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Abstract

The ploidy of eukaryote gametes must be halved to avoid doubling of numbers of chromo-
somes with each generation and this is carried out by meiosis, a specialized cell division in
which a single chromosomal replication phase is followed by two successive nuclear divi-
sions. With some exceptions, programmed recombination ensures the proper pairing and
distribution of homologous pairs of chromosomes in meiosis and recombination defects
thus lead to sterility. Two highly related recombinases are required to catalyse the key
strand-invasion step of meiotic recombination and it is the meiosis-specific DMC1 which is
generally believed to catalyse the essential non-sister chromatid crossing-over, with RAD51
catalysing sister-chromatid and non-cross-over events. Recent work in yeast and plants has
however shown that in the absence of RAD51 strand-exchange activity, DMCL1 is able to
repair all meiotic DNA breaks and surprisingly, that this does not appear to affect numbers
of meiotic cross-overs. In this work we confirm and extend this conclusion. Given that more
than 95% of meiotic homologous recombination in Arabidopsis does not result in inter-
homologue crossovers, Arabidopsis is a particularly sensitive model for testing the relative
importance of the two proteinsBeven minor effects on the non-crossover event population
should produce detectable effects on crossing-over. Although the presence of RAD51 pro-
tein provides essential support for the action of DMC1, our results show no significant effect
of the absence of RAD51 strand-exchange activity on meiotic crossing-over rates or pat-
terns in different chromosomal regions or across the whole genome of Arabidopsis, strongly
supporting the argument that DMC1 catalyses repair of all meiotic DNA breaks, not only
non-sister cross-overs.

Introduction

Theproces®of eukaryoticsexuateproductionis basedn the production of gamete®f halved
ploidy, thefusionof two of whichregeneratethe original ploidy in the subsequengeneration
[1, 2]. Thishalvingof chromosomenumberis carriedout by meiosisaspecialisedelldivision
in which two successivdivisionsfollow a singleround of DNA replication.A singlemeiotic
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cellthusproducedour nucleiof halvedploidy, in contrastto mitosis,in which DNA replica-
tion is followedby a singledivision, resultingin two daughtemucleiof the sameploidy asthe
mothercell.

The specialisedneiotic celldivision thussolveghe problemof maintainingploidy stable
acrossexuabenerationshut this comeswith acost.In mitosis,balancedsegregatiomf chro-
matids,is ensurecdby sisterchromatidcohesiorestablisheéh the precedingS-phaseyut this
canonly work onceandis thusnot sufficientin meiosisjn whichtwo successiveuclear
divisionsfollow asingleS-phasdn moststudiedeukaryotesthe problemof propermeiotic
chromosomakegregatiolis ensuredoy chiasmataphysicalinks betweerhomologouschro-
mosomegproducedby non-sister-chromatictross-overecombination(CO) in the first mei-
otic division.Recombinatiorduring thefirst meiotic prophasehusensureshathomologous
chromosomesccuratelysegregatéom eachotherandin doing so,shuffleghe genetidnfor-
mationto generatehe geneticvariationdriving evolution.

Thework of manyauthorshascontributedto understandinghe moleculamprocesses
underlyingthe repairof programmedmeiotic DNA double-strandbreakg DSB)andtherela-
tionshipsbetweenCO andnon-CO meioticrecombinationoutcomesReadersiredirectedto
[3x5]for recentreviewsof this subjectBriefly, the procesf meioticrecombinationis initi-
atedby the programmednduction of DSBthroughoutthe genomeby the SPO1Jprotein
complexfollowedby resectiorof the brokenDNA endsto generate8' single-strandedNA
(ssDNA)overhang®n both sidesof the DSB.Binding of the RAD51and DMC1 proteinsto
theseoverhanggeneratesucleoproteinfilaments which searcHor andinvadeanhomolo-
goustemplateDNA duplex.Copyingof thetemplateDNA moleculeandresolutionof the
joint recombinationintermediategepairsthe break.A subsebf theserepaireventgesultin
physicakexchangesr CO betweertheinteractingDNA moleculesandif thesearenon-sister
chromatids,n chiasmatdinking the homologouschromosomesindgeneticCO. Strikingly,
numbersof meiotic DSBcommonlyexceechumbersof chiasmatawith DSB:CCOratiosof 25+
30in Arabidopsis15in mouse4.4in Drosophilaand 1.8in buddingyeas{reviewedy [6]).

