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Résumé

I THXWURSKLVDWLRQ HW OH UpFKDXIITHPHQW FOLPDWLTXH V
du fonctionnement des lacs. Toutefois les connaissances concernant la réponse des
communautés microbiennes eucaryotes a ces forcages sont encaitrases, alors méme

TXH OHV PLFUREHV HXFDU\RWHV SRUWHXUV G{XQH YDVWH
des acteurs clés des réseaux trophiques lacustres. La pertinence des approches
paléolimnologiquespour comprendre les impacts de ces fgesasur les communautés
ODFXVWUHYV QTfHVW SOXV j GpPRQWUHU PDLV DXMRXUGYK)>
DQDO\WHU Of%$'1 DUFKLYp GDQV OHV VpGLPHQWY RIIUH GHYV
la dynamique passée de la biodiversité latust 'DQV FH FDGUH HQ VIDSSX\DQ
entre paléolimnologie et outils deéquencagenassif D S S O L T X[pN sg¢di@dhtaire, ces

travaux ont pour but (\G1DSSRHWMHRIQGDLVVDQFHY FRQFHUQDQW OD
des microbes eucaryotes daftes sédiments lacustresLL G{YDSSOLTXHU OfDSS
paléogénétique sur des carottes sédimentaires issues de 3 lacs pour révéler la dynamique a
ORQJ WHUPH GH OD GpFHQQLH DX PLOOpPQDLUH GHV PLFUF
conditions climatiques et anthropiques. Les résultats acquis dac u Bourgetont permis

de mettre en évidencefHIILFDFLWp GYDUFKLYDJH GH Of$'1 SODQFW|
récents pour la plupart des groupesucaryotegnotamment chrysophycées, chytrides,
chlorophytes cercozoairesciliés, dinophycéesA partir GIXQH FROOHFWLRQ GH FD
du lac suédois NylandssjonQ fHIITHW GH OD GLDJpQqVH VIfRSpUDQW DX
GIHQIRXLVVHPHQW D pWp mpohDed quesi IS hitheBVHHWWID[@RW RGPH. T 6B Q
pas impactée, des variations peuvent étre détectées dans la structure de la communauté au
FRXUV GHYV SUHPLqQUHV DQQpHYV GTDUFKLYIBIdHe etdHF X QH
SpPULRGH /I{DSSURFKH SDOpRJWQ pGWLSIXR\pH E DX Q B UDDWWY Oj
VLqQFOH VXU GHX[ ODFV GH PrPH W\SRORJLH PDLV D\DQW
FRQWUDVWpPpV HW GIYDXWUH SDUW j XQH pFKHOOH WHPSRUI
typologie contrastéelgc du Bourget, Fance et lgaliku,Groenland) Les résultats acquis
GpPRQWUHQW TXH GHV UpDUUDQJHPHQWY GHV FRPPXQDXW
périodes climatiques (réchauffement médiéval, petit age glaciaire, réchauffement récent), et
gue leréchauffementlimatique au cours des 30 dernieres annéeglus particulierement
IDYRULVp FHUWDLQV JURXSHV QRWDPPHQW OD ULFKHVV
condition non eutrophglacs Gf$QQHF\ HW .GR XAMRKIRINWWO fHIITHW GH OfF
est identifie omme le facteur le plus structurant, notamment dans le lac du Bourget (cas
GIHXWURSKLVDWLRQ ¥ baJ@repriluenace d rivedad dfTHXWUR SBLVDWLR
détectéesur la communauté eucaryote totale et plus particulierement sur des groupes
spédfiques tels que les chlorophytes et les ciliés. Les réarrangements majeurs de la
FRPPXQDXWp VRQW SDU DLOOHXUV PDUTXpV SDU OD PRELC
microbien eucaryote suggérant le role de la biosphére rare dans la capacité tespon
ecosystemes. Ces travaux pluridisciplinaires comptent parmi les premiéres études
paléogénétiques appliquées aux microbes eucaryotes lacustres, contribuant de maniére inédite
aux connaissances de leur dynamique temporelle a long terme. Ces étudesateadrmer

le potentiel de ces approches pour reconstituer une vaste diversité de communautés lacustres.
Les perspectives qui se dessinent dans la continuité de ces travaux concernent a la fois des
aspects méthodologiques autour de la calibration glekiADN archivé et la nécessité de

déployer cette approche pour des lacs (sélectionnés) de typologies et histoires écologiques
variees.

Mots clefs : microbes eucaryotes, séquencage massif, ADN sédimentaire, paléolimnologie,
eutrophisationtéchauffementlimatique






Abstract

Eutrophication and climate warming akey factors governinglake functioning. However,
there is a lack of knowledge about the response of microbial eukaryotic communities to these
forcing factors even though microbial eukaryotegresent a huge taxonomic and functional
diversitywithin lacustrine trophic network&aleolimnology has a wedistablished reputation

for providing valuable insights into the drivers of biological assemblages over long time
scales.The emergence of DNAnalyses of lake sediments opens up many new opportunities
for the reconstruction gdast lacustrine biodiversijtyncluding taxathatdo not leave distinct
morphological fossilsThe present work aimed (i) @ain knowledge about the preservation

of microbial eukaryas DNA in lacustrine sediments (itp apply DNA-based method

dated sedimerg in order to reveal the longterm dynamics dentennialto millennid) of
microbial eukaryatsrelated to climatic and anthropogermicanges Theresultsobtainedfor

Lake Bourgetdemonstratedhe good efficiency of planktonic DNA archiving in recent
sediments for most of microbial groups (chrysophyceae, chytrids, chlorophytes, cercozoa,
ciliates, dinophyceae« . In complement, the use @f unique collectio of freeze coresf
varved sedimen{Lake Nylandssjon Sweden)allowed to assess the effects of diagenetic
processesn microbial eukaryasDNA occurring during the first years of burying. While the
richness of the microbial eukaryotic community was not impacted, modifications were
detected on the community structure during the first 15 years after deposition, then the DNA
signal became stabld@he paleoecological approach was appliedquantify centennial to
millennialscale dynamics otwo deep peralpinelakesselected for theicontrasted trophic
history (lakes Bourget and Annecy, Franeap two lakes with contrasted typologies (kak
Bourget France and Lake lgaliku, Greenlandhe resultsshowedthat some community
rearrangements wemncomitant with climate eventsd. medieval warming, little ice age,
recent warming) and that thiecentclimatic warming(over the last 30 yegr$avored more
particularly somemicrobial groups including the dinophyceéie terms of richness and
relative abundance, in lakes Annecy and BoQrgdbwever, the eutrophicatioseemed to
prevail as a driver of these biological assemblaiggsarticular for LakeBourgetsubmitted to

a marked eutrophicatioru to 120 pgP. L™ in the 1970s) The strong impact of the
eutrophication was detectéth at thewhole community level andor specific groups such

as chlorophytes and ciliateBlajor rearrangements within eukaryotesmmunity were also
marked by thenobilizationof rare taxa suggesting an important role of the rare biosphere as
reservoir of diversity to buffer the impacts of environmental stréss multidisciplinary

work thus provides new insights into the longterm dynamics ofmicrobial eukaryotes
communities. Our results confirm the potential of the application of highroughput
sequencing to sedimentary DNéx the lacustrine biodiversity reconstructigithough these
approacks are promising for further revolutionizing our understanding of -teng
ecological dynamics, careful calibration studies are still to be conducted, as with any
paleolimnological proxy The generalization of our results is also to be tested using a
sufficient number of lakes selected for their spectiypologies andecological histories
(multi-lakes approach).

Key words: microbial eukaryotes, highroughput sequencing, sedimentary DNA,
paleolimnology, eutrophication, climate warming
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|. Chapitre introductif

|.1. Contexte et problématiques

1.1.1. Leslacs : des écosystemes sensibles aux changements globaux et locaux

[.1.1.1 Contexte global des effets des activités humaines sur les écosystemes

/IMLPSDFW GHV DFWLYLWpPV KXPDLQHV VXU OHV pFRV\VWqqgPI
industrielle au 19" siécle Yitousek 1997. Ainsi OTHVSgFH K XP D esQpHysagesD Q VIR U
SDU OD GpIRUHVWDWLRQ OfYDJULFXOWXUH HW OfpOHYDJ
ressources naturelles de la planéte comme le pétrole et les minéraux. Toutes ces actions ont
des effets directs sur les communautés biologiques dessé@mgg en perturbant les réseaux
WURSKLTXHV HW HQ HQWUDLQ Wather& §lp200R \Rbéksro@dtalO D ELR G
2009 Steffenet al. 2015 Newboldet al. 2016 Figurel.1l). Lesforcages environnementaux

locaux, notamment la pollution des milieux aquatiques (par les eaux uséesrejeles

industriels et agricoles), sont listés parmi les facteurs pouvant altérer la stabilité des
écosystemes et leurdpRSULpWpV pPHUJHQWHYV 'H SOXV OHV DFWLY
reconnues pour accélérer le réchauffement climatique planéifRC€ 2013 Abram et al.

2016. Il semble de plus en plus évident gd¢R XV OfHIIHW GH OT+RPPH OH Up
VXUIDFH GH OD 7THUUH VITHVW HQ HIIHW DFFpOpUp DX FRXU\
les modeles climatiqgues les plus désastreux annoncent des effets irréversibles sur les
écosystemes et la dégraphie humaine (via par exemple le réchauffement des eaux,
OIDXJPHQWDWLRQ GX QLYHDX PR\HQ GHV RFpDQV RX OD
VRXGDLQV /ILPSDFW GX UpFKDXIIHPHQW FOLPDWLTXH VXU
peu évoqué lors @b discussions de la COP21 (Conférence de Paris sur le climat 2015)
notamment concernant les systemes lacustres. Pourtant, les lacs sont également impactés par
le réchauffement climatique et les activités humaines locsdsamson et al. 2009 Moss

2012 bienque les effets de ces forgages environnementaux sur la biodiversité lacustre soient
HQFRUH DXMRXUGYT{KXL PDO pYDOXpV $ILQ GH FRPSUHQC
augmentations de température sur le fonctionnement du lac et sees@&cosystemiques, il

HVW QpFHVVDLUH GIDSSRUWHU GHV FRQQDLVVDQFHV VXU

forcages environnementaux auxquels ils sont soumis.



Figurel.1l. Schéma illustrant le niveau de risque associé aux effets irréversibkes d
perturbations humaines sur plusieurs variables importantes pour le fonctionnement des
écosystemegFigure issue d&teffenet al. 2015. Les ressources exploitables sans risques de
perturbations sur le fonctionnement des écosystémes sont représentées dans la zone verte.
Dans la zone jaune, le risque que les ressources induisent des perturbations sur les
écosystemes est inconnu alors dgeressources présentes dans la zone rouge ont des forts
ULVTXHV GTLQGXLUH GHV HIIHWV LUUpPY # tessaE@HPOUNV XU O
lesquellesXQ FKDQJHPHQW D pWp REVHUY paR3@&iévurGive€awdeD TH I 1H W
risquesontreSUpVHQWPpPpHY SDU XQ SRLQW GILQWHUURJDWLRQ



[.1.1.2 Quelques rappels sur les lacs

Le nombre de lacsus Terre est estimé a 304 millions (0,8 % de la superficie de la Terre,
Wetzel 2001 Downing et al. 2006 Figurel.2 8QH JUDQGH PDMRULWpP GX YRC(
douce a la surface de la Terre est contenue dans moins de 380dacsotamment 20 % du

volume total dans le lac Baikal (Russie). Il existe une tres grande variété de formes,
superficies et profondeurs caractérisant chaque lac et qui dépdodement de leurs
originesgeéologiquegretrait de glaciers, séismes ou wités volcaniques). La plupart des lacs

des régions tempérées et boréales sont nés de la defdigaeiation (il y a environ 2600

DQV FTHVW QRWDPPHQW OH FDV GHV JUDQGMWImIB&V GT3$Pp
Sudestde laFrance:lela@ 1$QQHF\ OH ODF GX %RXUJHW HW OH /pPD(

Figurel.2. Distribution des lacs sur la planéte. La valeur dL correspond a la densité moyenne
des lacs par surface entre 1 et 1G ks 1 D Bawniviget al.2006)



IMPFRV\VWgPH ODF X3éWas HineHwANEDbilFéD dparial&Vimpdrtante (verticale et
horizontale) au niveau deses conditions physice&himiques, la composition dees
communautg biologiques et desesflux énergétiques et nutritifd\(etzel 200 La zonation
YHUWLFDOH GH OD FRPPXQDXWp GH OD FRORQQH GYHDX
OfpFODLUHPWHWWHWWCGIAMIDO HPW j VD VWUXPWxX2dhe pElagigueRestT X H - ((
XQH JRQH GH SURGXFWLRQ GTR[\JgQH HW GH PDWLQqUH R
processus autotrophes*. Ces processus sont réalisés principalement par des microorganismes
photosyithétiques, incluant lesyanobactéries et les micedgues eucaryotes, constituant un
compartiment clé du réseau trophique pélagique (Figare ' D X W UishésRels §jDeQes

ciliés, les cladocéres et leR'WLIQUHY VRQW GHYV S Uign@®dWotandroevit d&s D X W U
micro-algues de petite taille et des bactéries). Un certain nombre de parasttégfalement

présentau sein du réseau trophique pélagique notammenthgsides et lesperkinsés

(Kagamiet al. 2007, Mangotet al. 2011). La matiére organique qui sédimente a partir des
couches supérieures est recycléans les couches plus profondéprocessus de
décomposition etde reminéralisation) par des rntroorganismes hétérotrophestu
mixotrophes* favorisant la respiration microbienne de ces communautés. Le sédiment
FRQVWLWXH HQILQ XQ FRPSDUWLPHQW LPSRUWDQW SRXU C
de la matiére inorganique et organigietles cellules mortes de la communauté biologique

dulac. /D JRQDWLRQ KRUL]JRQWDOH GH OfpFRVA\VWigRMH ODFXV
JUDGLHQW GIDSSRUW GH UHVVRXUFHV QXWULWLYHYV HW pCc
forte dans la zone littorale que dans la zone pélagijdp domnance de macrophytes dans

la zone littorale(ii) OD SUpVHQFH GH UHPRQWpPH GTpOpPHQWY QXWL
les couches supérieuresupwelling», principalement dans la zone pélagique)i¥t une
HISRVLWLRQ VLPLODLU Facteuds GimatiR ey &xkeriay (dedtXplDies Jumiére).

La communauté biologique du lac est impactée directement et indirectement par les forcages
HQYLURQQHPHQWDX[ TXLOV VRLHQW SpULRGLTXHV FRPPH
environnemental@sponctuels (tempétes, upwellings) ou continus (réchauffement climatique,

eutrophisationfe qui peut avoir un impact sur les serviéessystémiquegu lac.



