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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, DMC1 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 proteinsÐeven 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
Theprocessof eukaryoticsexualreproductionisbasedon theproductionof gametesof halved
ploidy, thefusionof two of whichregeneratestheoriginalploidy in thesubsequentgeneration
[1, 2]. Thishalvingof chromosomenumberiscarriedout bymeiosis,aspecialisedcelldivision
in whichtwo successivedivisionsfollow asingleround of DNA replication.A singlemeiotic
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cellthusproducesfour nucleiof halvedploidy, in contrastto mitosis,in whichDNA replica-
tion is followedbyasingledivision,resultingin two daughternucleiof thesameploidy asthe
mothercell.

Thespecialisedmeioticcelldivisionthussolvestheproblemof maintainingploidy stable
acrosssexualgenerations,but thiscomeswith acost.In mitosis,balancedsegregationof chro-
matids,isensuredbysisterchromatidcohesionestablishedin theprecedingS-phase,but this
canonly work onceandis thusnot sufficientin meiosis,in whichtwo successivenuclear
divisionsfollow asingleS-phase.In moststudiedeukaryotes,theproblemof propermeiotic
chromosomalsegregationisensuredbychiasmata,physicallinks betweenhomologouschro-
mosomesproducedbynon-sister-chromatidcross-overrecombination(CO) in thefirst mei-
otic division.Recombinationduring thefirst meioticprophasethusensuresthathomologous
chromosomesaccuratelysegregatefrom eachotherandin doingso,shufflesthegeneticinfor-
mationto generatethegeneticvariationdriving evolution.

Thework of manyauthorshascontributedto understandingthemolecularprocesses
underlyingtherepairof programmedmeioticDNA double-strandbreaks(DSB)andtherela-
tionshipsbetweenCOandnon-COmeioticrecombinationoutcomes.Readersaredirectedto
[3±5] for recentreviewsof thissubject.Briefly,theprocessof meioticrecombinationis initi-
atedby theprogrammedinduction of DSBthroughoutthegenomeby theSPO11protein
complex,followedby resectionof thebrokenDNA endsto generate3' single-strandedDNA
(ssDNA)overhangson bothsidesof theDSB.Bindingof theRAD51andDMC1 proteinsto
theseoverhangsgeneratesnucleoproteinfilaments,whichsearchfor andinvadeanhomolo-
goustemplateDNA duplex.Copyingof thetemplateDNA moleculeandresolutionof the
joint recombinationintermediatesrepairsthebreak.A subsetof theserepaireventsresultin
physicalexchangesor CObetweentheinteractingDNA moleculesandif thesearenon-sister
chromatids,in chiasmatalinking thehomologouschromosomesandgeneticCO.Strikingly,
numbersof meioticDSBcommonlyexceednumbersof chiasmata,with DSB:COratiosof 25±
30in Arabidopsis,15in mouse,4.4in Drosophilaand1.8in buddingyeast(reviewedby [6]).

ThehighlyconservedRAD51protein family consistsof 7 membersin plantsandanimals:
RAD51,DMC1 andthefiveRAD51paralogs:RAD51B,RAD51C,RAD51D,XRCC2and
XRCC3.RAD51andDMC1 catalysethekeyrecognitionandinvasionof ahomologousDNA
templatemolecule,with the5 RAD51paralogsplayingessentialrolesin supportingthisactiv-
ity [7±11].Originally identifiedin yeast[12±16],RAD51andDMC1 arebelievedto derive
from Archaeal���� throughaduplicationearlyin eukaryoticevolution[17±19].Thetwo
proteinsareweakDNA-dependentATPaseswith similarbiochemicalproperties.Bindingto
ssDNAanddsDNAto form nucleoproteinfilaments,whichcatalysethesearchfor, andinva-
sionof ahomologousDNA templatemolecule[3, 20±26].Theactivitiesof thetwo proteins
arenot howeveridentical,asillustratedby theobservationof greaterresistanceto dissociation
of D-loopsformedbyhumanDMC1 comparedto RAD51[27] andthediffering substrate
requirementsfor theformationof four-strandjoint moleculesÐsuggestingoppositepolarities
of polymerizationof RAD51(3'-5') andDMC1 (5'-3') on ssDNA(Murayamaetal.2011)dis-
cussedby [3].