Thehighly conservedRAD51protein family consist®f 7 memberdn plantsandanimals:
RAD51,DMC1 andthefive RAD51paralogsRAD51B RAD51C,RAD51D,XRCC2and
XRCC3RAD51andDMC1 catalysehe keyrecognitionandinvasionof ahomologousDNA
templatemoleculewith the 5 RAD51 paralogglayingessentiatolesin supportingthis activ-
ity [7£11].Originally identifiedin yeas{12+16],RAD51andDMC1 arebelievedo derive
from Archaeal throughaduplicationearlyin eukaryoticevolution[17+£19].Thetwo
proteinsareweakDNA-dependentATPasesvith similar biochemicabproperties Binding to
ssDNAanddsDNAto form nucleoproteirfilamentswhich catalysehe searctfor, andinva-
sionof ahomologousDNA templatemoleculg3, 20+26].Theactivitiesof the two proteins
arenot howevelidentical,asillustratedby the observatiorof greateresistanceo dissociation
of D-loopsformedby humanDMC1 comparedo RAD51[27] andthediffering substrate
requirementdor the formation of four-strandjoint moleculesbsuggestingppositepolarities
of polymerizationof RAD51(3'-5") andDMC1 (5'-3") on ssDNA(Murayamaetal.2011)dis-
cussedy[3].

RAD51playskeyrolesin both meiosisand mitosis,while DMCL1 is meiosis-specififl 2,
16].In meiosisRAD51is generallybelievedo playroleschieflyin inter-sisterandnon-CO
recombinationwith DMC1 beingimportant for recombinationbetweemon-sisterchroma-
tids of homologsalthoughit cancatalysénter-sister/non-COrecombinationin the absencef
RADS51activity [28+31].Buddingyeast mutantsarrestin meioticprophaseaccumulate
meiotic DSBandhavestrongdefectdn accumulatiorof joint molecule(JM) recombination
intermediateg12,28,32]. Returnto growth experimentgio permit recoveryof JMintermedi-
atesn theyeast mutant, but theseareonly betweersisterchromatids[28]. Meiotic
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prophasearrestis not observedn theyeast mutant,which doeshowevershowdelayed
appearancef JMintermediatewith astrongbiastowardsinter-sisterversusnter-homologue
JM[28] andproducesviablesporesTheseverityof the and meiotic phenotypesn
yeasis howeverstrain-dependenf33+35].

In mouse, meiosisshowszygotenarrestwithout synapsi$36, 37], while absence
of RAD51is embryoniclethal[38, 39]. A recentstudyhassucceedeih testingthe effectof
RAD51knockdownin mousemeiosisthroughinjection of siRNAinto seminiferougubules
andshowdeptotenearrestandlossof zygotenenucleithrough p53-dependenapoptosig40].
A fewcellsescapéhis apoptosiandtheseshowincreasedex-chromosomasynapsiand
reducedCO, further supportingthe conclusionthat RAD51is neededor DMC1 to function
in mouse40].