Figurel.3. (([HPSOH GTXQ UpVHDX W U R $00inai20H eScpl@guéd) TXH ODFXV

Encadrd.l. ' \QDPLTXH DQQXHOOH GH OD VWU XWez2¢l26D)JGH OD PDV
VWUXFWXUH GH OD PDVVH GITHDX GT1XQ ODFdé&dohllmpesih HQ R (
versant et des forcages environnementaux. Une alterremtoe périodes de brassage et
VWUDWLILFDWLRQ GH OD PDVVH GYfHDX HVW REVHUYpH GD
6RXV OIDFWLRQ GX YHQW OH EUDVVDJH GHV HDX[ VXS
WKHUPLTXH GH OD P DVV HIeS fiutritnZnts @tla Hedigenation des Eoads R Q

les plus profondes du lac. Une stratification thermique peut apparaitre en éténdtiver,

phénomene caractérisé par la présence de différentes couches theamigemsle la masse

GIfHDX 3DURUYMPEDHOHOVWUDWLILFDWLRQ WKHUPLTXH HVW|
par des couches superficielles (épilimnion) brassées, oxygéneées, fortement éclairées et a
températures élevées et des couches inférieures (hypolimnion) non brassées, anoxigues et pe

ou pas éclairées. Le nombre de lacs monomictiques (une seule stratification par an; exemple
GIXQH VWUDWLILFDWLRQ HVWLYDOH SRXU OHV ODFV /pPD!
stratifications) est élevée dans les régions tempéf@edains lacs ant caractérisés par
SOXVLHXUV SpULRGHYVY GH VWUDWLILFDWLRQ DX FRXUV GYX
également des lacs méromictiques subissant un brassage incomplet possédant une épaisse
FRXFKH GfHDX VWDJQDQWH HWidb (@kefripeXiHlaD a8l Eralide PRQLP R



[.1.1.3 Le lac, sensible aux forcages environnementaux

Les lacs sont de bons modeéles pour étudier la réponse de communautés biologiques aux
IRUODJHYVY HQYLURQQHPHQWDX[ JUKFH j O Xldnéaite/dais LE X W L
des écorégions auxonditions climatiques variées (polaires, tempérées et tropicales)
(Downing et al. 2006 Adrian et al. 2009 Williamson et al. 2009. Dans les études de
comparaison mukiacs, il est toutefoismportant de prendre en compte la diversité de la
morphométrie des lacs et de leurs bassins versants qui théetran partie les conditions
physicachimiques et la structure thermique de ces milieux. Parmi les perturbations
DX[TXHOOHV VRQW VRXPLV OHV pFRV\VWqQPHV ODFXVWUHYV
excessif en nutriments) et le réchauffement diguee sont les deux facteurs principaux
structurant fortement les communaubésiogiques Figurel.4).

/THXWUR Sdes \ealW QR DPPHQW OYHQULFKLVVHBMH @A, HQ SKR
Downing & McCauley 1992, Carpente& Bennett 201), est bien connue pour imgac

fortement les communautés pélagiques des lacs entrainant des modifications dans la structure
des réseaux trophiquesleppesemt al. 200Q Moss 2012 Un GHV HIIHWV GH OfHXWU
HVW OTDSSDULWLRQ GTHIIOR U Hbloer, Sinith 203 Kon@& BaoD SSHOp
2005 Paerlet al. 2011). Ces blooms, souvesbudains et temporaires, ont des éouences

sur la physicoFKLPLH GHV ODFV YLD OYDXJPHQWDWLRQ GH OD
pFODLUHPHQW HW OD GpVR[\JpQDWLRQ GHV FRXFKHV GTF
ELRORJLTXH GH OD PDVVH GYHDX GX ODHRNSad X @aurdfdittkH PDUT
avec de nombreux macrophytes vers un lac a eau tudoicénée par des populations de
micro-algues trés abondante3eppeseret al. 2000 Mooij et al. 2005. Les micrealgues
(cyanobactéries et algues eucaryotes) impliquées dans ces lgeovest eégalement produire

GHV WR[LQHVY HQJHQGUDQW OD P Rfistitoled HnetuBdiiMégam SO D Q |
différents compartiments biologiques de 71 lacs peu profonds a par exemple mis en évidence

les changements dans la structure trophique, la richesse spécifique et la divdogjigue

de la communauté pélagique en lienales modifications des concentrations en phosphore
(Jeppeseret al. 2000. Ainsi, alors que la richesse des especes zooplanctoniques et des
macrophytes submergés diminu&J® GXHOOHPHQW DYHF OfDXJPHQWDWLF
phosphore, une relation unimodale a été mise en évidence pour la richesse du phytoplancton,
des macrophytes flottants et de la population piscicole, cette richesse étant maximale entre
100 et 400 pgP.t puis diminuant pour des concentrations en phosphore plus élevées

(Jeppeseet al.2000.



Figure 1.4 Schéma illustrant les effets directs et indirects des forcagesommementaux
globaux et locaux sur le réseau trophique pélagique lacustre



Le climat, notion intégrant toutes les conditions atmosphériques (température, précipitations,
éclairement, pressioamtmosphérique, humidité et viteshe vent) a également unrfampact

sur les caractéristiques physichimiques et biologiques des milieux lacust\@liiamson et

al. 2009 Moss 2012 Figurel.4). Ainsi, le réchauffement climatique global peut augmenter
significativement la température des ¢a¥ XSHUILFLHOOHYV YLD OTDFFURLVVI
GDQV OD P DNetzel 2G09.HDP plus, les caractéristiques chimiques du lac telles que la
concentration en nutriments, le pH ou la conductivit¢ peuvent étre modifiées par le
UpFKDXIIHPHQW GH OD PDVVH GTHDX 8Q GHV HIIHWV LQGL
physicachimiedu lac est le lessivage de matiere organique versle lac @ TpURVLRQ GX EI
versant), UHQGDQW OD PDVVH GYHDX WXUELGH HW PRGLILDQW
PDWLgUH RUJDQLTXH &bifigrdned al. 201HV MaHegd§eHdD Xompartiment

biologique au climat semble plus complexe que pour les caractérisphygisechimiques

car elle dépend a la fois de caractéristiques abiotiques (comme la disponibilité en ressources
nutritives et énergétiques) et biotiques (la prénatie parasitisme ou la compétition pour la
UHVVRXUFH« /IH UpFKDXIIHPHQW FOLPDWLTXH HVW FRQ
ELRORJLTXH GX ODF GH IDoRQ GLUHFWH QRWDPPHQW SDU
partie des organismes) et de facon bdi FWH YLD SDU H[HPSOH OfLPSDF
thermique du lac (réchauffement des eaux superficielles entrainant une stratification de la
PDVVH GYHDX $ SDUWLU GTpWXCGClotaliséspdar@ ldespétdrégioid) S O X
contrastées (Amérique dNord, Afrique, Asie du Suést, Europe)Paerl & Huismar(2008)

suggerent en effet que le réchauffement climatique est un catalyseur pour les blooms alga
(notamment cyanobactériens) entrainant une plus forte stratification thermique et une plus
JUDQGH DEVRUSWLRQ G189 SDU OHV PLFURRUJDQLVPHYV SKI
anthropisés ont subi une eutrophisation au cours dif'%icle et sSonD XMRXUGIKXL HQ S
GH UHVWDXUDWLRQ JUKFH DX[ PR\HQV PLV HQ °XYUH SDU
malgré la diminution des intrants en nutriments dans ces écosystémes, les communautés
biologiques restent difféerentes de celles observées ayaRtXd W U R S keppéBewtLaR Q

2005 Battarbeeet al. 2005 Sondergaarat al. 2007). Celapeut étre en partie expliqué par
OYDSSDULWLRQ GYHIIHWYV FRXSOpV GHV PXOWLSOHV IRUOI
pouvant impacter les communautés biologiques, particulier la modification des
concelrations en nutriments ou le réchauffement dePl® VVH G&G&lihBe&t al. 2013

Rigosiet al. 2014). Le retour des communautés a leur étatquttophisation nécessite peut

étre également un temps plus longedes périodes de-migotrophisationconsidérées dans

les études actuelles (généralement 1 ou 2 décennies).



, /I MDUFKLYH VpGLPHQWDLUH OfRSSRUWXQLWpP GYXC(
OfpWXGH GH OD UpSRQVH GHYV F¢ageB ¥ibnaeemMatxL RORJLTXHYV

/IH VpPGLPHQW UHSUpVHQWH OYDUFKLYH QDWXUHOOH GTXQ ¢
dynamique temporelle de ceemmunautés biologiques via la préservation de marqueurs
géochimiques et biologiqueM¢ésset al. 2003 Smol et al. 2005 Smol 2008 Leavitt et al.

2009 Davidson& Jeppesen 20)3A partir de sédiments aquatiques, plusieurs types de
biomarqueurs peuvent étre utilisés pour retracer des changements au niveau des populations et
des communautés notamment l&dHVWHYV GITRUJDQLVPHV ]JRRSODQFWR
cladoceres et deopépodes,capsules céphaligues deKLURQRPHV« HalguesH PLFU
(frustules de diatomées, cystesai€ U\V R S K\ Firadhukumaret al. 2004 Smol et al.

2005 Millet et al. 2009 201Q 2014 Gauthieret al. 201Q Alric & Perga 2011Alric et al.

2013 Berthonet al. 2013 2014. En parallele, plusieurs études utilisent les pigments, les
OLSLGHV HW Of1%$'1l FRPIRVittEL RAIGsONT X0820d0en et al. 2009

Battarbeeet al.2012 Randlettet al.2014 /9 $'1 Vhei@dire est utilisé depuis une dizaine
GIDQQpHYVY SRXU UHWUDFHU OD G\Q Dnitdcobiérthe¥ChideBeRAJ.HOOH G
2008 Hou et al. 2014 Epp et al. 2015 StoofLeichsenringet al. 2015 Table 1.1 pour
VIQWKgqVH GHV pW XGH Yairy ¥riJ mefi HadusijepCeiteP &pQroche, dite de
SDOpRpFRORJLH PROpPFXODLUH SHUPHW GIfpWXGLHU OH"®
microbien, au niveau de la populatiddofmaizonet al. 2013 StoofLeichsenringet al. 2015)

et de la communaut€&€bolenet al. 2013, a des échelles de temps largement supérieures (des
dizaines a des millier&S TDQQpHY j FHOOHYV FODVVLTXHPHQW pWXGLpl

/IHV pWXGHVY UpWURVSHFWLYHV RQW SHUPLV GY{DFTXpULU G
modificationsphysicechimiques et biologiques des écosystemes passés. Ainsi, des travaux
ontmV HQ pYLGHQFH O THPWdn® dealLie@afau@e {mBmmiferes et oiseaux)
(Barnoskyet al.2004 TXDQG GIDXWUHV RQW Updim&igued BVcoOr® UIJHV |
de plusieurs millénaires notamment le réchauffement pendant la période médiéaate (

2003, Kaufman et al. 2009, Bintgenet al. 2011, Mckay & Kaufman 2014
7TUDGLWLRQQHOOHPHQW GpYHORSSp¥esSéeheles @d poiMsie@rsl G HV
millénaires, milionso uPLOOLDUGY GYIDQQpHYV GH QRPY¥YIHXW pIWHPMW KC
GH SOXV HQ SOXV j Of$QWKURSRFgQH dtiWNlesCefdsisméswWw GHV
depuis le début deOfqUH LQGXVWULHOOH ILQ gqPH VLgFOH /YDU
lacustres a ainsi été utilsour UpYpOHU OYDFLGLILFDWLRQ GHV ODF)
GI$PpULTXH GX 1RUG GDAQ BattarbkeéetDaQ @BOH VDe norkbreuses

problématiques concernant le fonctionnement des lacs sont encore non résolues et

9



bénéficieront des apports de la paléoécol¢§eddoret al. 2014 notamment concernant les

chargements a long terme da biodiversité lacustre, des réarrangents au sein des

FRPPXQDXWpV ELRORJLTXHVY HW GHV IDFWHXUV TXL SHXYF
LPSODQWDWLRQ GH OT+RPPH GDQV OH EDVVLQ etted VDQW

pollutions locales, réchauffement climatique global).

/ID YLVLRQ SDU OYDUFKLYH SRVVQGH XQ IRUW SRWHQWLHO
parfaite car les caractéristiques physitimiques et les traces du vivant peuvent étre
PRGLILPpHV j SOXVLHXUV pWDSHV GX SU RitoHdes XeveuBsfed U FK LY
carbone et azotea éLVH HQ pYLGHQFH DX FRXUV GHV SUHPLQgUH\
sédiments Galman et al. 2008, Rydberg& MartinezCortizas 2013 Concernant les
FRPPXQDXWpV ELR®@GIeT Iestasofigafifmes &k connu pour étre impacteé

par des processus taphonomiques définis comme les processus affectant la préservation des
IRVVLOHV GH OHXU IRUPDW IBer@nsmeye Xitwed HI8HABp& R XY HU W
Perga 2011 Behrensmesr et al. 2000. Le signal ADN provenant de la communauté
ELRORJLTXH GH OD PDVVH G THDXpeadad W spdibedtatiorHdawy la W U H |
PDVVH GTHDX | O/ QAWHQOMD HWHDXX FRXUV GH OfHQIRXLVVHF
forme sow ODTXHOOH OY$'1 DUULYH GDQV OHV VpGLPHQWV L«
LPSDFW VXU VD GpJUDGDWLRQ SRWHQWLHOOH FDU Of%$'1 LC
DORUV TXH Of$'1 HHIWUDFHOOXODLUH HVWGDRKIPRY Y AL IogWD
GH QXFOpDVHV PLFURELHQQHV OYK\GURO\VH GpSXULQDW
EDVH HW O(RDG DF#DHRRAD02, Corinaldeset al. 2005, 2008, Willerslev&

Cooper 2005 /MHIILFDFLWp GYDUFKLYDJH GH OD FRPPXQDXWp E
conditions environnementale® X OLHX GYDUFKLYDJH 3DU H[HPSOH FHL
zone benthique anoxique a faibles températatgH et exempte de bioturbation permettant

XQH ERQQH SUpVHUGHDIME RBiQsoB BDOO, MHriét al. 2015. Unelarge part

GH O7$'1 HIWUDFHOOXODLUH HVW pJDOHPHQ@d&orBtidpatH U Y pH (
GHV PLQpPUDX[ HW GH OD P D Wdrahivdge B X JWIQIQI@EhAS PANEH W W D C
des organismes ne possédant pas de formes de résishd@ic® si plusieurs études
moléculaires ont révélé la présence de plusieurs groupes microbiens sur desgrapsde

longs (100 ans a 2700 ans Domaizonet al. 2013, Houet al. 2014, Randletet al. 2014,
Savichtchevat al.2015 Tableau.1), RQ SHXW FHSHQGDQW FrR&yue&/d2WHU T X
FRQQDLVVDQFHVY FRQFHUQDQW OD SUpVHUYDWLRQ@ GLIIpUI

eucaryotes
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Tableau 1.1 6\QWKgVH GH OD OLWWpUDWXUH SRUWDQW VXU OfF
PLOLHX[ ODFXVWUHV SRXU O fp KX HoGnhunau@s GiapbiéghhesX H W I

(modifié a partir du tableau présent dans Domaizon &t edy, voir Annexe.