RAD51playskeyrolesin bothmeiosisandmitosis,whileDMC1 ismeiosis-specific[12,
16].In meiosis,RAD51isgenerallybelievedto playroleschieflyin inter-sisterandnon-CO
recombination,with DMC1 beingimportant for recombinationbetweennon-sisterchroma-
tidsof homologs,althoughit cancatalyseinter-sister/non-COrecombinationin theabsenceof
RAD51activity[28±31].Buddingyeast���� mutantsarrestin meioticprophase,accumulate
meioticDSBandhavestrongdefectsin accumulationof joint molecule(JM) recombination
intermediates[12,28,32].Returnto growthexperimentsdo permit recoveryof JMintermedi-
atesin theyeast���� mutant,but theseareonly betweensisterchromatids[28]. Meiotic
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prophasearrestisnot observedin theyeast���	� mutant,whichdoeshowevershowdelayed
appearanceof JMintermediateswith astrongbiastowardsinter-sisterversusinter-homologue
JM[28] andproducesviablespores.Theseverityof the���� and���	� meioticphenotypesin
yeastishoweverstrain-dependent[33±35].

In mouse,���� meiosisshowszygotenearrestwithout synapsis[36,37],whileabsence
of RAD51isembryoniclethal[38,39].A recentstudyhassucceededin testingtheeffectsof
RAD51knockdownin mousemeiosisthroughinjectionof siRNAinto seminiferoustubules
andshowsleptotenearrestandlossof zygotenenucleithroughp53-dependentapoptosis[40].
A fewcellsescapethisapoptosisandtheseshowincreasedsex-chromosomeasynapsisand
reducedCO,further supportingtheconclusionthatRAD51isneededfor DMC1 to function
in mouse[40].

Maizehastwo redundant��
	� genes,��
	��� and��
	��� [41]. ���	�� ���	��
mutantplantsareviablewith no visibledevelopmentaldefects,but aremalesterilewith
reducednumbersof chiasmataandevidenceof non-homologuesynapsisin malemeiosis.
Residualfemalefertility howeverpermittedapparentlynormalCOratesin survivingmeiocytes
[42]. The
������� cultivarof ricehastwo RAD51proteins(RAD51A1andRAD51A2)with ��
����� datasuggestingRAD51A2hasthemajor role in homologouspairing,while ������ rice
plantshaveonly oneRAD51[43,44].Ricealsohastwo redundantDMC1 proteins(DMC1A
andDMC1B)andriceDMC1 is requiredfor normalmeioticrecombination,properCO
formationandsynapsis[45±49].It ishoweverthemodelplant ����������� ��������, which
providesthemostclearillustrationof thedifferentmeioticphenotypesof ���� and���	�
mutants.Arabidopsisplantslackingeitherproteinareviableandcompletemeiosis,but achias-
matemeiosisleadsto randomsegregationof intact (fully repaired)chromosomesandresidual
fertility in the���� mutant.In striking contrast,thelackof DSBrepairleadsto meioticPro-
phaseI chromosomefragmentationin thefully sterile���	� mutant [50,51].