Maizehastwo redundant genes, and [41].
mutant plantsareviablewith no visibledevelopmentatiefectsbut aremalesterilewith
reducedhumbersof chiasmatandevidenceof non-homologuesynapsisn malemeiosis.
Residuafemalefertility howevempermittedapparentlynormal CO ratesin survivingmeiocytes
[42]. The cultivar of rice hastwo RAD51 proteins(RAD51Aland RAD51A2)with

datasuggestindRAD51A2hasthe major rolein homologougairing, while rice
plantshaveonly oneRAD51[43, 44]. Ricealsohastwo redundantDMC1 proteins(DMC1A
andDMC1B)andrice DMC1 isrequiredfor normal meioticrecombinationproperCO
formation andsynapsi$45+49].It is howeverthe modelplant ,  which
providesthe mostclearillustration of the differentmeiotic phenotypeof and
mutants.Arabidopsisplantslackingeitherprotein areviableand completemeiosisput achias-
matemeiosideadso randomsegregatiotf intact (fully repaired)chromosomeandresidual
fertility in the mutant. In striking contrastthe lackof DSBrepairleadso meiotic Pro-
phasd chromosomdragmentationin thefully sterile mutant[50,51].

A considerabldéodyof datathuspointsto aspecificrole for DMC1 in meioticinter-
homologueCO recombination but the complexityof the mutant phenotypesiascompli-
catedclarificationof the specificrolesof RAD51and DMC1 in this processRecentdata
from yeastand Arabidopsishavehowevelprovidedamajor advancen sortingout this puz-
zle.Inactivationof the secondanDNA binding siteof RAD51in mutantyeast
blocksits ability to catalyseecombinationbut doesnot affectfertility [30]. Thisis alsoseen
upon expressiorof the dominant-negativdeRAD51-GFHusionproteinin Arabidopsig31],
which alsolackssecondanDNA binding andstrand-invasioractivity [52]. In contrastto the
effectof absencef RAD51 thesemutantRAD51 proteinsareunableto catalysénvasionof
thetemplateDNA duplexandaredefectiven mitotic DSBrepair,but remainableto support
theactivityof DMC1in meiosig30,31,52]. Thesestudiesunequivocallyshowthat DMC1 is
capableof catalysingherepairof all meiotic DSBin theabsencef RAD51strand-exchange
activity.Giventhe excessf meiotic DSBoverCO andthe generabeliefthat DMC1 is specif-
icallyresponsablér meioticinter-homologueCO recombination both yeastand plant
studiegestedfor effectson meiotic CO rates.No effecton COwasfound in the defined
genetidntervalsusedfor theseestssuggestinghat DMC1 isthe only activestrand-invasion
enzymen meiosisandthatonly the presencef RAD51is essentialnot its strand-exchange
activity.

All meioticrecombinationis catalysedby DMC1 in the (fully fertile) +
Arabidopsigplants,andtheythusprovidean opportunity for betterunderstandingof the spec-
ificities of therolesof DMC1 andRAD51in inter-homologuemeiotic CO and pairing. We
presentherean analysiof the effectsf the absencef RAD51strand-exchangactivityon
meiotic CO patternsin differentchromosomategionsandacrosshe wholeArabidopsis
genomeWe find no significanteffectof the absencef RAD51strand-exchangactivityon
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meiosisin Arabidopsisbarguinghat DMCL1 is the uniqueactivemeiotic strand-exchange
proteinin WT plants.

Results
Recombination rates

FTL markerlines[53,54] wereusedto testfor effectof theabsencef RAD51strand
exchangeactivity on meiotic CO ratesin pericentromeriaegions.Thepollen-expresseded
andyellowfluorescenprotein markersin thesdinesprovidearapid and preciseneansof
measuringgeneticmap-distancén definedgenetidntervalsin ArabidopsisWe usedthe FTL
linesl1b carryinglinked insertionson the arm of chromosomel (I11b: FTL567and~TL1262,
and;FTL567FTL1262=8.16cM), and CEN3,with two insertionsspanningthe centromere
of chromosome3 (CEN3:FTL3332FTL2536= 11.04cM) [54] (S1Fig). Thellb and CEN3
lineswerecrossedvith Col-OWT and homozygotes
to generatd-1linesin whichbothDMC1 andRAD51(WT), or only DMC1 (

) strandexchangectivitiesarepresenduring meiosisF2 plantswerederived
by selfingthe F1landgenotypedo identify the and /

F2mappinglines.