Régions - Forcages
Lo Périodes ) - . . . e
Taxons climatiqu ) Questions environneme Techniques moléculaires Références
(en année} PR
es ntaux étudiés
Séiments Amplification G1$'1 L
| superficiels sédimentaire - CS (18S rRNA gene) Takishitaet al. 2007
temperee 60 PréservationGH OT1$ ) 454 pyrosequencing Canoet al. 2015
sédimentaire (V4 18S; ~3B bp) p '
Micro-eucaryotes — - - - - -
tempérée -2 000 Dynamique des climat, lllumina MiSeq sequencing Canoet al.in press
polare communautés nutriments (V7 18S ; ~280 bp) P -np
- Dynamique des . . ... | 454 sequencing (V1V3 region
tempérée 10 000 communautés climat, salinité 18S rRNA gene, 563 bp) Coolenet al.2013
. climat,
. _ Dynamique des L PCRDGGE (23S rDNA 410
Phytoplarcton alpine 3000 populations/communauté nzfrlilr:]}gi}s bp) + GPCR € 300 bp) Houet al.2014
Phytoplareton ~18 500 Dynamique des climat PCRDGGE (23S rDNA 410 Li et al.2016
. communautés bp) + Sequencing
polare Dynamique des
Dinoflagellés 3000 communautés climat PCRDGGE (18S rRNA gene) Boereet al.2009
. Amplification G1$'1
siwéﬂi?élss sédimentaire, ADN vs - PCRDHPLC (SSU gene) Eppet al.2011
aride P analyses microscopiques
Diatomées
200 Dynamique des climat CS (bcl gene) StoofLeichsenringet al.
populations/communauté: ~650- 750 bp 2012
] _ Dynamique des ) — 454 pyrosequencing
polare 11 500 communautés climat, salinité (generbeL, ~100 bp) Eppet al.2015
. . . climat, . .
Diatomees . Dynamique des . L StoofLeichsenringet al.
(Staurosirasp) boréale 7 000 populations ,dlstance CS (bcl gene; ~75 bp) 2015
géographique
Dynamique des
Haptophytes, . _ A A PCRDGGE
Diatomées polare 10 000 populations et,des salinitt (498 bp and 556 bp) Coolenet d. 2004
communautés
- Dynamique des . gPCRDGGE
Haptophytes tempérée| 270 000 communautés climat (18S rRNA gene : ~500 bp) Randlettet al. 2014
. R . Dynamique des climat, .
Chytrides (Fungi) boréale 30 populationsparasitisme nutriments qPCR (ITS ; ~150 bp) Kyle et al.2015a
Bactéries ’ P
methanotrophiqueg polare ~ 10 000 Dynamlqge des salinité GPCRDGGE (specificprimers Coolenet al. 2008
populations on 16S rRNA gene)
de type l et |l
. Détection de processus . .
Bacterles_ tempérée ~1 500 anoxiques associés au °"T“at 165 rRNA gene ; Belleet al.2014, 2015
methanotrophiques méthane nutriments qPCR (~110 to 200 bp)
Bifidobacterium sp. S N
Bacteroides boréale ~ 3000 Détection dgs activites - PCR (~300bp, 500 bp, 650bp Madejaet al.2010
humaines andnested PCR
Prevotella
Bactéies& Archées| tempérée| ~ 11 000 Dynamique d,es climat 165 rR_NA + DGGE Nelsonet al. 2007
communautés (V3 region ~250 bp)
- Dynamique des ) . _
Cyanobactéries 100 populations et des chmat, 16S rRNA_ITS ; (up to ~1000 Domaizonet al. 2013
(Synechococcusp.) . nutriments bp) & gPCR (up to ~300bp)
- communautés
tempérée -
- Dynamique des lphm‘at,
Cyanobactéries ~200 c):)mmunautés utilisation du 16S rRNA; gPCR Palet al.2015
bassin versan
. _ Dynamique des climat, .
Picocyanobaétries . N . L CS (ITS ; 1100 bp) +
(Synechococcus 9p alpine 3000 populations et,des sal_lnlte qPCR ' (~288bp) Houetal. 2014
communautés nutriments
- Dynamique des ) 16S rRNA gene & ITS ;
Cyanobac_tenes 100 populations et des ch_mat, gPCR(up to 300 bp) & CS (ug  Savichtchevaet al.2015
(Planktothrix sp) . nutriments
tempérée communautés to ~1000 bp)
Cyanobagtries PréservationGH O1$ ) gPCR (16S rRNA_ITS ; .
(Planktothrixsp) 70 sédimentaire up to ~300bp) B L L
Cyanobactéries . Amplification G1$'1 ) gPCR 6ciB gene ;
(Planktothrix sp) boreale 300 sédimentaire from 50 to ~380 bp) Kyle et al.2015b
Planktothrixsp. . Dynamique des ) gPCR 6ciBgene ;
(cyanobacteria) boréale 30 populations, parasitisme from 50 to ~380 bp) Kyle et al.2015a
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'"IDXWUH SDUW OfYXWLOLVDWLRQ GH GRQQpHV LVVXHV GX \
prendre en comptkes limites et biais notamment liés aux choix de la portion de gene ciblé
(pouvant impacter le reflet de leommunauté obtemu; pour exempleconcernant les
communautés de micieucaryotes lacustres vaiiaib et al. (2013 etla base de données de
VPpTXHQFHYVY XWLOLVpH SRXU OfDIILOLDWLRQ WD[RQRPLT
VPTXHQODJH j KDXW GpELW GH 01$'1 HQutertié (@ diRdie®@ WD O H
OD GLYHUVLWp PLFURELHQQH GTXQ pFRV\VWqgqPH ,0 IDXW F
limites notamment liésa la méthode de séquencage utilisée, la profondeur de séquencage de
chaque échantillon, la stringence des analysemfbrmatiques et la méthode/le seuil de
UHJURXSHPHQW GHV VpTXHQFHV Gf$'1l HQ XQLWpV RSpuU
(McElroy et al.2014 Schmidtet al. 2014 Eslinget al. 2015 Majarevaet al.2015 Kopylova

et al.2016 ' $ Preet al.201§. Ces connaissances sont egaat indispensables dans les

études de paléoécologie moléculaire baséele séquencage a haut débit.

/I TDSSURFKH SDO pR prederantedtagpkadéeDa pé placs péalpins (lac du
%RXUJHW ODF GY$QQHF\ HW OH /pPDQ &HV ODFV- PRQRPI
est de la France, possedent des caractéristiques communes (en termes de géomorphologie,
histoire humaine et exposition &iDWLTXH HW (R QW d© B& Efslt Hddlo@que

depuis le début des anné&3v0s par les gestionnaires des lacs et les scientifiques de la station
INRA de ThonoHesBains (Francegt pJDOHPHQW Bkl (SHiss@)Nrinelillé xt\A.

2004 Jacquetkt al. 2014 Pergaet al. 2015. Les travaux de paléoécologie initiés au sein du

projet ANR IPERRETRO fttp://www6.inra.fr/iper_retr ont SHUPLV G{pWXGLHU OD
des communautés biologiques de ces lacs aux forcages anthropiques et climatiques au cours
du dernier siécle. La stratégie appliquée a été de cibler des groupes fonctionnels spécifiques

au sein du résedwphiqgue notamment parmi le picBynechococclisle nane et le micre
phytoplancton gyanobactéries etliatomées) et le zooplanctorlgdoceres) Rergaet al.

2015. Des ouitils classiques (comptages de carapaces de cladoceresllesfdesdiatomées)

et moléculaires TXDQWLILFDWLRQ GH OYDERQGDQFH GHV F\DQF
Planktothrix rubescenst des picecyanobactéries par gPCR et clonagguencage) ont été
XWLOLVpYVY SRXU pWXGLHU O YL P SdBW laGémmauelbidlodgidie GH O
ODFXVWUH /HVY UpVXOWDWY GHV GLIIpPUHQWHY pWXGHV FR(
dans la régulation des communautés aquatiquesligitimeéesgcyanobactéries etladoceres

des 3 lacs) et que le statut trophK H G T X @n @paEt sula sensibilité des diatomées et

des cladoceres auforcagesclimatiques. Les effets du climat sur ldgatomées et les
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cladoceres semblent moins forts dans le lac Annecy, plus limiteieeiments, que darss

lacs du Bourge¢t Léman ouO fHXWURSKLVDW LR @Irid epalvV2®13 BexthonBtD U T X p H
a.2014 /TDQWKURSLVDWLRQ GX ODF %9RXUJHW HVW OH IDFW|
communauté cyanobactérienne du lac du Bourget avec une dominan@nde\gabaena

et Microcystis en conditions eutrophes puis un changement de dominance en faveur de
Planktothrix rubescenst des picecyanobactéries en conditions mésotrophasnfaizonet

al. 2013 Savichtchevaet al. 2015. Les effets du réchauffement climatique sur le
compartiment cyanobactérien semblent étre secondaires notamment au regard de la
dynamique temporelle d@lanktothrix rubesens Afin de compléter les données acquises lors

du programme IPERS (752 EDVpHV VXU OfpWXGH GHV JURXSHV IRC
approche intégrant des compartiments biologiques possédant différents niveaux trophiques
SHUPHWWUDLW G %9 WurkagdsHeovironfienreStBuk \Bur & réseau trophigue. La
GLYHUVLWpPp JpQpWLTXH GHV FRPPXQDXWpV PLFURELHQQH\
bien décrite notamment au sein des assemblages eucabaypéseét al.2013, Debroast al.

2015, Filker et al. 2016 /IHV TXHVWLRQV GYpFRORJLH PLFURELHC
complémentarité des approchés limnologie et paléolimnologie notamment concernant la

réponse des communautés microbiennes apafies environnementaux.
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.L1.2. $SSRUWV GH OD SDOpRpFRORJLH PROpFXODLUH DX[ TXH
/I NTDSSURFKH GH SDOpRpFRORJLH PROpFXODLUH HVW XWLOH
notamment concernant la variabilité génétique au sein de populations sur de longues périodes

ou encore l@oévolution hoéte/parasite au cours du temps. Le pote@tidl O1$'1 VpGLPHQWIL
comme outil rétrospectif pour répondre aux questions de limnologie est décrit plus largement
dans O 1 $ Q Q H [ H/I11Ip. Détte/daHie illustre ici plus particulierement la contribution de la
SDOpRpFRORJLH PROQpF Xé&ddgie micboKigniexcarn¢athiam @ \desafption

des communautés microbiennes et leurs réponses aux forcages environnementaux.

ID UHFKHUFKH HQ pFRORJLH D pWp ORQJWrgbRiS™Ws, GpGLpH
leur DERQGDQFH DX VHLQ G H ¥ngeRiBs\tovdianB Envirdhivémentale® sa@ X

leur dispersion et répartition géographique. Du fait de leurs tailles microscopiques et des
moyens techniques disponibles pour les étudier, les AMBIDQLVPHYV QTRQW p
tardivement inclus dans lepW XGHRO®JhLH DX QLYHDX GH OfpFRV\VWq
OYfpFRORJLH PLFURELHQQH VIpWDQW IRUWHPHQW GpYHOTF
(Bertrandet al. 2011). Ainsi, les recherches en écologie microbienne ont tenté de transposer

IHV FRQFHSWV GYpFRORJLH DQLPDOH RX YpJpWDOH DX P
GHPDQGH GLIIpUHQWY DMXVWHPHQWY QRWDPPHQW HQ OL
OfpFKHOOH VSDWLDOH HW Wddrs $R étudierOdd cpupledeisQiGhbdds HQ FRF
concernant les micro et maenoganismes afin de comprendaedynamique des écosystemes

et leur réponse aux forcagedebsupet al. 2004 Prosseret al. 2007, Barberanet al. 2014).

Malgré les avancées dans les outils utilisés en écologie microbienne pour caractériser la
dynamique spatibemporelle descommunautés microbiennes, besésur des parametres
PRUSKRORJLTXHYV JpQpWLTXHV HW PpWDEROLTXHV GH QF
non résoluesNemergutet al.2014 Shadei Gilbert 2015 Nesmeet al.2016. Une partie des
problématiques est commune avec les questions concernant lesamgeremes tels que

Quels microorganismes sontégentsians les écosystémes? A quelles abondahe@selles

sont les interactions entre microorganisrie€omment réagisseils aux changements
environnementaux du systeme? Certaines questions sont plus spécifiques au compartiment
microbien notamment Comment les communautés microbiennes changent au cours du
temps, a quelles échelles temporefleQuelle est la capacité de dispersion des
microorganismes dans les écosystem&3uels sont leurs fonctions dans les écosystemes ?

Quels sont leurs réles dans lerocessus biogéochimiquefuelle est le role de la biosphéere

rare dans la réponse aux changements environneméhf@ars cette partie, nous nous
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LOQWpUHVVRQVY DX[ DSSRUWYV SRWHQWLHOV GH OD SDOpRpF
microbienne pdant sur la diversité des micsucaryotes, leur capacité de dispersion et leurs

U{OHVY GDQV OD UpSRQVH GH OYpFRV\VWgPH DX[ SHUWXUED
OD GLYHUVLWp PLFURELHQQH YLD OH VpTXHQoDrod j KDXYV

connaissances sur les questions évoquéssssius.

/ID GLYHUVLWp ELRORJLTXH GTXQH defitiRdh XI©Moxtitrpet laQ W p J U D (
(2008, sa richesse tawomique (nombre de taxons) et sa composition (la répartition
numériguH GHV WD[RQV G R vheC§racperidtqpedprEndre ldn compte dans les

études portant sSuO fpYDOXDWLRQ GH OfpWDW pFRORJLTXH GYXQ pF
(Bent& Forney 2008Haegemaret al. 2013, Grattepanchet al. 2014 Nemergutet al. 2014

Gibbons& Gilbert 2015 Shade 2016 La dynamique temporelle des communautés est un
parameétre importanS R XU pYDOXHU OD GLYHUVLWp PLFURELHQQH G
des réarrangements dans les communautés microbiennes (@erégout de taxons et
changements dans la composition) est liée a des fluctuations périodiques des conditions
environnementales pouvant agir swsdpas de tempsontrastés (heures, journées, saisons

voire années) thds que les cycles jouQ X LW GHant @GDvialiatibnsaisonniére des
FRQGLWLRQV PpWpRURORJIJLTXHYV RX OD GiRdBtlet BIFPDMLRQ GH
Giovannoni & Vergin 2012 Ottesenet al. 2014 Fuhrmanet al. 2015. Malgré ces
FKDQJHP HQWiiques] peWiDeisité et la structumes communautés microbiennes
UHVWHQW SRXUWDQW UHODWLYHPHQW V8hadedd 8. 20RVFLOOD (
Cram et al. 2015 Fuhrmanet al. 2015. $LQVL OH SUpOqQYHPHQW UpJXOL
HQYLURQQHPHQWD X[ S Hdé¢ rPedrnindesimsydd GeX ¢dimOrautddagsdaie

ce phénomene et de décougkeipart de variabilité qui peut étre attribuéex aerturbations
environnementales. Les recherches en écologie microbipangaient bénéficier de la
FRPSOpPHQWDULWpP DYHF OTDSSURFKH G B 19MXpRp FRO B JI$H
sédimentaire apporte une wion temporelle intégrative des FRPPXQDXWpV G X¢
PFRV\WWgPH DX FRXUV G 1 XQFguReX53 Qo5 inkemtsiteésy mblEr@giresV
obtenusa partir des strates sédimentair@&HXYHQW rWUH XWLOLVpV SRXU p
forcages environnementaux en masquant la variabilitédesi de la communauté liés aux
IOXFWXDWLRQV SpULRGLTXHV MRXUQDOLqUHV VDLVRQQLQq
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Figure L.5. lllustration des intervalles de temps associés a chaque couche sédimentaire
Carottesédimentairgrélevée danke lac du Bourget.

/I MpPWXGH GH OD ELRIJpRJUDSKLH GHV PLFUREHYV GDQV OHV p
UHGPpFRXYHUW D Yidifsatt§ BeS&nigads \dkel Hio@gie moléculaire pour décrire

la diversité microbienne des écosystént®\n et al. 2012 Barberaret al. 2012, Logares

et al. 2013, Chow& Suttle 2015, De Vargast al. 2015, Sunagawat al. 2015. Plusieurs
hypothéses existent céhHUQDQW OD GLVSHUVLRQ GHV PLFURRUJDQ
notamment les protistes. Les migocaryotes sont connus pour leur forte capacité de
dispersiorvia le vent (Finlay 2002 ou encore lesiseaux migrateur@Nilkinson et al. 2012).