A considerablebodyof datathuspointsto aspecificrole for DMC1 in meioticinter-
homologueCO recombination,but thecomplexityof themutantphenotypeshascompli-
catedclarificationof thespecificrolesof RAD51andDMC1 in this process.Recentdata
from yeastandArabidopsishavehoweverprovidedamajoradvancein sortingout this puz-
zle.Inactivationof thesecondaryDNA binding siteof RAD51in ���	������ mutantyeast
blocksits ability to catalyserecombinationbut doesnot affectfertility [30]. This is alsoseen
uponexpressionof thedominant-negativeRAD51-GFPfusionprotein in Arabidopsis[31],
whichalsolackssecondaryDNA binding andstrand-invasionactivity[52]. In contrastto the
effectof absenceof RAD51,thesemutantRAD51proteinsareunableto catalyseinvasionof
thetemplateDNA duplexandaredefectivein mitotic DSBrepair,but remainableto support
theactivityof DMC1 in meiosis[30,31,52].ThesestudiesunequivocallyshowthatDMC1 is
capableof catalysingtherepairof all meioticDSBin theabsenceof RAD51strand-exchange
activity.Giventheexcessof meioticDSBoverCO andthegeneralbeliefthatDMC1 is specif-
icallyresponsablefor meioticinter-homologueCOrecombination,bothyeastandplant
studiestestedfor effectson meioticCO rates.No effecton CO wasfound in thedefined
geneticintervalsusedfor thesetests,suggestingthatDMC1 is theonly activestrand-invasion
enzymein meiosisandthatonly thepresenceof RAD51is essential,not its strand-exchange
activity.

All meioticrecombinationiscatalysedbyDMC1 in the(fully fertile) ���	� + ��
	�����
Arabidopsisplants,andtheythusprovideanopportunity for betterunderstandingof thespec-
ificitiesof therolesof DMC1 andRAD51in inter-homologuemeioticCOandpairing.We
presenthereananalysisof theeffectsof theabsenceof RAD51strand-exchangeactivityon
meioticCOpatternsin differentchromosomalregionsandacrossthewholeArabidopsis
genome.Wefind no significanteffectof theabsenceof RAD51strand-exchangeactivityon
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meiosisin ArabidopsisÐarguingthatDMC1 is theuniqueactivemeioticstrand-exchange
protein in WT plants.

Results

Recombination rates
FTLmarkerlines[53,54]wereusedto testfor effectsof theabsenceof RAD51strand
exchangeactivityon meioticCOratesin pericentromericregions.Thepollen-expressed,red
andyellowfluorescentproteinmarkersin theselinesprovidearapidandprecisemeansof
measuringgeneticmap-distancein definedgeneticintervalsin Arabidopsis.WeusedtheFTL
linesI1b carryinglinked insertionson thearmof chromosome1(I1b:FTL567andFTL1262,
and;FTL567:FTL1262= 8.16cM), andCEN3,with two insertionsspanningthecentromere
of chromosome3(CEN3:FTL3332:FTL2536= 11.04cM) [54] (S1Fig).TheI1b andCEN3
lineswerecrossedwith Col-0WT and���	�����	� ��
	��������
 	����� homozygotes
to generateF1linesin whichbothDMC1 andRAD51(WT), or only DMC1 (���	����
	�
��
	�����) strandexchangeactivitiesarepresentduring meiosis.F2plantswerederived
byselfingtheF1andgenotypedto identify the��
	����
	� and���	�/���	� ��
	������
��
	����� F2mappinglines.

Pollenfrom theWT and���	� ��
	����� mappinglineswerescoredfor thefluorescent
markersandto guardagainstbiasesin scoring,the1:1ratio of presence/absenceof themarkers
individual markerswasverifiedwith aChi-squaredtestin eachdataset(Tables1 and2).

Asexpectedandin agreementwith our previousdataon differentchromosome-arm
geneticintervals[31], absenceof RAD51strandexchangeactivityhadno detectableeffecton
meioticCOratein thechromosomeI1b interval(Fig1,Table2;WT: mean�sem= 8.45�0.20
cM; 6 plants,totalpollenscored= 6261;RAD51-GFP:mean�sem= 8.68�0.35cM; 6 plants,
totalpollenscored= 6923.unpaired2-tailedt-test.P= 0.5751t = 0.5795df = 10).Neitherwas
anysignificanteffectof theabsenceof RAD51strand-exchangeactivityobservedin thecentro-
mere-spanningchromosome3 interval,CEN3(Fig1,Table1;WT: mean�sem= 11.68�0.06
cM; 5 plants,totalpollenscored= 6304;RAD51-GFP:11.62�0.10cM; 5 plants,totalpollen
scored= 5142.unpaired2-tailedt-test.P= 0.6103t = 0.5303df = 8).