Pollenfrom the WT and mappinglineswerescoredor thefluorescent
markersandto guardagainsbiasesn scoringthe 1:1ratio of presence/absencéthe markers
individual markerswasverifiedwith a Chi-squaredestin eachdataset(Tablesl and?2).

Asexpecte@ndin agreementvith our previousdataon differentchromosome-arm
genetidntervals[31], absencef RAD51strandexchangectivity hadno detectableffecton
meiotic CO ratein thechromosomd1lb interval (Fig 1, Table2; WT: mean sem= 8.45 0.20
cM; 6 plants,total pollenscored= 6261,RAD51-GFPmean sem= 8.68 0.35cM; 6 plants,
total pollenscored= 6923 .unpaired2-tailedt-test.P= 0.5751 = 0.5795df = 10).Neitherwas
anysignificanteffectof the absencef RAD51strand-exchangactivity observedn the centro-
mere-spanninghromosome8interval, CEN3(Fig 1, Table1l; WT: mean sem=11.68 0.06
cM; 5 plants,total pollenscored= 6304, RAD51-GFP11.62 0.10cM; 5 plants,total pollen
scored= 5142 unpaired2-tailedt-test.P = 0.6103 = 0.5303df = 8).

Theseresultsconcordwith our previousmeasurementsn 2 genetidntervalsdefinedby
INDEL markerson the armsof chromosomes andlll [31], showingno significanteffectof
theabsencef functional RAD51strand-exchangactivity on meiotic CO ratesin chromo-
somearmsor acrosghe centromereof Arabidopsischromosomes.

Table 1. Meiotic recombinatio n in the CEN3 interval.

Plant#
WT#1
WT#2
WT#3
WT#4
WT#5
RAD51-GFP#1
RAD51-GFP#2
RAD51-GFP#3
RAD51-GFP#4
RAD51-GFP#5

R
74
52
72

103
75
45
46
66
75
78

Y
68
40
68

107
78
40
30
70
80
65

https://da.org/10.1371durnal.pon®183006.t001

R+Y neither total r Chi2 R:not R Chi2 Y:not Y
514 550 1206 0.118 0.750 1.460
360 335 787 0.117 1.740 0.210
544 520 1204 0.116 0.651 0.332
798 772 1780 0.118 0.272 0.506
594 580 1327 0.115 0.091 0.218
312 320 717 0.119 0.010 0.240
285 290 651 0.117 0.190 0.680
542 512 1190 0.114 0.568 0.971
614 590 1359 0.114 0.266 0.619
534 548 1225 0.117 0.001 0.595
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Table 2. Meiotic recombinatio n in the I1b interval.

Plant# R Y R+Y neither total r Chi2 R:not R Chi2 Y:not Y
WT#1 31 20 276 275 602 0.085 0.239 0.166
WT#2 45 36 436 438 955 0.085 0.051 0.013
WT#3 54 50 628 630 1362 0.076 0.003 0.026
WT#4 53 62 645 627 1387 0.083 0.058 0.526
WT#5 35 42 386 402 865 0.089 0.612 0.094
WT#6 54 43 486 507 1090 0.089 0.092 0.939
RAD51-GFP#1 32 23 273 264 592 0.093 0.547 0.000
RAD51-GFP#2 49 51 447 451 998 0.100 0.036 0.004
RAD51-GFP#3 45 24 437 414 920 0.075 2.104 0.004
RAD51-GFP#4 62 41 556 552 1211 0.085 0.516 0.239
RAD51-GFP#5 90 63 842 830 1825 0.084 0.833 0.123
RAD51-GFP#6 60 55 637 625 1377 0.084 0.210 0.036

Numbers of Red (R), Yellow (Y) and Red+Yellow (R+Y) fluorescent and non-fluorescent (neither) pollen from flowers of wild-type and rad51 RAD51-GFP
plants used to calculate genetic map distances (r cM) in the CEN3 (a) and I1b (b) marked intervals in WT and RAD51-GFP plants.

https://da.org/10.1371durnal.pon®183006.t002

Chiasmata counting

Fluorescence hybridisation(FISH) usingprobesfor the 5Sand45SrDNA loci [55], per-
mits identification of all 5 Arabidopsischromosome# meioticmetaphasé andtheform of
the bivalentscanbeusedto infer meanCO numbersper chromosomeand per meiosis(Fig
2a)[55].