Certains scientifiges pensent que les protistes sont cosmopolites et ont une variabilité limitée
PrPH j OTpFKHOOH VSDW L DligHists>0dp Rimpay & [EehehefhRyE2O@H ©
Finlay & Fenchel 2004 '"{DXWUHV pWXGHV SHQFKHQWiciké@adderé HXU G X
de Foissnerl(999 2006 2008 postulant que la capacité de dispersion des orgasiginles
ILOWUHY HQYLURQQHPHQWDX[ H[SOLTXHQW OH Qre¥HDX Gl
/I fNXWLOLVDWLRQ GHV PpWKETEHS/SREWHRX GBELQR X YHODWAHHWF R
distribution des protistes dans les écosystdiBateset al.2013 de Vargast al.2015 Filker

et al. 2016 et permettra probablement de confirmer ou réfuter le dogieerything is
everywhere but the environment sebedeBass Becking(1939 (de Wit & Bouvier 2006

pour les micreeucaryotes. En milieu lacustre, une étude récente sur la biogéographie des
SURWLVWHYVY HW FKDPSLJQRQV GDQV ODFV GYDOWLWXGH
régionale dans les communautés et une capacité de dispafgioeure a 1@00 km Eilker

etal. 201§ FRQILUPDQW O THIIHIs¢s Gppola paivid@dt Bl (P YVdirUa
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richesse de ces communautés a une échelle spatiale régionake é8hellglus restreintela

distribution des micre@ucaryotes semblent étreajoritairement impactée par les forcages

locaux. Simonet al. (2015) a en effet mis en évidence cette sélection par les conditions
environnementalelG DQV GHV SODQV GYHDX SURYHQDQW GH OD Pr
Simon et al. 2015. Les patrongde biogéographie des microorganismes sont généralement
décrits sans considération de la variabilité temporel DSSURFKH GH SDOpRpF
PROpFXODLUH SRXUUDLW SHUPHWWUH GYLQWpPJUHU FHWMW
compréhension des patrons de biogéographie des mieenicaryotestels que déja mis en

évidence pour des populations lacustreStirosirasp. (iatomées) pastoofLeichsenring

et al.(2015.

La réponsedes communautéaux perturbations (soudaines ou continues) en termes de
VWDELOLWp UpVLVWDQFH HW UpVLOLHQFH QfHVW DXMRX
certaines communautés sont résistantespaumurball RQV GIDXWUHV VRQW DIIHF
retourner a leur état initial (résilience) ou non (FigueAllison & Martiny 2008 Strickland

et al. 2009 Shadeet al. 2012 % LHQ T X1 X Q Hpusskedrnwaingreun \thariy€ment
compositionnel dans la communauté (gain et perte de taxons, modification dans la répartition
QXPpULTXH GHV WD[RQV FHWWH PRGLILFDWLRQ QYfHVW
fonctionnel de la communauté. Si cette communautéedarte richesse spécifique et un fort
QLYHDX GTpTXLWDELOLW gquillbres) DellaMpei teBt€) s@iMeP grate BXUH

niveau élevé de redondance fonctionnelBirfan et al. 2005 Allison & Martiny 2008

Strickland et al. 2009 Wittebolle et al. 2009 Shadeet al. 2012. La forte proportion de

taxons rares retrouvés au sein des inventairdécmaires est égalemenhe caractéristique
LPSRUWDQWH GH OD GLYHUVLWp &§iXe bl. Z0BGPHArBBIEWp PLFL
2006 2012 Jones& Lennon 2010Gibbonset al. 2013 Shadeet al. 2014 Shade& Gilbert

20195 notammentau sein des assemblagascaryotes l(ogareset al. 2014 Debroaset al.

2015). En effet, cesaxonsrares semlent avoir un réle important dans la réponse de la
communautdace aux forcages environnementaux (phénomene étudié particulierement pour

les bactériesGilbert et al. 2012 Shadeet al. 2014 Shade& Gilbert 2015. Au sein des
assemblages microbiens eucaryptasmobilisation de la rare biosphére ne semble pas avoir

lieu sur des pas de temps journalidviaigotet al. 2013 mais plutbt supérieurs (mensuels et
saisonniersNolte et al. 2010, Debroast al.2015 /IDFWLYLWp ELRORJLTXH GH ¢
aguatique, décrite par approche métatranscriptomique (baséessARNr),a également été

liée aux forcages environnementaux saisonniers voire aux perturbations confifibesn{
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et al. 2014 Logareset al. 2014 Debroaset al. 2015. Par son ouverture sur des cadres
WHPSRUHOV WUqV ORQJV OYDSSURFKH GH SDOpRpFRORJL
recherches sur la dynamique temporelle des communautés microbiennes notamment a

propos deleur stabilité, résilience etrésistance en réepovH j GHV FKDQJHPHQWYV G
systeme. Ainsi, I TDUFKLYH VpGLPHQWDLUH SHUPHW GIpWXGLHU
ELRORJLTXHYVY VXU GHV SDV GH WHPSV FRKpUHQWY DYHF OF
H[HPSOH SOXVLHXUV GL]DL QishtiorGef R @R P H ¥RSRMRS 0L WXW IURG
(voir le cas des 3 grands lacs pa&ipins dans ld&igurel.7) et plusieurs décennies/centenaires

pour les fluctuations climatiques.

Figurel.6. 6FKpPD GH OfHIIHW GfXQH SHUWXUEDWLRQ VXU OD F
une communauté microbiennd® R G LI L p j ABifob &/Masting 009.
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Figure 1.7.Concentratiosen phosphore estimga partir du comptage des diatagsélans les
archives sédimentairet6 HV ODFV GT1$QQHF\ CGAXri¢cRaAROIG.W HW /pPDQ

'"IDXWUHV TXHVWLRQV GYpFRORJLH PLFURELHQQH SHXYHC
paléoécologie moléculaimommela variabilité et la diversification génétique, la coévolution
héte/parasite ou encore le réle du compartiment microbien dans les cycles biogéochimiques
sur despas de temps relativement longs (plusieurs décennies a plusieurs millénaires). Ces
travaux de WKqgVH VILQWgqJUHQW GDQV XQH GpPDUFKH GH FF
compartiment biologiqudace aux forcages locaux anthropiques et globaux climatiques.
SOXVLHXUV pWXGHV RQW PLV HQ pYLGH@ucayde®pludW GHV
particulierement sur des groupes spécifiqugshytoplanctoniques Goolen et al. 2004,
Takishitaet al. 2007, Boereet al. 2009, Eppet al.2011, 2015, Stoefeichsenringet al. 2012,

aL Pat&l. 2013, Houet al. 2014, Randletet al. 2014 Li et al. 2016. Hou et ses
collégues (2014) on DU H[HPSOH PLV HQ pYLGHQFH OHV FKDQJHPHC
phytoplanctoniques lacustres (majoritairement représentéSypechococcus, Isochrysis et
Gloeotilopsi3 au cours des 300@ernieresamées en lien avec les changements temporels
GDQV OD GLVSRQLELOLWp HQ QXWULPHQWYVY OD WHPSpUDW
lacKusai Houet al.2014). Pour intégrer une grande diversité taxonomique et fonctionnelle,
la communautéles micreeucaryotes semble étre un bon candidatetle est composée de
prédateurs et proies, de parasites et hétes ainsi que de producteurs et décomposeurs de matiére
RUJDQLTXH SHUPHWWDQW GYpWXGLHU OYLPSDFW GH IRUOoOCL

au sein du réseau trophique.
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[.1.3. Les micro-eucaryotes:. diversite, rbles et facteurs de régulation dans les milieux
lacustres

[.1.3.1 Du microscope au séquencage a h&@pELW GH Of$'1

Bien TXH OH GRPDLQH GH O T30k Re@tivdrhdit tehtU e dqudQdzéines
GTDQQpPpHV OD GpFRXYHUWH GHV PLFURRUJDQLVPHV GD!
Leeuwenhoek (1632 IXW OH SUHPLHU j GpFRXYULU SDU KDVDUG
«animalcules? | OTDLGH G p¥ @dihedr& MERLY OfREVHUYDWLRQ PLF
SHUPLV GH GpFULUH SOXVLHXUV FHQWDLQHV YRLUH PLOO
VHLQ GX SODQFWRQ ODFXVWUH %LHQ TXTDSSOLTXpH GHS?
bio-indication (la d&/ FULSWLRQ GH OD TXDOLWp GTXQ PLOLHX SI
ELRORJLTXH OYREVHUYDWLRQ PLFURVFRSLTXH Qd SHUPH
VHLQ GTXQ DVVHPEODJH ELRORJLTXH $LQVL SOXVLHXUV
morphologie shilaire peuvent avoir des caractéristiques génétigues et écologiques
différentesUn exemple marquant est la description de plusieanisnts génétiques de taxons
phytoplanctoniques qui possédent une morphologie similaire au microskae et al.

20149). De plus, les piceucaryotes et po-cyanobactéries (022 um) sont, de par leur taille,
difficilement différenciables par microscopi#/¢rden& Not 2009. Les méthodes culture
dépendantes ne permettent de détecter que des espéces cultivables darikewdes m
particuliers et certaingnicrobes sont difficilement cultivables en culture pure car ils
GpSHQGHQW IRUWHPHQW GI1XQ FRQVRUWLXP PLFURELHQ $
la diversité microbienne révélée par les outilbadogie moléculaire, que seulement une tres

faible proportion de la diversité de la communauté microbienne est révélée par la culture en

laboratoire de microorganismes (0-01L %) Perryet al.2004 Bertrandet al.2011).

Les avancées en biologie moléculaire aursodes 20 derniéres années ont permis de
compléter les connaissances précédemment acquises concernant la morphologie, le
PopWDEROLVPH HW OfYpFRORJLH GHV PLFURRUJDQLVPHV H
diversité taxonomique et fonctionnelle des commtémmicrobienneBertrandet al. 2011).
Différentestechniques ont été développézsnme O D P S O Lpgdr PORNVIE Réguencage
6DQJHU RX OHV WHFKQLTXHV GYfHPSUHLQWHY PROpPFXODLL
taxonomL TXH OfpWXGH GH GdnpGreleRiesL.comdrAund 843 WiicrBbiennes ou

encore la mise en évidence de génes fonctionnels dans les communautés. Le séquencage a
hautdébit GH O71$'1 HVW DXMRXUGY{KXL OD WHFKQRORAeH OD S
pour caractériser la diversité microbiend@ns des écosystemeariés, allant des sources
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hydrothermales aux intestins humains en passant par les lacgcgtdgsnarins Bertrandet

al. 201)). Plusieurs approches utilisant cette technologie ont été développées pour décrypter

la trés large diversité taxonomique et fonctionnelle des communautés microbiennes. Ainsi
@pproche métabarcoding(ou métagénétique) eEDVpH VXU OH VpTXHQoDJH C
GIXQ VHXO JgQH SUpVHQW FKH] WRXV OHV PLFURMGEBIYV GITLQ)
$51 SRXU GpFULUH OD GLYHUVLWp WD[RapRRHeETXH GT
métagénomique FRUUHVSRQG DX VpTXHQoDJH GH WRXW Of$'1 HI\
HQYLURQQHPHQWDO HW SHUPHW DLQVL GYREWHQLU GH
taxonomique (via la présence de marqueurs phylogénétiques) et fonctionnelle (par exemple
des genes impliqués dans la photosynthése, la respiration ou dans les cyclesneéatatr

/1 D S S URekRKatscriptomique HVW EDVpH VXU OfH[WUDFqilséhQ@ GH WL
GHV PROpFXOHV FRQVLGpUpHY FRPPH UHIOpWDQW OYDFWLY
&HWWH DSSURFKH QpFHVVLWH XQH WUDEéewRBHE® DWHR®@I& ) HO
amplification PCR. Un exemple de la contribution de teefinologies aux connaissances en
écologie est la description de la communauté bactérienne des écosyé&titenes &l. 2012

Barberanet al. 2012 Caporasoet al. 2012 Shadeet al. 2013 Christneret al. 2014).
Récemmentles données moléculaires provenant du projet Tara Océans ont par exemple
SHUPLV G 1 Homire eeprdta@dtes présents dans les océans a plus 6836 TUs

(Unités Taxonomiques Opérationnell&sinagawat al.2015.

Malgré leurs réles clés dans les réseaux trophiques aquatigsienjcreeucaryotes ont été
globalement moins étudiés que les bactéries et les arcliEeenét al. 2009, Grattepanche

et al.2014). Les avancées dans les méthodebidlogie moléculaire ont permis de décrire la
diversité des micr@ucaryotesians la plupart des écosysteméss sols Bateset al. 2013,

les milieux marinsde Vargaset al. 2015, Massanaet al. 2014 2015 et les milieux lacustres
(Debroaset al. 2015 Filker et al. 2016 voir Table I.1). Une étude récente a par exemple

estimé la richesse planctonique eucaryote océanique a0Q@8Qtaxons e Vargaset al.

2015. /TXWLOLVDWLRQ GYRXWLOV PRO pRbhaubdebitdiavégaeRedtD PP H Q
permis @ cours de la derniere décenn@fDPpOLRUHU QRV FRQQDLVVDQFH\
biosphere. Les micreucaryotes r@sont ainsi été retrougcomme couvrant la majorité de

la richesse des inventaires moléculaires et ils sont potentiellement impliqués dans la réponse

de la communauté microbienraix for¢cages environnementau¥ofes& Lennon 2010

Logareset al.2014 2015 Debroaset al.2015.
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1.1.3.2 Les micreeucaryotes, un compartiment diversifié

La définition du groupe des miceucaryotes differe en fonction des travaux. Ainsi certains

auteurs incluent desétazoaireslans les micreeucaryotesKinlay & Fenchel 2004Bik et al.

2012 TXDQG GYDXWUHV Heatbhired XtHe@iMyopHpt¥sv ata kit \él. 2015
Kammerlandeket al. 2015 Triado-Margarit & Casamayor 20)5Dans cette thése, les miero
eucayotes incluent exclusivement les protistes (eucaryotes unicellulaires)chatapignons.

Les micreeucaryoteseprésentent une large part de la diversité eucaryote connue (plus de 85

% des groupes eucaryotézawlowskiet al. 2012 Pawlowski 2013Burki 2014 Figurel.8).

La classification des microbes au sein des eucaryotes, longtemps basée uniquement sur des
FDUDFWpPpULVWLTXHV PRUSKRORJLTXHV D EpQplLFLp GHV D
prend en compte plusieurs dizaineRtUH SOXVLHXUV FHQWDLQHV GH J
phylogénétique des eucaryotes proposé PBarki (2014) VD 8 SMrLdes analyses
phylogénomiques, les données génomiques disponibles et les caractéristiques morphologiques
des micreeucaryotes. Elle est considérée comme une des classifications les plus robustes a ce
jour. Les eucaryotes sont distribués au sein de septgupgresij les Opisthocontes (ii) les
Amoebozoa (iii) les Excavés (iv) les Archaeplastidés (v) les Rhizarientegivéolés et

(vii) les Stramenopiles8 QH GHVFULSWLRQ VXFFLQFWH GH OD PRUSH
différents groupes dmicrobes au sein desicaryotes egiroposée edessous. Cette partie se

base sur les informations provenant de plusieurs ouvrages de réfémmdreviers 2002

Perryet al.2004 Munn 2011 Bertrandet al.2011).
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Figurel.8. Arbre phylogénétique des eucaryofBsirki 2014
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(a) Les Opisthocontes (Opisthokonta, Opisthokonts)

Les Opisthocontes sont composés de groupes exclusivement pluricellulaireétéiesaires,

850000 especes), unicellulaires (lesoanoflagellés, lesucléarides, leschtyosporés) ou

incluant les deux typesomme leschampignons. Lasynapomorphie* (caractere dérivé

partagé par tous les membres du groupe) la plus remarquable des Opisthocontes est la
SUpVHQFH GIXQ VHXO XQGXOLSRGLXP IODJHOOH SUpVHQ
propulseur. Leschampignons sont des hétérotrophes osmotrophes* qui sont parfois
FRPPHQVDX[ VH QRXUULVVDQW GH OD PDWLqQUH RUJDQLT
jouant ainsi un réle majeur dans la décomposition de la matiere organique complexe dans

O TH QY L bLRCeraidddh&@npignons, notamment dbygtrides et lesmicrosporidés, sont
SDUDVLWHYV GYRUJDQLYVPrtoV LEK O Rabya@ it iKlp200L ZWYlskaR X

et al. 2009 Rasconiet al. 2012 '{f{DXWUHYV D JLhuEIQ&E* € Ryibidntes*
pouvantnotamment former des lichens avec des algues. Le nombobasepignons est

estimé a BH00000 mais seulement 1@M0 morpheespéces ont été décrites. Les
champignons sont présents dans tous les habitats terrestres et aquatiques (benthiques et
S p O D JL dax idauc&dt salée). Lesoanoflagelléssont des phagotrophes*, distribués de

facon ubiquiste dans les environnements aquatiques. lls possedent une coquille extérieure,

appelée loricagt des tentacules leurs permettant de capturer des bactéries.