Theseresultsconcordwith our previousmeasurementson 2 geneticintervalsdefinedby
INDEL markerson thearmsof chromosomesI andIII [31], showingno significanteffectof
theabsenceof functionalRAD51strand-exchangeactivityon meioticCOratesin chromo-
somearmsor acrossthecentromereof Arabidopsischromosome3.

Table 1. Meiotic recombinatio n in the CEN3 interval.

Plant# R Y R+Y neither total r Chi2 R:not R Chi2 Y:not Y

WT#1 74 68 514 550 1206 0.118 0.750 1.460

WT#2 52 40 360 335 787 0.117 1.740 0.210

WT#3 72 68 544 520 1204 0.116 0.651 0.332

WT#4 103 107 798 772 1780 0.118 0.272 0.506

WT#5 75 78 594 580 1327 0.115 0.091 0.218

RAD51-GFP#1 45 40 312 320 717 0.119 0.010 0.240

RAD51-GFP#2 46 30 285 290 651 0.117 0.190 0.680

RAD51-GFP#3 66 70 542 512 1190 0.114 0.568 0.971

RAD51-GFP#4 75 80 614 590 1359 0.114 0.266 0.619

RAD51-GFP#5 78 65 534 548 1225 0.117 0.001 0.595

https://doi.org/10.1371/journal.pone.0183006.t001
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Chiasmata counting
Fluorescence�� ���� hybridisation(FISH)usingprobesfor the5Sand45SrDNA loci [55], per-
mits identificationof all 5 Arabidopsischromosomesin meioticmetaphaseI andtheform of
thebivalentscanbeusedto infer meanCOnumbersperchromosomeandpermeiosis(Fig
2a)[55].

Countingchiasmatashowedmeansof 9.3� 0.11(mean� s.e.m.)and9.68� 0.15chiasmata
permeiosisin Col-0(wild type)andRAD51-GFPplantsrespectively(Fig2candTable3).The
absenceof RAD51strandexchangeactivitythusresultsin amild increasein COof borderline
significance(unpaired2-tailedt-test.P= 0.045,t = 2,08df = 37).Takingthefivechromosomes
individually,numbersof chiasmatanumbersperchromosomeshowedno significantdiffer-
encesbetweenwild-typeandRAD51-GFPplants(adjustedPvaluesof 0.957,0.957,0.383,
0.725,0.957for chromosomes1 to 5 respectively.Fig2b,Table3).

Meiotic HEI10 foci
ArabidopsisHEI10/ZYP3isstructurallyandfunctionallyrelatedto yeastZip3 andmammalian
HEI10andis requiredfor theformationof TypeI COs[56]. HEI10immunolocalization(IF)
foci canbeusedto quantifynumbersof TypeI COs.Fig3 showsrepresentativeIF imagesof
WT (a-d)andRAD51-GFP(e-h)Arabidopsispollenmothercells(PMC)spreadswith DAPI
(blue),anti-ASY1(green)andanti-HEI10(red).Asexpected[56], thenumbersof HEI10foci
visibleon chromosomeaxesincreasethroughleptoteneinto latezygotenein bothwild type
andRAD51-GFPanddrop dramaticallyto give7±11foci/nucleusin latePachytene.Mean
(�s.e.m,numberof meiosescounted)numbersof HEI10foci in Leptotene,Zygoteneand
Pachytenewere72.43(�1.50, n = 7),140.5(�1.83, 10)and9.5(�0.183, n = 40)respectivelyfor
WT meioses.Leptotene,ZygoteneandPachytenevaluesfor RAD51-GFPmeioseswere70.29
(�2.00, n = 7),139.7(�1.67, 10)and9.73(�0.168, n = 48)respectively.No significantdiffer-
enceswerethusobservedin numbersof HEI10foci betweenWT andRAD51-GFP(2-tailedt-
tests.Leptotene:P= 0.41,t = 0.859,df = 12;Zygotene:P= 0.750,t = 0.3234,df = 18;Pachytene:
P= 0.382,t = 0.924,df = 86).