Countingchiasmatashowedmeansof9.3 0.11(mean s.e.m.and9.68 0.15chiasmata
permeiosisin Col-0(wild type)andRAD51-GFRplantsrespectivelyFig2cand Table3). The
absencef RAD51strandexchangeactivity thusresultsin amild increasen CO of borderline
significancqunpaired2-tailedt-test.P = 0.045¢ = 2,08df = 37). Takingthefive chromosomes
individually, numbersof chiasmataaumbersperchromosomeshowedo significantdiffer-
encedetweenwild-typeand RAD51-GFFplants(adjustedP valuesof 0.9570.9570.383,
0.7250.957or chromosomed to 5 respectively-ig 2b, Table3).

Meiotic HEI10 foci

ArabidopsisHEI10/ZYP3is structurallyandfunctionallyrelatedto yeasZip3 and mammalian
HEI10andis requiredfor the formation of Typel COs[56]. HEI10immunolocalization(IF)
foci canbeusedto quantifynumbersof Typel COs.Fig 3 showsepresentativé- imagesof
WT (a-d)andRAD51-GFRe-h) Arabidopsigpollenmothercells(PMC) spreadsvith DAPI
(blue),anti-ASY1(green)andanti-HEI10(red). As expected56], the numbersof HEI10foci
visibleon chromosomeaxedncreasehroughleptotenento latezygotenen bothwild type
andRAD51-GFPanddrop dramaticallyto give7+11foci/nucleusin latePachyteneMean
('s.e.m, numberof meiosesounted)numbersof HEI10fociin LeptoteneZygoteneand
Pachytenevere72.43(1.50, n =7),140.5 1.83, 10)and9.5( 0.183, n = 40) respectivelyor
WT meiosesleptoteneZygoteneand Pachytenealuefor RAD51-GFRmeiosesvere70.29
(2.00,n=7),139.7(1.67, 10)and9.73( 0.168, n = 48) respectivelyNo significantdiffer-
encesverethusobservedn numbersof HEI10foci betweenWT and RAD51-GFR2-tailedt-
testsLeptoteneP = 0.41t =0.859df = 12;ZygoteneP = 0.750¢f = 0.3234df = 18;Pachytene:
P=0.382f =0.924df = 86).
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Fig 1. Genetic map distances of the I1b and CEN3intervals in WT and RAD51-GFP meioses. Mean
map lengths (cM) of the 11b and CEN3 genetic intervals in Wild type (filled bars) and RAD51-GFP plants
(striped bars). Error bars are standard errors of the mean.