(b) Les Amoebozoa (Ameobobiontes)

Comme les Opisthocontes, lAmoebozoa possédent un seul undulipodium roelsici se

siiue a OTDYDQW GH OD FHOOXOH &HWWaHsindlaritéWdairsX O D U L W
OTDUFKLWH FW Xroitbchdthdrihp €& RPdAn@lysels phylogénomiquatiestent de la
robustesse de ce groupe taxonomi@Berki 2014. Les amoebozoa(plus de 750 espéces

déaites) sont des hétérotrophes se nourrissaity VH GpSODoDQW j OYDLGH G
(déformations de la membrane plasmique) leur conférant un mouvement caractéristique dit
amiboide. Certainaneobozoa sont connus pour brouter les bactéries associéesracixles

en sédimentation. Ce groupest majoritairement composé par leschamoebae
(unicellulaires, connus dans les sols) etriaaétobiontes (alternant des générations uni et
pluricellulaires, préférant vivre dans les milieux riches en matiére apganien
décomposition et phagocyter les bactéries, les champignons et la matiére organique

détritique).
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(c) Les Excavés (Excavates)

La plupart des Excavés sont caractérise par la présenceGhfdrogénosomes* etle

mitosames*, vestiges de mitochondrids SRVVqQGHQW pJDOHPHQW pa® VLOOR
lequel les particules alimentaires transitent. Couplées aux angligexyénomiques, ces
caractéristiques morphologiques attestent de la monophylie des EXdiavésdet al.2007).

'DQV FH JURXSH GY{XQLFHOOXODLUHYV FRPSU koDt HQY LU I
des flagellés hétérotrophes parfois commensaux, symbiontes ou parasites et comprennent
également des amiboides. Lgsarabasaidés sont principalement commensaux et
symbiotiques et sont notamment retrouvés dans le tractus digestif des arthropodes et des
vertébrés ou ils consomment des bactéries. duggeniens et lekinétoplastidés (parfois
UHJURXSpPV VRXV OH QIRPUE P JIJDMHD BRIRBUBYHQFH GIXQ DPD
flagelle chez leskinétoplastidés. Lesugleniens (ou euglénoides) sont particuliérement
communs en eau douce enrichie en matiére organique et peuvent étre phototrophes,
phagotrophes ou saprophytes. lbeslonidés, flagellés hétérotrophes a vie libre ingérant des
bactéries via un cytospharynx*, et les Trypanosomatidés se nourrissant de matiére organique

en solution sont les deux groupes composantklaétoplastidés Au sein des Excaveés,

G 1D XW U H ®e protRtEsSflldgellés peuvent étre retrouvés notamment des amiboflagellés

(au sein deshétéroloboséens) et des symbiontes/parasites de métazoaires (parmi les
diplomonadines).

(d) Les Archaeplastidés (Archaeplastida)

Les Archaeplastidés comprennent de rQLVPHY XQLFHOOXODLUHV HW GTI
Tous les organismes de ce groupe sont caractérisés par leur capacité de photosynthese acquise
SDU HQGRV\PELRVH SULPDLUH OHV FKORURSODVWHV VRQ
cyanobactériennePRlus de 30@00 espéces sont décrites au sein du groupe des Viridiplantae
qui incluent leschlorophytes (toutes unicellulaires, majoritairement en vie libre) et les
streptophytes (comprenant des organismes unicellulaires et les végétaux supérieurs). Les
groupes comportant des especes pluricellulaires incluenteghycées, lesharophycées et
les embryophytes. Bien que certains groupes commeziggematrophycées possedent des
organismes a forme uni et phoagllulaires, les autres groupes de Viridigke, ted que les
prasinophycées, leshlorophycées et lesrebouxiophycées sont toutes unicellulaires. En
milieu marin, les assemblages phytoplanctoniques sont caractérisés par la prédominance de
pico-eucaryotes photosynthétiques en particulier au seds prasinophycées. Les
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glaucophytes VRQW GHV XQLFHOOXODLUHV SUpVHQWYV SULQFLSI
généralement peu abondantesfin, lesrhodophytessont des algues uni ou pluricellulaires
estimées a environ 6 000 espéces, essentiellemémuwees en milieu marin, les

unicellulaires étant majoritairement pélagiques.

(e) Les Rhizariens (Rhizaria)

/H UHJURXSHPHQW GYRUJDQLVPHYV DX VHLQ GX JURXSH GH\
des caractéristiques moléculaires car aucun caracteteMRORJILTXH SDUWDJp QYD
entre ces différents composants. Parmi les Rhizariens, le groupeed®Ezoaires est
FRPSRVp GITRUJDQLVPHYVY DPLERWGHY 10DJHOOpPV RX DPLER
mais certains ont acquis la photosysth&omme leshlorarachniophytes (par endosymbiose
VHFRQGDLUH DYHF XQH DOJXH YHUWH TXDQG GIDXWUL
chlorarachniophytes sont retrouvés en milieu marin, les awgesnzoaires sont plutét

communs en eau douce et dans les. dadsradiolaires sont des prédateurs planctoniques
exclusivement marins. Ldsraminiféres sont des organismes amiboides possédantedes
SHUFpV GYRULILFHY SDU OHVTXHOV VILQVQUHQW OHV SVH:
PDULQ PDLVY DXVVL UHWURXYpVY GDQV OH SODQFWRQ PDULQ

(f) Les Alveoks (Alveolata)

Les Alveolés doivent leur nom a la présence de vésicules aplaties situées sous le
plasmalemme appelée alvéoles. dreupe de<iliés (Ciliates, Ciliophora) est composé de

plus de 1M00 morpheespeces unicellulairefdissneret al. 2008. Leur synapomorphie est
GTrWUH UH F Rexs\del ¢ilsn, GedcilB &ddt@isposeés en fitegyitudinales (cinéties) ou

agglutinés en meche (cirres) et ont un réle important dans la capture des aliments. Beaucoup

de ciliés possédent également unebauche cellulaire reli€ a un cytopharynx. Ces
organismes sont généralement hétérotrophes (certains mixotrophes) et comprennent de
nombreux prédateurs de bactéries. Alors que certains hébergent des organismes
photosynthétiques (comme degnobactéries et desKk ORURSK\WHV GIDXWUHV R
GH YROHU OHV SODVWHV GDXWU tiligs sobtbrgbireviP dthi's [dd OHS W |
milieux continentaux (eaux douces et saumatres et sols). En milieu aquatique, ils sont connus
pour avoir un role dans la fordMWLRQ GTHIIORUHVFHQFHY DOJDOHV PDL!

réseau trophique entre les bactéries et les Pm@t@zoaires. Lesciliés sont des
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PLFURRUJDQLVPHYVY UHFRQQXV SRXU rWUH GH ERQV LQGLF
aquatiquesRawlowskiet al. 2016. Lesdinoflagelléssont des organismes majoritairement
unicellulaires, ayant acquis la photosynthese par endosymbiose secondaire ou tertiaire. Plus

de 2000 espéces dimoflagellés sont décritetesalvéolesdesdinoflagellés sontomposés

de plaques de celluloserwiituant la theque et deux flagelles leur permettant de se déplacer.

La majorité deddLQRIODJHOOpPV VRQW GHV HVSqQFHV GX SODQFWHR
occasionnellement former des efflorescences (les marées rouges). Environ la moitié sont des
organsmes photosynthétiques (appettE QRS K\FpHYV 'DQV FH JURXSH OfKj
mixotrophie sont des modes trophiques également tres répandus. Certaines especes sont
PrPH SUpGDWULFHV RX SDUD YV Lapiddidplek€s tluaRt@e nombkeMS g FHV
SDUDVLWHY LQWUDFHOOXODLUHYVY RQW pWp GpFULWHYV &H)
FRPSOH[H DSLFDO FRQVWLWXp GIXQ FRQRWGH HW GHV YpV
OD SpQpWUDWLRQ GDQV LahMpaR HiesapXdndidkéss pbssedekt{ wiH
apicoplaste, acquit par endosymbiose avecrbodophytel esperkinsés forment également

un groupeGIXQLFHOOXODLUHY SDUDVLWHY UHWURXYpV QRWDI
douce Bréte et al. 2010 Mangotet al. 2011). Ces microorganismes, seulement récemment
détectésdans les milieux lacustres peuvent étre retrouvés comme tres abondankssdans
assemblages eucaryotes et sont capables de parasiter des espéces phytoplanctoniques ayant
donc un réle important dans le réseau trophique lacidaegotet al.2011, 2013

(g) Les Stramenopiles (Heterokontes)

Le groupe des Stramopiles est composé de petits flagellés possédants deux flagelles
recouverts de mastignoménestbulaires tripartites. De nombreux Stramenopiles possédent
une structure en hélice au niveau du corps basal et du flagelle. La monophylie de ce groupe
comprenahplus del00000 espéces est confortée par les données de phylogénie moléculaire
(Burki 2014. Une largediversité de taxonaunicdlulaires ou non, est retrouvée au sein de ce
groupe comprenant des phototrophes (commeliEg®emeées) et des hétérotrophes souvent
parasites teslque lesoomycetes et lebicosoecida. Lephaeophycées, lehrysophycées, les
synurophycées et leganthophgées sont des groupes majoritairement photosynthétiques,
présents dans tous les milieux terrestres mais principalement en milieu aquatique. Au sein des
6WUDPHQRSLOHY SOXVLHXUV JURXSHV VRQW FRPSRVpV GT
gue les bolidophycées, leseustigmatophycées, legelagophycées ou encore les

pinguiophycées. Plus de D00 espéces ddiatomées(Bacillariophyta) ont été décrites et
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sont caractérigspar la présenc& {1 XQH IUXVWXOH HQ VLOLFH OHXU FRQIp
Ces algues unicellulaires sont abondantes dans la plupart des habitats agetatiques role
LPSRUWDQW GDQV OD SURGXFWLRQ SULPDLUH j OfpFKHOZC
comPH ELRLQGLFDWHXUV GH OfpWDW WBaittah&eefT{ RO0GHY V\V W
Smol 2008 Pawlowski et al. 2016. Les chrysophycéessont retrouvées dans des sols
humideset les eaux douces. Un grand nombrecliigysophycées sont connus pour étre a la

IRLY SKDJRWURSKHV HW SKRWRWUR S&tihuphydfeDsohV ddsV JUR?
SUpGDWHXUV GIXQLFHOOXODLUHY QRWDPPHQW GDQV OH S
labyrinthulobiontes et desomycetes sont connus pour étre des parasites dans les milieux

aquatiques et terrestres.

(h) Autres groupes

La phylogénie de certains groupes reste encFX MRXUG{KXL LQFHUWDLQH
cryptophytes et leshaptophytes RPawlowski 2013 Burki 2014. Environ 500 espéces
CGhtptophytes sont décrites, principalement répartit au sela deux groupes les
pavlophycées et lggrymnésiophycées. La synapomorpHes haptophytese caractérise par

la VWUXFWXUH GH VRQ DSSDUHLO FLQ phapronetidcénRtiug &V p GH

5 PLFURWXEXOHYV &HW DS SDUH LS laSikation dtWa cagdur&geMaH FW L R
proie. Bien que la majorité désptophytes soient photosynthétiques, un certain nombre sont
PLIRWURSKHV &HV DOJXHV SHXYHQW rW Uddts jle QI§RIOLILQH (
PDULQ HW GTHDX G R XF Rrymrhpsith8 dan& el 1a0 TeExanidgneset al.

2013. Les cryptophytessont tous unicellulairest ont acquis la photosynthégear
endosymbiose secondaire (avec une Rhodophyte). Ces biflagellés possedent des
mastignomenes tubulaires dipartites sur leurs 2 flagelles. La plupart des 200 espéces décrites
VRQW SKRWRV\QWKpWLTXHV HW VRQW UHWURXYpHY GDQV (
LOQWHUVWLWLHOOH GHV VROV '1D Ke&/ dhtHgalémddrdu8dHodsi®fiH X F D U
SK\ORJpQpWLTXH IORXH GDQV OfYDUEU ihppérhoviadésX ke U\R W H

katablepharidés, laslonemidés, lesentrohelidés et legicozoaires.
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1.1.3.3 Role des micreeucaryotes dans les réseaux trophiques pglseg

Les microorganismes sont des acteurs clés du fonctionnement des écosystémes aquatiques et
des flux en éléments et énergie irdepsystemes et sont donc largement impliqués dans les
cycles biogéochimiques-élkowskiet al. 2008. Les micreeucaryotes aquatiques constituent

une partie importante de la diversité biologique des réseaux trophiquesjpesaBomeroy

1974 Azam & Graf 1983 Amblard et al. 1998 Bertrandet al. 2011, Figurel.9). lls sont
notamment connus pour leur diversité fonctionnelle, couvrant une vaste palette trophique, de
OD SKRWRWURSKLH S XU (Rigur€ 1®.ple/ peuveiWadiR @Kinél predate s

RX SDUDVLWHYV GTDXWU hétazddiré (Cldron@tXad DR Shérr 8 SheéerH V

2002 2007, Caronet al.2009a 2009h Pawlowskiet al.2012 de Vargast al.2015.

Figurel.9. Schématisation des réseaux trophiques pélagiques lacUsfresERQGDQFH HV WL
des difféerents compartiments de la boucle microbienne est irdiGeée figure est issue de
Amblardetal. (1998)redessinéparBertrandet al (2011)
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Figure 1.10. Assignation de rdles fonctionnels putatifs aux différents groupes de-micro
eucaryotegmodifiée a partir d®awlowskiet al.2012).