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://doi.org/10.1371/journal.pone.0183006.t002
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Meiotic time-course
Previousreportshaveshownthatperturbationof homologousrecombinationandsynapsis
causesdelaysin meioticprophaseI with, for example,the� �� mutantcausinganextensionof
prophaseI byapproximately6 hours[57]. Wethustestedfor effectsof theabsenceof RAD51
strand-exchangeactivityon theprogressionof themeioticdivisionusinganEdUpulse-chase
(seeMethods).Briefly,apulseof thethymidineanalogueEdUis takenup throughthetranspi-
ration streamandincorporatedinto DNA in replicatingcells,including thosein pre-meiotic
S-phase.Anthersarecollectedandfixedacrossatime-course,andmeioticPollenMother Cell
nucleiobservedfor thefirst occurrenceof EdUlabeledchromosomesatspecificmeioticstages.

Meiocytesthat incorporatedEdUinto their replicatingDNA at theendof S-phasetook
approximately6±8hoursto progressthroughG2into earlyleptotene[58]. Asseenin Fig4,
EdUsignalwasobservedin leptotenenuclei12hoursfollowing theEdUpulse(Fig4,panels
d-f andiv-vi). EdUsignalwasdetectedin chromosomesof earlyzygotenemeiocytes16hours
afterthepulse(Fig4,panelsg-i andvii-ix). At the20hpoint, labelledchromosomeswere
observedin Zygotene/Pachytene(Fig4,panelj-l andx-xii). At 24hPachytenechromosomes
werecompletelylabelledwith EdU(Fig4,panelm-o andxiii-xiv), At 36h,EdUstainingis

Fig 1. Genetic map distances of the I1b and CEN3 intervals in WT and RAD51-GFP meioses. Mean
map lengths (cM) of the I1b and CEN3 genetic intervals in Wild type (filled bars) and RAD51-GFP plants
(striped bars). Error bars are standard errors of the mean.

https://doi.org/10.1371/journal.pone.0183006.g001
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Fig 2. Chiasmata counts in wild type and RAD51-GFP meioses . DAPI-stained (blue) meiotic Metaphase I
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 bar is 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://doi.org/10.1371/journal.pone.0183006.g002
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visibleonly in meiosisII in bothwild typeandRAD51-GFPplants(Fig4 panelsp-r andxvi-
xviii). EdUlabellingthusfollowedthesamekineticsin RAD51-GFPandWT plants,showing
that theabsenceof RAD51strand-exchangeactivitythuscausedno detectabledifferencesin
thetiming of meioticstagesin thisanalysis.

Discussion
Notwithstandingthesimilaractivitiesof thetwo proteins,���	� and���� mutantshavevery
differentmeioticphenotypesandtheArabidopsis���	� and���� mutantsprovideavery
clearillustration of thesedifferences.Accumulationof unrepairedmeioticDSBleadsto
Mek1-dependentmeioticarrestin theyeast���� mutant [3, 12,59,60].TheArabidopsis
���� mutant ishoweverableto fully repairmeioticDSBcreatedby theSPO11complex,but
hasachiasmatemeiosisandfertility is reducedto only afewpercentof thatof wild typeplants.
In striking contrast,theArabidopsis���	� mutant issteriledueto chromosomalfragmenta-
tion in meioticprophaseI. In theabsenceof RAD51protein,DMC1 aloneis thusunableto
repairmeioticDSB,whileRAD51(in theabsenceof DMC1) doesrepairmeioticDSBbut with-
out generatinginterhomologueCOandchiasmata[50,51,61,62].Thedependenceof DMC1
on thepresenceof RAD51canalsobeseenin increasednumbersof univalentsandnon-
homologouschromosomeassociationscausedby theArabidopsis���	��� knock-downallele
[63] andthepartialsuppressionof the���	� phenotypein theabsenceof ATR kinase[61].
Thekeyto answeringthesepuzzlingdifferencescamefrom thedemonstrationthat inactiva-
tion of thesecondaryDNA binding siteof RAD51did not affectthefertility of ���	������
mutantyeast[30], nor RAD51-GFPin Arabidopsis[31]. Themutant ���	������ and
RAD51-GFPproteinsareunableto catalyseinvasionof thetemplateDNA duplexandare
defectivein mitotic DSBrepair,but remainableto supporttheactivityof DMC1 in meiosis
[30,31,52].