https://abi.org/10.1371durnal.por.0183006.90L

Meiotic time-course

Previougeportshaveshownthat perturbationof homologousecombinationand synapsis
causeslelaysn meioticprophasd with, for examplethe mutant causingan extensiorof
prophasd by approximately6 hours[57]. We thustestedor effectsof theabsencef RAD51
strand-exchangactivity on the progressiorof the meioticdivision usingan EdU pulse-chase
(seeMethods).Briefly,a pulseof the thymidine analogueedU is takenup throughthe transpi-
ration streamandincorporatedinto DNA in replicatingcells,including thosein pre-meiotic
S-phaseAnthersarecollectedandfixed acrossatime-courseandmeiotic PollenMother Cell
nucleiobservedor thefirst occurrenceof EdU labeledchromosomest specificmeiotic stages.
MeiocyteghatincorporatedEdU into their replicatingDNA atthe endof S-phas¢ook
approximately6+8hoursto progresghrough G2into earlyleptotend58]. As seerin Fig4,
EdU signalwasobservedn leptotenenucleil2hoursfollowing the EAU pulse(Fig 4, panels
d-f andiv-vi). EdU signalwasdetectedn chromosome®f earlyzygotenaneiocytesl6hours
afterthe pulse(Fig 4, panelgy-i andvii-ix). At the 20hpoint, labelledchromosomesvere
observedn Zygotene/Pachyten@ig 4, panelj-l andx-xii). At 24hPachytenehromosomes
werecompletelylabelledwith EdU (Fig 4, panelm-o andxiii-xiv), At 36h,EdU stainingis
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Fig 2. Chiasmata counts in wild type and RAD51-GFP meioses . DAPI-stained (blue) meiotic Metaphase |
of wild type (a, left panel) and RAD51-GFP (a, right panel). Green (45S rDNA) and red (5S rDNA) FISH
signals are used to identify each of the 5 chromosomes (numbered) and the shape of the bivalents permits
counting chiasmata. Scale baris 5 m. Mean numbers of chiasmata per chromosome (b) in wild type (blue)
and RAD51-GFP (red) and per meiosis (c) (errors are s.e.m.).

https://abi.org/10.1371durnal.por.0183006.402
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Table 3. Chiasmata counts.

WT RAD51-GFP P signific ant?
Chr1 2.4"0.11 2.37°0.11 0.957 no
Chr2 1.55"0.14 1.63"0.11 0.957 no
Chr3 1.75"0.10 1.95"0.05 0.383 no
Chr4 1.4%0.11 1.58“0.12 0.725 no
Chr5 2.2"0.09 2.16 “0.09 0.957 no
all 9.3 “0.11 9.7 “0.15 0.0445 yes

Mean ( “s.e.m.) numbers of chiasmata per chromosome and per meiosis in WT (N = 20) and RAD51-GFP (N = 19) plants. Adjusted P values (unpaired
2-tailed t-tests, Holm-Sidak method) show no significant differences for the chromosomes taken individually. A small difference of borderline significance is
seen in the per-meiosis counts ( unpaire d 2-tailed t-test. P = 0.045, t = 2,08 df = 37).

https://da.org/10.1371¢urnal.pon®183006.t003

visibleonly in meiosidll in bothwild typeandRAD51-GFPplants(Fig 4 panelgp-r andxvi-
xviii). EdU labellingthusfollowedthe samekineticsin RAD51-GFPandWT plants,showing
thatthe absencef RAD51strand-exchangactivity thuscausedo detectablalifferencesn
thetiming of meiotic stagedn this analysis.

Discussion
Notwithstandingthe similar activitiesof the two proteins, and mutantshavevery
differentmeiotic phenotypesndthe Arabidopsis and mutantsprovideavery

clearillustration of thesedifferencesAccumulationof unrepairedmeiotic DSBleadso
Mek1-dependenineioticarrestin the yeast mutant[3, 12,59,60]. The Arabidopsis

mutantis howeverableto fully repairmeiotic DSBcreatedoy the SPO1lcomplexbut
hasachiasmateneiosisandfertility is reducedo only afewpercentof that of wild typeplants.
In striking contrastthe Arabidopsis mutantis steriledueto chromosomafragmenta-
tion in meioticprophasd. In theabsencef RAD51protein, DMC1 aloneis thusunableto
repairmeioticDSB while RAD51(in theabsencef DMC1) doesrepairmeiotic DSBbut with-
out generatingnterhomologueCO andchiasmat450,51,61,62]. Thedependencef DMC1
onthepresenc®f RAD51canalsobeseenn increasechumbersof univalentsandnon-
homologouschromosomeassociationsausedy the Arabidopsis knock-downallele
[63] andthe partial suppressiotof the phenotypen theabsencef ATR kinase[61].
Thekeyto answeringhesepuzzlingdifferencecamefrom the demonstratiorthatinactiva-
tion of the secondarypNA binding siteof RAD51did not affectthe fertility of
mutantyeas{30], nor RAD51-GFHn Arabidopsiq31]. Themutant and
RAD51-GFPproteinsareunableto catalysénvasionof thetemplateDNA duplexandare
defectivdan mitotic DSBrepair,but remainableto supportthe activityof DMC1 in meiosis
[30,31,52].