Les microbes procaryotes et eucaryotes assurent latgtelge de lgproduction de biomasse
dans la zone pélagigue des milieaquatiques Rertrand et al. 2011). Les especes
photosynthétiquegcyanobactéries et micralgues eucaryotes) ont ainsi la capacité de
SURGXLUH GH OfR[\JgQH X WedsQds¥qux &a@phigu@sinotambndrd @ak E$ H V
organismes composabbucle microbiennécaractérisée par la prédation des bactéries par les
amibes les flagellés et lesiliés). Des interactions hé{earasite sont également décrites au
sein du réseau trophique microbien. Ainsi, le parasitisme du phytoplancton zirytiedes

a eteé largement étudié au cours des dernieres arihélsgset al. 2007, Kagamiet al. 2007,
Rasconiet al. 2012. Au sein des micreucaryotes, leperkin®s les bicosoecida, les
apicomplexés et lemomycetes sont également connus pour leur capacité de parasitisme
(Lefévreet al. 2008 Mangotet al. 2011, Bertrandet al.2011). Le broutage du phytoplancton

par lesprotistes hétérotrophes (dolds ciliés) a été peu étudié en comparaison avec la
prédation par le zooplanctomaphnies,copépodes). Cette teraction est pourtant connue
depuis longtemps et était déja intégrée dans le modeéle PlEaak{on Ecology Groypl y a

30 angparSommeret al.(1986. Cette interaction a depuis été démontrée notamment chez les

ciliées dans le cas de bloonmhytoplanctoniques en eau dou@déiller 1989 Mdller et al.
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1991, Poschet al. 2015 Simeket al. 2014). La compréhension du rble des miewacaryotes

au sein des réseaux trophiques lacustres bénéficie et bénéficiera des études portant sur la
diversité génétique des communautés. Notre étude bibliométrique met en évidence un nombre
UHODWLYHPHQW UHVWUHLQW GTpWXGH \earjotes MéuQrés OD GL
en comparaison avec les autres écosystemes (majoritairement portant sur la santé humaine,
animale et les écosystémes marfgurel.11). Les travaux mengslont une synthese non
exhaustive est présentée dans la Figr2 ont permis de mettre en évider{@eune grande

diversité génétique (intra et inter especes) des neigoaryotes des lacfi) la dynamique

temporelle des communautés a difféerentes éehdtiurnaliere mensude, saisonnierk (iii)

les activités biologiques de ces microbg@eg) la dispersion des microbes ir&tosystemes

ainsi que(v) OTHIIHW GHV IRUoDJHVY HQYLURQQHPHQWDX[ H[WHU
(prédation, parasitisme) sur la diversité et langposition de ces communautésinsi, la

dynamiqgue des communautés denicro-eucaryotes est réguléear différents forcages
HQYLURQQHPHQWDX[ DX VHLQ GX UpVHDX WURSKLTXH YDU|
anthropique et climatique). Ces perturbations sont classiguement egpanttie des pressisn
descendantes (ou tep-down», notamment via la prédation par le zooplantteh des

pressios ascendantes (oubettomup», via la modification temporelle desegsources
énergétiques et nutritives bibisponibley /IDFWLRQ KXPDLQH SHXW H[DFt
pressions de plusieurs facanpar une forte pression de péche (impactant par cascade
trophique la prédation zooplanctonique des mauwoaryotes), la modifiti@n des teneurs en
QXWULPHQWYV GDQV OH ODF HQJHQGUDQW OfHXWURSKLV!

réchauffement climatique.

Figurel.11. Recherche bibliographiqu&lombre de publicationistées dans ISWeb avec
les combinaisons de mots clésvaimtes: «protists» ou «microbial eukaryotes ET «DNA »
ET «lake» ou «ocean/marine ou «soil » (ou rien pour la rubrique totabar année entre
2000 et 2015 et moyenne sur 20 ans entre 1980 et 1999)
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Figure .12 /LVWH QRQ H[KDXVWLYH GHV SULQFLSDOHV SXEO
communautés microbiennes eucaryotes lacustres utilisant des analyses de biologie
PROpFXODLUH OHV TigsHMYWLOR QiMmatiGuid @wdigebedV techniques
moléculaireautiliséeV HW OYDSSRUW GH FHV SXEOLFDWLRQV j OD FF
micro-eucaryotes.
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1.1.3.4 Etat des connaissances sur la réponse des mitdFDU\RWHYV j OTHXWURSKL
changements climatiques

%LHQ TXH OfYHXWUR S kemer dimhdique HMentOdduxUrackekr® ¥oinnus pour
impacter les communautés biologiques aquatiques et plus généralement le fonctionnement du
ODF OfHIIHW GH FHV I|IRU oD JH\uvaxyote®dst\enbove\pelFkcerdlD JHV G H

La plupart des études pant sur les effets A@ fHXWURSKLVDWLRQ GHV ODFV V
les micrealgues Jeppesemt al.200Q Kong & Gao 2005Paerlet al.2011). Certains travaux
UpYgOHQW pJDOHPHQW OD UpSRQVH GHV FRPPXQDXWpV ED
nutriments Haukkaet al. 2006 Baltaret al.2015 QRWDPPHQW P DU TixtipHd&sDU O YD
OTDERQGDQFH HW GH OD NogaRszXd.\RA1B.CepeDda (el letdde) H
relatives aux micro-eucaryotes dans leur ensemble (hétérotrophes, phototrophes ou
PLIRWURSKHV VRQW SOXV UDUHV $LQVL OfYpWDW WURSKI
DYHF OD GLYHUVLWp DX VHLQ G 1D \WeéfrhircetaD20B5/ZHRbadg URELHQ
al. 2011 maisjamaissans prendre en compte les changements temporels de la communauté.

De plus,bien quecertainsgroupes de protistes sont connus pour étre abondants dans les
milieux aquatiques en conditions eutrophes tlie les chlorophytes NaselliFlores &

Barone 2000Mosset al. 2003 Soareset al. 2013, lesdiatomées Battarbee 200Battarbee

et al. 2002 Smol 2008 Davidson& Jeppesen 20)3u lesciliés (Beaver& Crisman 1989

Kisand & Zingel 200Q Pawlowskiet al. 201§ OD UpSRQVH GXd@#HmiEgdDQGH S
HXFDU\RWHYV j OTHXWURSKLVDWLRQ HVW HQFRUH DXMRXUG"

Les changements climatigs (température, précipitatian sont également conrsupour

impacter les communautés biologiques des milieux lacustres provoquant notamment
OYDSSDULWLRQ GH SLFV GH ELRPDVVH SODQFWRQLTXH
zooplanctos de petites tailleginsi quedes activités bactériennes plélevées Nosset al.

2003 Mooij et al. 2005 Jeppeseret al. 2005 de Senerpont Domist al. 2013. Mais, a
OfLQVWDU GHV pWXGHV VXU OYfHXWURSKLVDWLRQ OHV
guelques groupes taxonomiques .(i.micro-algues). Les micro-eucaryotes pourraient
égalementrwUH LPSDFWpV SDU OHV HIIHWV GLUHFWYV OfpOLF
processus hétérotrophes plus importants que les processus phototrophes, la sensibilité aux
UV) et indirects (via depressions exercées par le climat sur leurs proies ettpuggpdu
changement climatiquéFigure 1.13, Caron & Hutchins 2013 Rose et al. (2009) ont
QRWDPPHQW PRQWUp T&XH ONDWHPHSQWDWXREHA GH OD PDV
OIDERQGDQFH HW OD FRPSRV-EapdlaR@onWhbtpRQarREZLIMEX Et G X PLF
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dinoflagellés KpWpURWURSKHV FHY FKDQJHPH@atWicBiehXauD QW VI
sein du phytoplancton et dopar demultiples interactions au sein du réseau trophidreesé
et al.2009.

La difficulté a déconvoluer les effets de multiples forcages sur les communautés de micro
eucaryotes expligue en grande partie le manque @ @@ LVVDQFHY FRQFHUQDQW
FOLPDW HW GH OfHXWURSKLVDWLRQ VXU FH FRPSDUWLPH
synergiques ou antagonistes en fonction des groupes/espéces éhléasglle et al. 2004

Gallinaet al. 2013 Rigosiet al. 2014 de Senerpont Domist al. 2014). De facon générale,

O 1 D X Jiidonl @e8VtBmpératures dans un systeme eutrophisé semble exacerber les effets de
OYHXWUR Pé&erl &DMitrRa® 2008 'DQV OH F D VmeGehXfaseieVré/ g
oligotrophisation, le réchauffement climatique pourrait freiner les effets de -la re

oligotrophisation empéchant le retour du réseau trophique a son étatedgrpphisation.

Figurel.13. Schéma général de la position trophique du nano et taamplancton au sein du
réseau trophique planctonique et des effets potentiels directs et indirects des changements
climatiques sur ces assemblagesu deCaron& Hutchins 2013
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|.2. Objectifs et stratégie des travaux de thése

[.2.1. Objectifs de la thése

/I TREMHFWLI SULQFLSDO GH FHWWH WKqVH HVW GIDQDO\VF
eucaryotes aux forgcages environnementalf.RULJLQDOLWp GH FHV WUDYDX
WHPSRUHO XWLOLVp SOXVLHXuNémldd) te@dd ScoesiDIQd@pgueid/ | SO
OYDSSURFKH GH SDO pRpREtR@dgeldppligpde @3 Baséz Bur l¢éldéquencage a

KDXW GpELW GH OY%$'1l VpGLPHQWDLUH SRXU UHWUDFHU C
microbiennes eucaryotes sur des padeteps relativement longs / {DSSOLFDWLRQ GH |
GYIDSSURFKH SDOpROLPQRORJLH PROpFXODLUH HVW HQFR
pourquoi cette these inclue certains travaux qui relevent de la calibration du signal ADN

sédimentaireDeux prircipaux axes ont été développés au cours de ces travaux de thése.

.l2.1.1 Axel &DOLEUDWLRQ YDOLGDWLRQ GH OYXWLOLVDWLRQ

Une problématique importante dans les études de paléoécologie moléculaingeeshence

GH OfXW LADN\sBditherRa@e Gofnme le reflet des communautés planctoniques et
EHQWKLTXHV GH OfpFRV\VWqgPH 'H OD VpPpGLPHQWDWLRC
HQIRXLVVHPHQW SOXVLHXUV pYqQHPHQWY SHXYHQW HPS)
planctonique dans les séuints, notamment la dégradation par les microorganismes dans la
FRORQQH GTHDX OD IRUPH VRXV ODTXHOOH Of$'1 DWWHLQ
OHV SURFHVVXV GLDJpQpWLTXHV SRXYDQW GpJUDGHU 0Of1%
sédimets. Alors que plusieurs études portent sur les limites et les conditions relatives a
OYDUFKLYDJH GH Of$'1 GHW IWRPH X@HDNXp W HOUHha@®3HV VpGL
(Corinaldesiet al. 2008 Boereet al.2011a, Torti et al. 2015 et lacustresGoolen& Gibson

2009 OD TXDOLWp GH OYDUFKLYDJH HQ IRQFWLRQ GHV JURX
Les travaux présentés dans les chapitres Il et 1l appatéenbuveaux éclairages concernant

OD SHUWLQHQFH: B HO DI X Wip@GL\WPHWYMWDQL UH ODFXVWUH FRPPH

planctoniques.
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Chapitre Il : (IILFDFLWp GIDUFKLYDJH GH Of$'1 GHV PLFURRUJD
GIfHDX YHUV OHV VpGLPHQWY GX ODF GX %RXUJHW

Les travaux présent@ans le chapitre lon6RXU REMHFWLI GH YpULILHU OfH!
GH 01%$'1 GH»PRFUWRWHY SODQFWRQLTXHV GH OD PDVVH (
VWUDWpPJILH GfpWXGH GH FH SUHPLHU YROHW HVW GH FRPS
j KDXW GpELW LGW$H OV EBDYVYVdu BEdfirged (a 26X etOLBGFm) et de
VPGLPHQWY UpFHQWY DUFKLYHV GHV GHUQLQqUHV DQQpkF
ODF GX %RXUJHW SURYLHQQHQW GTXQ VXLYL PROpFXODLU!
(par séquengge a haut débit 454 Roche) au cours de deux ans (prélevements mensuels). Ce
VXLYL VILQWqJUH GDQV OH VXLYL GH OfpWDW pFRORJLTX
alpins (OLA; https://www6.inra.fr/so&hola}. Dans ce projetnous avons tiré profit de la

disponibilité de ces données pour les comparer aux inventaires moléculaires provenant des
couches sédimentaires du lac du Bourget. En complément, une étude de transcriptomique,
EDVpH VXU OfRBESCCIEAFWWRQQRFULWY j SDUWLU GT$51 S
OfIDEVHQFH SUpVHQFH GIDFMAFDLWR\E HRORDQVXEBHFHVP GRP R
GI{DUFKLYDJH GH Of%$'1 GH WD[RQV SODQFWRQLTXHV SHXV

nombreux goupes taxonomiques et fonctionnels de mewoaryotes.

Questions spécifiques TXHOV WD[RQV SUpVHQWY GDQV OD PDVVH Gt
€galement retrouvés a 130 m et par conséquent quels microbes sont les plus susceptibles
GIDYRLU pWN PROYIMRBRpFRXUYV GH OD VpGLPHQWIRWERQ GDC(
la proportion de taxons planctoniques retrouvés dans les archives sédimé@nGamrain

groupes microbiens planctoniques sigitsousreprésentédans les archives sédimentaires ?

Y a til des taxons actifs dans les sédiments, et si sontils dominants dans les inventaires
moléculaires?
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Chapitre lll : SUpVHUYDWLRQ GH Of$'1 VpGLPHQWDLUH DX FRXUYV

/INREMHFWLI GSHYpWHODMNIMK[GDQY OH FKDSLWUH ,,, HVW (
OfHQIRXLVVHPHQW GDQV OHV VpGLPHQWY D XQ LPSDFW VX
GHV SUHPLqUHV DQQpHYVY GYDUFKLYDJH &HWWHGANMaRWKqVH
et al. (2008 de la chute des teneurs en carbone et azote dans des sédiments du lac
1\ODQGVVM|Q DX FRXUV G HGamargQap P00 RyWbdugi.KNlartiDerrH

Cortizas 2014 /fDSSURFKH FRQVLVWH j FRPSDUehhiqgds\deFDUDFV
stratessédimentaires de carottes prélevées a différentes années (EigreDans ces

travaux, nous avons voulu tester cette hypothése concernant la qualité du signal ADN (impact

sur la richesse et la composition des communautés microbiennes eucaryotes). Une
FROODERUDWLRQ DYHF &KULVWLDQ %LJOHUéqHPY d¥ HV FR(
SDOpROLPQRORJLH D SHUPLVY OYDSSOLFDWLRQ GYDQDO\VEF
sédimentaires uniqgue au monde (carottes du lac Nylandssjon prélevées et conservées depuis
plusieurs années &18 °C). La stratégie de ces travaux ¢stesa comparer les inventaires
moléculaires de 12 strates sédimentaires (datées entre 1973 etiQ06 de séquencage

lllumina MiSeq) provenant de deux carottes prélevées en 2007 et 2013 et conservées par
congélation jusqu'aux analyses moléculaire2@@%#2015).

Questions spécifiques OfHQIRXLVVHPHQW DX FR Xthlun EnHa¢t SuJlad PLq U H \
TXDQWLWp GY$'1 DUFKLYp OD ULFKHVVH OD FRP|ISRVLWL
microbiennes eucaryotes? Certains groupes de faigraryotes antils sujets a plus d
PRGLILFDWLRQY TXH GIDXWUHYV

Figure 1.14. Schéma illustrant la période temporelle couverte par chacune des 10 carottes
sédimentaire prélevées entre 1979 et 2007 (a) et les teneurs en carbone (b) et azote (c)
(pourcentage par raprt a la masse de sédiments secs) pour chaque varve individuelle des 10
carottes (modifiée a partir d@&lmanet al.2008.
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%LHQ réstefde®aspects métRORILTXHV | YDOLGHU FRQFHUQDQW Ol
GDQV OHV VPpGLPHQWY OH QLYHDX GIfDERXWLVVHPHQW DW
j KDXW GpELW j GH O1$'l VPpGLPHQWDLUH SHUPHW GH GpS

changements tempdsadans les communautés microbiennes eucaryotes.