DMC1 is thuscapableof catalysingtherepairof all meioticDSBin theabsenceof RAD51
strand-exchangeactivity,but thequestionremainsasto whetherit doessoin wild typemeiosis
or whetherthis resultisspecificto the���	�-mutant context.Giventheexcessof meioticDSB
overCOandthelong-standingbeliefthat theinvolvementof DMC1 in therepairof agiven
meioticDSBwasthekeyto it potentiallyresultingin aCO,bothyeastandplantstudiestested
for effectson meioticCOrates.Theabsenceof detectableeffectson COpatternsin yeast
���	������ [30] andArabidopsisRAD51-GFP[31], suggestedthat this is thecase.In thiswork
wehavetakenadvantageof the25-to 30-foldexcessof meioticDSBoverCOin Arabidopsisto
extendour previousresultson thepossibleeffectsof absenceof RAD51strand-exchangeactiv-
ity on meioticCOpatterns[31]. Comparedto only 44%in buddingyeast,morethan95%of

Table 3. Chiasmata counts.

WT RAD51-GFP P signific ant?

Chr 1 2.4�“0.11 2.37�“0.11 0.957 no

Chr 2 1.55�“0.14 1.63�“0.11 0.957 no

Chr 3 1.75�“0.10 1.95�“0.05 0.383 no

Chr 4 1.4�“0.11 1.58�“0.12 0.725 no

Chr 5 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://doi.org/10.1371/journal.pone.0183006.t003
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Fig 3. HEI10 foci 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-l)
and RAD51-GFP Leptotene (i-iv), Zygotene (v-viii) and Pachytene (ix-xii) Pollen Mother Cell nuclei. Scale bar
is 5��m.

https://doi.org/10.1371/journal.pone.0183006.g003

rad51 meiosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0183006 August 10, 2017 9 / 16



meioticDSBgiveriseto non-COoutcomesin WT Arabidopsis,makingtheplantasensitive
modelto testfor changesin their metabolism.Extendingour previousresultsto moregenetic
intervalsandto whole-chromosomeandwhole-genomemeasurementsof chiasmata,wefind
no evidencefor anysignificanteffectin theabsenceof RAD51strand-exchangeactivityon CO
numbersor meioticprogression.Thiswork thusextendsandconfirmstheearlieryeastand
ArabidopsisstudiesÐarguingthatDMC1 is theuniqueactivemeioticstrand-exchangeprotein
in WT meiosisandthusappearsto beresponsiblefor intersisterandinter-homologueCO,
andveryprobablyconversion.

Fig 4. EdU pulse-cha se meiotic time-cours e in 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 II at +36h. Scale bar is 10��m.

https://doi.org/10.1371/journal.pone.0183006.g004
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Materials and methods

Plant material
All plantsusedin thisstudyareof theColumbiaecotypeof ����������� ��������. The���	���
RAD51-GFPplanthasbeenpreviouslydescribed[31]. Thefluorescentpollenmarkedlines
CEN3andI1b [54] werekindly providedby Ian Henderson.

Seedsweresownin soil,stratifiedfor two daysat4ÊCandgrownin plantgrowthcabinets
(SANYOMLR-351H)understandardconditions(16hday,23ÊC,humidity 50±60%).