DMCl1 isthuscapableof catalysingherepairof all meioticDSBin the absencef RAD51
strand-exchangactivity,but the questionremainsasto whetherit doessoin wild typemeiosis
or whetherthisresultis specificothe -mutant context.Giventhe excessf meioticDSB
overCO andthelong-standingbeliefthat the involvementof DMC1 in therepairof agiven
meioticDSBwasthekeyto it potentiallyresultingin aCO, both yeastind plant studiesested
for effectson meiotic CO rates. Theabsencef detectableffectson CO patternsin yeast

[30] and ArabidopsisRAD51-GFH31], suggestethatthisisthe caseln thiswork
wehavetakenadvantagef the 25-to 30-foldexcessf meiotic DSBoverCO in Arabidopsisto
extendour previousresultson the possiblesffectsof absencef RAD51strand-exchangactiv-
ity on meiotic CO patterns[31]. Comparedo only 44%in buddingyeastmore than 95%of
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Fig 3. HEI10foci in wild type and RAD51-GFP Pachytene . Immunolocalization of the ZMM protein HEI10
(red) and the meiotic protein ASY1 (green) in wild type Leptotene (a-d), Zygotene (e-h) and Pachytene (i-I)
and RAD51-GFP Leptotene (i-iv), Zygotene (v-viii) and Pachytene (ix-xii) Pollen Mother Cell nuclei. Scale bar
is5 m.

https://bi.org/10.1371durnal.por.0183006.403
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Fig 4. EdU pulse-cha se meiotic time-cours ein wild type and RAD51-GFP plants. Wild type (a-r) and RAD51-GFP (i-xviii) pollen mother
cells are in the pre-meiotic S/G2-phase 2 hours after the EdU pulse (+2 h), in leptotene at +12h, early zygotene at +16h, zygo-pachytene at
+20h, pachytene at +24h and meiosis Il at +36h. Scale baris 10 m.

https://doi.0g/10.1371§urnal.pon®183006.9g004

meiotic DSBgiveriseto non-CO outcomesn WT Arabidopsismakingthe plantasensitive
modelto testfor changesn their metabolism Extendingour previousresultsto more genetic
intervalsandto whole-chromosomandwhole-genomeneasurementsf chiasmatawefind
no evidencdor anysignificanteffectin the absencef RAD51strand-exchangactivityon CO
numbersor meiotic progressionThiswork thusextendsand confirmsthe earlieryeastind
Arabidopsisstudiesbarguinghat DMCL1 is the uniqueactivemeiotic strand-exchangprotein
in WT meiosisandthusappearso beresponsibldor intersisterandinter-homologueCO,
andveryprobablyconversion.
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Materials and methods
Plant material

All plantsusedin this studyareof the Columbiaecotypeof The
RAD51-GFRplanthasbeenpreviouslydescribed31]. Theﬂuorescenpollenmarkedllnes
CEN3andI1b[54] werekindly providedby lan Henderson.

Seedsveresownin soil, stratifiedfor two daysat4ECandgrownin plantgrowth cabinets
(SANYOMLR-351H)understandardconditions(16hday,23EChumidity 50+60%).