[.2.1.2 Axe 2: Dynamique temporelle des communautés microbiennes en réponse aux
forcages environnementaux

Alors que plusieurs études moléculaires ont mis en évidence la réponse de groupes
VSpFLILTXHVY PLFURELHQV DX[ IRUODJHV HGadmema®PeHPHQW
lacustres Coolenet al. 2004 Domaizonet al. 2013 Hou et al. 2014 Randlet et al. 2014), il

existe XQ PDQTXH GH FRQQDLVVDQFHY FRQFHUQDQW OYLPSDF
WURSKLTXH pFRORJLTXH FRPSOH[H $X VHLQ GYXQ UpVHD:
microbien eucaryote est intéressant car il integre de reurbliens trophiques (proie et
prédateur, héte et parasite, producteurs et consommateurs de matiére organique). Grace aux
DYDQFpHV GHV WHFKQLTXHYVY GH ELRORJLH PROpFXODLUH L
changements temporels de richesseoaiposition de ceassemblagedMangotet al. 2013

Debmaset al. 2015 méme sur des pas de temps trés lo@golenet al. 2013. Les travaux

du VHFRQG DJ[H V1L dtie WdéviddoadeNdeGebrgpxehension de la dynamique
temporelle des assemblages biologigeeslela réponse de ces communautés aux forcages
environnementaux. Dans ces travaux, la dynamique temporelle des conmgsunaeté

étudiée dans deux la@u cours des ZD0 derniéres années (lads Bourget etlgaliku,

chapitre V) HW GH IDoRQ SOXV UpVROXWLYH GDQV OHV ODFV
siécle dernier (chapitre V) permettant de révéler les effets des forcages climatiques et
anthropiques sur des pgdH WHPSV FRQWUDVWpV /H SUHPLHU SURMH\
des fluctuations climatiques au cours des derniers 2200 ans, notamment les larges oscillations

de température marquées par des périodes chaudes (période médiévale dif"@sacle3et

période actuelle) et des périodes froides comme le petit Age glaciaire (au courddu 16
siecle) Buntgenet al. 2011). Le second projet vise a révéler les variations temporelles dans

les communautés microbiennes eucaryotes sur un pas de temps plus court (100 ans) en lien
DY HF Gs§étertdirRréchauffement climatique (surtout au cours des 30 derniéres années,
Auer et al. 2007 et la modification des teneurs en phas@dans deux lacs ayant des états

trophiques contrastése chapitre V apporte, par rapport au chapitre IV, un échantillonnage
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plus exhaustif réalisé sur des carotégimentaires relativement courtes correspondant aux

100 derniéres années.

Chapitre IV_: Impact des forcages environnementaux au cours 2 dernieres années sur
les communautés microbiennes eucarydéss lacs du Bourget (France) et Igaliku

(Groenland)

La stratégie appliquée dans les travaux présentés@ans FKDSLWUH , 9 (DY IpP\§D EWp W
au cours des 2200 dernieres années des fluctuations climatiques et des activités humaines sur
OD FRPPXQDXWp ELRORJLTXH GH GHX[ ODFV GH W\SRORJL
Alors que le lac du Bourget (grand, profond et chaud, Fran€e) @aractérisé par la présence
GIDFWLYLWpV KXPDLQHV GXUDQW WRXWH OD SpULRGH
eutrophisation dans les années 1940s), le lac Igaliku (petit, peu profond et froid, Groenland) a

été faiblement impacté par les activités huresiprincipalement entre le 9 et |e*1%siécle

aprées J.C. et au cours du siécle dernier). Les données acquises sont exploratoires car bien que
SOXVLHXUV pWXGHYV DLHQW PRQWUp TXH Of$'1 GH OD PD\
analysé dans les archivesdimentaires récentes (100 anBomaizon et al. 2013,
Savichtcheveet al. 2015, sa présence et sa persistance au cours de plusieurs millénaires

Q 7 CeM [amaiséeté étudiéspour ce lac etrecore moins pour le lac Igaliku qui a pourtant
EpQpILFLp GH SOXVLHXUV pW XG ki d8DpiopyRofpEstj@eBdlithiieX HV V D
et al. 2010, Perreret al. 2012, Milletet al. 2014). Les questions queous avons abordées

dans ce capitre sont listées @essous.

Questions spécifijues 4XHOOH HVW OYLPSRUWDQFH UHODWLYH
climatiques et des #eités humaines sur la dynamique temporelle des communautés de
micro-eucaryote$acustres au cours des derniéres 2200 années “‘direétecter des poinfs
de basculement dans les communautés en lien avec ces fdtcBgistet-il une réponse
commune desommunautés des deux lacs étudiés aux fluctuations climatiquesc@ &ise¢
OfHXWURSKLVDWLRQ GX ODF GX %RXUJHW GDQV OHVM DQQpl
communauté biologique de ce fcQuels groupes fonctionnels de mieucaryotes
répondent a ces forcag@s
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Chapitre V : Impact des forcages environnementaux au cours des 100 derniéres années sur
les communautés microbiennes eucary@@edV ODFV G{I$QQHF\ HW GX %RXUJH

Les travaux réalisés daleschapitre IV ont montré QO THXWURSKLVDWLRQ GX ODF
moitié du 20™®siécle a été le forcage leugl fort au cours des deux demsienillénaires pour

OD FRPPXQDXWp PLFURELHQQH HXFDU\RWH $ILQ GTpWXGL
communauté a cette pollutioresl eaux et aux fluctuations climatiques récentes, les travaux
UpDOLVpPV GDQV OH FKDSLWUH 9 VRQW EDV@Vcald$lduO TpW X G
siécle dernier de la communauté microbienne eucaryote du lac du Bourget (eutrophisation
marquée) et duat Annecy (peu eutrophis€). La concentration en phosphore a été reconstruite

a partir de restes de daphnies retrouvés dans les sédiments la&estitesnet al. 2014).

Concernant les variations climatiques, alors que les précipitations ont été décrites comme non
significativement variables dans cetteRUpJLRQ OHV DQRPDOLHVAH WHPS¢

et al.2007) ontété utilisées comme indicateur de forcages climatiques lors dexcagx.

Questions spécifiqgues Quels sont les changements temporels dans la richesse, la
composition et la structure des communautés au cours des 100 dernieres? dpuéksst
OfLPSDFW GHV IRU0ODJHV HQYLURQQHPHQWDMN(naR&XLPDW H\
Quels taxons contribuent aux réarrangements dans les communautés en lien avec les
forcages? Peuton détecter des réponses aux for¢cages au niveau des réseaux écologiques
(réseaux de cooccurrencePeuwton mettre en évidence des réponses commeaug micre
eucaryotes des deux la®s
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[.2.2. Approche méthodologique

Ces travaux de these se basent sur une approche de paléoécologie moléculaire, consistant a
XWLOLVHU Of%$'1 SUpVHUYp GDQV OHV VpGLPHQWYVY ODFXVW
GDQV OHV FRPPXQDXWpV ELRORJLTXHV GX V\VWgqPH 8QH
sédiments lacustres, provient des communautés pélagiques et benthiques du lac et peut étre
XWLOLVpH SRXU UHWUDFHU OHV FKDQJHPHGQ@QditMn@DI®YV OD U
FRPPXQDXWp PLFURELHQQH ODFXVWUH /HV RXWLOV GH E
sédimentaire au cours des 10 dernieres années ont été majoritairement utilisés pour cibler des
groupes spécifiqgues de protistes etcgianobactéries et rament via le séquencage a haut
GpELW GH 0Of1%$'1l SULQF L-BOGGEHC®0HIENRY all 20845 StddELBichsenring

et al.2012 Domaizonet al. 2013 Savichtchevat al. 2015. Bien que de plus en plus utilisé

dans les études de diversité microbienne, notamment concernant les protistes et les
champignons Taib et al. 2013 Logareset al. 2014 Adl et al. 2014 de Vargaset al. 2015
Filkeretal.2016 OH VpTXHQoODJH j KDXW GpELW GH Of$'1 QMD pW|
VHXOH I|IRIDN 3éditden@ifes pour étudier le plancton eucaryote via une approche
rétrospective (Coolemt al. 2013). Compte tenu du potentiel du séquencage a haut débit
DSSOLTXp j O7%$'1 powGetradeda \Wybdmigde temporelle des communautés
microbiennes ewryotes des écosystémes aquatiques, les travaux présentés dans ce manuscrit
VRQW EDVpV SULQFLSDOHPHQW VXU Of{XWLOLVDWLRQ GH
provenant de plusieurs lacs (en Franee Suede et au Groenland) et couvrant des cadres
temporels contrastés (de 40 ans a 2000 ans), ont été utilisées pour répondre a des questions
portant sur des aspects méthodologiques et écologiquasdeéul.2). Les méthodes et
SURWRFROHVY PLV HQ °XYUH VRQW GpWDLOOpPNCBdAXQV FKDT
UpVXOWDWY DFTXLV [/9DS SteBsbusldt daig lagukeV.p8H HVW GpFULWH

Tableau I.2Caractéristiques des carottes sédimentaires utilisées dans ces travaux de thése
Année

de Période
Nom des carottes Lacs x temporelle Questions
préleve .
(années)
ment
LDB13-| Bourget (France) 2013 2000 écologie
Iga-2013 Igaliku (Groenland) 2013 2000 écologie
LDA_09 P2 03 Annecy (France) 2009 100 écologie
LDB_09 P2 _02 Bourget (France) 2009 100 écologie/méthodologi
Nylandssjor2007 NylandssjonSuede) 2007 40 méthodologie
Nylandssjor2013 Nylandssjon (Suede 2013 40 méthodologie
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Figure 1.15 Approche méthodologique appliqguée dans ces travaux de thése
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&H WUDYDLO VYIDSSXLH VXU XQH GpPDUFKH SOXULGLVF]
complémentaires notamment pour les aspects concernant les analyses sédimentologiques
réalisées sur des carottes de références (mesure des concentrations en éléments minéraux et
matiere organique, reconstruction des teneurs en phosphore basée sur lgecdmpéstes

de diatomées ou de daphnies) et les datations (par détection de marqueurs lithologiques,
comptage des varves quand possible et meRsgeactivités radionucléides). Ces analyses ont

été réalisées au cours de la période 2204 par plusieurscientifiques des laboratoires

EDYTEM (Bourgetdulac), CARRTEL ChroncHQYLURQQHPHQW %HVDQORQ H
SDOpROLPQRORJLH GH Of8QLYHUVLWpP GY8PHNn HQ 6XqGH

/IH F°XU GH FHVY WUDYDX[ GH WKgVH UHSRVH VXU OHV DQD
VPGLPHQWDLUHY HQ FRPSOpPHQW GX FRUSXV GIpWXGHV
paléoécologie (comptages des res@sfRUJDQLVPHV P&dasti &. V15 pol L U
synthese). Chacune des caretédimentairedédiée aux analysesoléculaires est déapée
longitudinalement et des couches sédimentaires sont prélevées (épaisseur de 0.5 ou 1 cm en
fonction des taux de sédimentation connus et des datations). Seul le centre de chaque couche
sédimentaire est échantillonné pour les analyses moléculafies Gefiter toute
contamination externe (pendant le prélévement, le stockage de la car6Geoa 4a prise en
PDLQ GH OD FDURWWH /1$'1L SUpVHQW GDQV FKDTXH FRXFEk
J GH VPGLPHQWY j OfDLGH GH KW biDFFpW\ HRitos @& §SrdltePuthié W D Q W
(kit MachereyNagel, Duren, Germany). Afin de cibler les micencaryotes (protistes et
FKDPSLJQmplificatio® flar PCR est réalisée sur des portions géniques retrouvéees
GDQV OH JpQRPH GH WRXV OHV HXFDU\RWHV HW GRQW
OfDIILOLDWLRQ WD[RQRPLTXH sbayseskit vhapitté D ¥dhixjasedd W K g\
sur leséquencage a haut dédb PpWKRGH GH S\URVpTXHQoODJH GIXQF
SE UpJLRQ 9 GX JgQH FRGDQW SRXU Of$51U 6 FDU O
GfHDX RQW pWp DFTXLVHVY GDQV OH FDGUH GH OYREVHUYI
communauté mictmienne eucaryote. Tous les autres travaux présentés dans cette thése
(chapitres 1lI, IV et V) ont été réaliséSDU OH VpTXHQoDJH KDXW GpELW OL
SDUWLH GH OD UpJLRQ 9 GX JgQH FRGDQW edtfphis tduirt 6 S
ce qui permet de retracerd@ $'1 SOXV DQFLHQ SURPSW j OD IUDJPHQV
par des processus diagénétigues dans les sédiments (voir description partie 1.1.1.4).
/Y DPSOLILFDWLRQ GH Of%$'1 HIWUDLW GH VpGLPHG®Y GX O
testé sur des fragments V4 et \J7alors que la portion génique correspondant au fragment
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court (260 pb)a été amplifi@ a partir de sédiments correspondant a toute la période ciblée
HQYLURQ DQV DSUqV DQV é Déteeté mott IEsHragments FDW L R
ORQJV 3RXU OHV WUDYDX[ SRUWDQW VXU OfYfpFRORJLH GH
OfHQIRXLVVHPHQW GH Of%$'1 DX FRXUV GX WHPSV GDQV
FKDSLWUH ,,, QR XV DY RftagmenK edoury (régdf X/'w REDLPHH hburO H
VIDVVXUHU G 1R EpWatéeptésentatvel dé R Rdnminunauté biologique du lac. Tout
DX ORQJ GH OD SURFpGXUH SHUPHWWDQW GTREWHQLU GF
sédiments, des précautions sont mig¢® SODFH SRXU VY{DVVXUHU GH OD IL
moléculaires obtenus notammets O XWLOLVDWLRQ GH EORXVHV HW JDQ
PFKDQWLOORQQDJH GHV FRXFKHYVY VpGLPHQWDLUHYV OfH[WL
des étapeséalisées dans 3 piecd#férentesdédiéesa chaque tache etous hodte a flux
laminaire. A chaque étape, des contréles négatifs (des tubes Eppmdosf mLcontenant
—/ GIHDX XOwWUD SXUH SHUPHWWHQW GH YptllansLHU OD ¢
En complément, deux inventaires moléculaires sont séquencés pour chaque couche
VPGLPHQWDLUH FRUUHVSRQ G D&Wslds GHIXrésehty tebF&8 HRIQV G 1 4
inventaires sont gardés pour les travaux portant sur les analyses écoldgigu€3 GpYLWHU
SRWHQWLHO ELDLV OLp j OfTKpWpURJIpQpLWp GH OD UpSI
sédimentaireschapitres IV et V HW GHV ELDLV GYHCRSEat ld BUDaNIERQ SD|
traitement bioinformatique des données issues du séquencageMa lap ELW SHUPHW G
SRXU FKDTXH FRXFKH VpGLPHQWDLUH GHV WDEOHV GIDERC
les chapitres correspondant aux travaaxété réalisée pabidier Debroasau sein du
laboratoire LMGE (Aubiére).

'DQV OHV GRPDRQRYLIGH ICFMpRELHQQH OfYpFRORJLH WHPSF
plusieurs outils/méthodes analytiques et statistiqueswaibistes pour étudier la dynamique

des communautés et leurs réponses aux forgcages environnem@&amette 200,/Legendre

& Legendre 2012Dornelaset al. 2012 Buttigieg & Ramette 201 Les outils utilisés dans

FHY WUDYDX[ SULQFLSDOHPHQW DSSOLTXpV YLD OH ORJLF

() les variations temporelles et points de basculements des indices de diversité de la
communauté (estimateur de richesdgaol, indice de diversité de Shannon et indice de
6LPSVRQ LQGLFH GfpTXLWDEL Oét&ransHnés lpbLO&RepringslV LQGL
sous la forme des nombres de ldéins les travaux du chapitre (Yost 2007, Gotel& Chao

2013, Chaeet al.2014, Hsietet al.2016 qui permettent une appréhenspas intuitive de la

notion de biodiversitt QRPEUHYV pTXLYDOHQW. G br¥ssmcE devpdihtd He-F W L Y H
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FKDQJHPHQWY GDQV OD G\QDPLTXH WHPSRUHOD®é¢siaBH FHV |
change point(bcp; Erdman & Emerson 2007 /9D Q b€p\saldule une valeur de

probabilité de changements pour chaque paire de dates consécutives (valeurs entre 0 et 1)
SHUPHWWDQW GTHVWL P H Uar@énentd gansil@Qsere @ rmpdteRd. QW YV GH FK

(i) la modification temporelle dans la structure de la communadsns ces travaux de
WKqVH GHX[ PpWKRGHV VRQW XWLOLVpHV /D SUHPLQqUH
temporelle comme variable et se base sSFBOFXO GH OfLQG BrRMWCaGtd aGLVVLPL
SDUWLU GHV GRQQpHV GIDERQGDQFH GHV 278V GDQV F
dissimilarité de Jacard basé sur les présences/absences des OTUS). Les matrices de
dissimilarité obtenues peuvent étre vissli sous forme de graphique a 2 axes (analyse
nMDS) ou VRXV IRUPH GYDUEUH KLpUDUFKLTX Hier&chiga WpULVE
clustering treg¢ (Oksanenet al. 2015 'HV JU R X Srtilbn$s($yoakt ine trajectoire
temporelle ou non) peuvent ainsi étre détermieé confirmé par analyse statistique de type
ANOSIM) et mettre en évidence les changements temporels abrupts dans la structure de la
communauté. La deuxiéme méthode ditgltivariate tree regressiofMRT; 'H 1D W K)

inclue le temps comme variable et permet de détecter des points de basculements dans la
structure des communautés. Elle est basée sur le partitionnement des données de chaque
échantillon en fonction deSGRQQpHV G 1DERQG D Qhlidatibrined/ WeslltadsD FU R\
(Borcardet al.2011).