Analysis of meiotic recombination rates
FTLmarkerlines[53,54]wereusedto testfor effectsof theabsenceof RAD51strandexchange
activityon meioticCOratesin peri-centromericregions.TheI1bcline carriesthreelinked
insertionson theright armof chromosome1(FTL567,FTL1262,andFTL992).TheCFP
marker(FTL992)did not howeveryieldrepeatableresultsin our handsandsotheI1b interval
(FTL567:FTL1262= 8.16cM) wasusedin thiswork.TheCEN3line hastwo markersspanning
thecentromereof chromosome3(CEN3:FTL3332:FTL2536= 10.43cMÐ11.06cM) [54,
64]).TheI1b andCEN3lineswerecrossedwith Col-0WT and���	�����	� RAD51-GFP/
RAD51-GFPhomozygotesto generateF1mappinglinesheterozygousfor thepollenmarkers
in coupling,in whichbothDMC1 andRAD51(WT), or only DMC1 (���	� RAD51-GFP)
strandexchangeactivitiesarepresentduring meiosis.Seedsof theseplantsweresownandthe
F2plantsgenotypedto identify thehomozygoteF2mappinglinesfor collectionof pollen.The
���	� KO alleleandRAD51-GFPinsertionwerefollowedbyPCRgenotyping[31] andpres-
enceof thefluorescentmarkerswasscoredbyvisualexaminationof thepollenfrom flowersof
theprincipalstemswith afluorescencemicroscope[53,54].

FISH
Meiotic chromosomespreadswerepreparedaccordingto [55]. Briefly,wholeinflorescences
werefixedin ice-coldethanol/glacialaceticacid(3:1)andstoredat -20ÊCuntil further use.
Immatureflowerbudsof appropriatesizewereselectedunderabinocularmicroscope,rinsed
twiceat room temperaturein distilledwaterfor 5 min followedby two washesin 1Xcitrate
bufferfor 5 min. Flowerbudswerethenincubatedfor 2h on aslidein 100�l of enzymemix-
ture (0.3%w/v cellulase,0.3%w/v pectolyase,0.3%cytohelicase(Sigma))in amoistchamber
at37ÊC.Budsweresoftenedfor 1minute in 15�l 60%aceticacidon amicroscopeslideat
45ÊC,fixedwith ice-coldethanol/glacialaceticacid(3:1)andair dried.Finally,slideswere
mountedin Vectashieldmountingmediumwith DAPI (VectorLabs.Burlingame,CA,USA)
for microscopy.

Immunocytology
Slidepreparationfor immunolocalizationof proteinswerecarriedout asdescribedby [65].
Anti-ASY1from Guinea-Pig(1:250dilution) [66] andHEI10from Rabbit(1:150dilution)
[56] werekindly providedbyChris.Franklin (Univ. Birmingham,U.K.) andMathildeGrelon
(INRA, Versailles,France).

Microscopy
All observationsweremadewith amotorisedZeissAxioImagerZ1epifluorescencemicroscope
(CarlZeissAG,Germany)usingaPLApochromat100X/1.40oil objective,AxioCamMrm
camera(CarlZeissAG,Germany)andappropriateZeissfilter sets:25HE(DAPI), 38HE
(Alexa488),43HE(Alexa596).
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Pulse chase experiment
Floralstems(approx.8cm)of well-grown,6week-old���	�����	� ��
	��������
	���� �
andWT plants[58,67]werecut underrunning tapwaterandtransferredin 10mM EdUfor
2h(Click-IT assaykit Invitrogen,California,USA).Thefloral tipswerethenrinsedunderrun-
ning waterfor 2±3timesandtransferredto glasstubescontainingtapwaterandincubatedat
23ÊC,~100±120�m/m2/s-1 light intensity).Sampleswerecollectedat0h,12h,16h,24h& 36h
time pointsandfixedin ethanol:glacialaceticacid(3:1ratio) andstoredat4ÊC.Meiotic chro-
mosomespreadswerepreparedandstainedandanalysedasdescribed[68,69].

Supporting information
S1Fig.Scoringfluorescentpollen. YFP(a),RFP(b), bright-fieldandmerged(d) imagesof
pollenfrom CEN3xCol-0F1plantscarryingthefluorescentmarkers.Examplesof thedifferent
combinationsof fluorescencearearrowed.Scalebar is5�m.
(PDF)
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