 2 3 1 9
o YPD ZAMAE Foix Holul T HIS, LEU 2]
URAZ} 242t 29 SAAE ShEY Kol ALt
o 7k wape] Wo-S BASH] stel YPD AAiAlo] wo)

m4-sv
m3-sv

2-sv
m1-sv
m0-sv

Minimal

Fig. 2. Spore viability and yeast tetrad dissection. (A) Spore viability of wild type yeast. (B) The image shown is separated tetrad
spores of yeast after mating. Parental homologs, “Mom” and “Dad” distinguished via HIS, LEU and URA lacking plate. * sv; spore

viability with the number of grown spores from dissected tetrads.



o] At vk AR E ujekste] YPD AuR|of =2t
A& AR 30 C ol A 197 sttt (Fig. 2B). o] 4§ 7]
WL HIS4LEU2 “hotspot’S A S Ho|E el d uj$
43t B o 2 EdHolE WEIAL SH= T of| ofn]iAt
T2 A WA AR BX)5te] ZZko] AeufR]of A £4]
A EdWo|e 23 RS U F=9loH, AR Th2 wufgat
gtste] o|ui A A7} EH AAR ofu| i FHAJSte] ofn] e
Ato] AoE wiR]o| A AT 4= 9lo B R o5 T3l WA Al
Zo| wHly FA] &It 4= 9lch(Fig. 2B).

XM ® MI|EE 2N

HIS4LEU?2 “hotspot” ol Al 283 A 23t 74419} Al =3 2
HNEEL A A7) 95 E3le] B35+ tHHunter and Kleckner,
2001; Oh et al., 2007). & Ao A= shte] o]F 71 Ado]
Lo v 2 YRl HISYLEU2 “hotspot™S A o E So}
AR 455 At 23 BE A2 A FeE

AL F=dtd 0% 7ht "} 1 o] %9 FA oA AEE

SUAI} A2 A2 DA ] 24 BEE = o A

TGS F=ste] ZF A7 H= 83t Al2oA gDNAE &

3l5ich. gDNAZ Xhol AgtaAL = *2]5te] “Mom”3} “Dad”
[e]

oA 5-2l$t HIS4LEU?2 “hotspot™& Z}7| thE2 27| 2 A4
I o]E ot = A H7|9E e Rttt Axde] 1Y

[eesssssepsl— Mom

COs

leeesasssss| - 0ac

;; : 7] DSBs
o _tme
0 24
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<« 15 |1CO
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X5
0
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Fig. 3. One-dimensional (1-D) analysis. (A) Image of 1-D analysis
gel hybridized with probe A showing the DSBs and crossovers. (B)
Quantification of DSBs and crossovers.
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A A(PP-dCTP)E 0|83} Southern B4 & 43351t}

1349 A A7) 95 Falo] 7+ A7k FE whaygt o] % st
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B FEEger 3.5 holl Ao o]2Hu A|zko] 2]
wha} 3} st oh(Fig. 30). o]% 7het Aok 952 DNA
SO R AZL 0|2 S5 Y3t 71HoE AT AxFS
B3 B1E A=) o]F she Aol SrEjEo] Hxp Ak
of whet AxF AaHEo] Hol7] AZstga 0% 7he Arho]
BT 525 o ol 2y AuHE o] 27h= Adth
2XI M M7|HE 2A

DNAJ|| 0]% 7 Ao whAistH £4HE DNAS 4:2)5}7]
93t 7|d oz 3 weke] Tl heto] A Ache] ot wmEE
, 0] Wk A=A AL Fhol YT o]F T To] FFS
FAgi) o] Ejdlo] AFOZ DNA 7heto] A2 wdte
Ao g o] ARFAES WSt 2231 A A7 A%
2 o|% 7ie Avka} Yz ATHE Aol o] F7t IS BAS)
7] QI3 whH o & Azge] Z7heA ol 9l DNAZL 3 ©d 7}
o ehe =2 XA AEA DS Zo} R AT} o]F B
glo] Mol 4L zF AZH EE BT 4= ek 124 optR
2 A A7) 9%5-S A 7} lane S FEfjo] o] 2 90°9] Zt=
2 £33 o A7|95S A 3 T Fheo] A

& Zro} AE3LT 9l DNAS} 0% Zejglo] Htez A7

K

(A) ik
25h \ 5h \ 8h \
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4n \ 7h ¥ o4h \
®) [ © 10 SE
. ! dHJ <08 IH-dHJ
1
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e w7\ Qo4
02
» 0 //
6h % 0 4 8 12 24

Fig. 4. Two-dimensional (2-D) analysis. (A) Image of 2-D analysis
gel hybridized with probe A showing the dHJs, SEIs. (B) Image of
detailed of 6hr in Fig. 4A. (C) Quantification of SEIs and dHJs.
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= o] Qli= DNA= 7HAE @Akl §lof op7t2 = Ao EBr&
TRAIZIE A2 SR 9 200 we) o] 55 = & &=of Zpo]
£ HolE=R Zh A E= Eeeid & ik 13 A A7 9F
B3} upx712) 2 Southern AWM 523)5te] A 23 F7H4)

= BAsteTHFig. 4A).

SH 3 gL 7 gl &
S < ZYdHl°] Fd=
B/dstaL, o] Aol sfe] == Wkl mk DNA 7heo] 3
wehe wAd Az A Rt wehd vty Afx2et
A

N
j>
;
g
il
do
H1
9#
£
&
>
=
i3
it
L
J \
<t
=
i
-3
x
-l 0
o,

gDNAE XholZ} NgoMIV A|gtaEAZ A a]sle] 13} A A7)
B2 AXSHH WA Q23 AET Bl ARG AES
1T 4= UTHEFig. 5).

V]

I

B Ao A= HIS4LEU2 “hotspot” A AEE 0]8-8ta] 744
H£EE =k Q=3 IHPolx ] DNAE &AJste] o|FA|
Az AR E=AE B T2 Azl LAI3] &

(A)

s mmma—|H-CO
—IH-NC

,4’_,_,_//
0 4 8 12 24

Fig. 5. Crossover/Non-crossover (CO/NCO) analysis. (A) Image of
CO/NCO analysis gel hybridized with probe A showing the
crossover (CO) and non-crossover (NCO). (B) Quantification of CO
and NCO.

S I

[€)
AHer) EAST “Mom™ 3} “Dad”¢] DNAZ A|gHEAR
Helsio] 217} 12 Zole] Ao m AT ol A sl

Az AP ZYE S 134 A A7 9se
DNAE #4323 o]F 715 A2 3.5 hollA] HehA]of =2
& HA skl ol i 2 Axe ANEES A 5
7Feltt7t o) % 7He Aeto] Hashes Al719] 3AIRME Fol= o
ol T7ISHA WA oJ AL o|F 7 Hdo] deAxE
ot dEE Az Ay=Esol AYEHUES Yuidth
(Fig. 3). 224 A 7|95 T3l ©o1F 71e 2] 4574
Az dikzo] e A717HA9] A2 SIS 245
th. 0]F 7he deto] WAE At o] %o leZH 3 T 7hEo]
FEH7IAEE ot AR AdH 9] DNAZE EE U o]F
Zddo] Fde FAT JH9 DNAZH Ael= HE= Ut
(Fig. 4). o] 22 31+9] o 7he ddo] 3' & 715 A7 7
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