Analysis of meiotic recombination rates

FTL markerlines[53, 54] wereusedto testfor effectsof theabsencef RAD51strandexchange
activity on meiotic CO ratesin peri-centromericegions.Thellbcline carriesthreelinked
insertionson theright arm of chromosomel (FTL567 FTL1262andFTL992) The CFP
marker(FTL992)did not howevelyield repeatableesultsin our handsandsothellb interval
(FTL567:FTL1262 8.16cM) wasusedin thiswork. The CEN3line hastwo markersspanning
thecentromereof chromosomed (CEN3:FTL3332:FTL2536 10.43cMD11.06cM) [54,
64]). Thellb and CEN3lineswerecrossedvith Col-OWT and RAD51-GFP/
RAD51-GFPhomozygoteso generatd-1 mappinglinesheterozygou$or the pollenmarkers
in coupling,in whichbothDMC1 andRAD51(WT), or only DMC1 ( RAD51-GFP)
strandexchangectivitiesarepresentduring meiosis Seedsf theseplantsweresownandthe
F2plantsgenotypedo identify the homozygotd-2 mappinglinesfor collectionof pollen.The
KO alleleandRAD51-GFHnsertionwerefollowedby PCRgenotyping31] andpres-
enceof thefluorescentmarkerswasscoredby visualexaminationof the pollenfrom flowersof
the principal stemswith afluorescencenicroscopg53,54].

FISH

Meiotic chromosomespreadsverepreparedaccordingto [55]. Briefly,wholeinflorescences
werefixedin ice-coldethanol/glaciahceticacid(3:1)andstoredat-20EQuntil further use.
Immatureflower budsof appropriatesizewereselectedinderabinocularmicroscoperinsed
twiceatroom temperaturan distilledwaterfor 5 min followedby two washeén 1X citrate
bufferfor 5min. Flowerbudswerethenincubatedfor 2 h on aslidein 100 | of enzymemix-
ture (0.3%w/v cellulaseQ.3%w/v pectolyasd).3%cytohelicaséSigma))in amoistchamber
at37ECBudsweresoftenedor 1 minutein 15 | 60%aceticacidon amicroscopeslideat
45ECfixed with ice-coldethanol/glaciahceticacid(3:1)andair dried. Finally,slideswere
mountedin Vectashieldnounting mediumwith DAPI (Vector LabsBurlingame CA, USA)
for microscopy.

Immunocytology

Slidepreparationfor immunolocalizationof proteinswerecarriedout asdescribedy [65].
Anti-ASY1from Guinea-Pig(1:250dilution) [66] andHEI10from Rabbit(1:150dilution)
[56] werekindly providedby Chris.Franklin (Univ. Birmingham,U.K.) andMathilde Grelon
(INRA, VersaillesFrance).

Microscopy

All observationsveremadewith amotorisedZeissAxiolmagerZ1 epifluorescenceicroscope
(Carl ZeissAG, Germany)usinga PL Apochromat100X/1.4Mil objective AxioCamMrm
camergCarl ZeissAG, Germany)andappropriateZeisfilter sets25HE(DAPI), 38HE
(Alexa488),43HE(Alexa596).
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Pulse chase experiment

Floralstemgqapprox.8cm)of well-grown,6 week-old

andWT plants[58,67] werecut underrunning tapwaterandtransferredn 10mM EdU for
2h (Click-IT assaxit Invitrogen, California,USA).Thefloral tips werethenrinsedunderrun-
ning waterfor 2+3timesandtransferredo glasgubescontainingtapwaterandincubatedat
23EC;100+120 m/nf/s* light intensity). Samplesverecollectedat Oh, 12h,16h,24h& 36h
time pointsandfixedin ethanol:glacialaceticacid(3:1ratio) andstoredat 4ECMeiotic chro-
mosomespreadsverepreparedandstainedand analyseasdescribed68,69].

Supporting information

S1Fig. Scoringfluorescentpollen. YFP(a), RFP(b), bright-field and merged(d) imagesof
pollenfrom CEN3xCol-0OF1plantscarryingthe fluorescenmarkers Example®f the different
combinationsof fluorescencarearrowed.Scaldaris 5 m.

(PDF)
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