(i) les réarrangements au sein de la communagi@ce a la méthode SIMPER, il est

possible de mettrediQ pYLGHQFH OD FRQWULEXWLRQ GHV FKDQJHPH
les réarrangements temporels de la communauté. Les réarrangements au sein de la rare
biosphere, suspecté& § D WR kdle important dans la réponse de la communauté aux
perturbationssont étudiss GDQV FHV WUDYDX[ GH WKgVH SDU OfpWXGH

larges oscillations au cours du temps entre des états rares et abaslalasirfg OTUS.

(iv) les effets de forgagesnvironnementaux sur les communautés au cours du temaps
OTDQDO\V Henérdlixed additive modeldHastie & Tibshirani 1986 Simpson &

Anderson 2009, Wood 2019.e GAM est une méthode de régression non linéaire permettant

GH PRQWUHU TXDQG OH SUpGLFWHXU FR&SBryemerd I XQH
paramétriques), affecte une variable réponse. Cette méthode permet demétidence la
contribution de plusieurs facteurs de forcage a la variation temporelle dans les parametres de

la communauté (richesse, diversité, structure de la communauté totale ou de groupes

spécifigues ou méme de modules constituant les réseaux deuceoce).La figure ci
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dessous présente le graphique illustrant la contribution de deux facteurs de forcages
(predicteus j XQH YDULDEOH UpSRQVH SDU H[HPSOH OD ULFKH\
de contributions mis en évidence par cette figure WddH QRWDPPHQW TXYLO HV
KLpUDUFKLVHU OYLPSRUWDQFH UHODWLYH GH FKDTXH IR
variable Figurel.16).

Figure 1.16. Analyses GAMs. Figure illustrant la cordution relative de deux predictsuaux
changementdans une variable réponse.

(v) la structuration des assemblages en réseaux de cooccurrence. Ces analyses permettent de
PHWWUH HQ pYLGHQFH GHV JURXSHV G278V LQWHUFRQQH
au cours du temps (synchronie dans leur ahooel relative), de rechercher des modules
communs intecosystémes ou encore de mettre en évidence les liens entre ces modules et les
modifications environnementales. Plusieurs méthodes sont utilisées par les écologues
microbiens pour créer des réseauxFIRRFFXUUHQFH j SDUWLU GH GRQQpH)\
(voir synthése dé-aust& Raes 2012 et Faust al. 2015. Dans ces travaux de thése, la
meéthode dite WGCNAL@ngfelder& Horvath 2008, est utilisé pour créer des réseaux de
cooccurrence a partir de données temporelles comme précédemment appliquées dans
plusiaurs étudesGfHFRORJLH Pdsédd RUE déesQQnHées spatighgdward et al.

2015, Guidiet al.2016, Bryantt al.2016.
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[.2.3. Structure de la these

(Q FRPSOpPHQW GHYV FK DtdeWitttbyioms(fhaQitved) RIG/K,HanmaRuQcrit

de thése est composé dechapitres correspondant chacun a une publication scientifique
acceptée, soumise ou en préparation. Pour les chapitres 1V et &halgses non incorporées

aux travaux soumis pour publication ont été ajoutées dans ce manuscrit deBhése
complémentun article desyntheseSRUWDQW VXU OYDSSOLFDWLRQ GHV F
paléolimnologie, de nouvelles opportunités pour étudier la dynamique a long terme de la
biodiversitélacustrea été ajouté eAnnexe Ce papier est actuellement en révision dans le

Journal of Paleolimnolog{Domaizonet al.in rev).

- le chapitre Il (IILFDFLWp GTDUFKLYDJH GH Of%$'1 GHV PLFURF
PDVVH GYfHDX YHUV OHV VpG PRiieQabcept& eéh ZDIbRdadixobialR X U J H W
Ecology

- lechapitre lll : 3UpVHUYDWLRQ GH Of$'1l VpGLPHQWDRadier DX FRX

en préparation Papier en préparation pour soumission demsnal of Paleolimnology

- le chapitre IV : Impact des forgages environnementaux au cours des 2200 derniéres années
sur les communautés microbiennes eucaryotes des lacs Bourget (France) et Igaliku

(Groenland) Papier accepté danslolecular Ecology

- le chapitre V : Impact des forgcages environnementaux au cours des 100 derniéres années

sur les communautés microbiennes eutddy HV GHV ODFV GT1$QQH Papier'ww % R XU
en préparatiopour soumission darisnvironmental MicrobiologyD X FRXUV GX PRLV GTIR
2016

a7
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GfYHDX YHUVY OHV VpGLPHQWYV

Is Planktonic Diversity Well Recorded in Sedimentary DNA?
Toward the Reconstruction of Past Protistan Diversity

Publié dan#Microbial Eoology (2015) 70:865375

Eric Capd 2, Didier Debroa% Fabien Arnauti& Isabelle Domaizoh*

1INRA,UMR 42 CARRTEL, 74203 hononles-BainsCedex, France
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- Conception dé f p W MOGDD, EC

-AcQUIVLWLRQ GHV GRQQpPHV ,' " (& SODWHDX GYDQDO\VHV GX &!
- Traitements bioinformatiques: DD

- Analyses et interprétations des données: EC, ID, DD, FA
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Resumé
Les travaux présgés dans ce chapitre sobbséy VXU OD FRPSDUDLVRQ G

PROpFXODLUHYV SURYHQDQW GH OD PDVVH GYt+apé§de P HW
moins de60 ans) du lac du Bourget. Ces inventaires moléculait#enus par le séquencage

454 de la région V4 du géne codah O 1$5 1 oht pémisde révéler la bonne efficacité
GIDUFKLYDJH GH OfY%$'1l SODQFWRQLTXH GDQV OHV VpGLEF
PLFURELHQV HXFDU\RWHV (Q HIIHW SOXV GH GHV WD]
également été retrouvés ddes sédiments, notamment au sein de groupes photosynthétiques
(Chlorophytes, Dinophycées, Chrysophycées), parasites (Apicomplexés, Chytrides) et
saprotrophes (Cryptomycota). Seuls les Haptophytes et les Cryptophytes ont été identifies
comme des groupes ins bien archivés dans les sédiments. En complément des analyses

$'1 XQH DQDO\WH WUDQVFULSWRPLTXH auElDe/gplificatioh O 1$51 L
PCRderéetroWUDQVFULWY GY$51 QYD pWp RdeldeQelkp@miedsy OHV \
cm suggéranue OH VLJQDO $'1 DUFKLYp GDQV OHV VpGLPHQWYV C
GTXQH ELRVSKqQUH DFWLYH HXFDU\RWH GDQV OHV VpGLPHQ'
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Il1.1. Abstract

Studies based on the coupling of a paleolimnological approach and molecular tools (e.qg.,
sajuencing of sedimentary DNA) present a promising opportunity to obtairtéongdata on

past lacustrine biodiversity. However, certain validations are still required, such as the
evaluation of DNA preservation in sediments for various planktonic taxaadhatt leave any
morphological diagnostic features. In this study, we focused on the diversity of planktonic
unicellular eukaryotes and verified the presence of their DNA in sediment archives. We
compared the molecular inventories (hihinoughput sequeimy of 18S ribosomal DNA)
obtained from monitoring the water column with those obtained for DNA archived in the first
30 cm of sediment. Seventyne percent of taxonomic units found in the water samples were
detected in sediment samples, including pigneeméga, such as Chlorophyta, Dinophyceae,
and Chrysophyceae, phagotrophic taxa, such as Ciliophora, parasitic taxa, such as
Apicomplexa and Chytridiomycota, and saprotrophs, such as Cryptomycota. Parallel analysis
of 18S ribosomal RNA (rRNA) transcriptsvesled the presence of living eukaryotic taxa
only in the top 2 cm of sediment; although some limits exist in using RNA/DNA ratio as
indicator of microbial activity, these results suggested that the sedimentary DNA mostly
represented DNA from past and itige communities. Only the diversity of a few groups,
such as Cryptophyta and Haptophyta, seemed to be poorly preserved in sediments. Our
overall results showed that the application of sequencing techniques to sedimentary DNA

could be used to reconstruetgp diversity for numerous planktonic eukaryotic groups.
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[l. 2. Introduction

Unicellular eukaryotes (i.e., protists) are key components of aquatic systems, mainly as
contributors to plankton biomass and nutriegtling (Caronet al. 2009. Over the last
decade, several studies showed that unicellular eukaryotes represent a diverse and abundant
fraction of lake plankton and cover all functional roles (photosynthetic, saprotrophic,
parasitic, and phagotrophidRichardset al. 2005, Lepeéreet al. 2008, Mangotet al. 2009.
Next-generation sequencing technologies (NGS) noffer the opportunity to deeply
investigate protist diversity in marine and freshwater environmeXisalalZettler et al.

2009 Lepeéreet al. 2013, Mangotet al. 2013, Logarest al 2014, Debroa®t al 2015).
However, field surveydased on NGS tools are still rare, and when they exist, they are
generally used for shetérm studies. Such DNA surveys should be used to acquireéomg

data to consider the dynamics of planktonic diversity on time scales ¢habmsistent with
changes in environmental conditions, e.g., changes in lake trophic state that occur on the

pluri-annual/decennial time scale.

One opportunity for studying the dynamics of lacustrine diversity over-tiomg scales
comes from paleolimnolacal approaches. Morphological remains or cysts/spores preserved
in sediments are used as classlwaimarkers to track changes in diatoms, chironomids, or
cladocerans assemblagdé3attarbeeet al. 2001, Millet et al. 2009, Alric & Perga 2011
However, these classical proxies reflect only a small part of total planktonic diversity. To
complement these classical proxies, sedimentanA @&n be used to potentially obtain
information about all lacustrine taxa, including those with no visible diagnostic features
preserved in sediment. Some recent paleolimnological approaches showed the potential of
DNA studies to generate new insights & tdynamics and diversity of various microbial
taxa, including protistan groups (Cooleh al 2004, Boereet al 2009, Corinkldelsi et al

2011, StoofLeichsenringet al 2012), cyanobacteriaFérnandexarazo et al. 2013
Savichtchevaet al 2015), and bacteriaCpolenet al. 2008, even enabling the evaluation of
the relative importance of global warming aedtrophication as drivers of changes in

microbial community composition (Domaizehal 2013, Savichtchewet al 2015).

Until now, most of these molecular paleoecological studies focused on specific taxonomic
groups. The challenge is now to investigatevider scope of diversity, such as protistan
diversity, which includes a large variety of taxa and functions (Pawloets&l 2012). In
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2013, Coolen et al. (2013) applied hitfitoughput sequencing to sedimentary DNA (454
sequencingon 18S ribosomal RNArRNA) gene) to reconstruct the eukaryotic community
structure in the Black Sea over the last ca. 11,400 years. They showed that diverse eukaryotic
groups can be retrieved from all sediment strata, and they identified tipping points in
eukaryotic diversityrelated to the freshwatenarine transition. Despite promising results,
more validations must be done to better understand the advantages and limitations of this
approach of identifying past species from sedimentary DNA. One of the main issues is that
little has been done to quantify how well sedimentary DNA reflects the biological community
present in the water column. It is indeed hard to determine if, when a taxon is not detected in a
sedimentary DNA sample, the DNA has not been efficiently archivédeirsediment or the

taxon was not present in the water column. The outcomes of thedalalimnological
studies are likely to be impaired by variable DNA preservation among different species, as
shown byBoereet al. (2011b)for three marine microbial groups (dinoflagellates, diatoms,
and greersulfur bacteria). Thus, some validations and calibrations are necessary to
investigate the congruence between sedimentary DNA and planktonic DNA signals,
especially since modificationsr even degradation could affect planktonic DNA during
sedimentation along the water column and/or during burial in sediments due to diagenetic
SURFHVVHV etHaD @0P$,QaQridkdelsi et al 2008, Boere et al. 20113. Such
validations require specific experimentations and in situ surveys, e.g., the use of sediment

traps to follow the DNA signatures of planktotéxa that are sedimenting.

Alternatively, a basic approach could be to verify the presence of planktonic taxa DNA in
recent sedimentary deposits by comparison of molecular inventories (water and sediment).
We performed this comparison between protistarerdity detected in the water column
(epilimnion and hypolimnion) during a 1 ¥ear survey and protistan diversity retrieved from
sediments (uppermost 30 cm of the core). This work was conducted in a deapiperiake,

Lake Bourget. Both planktonic arsgdimentary DNA were subjected to 454 pyrosequencing

of the 18S rRNA gene (V4 region). We also accounted for the potential presence of active

protists in the sediment core through RNA analyses.

The molecular inventories were produced both in terms of operational taxonomic units
(OTUs) and phylogenetic units (PUs). OTUs alassically used as proxies of ecological
species $oginet al. 2006, Shadet al.2013and Logaregt al. 2014); however, the thresholds

usedto delineate OTUs are still under debate, and the presence of a nucleotide polymorphism

52



that could artificially increase the number of OTUs cannot be excluded. An alternative is to
use phylogenetic trees to define PUs instead of OTUs €lab2013,Dunthornet al.2014),

this can beperformed even using NGfata (Debroast al 2015,Verginet al.2013. PUs are
monophyléic units gathering OTUs thaire assigned to the same nearest neighbor reference
and that clustered as a monophyletic branch of the tree. The use of PUs, defined
phylogenetically, limits the overestimation of richness that could be linked to the arbitrary
cutoff thresholds of OTUs. This phylogenetic approach is particularly well adapted to our
paleoecological study because sedimentary DNA is subjected to potential modifications
(during sedimentation and burial) that may induce an artificial increase ofutihber of

OTUs. Therefore, here we focused on the PU level instead of the classical OTU level.

In the present study, we investigated whether the same PU could be retrieved from both water
and recent sedimentary deposits. The goal was to obtain initall&dge on how the
sedimentary DNA signal may reflect the diversity of planktonic protists present in the water
column. We further investigated if the importance (i.e., recurrence or number of DNA reads
within molecular inventories) of taxa in the watetluron tends to favor the archiving of DNA

in sediments. The present study presents original results regarding the potential utility of

DNA to analyze longerm protistan diversity from sedimentary archives in lakes.

[1.3. Materials and Methods

[11.3.1. Study site

Lake Bourget (45°44N; 5°51<E), situated at an altitude of 231 m, has a maximum depth of

147 m and is currently classified as an oligesotrophic lake (Lonterm Observatory of

Alpine Lakes, INRA Thonon http://www6.inra.fr/soer@Ia}. This lake is considered a

meromictic lake, but mixing events can occur throughout the whole water column. This lake
presents hypoxic to anoxic deep water layers during the stratification period (~June to

December).

11.3.2. Sampling

Water samples were collected monthly using a Van Dorn bottle for 1.5 years (15 dates from

March 2011 to September 2012). To consider the potential heterogeneity of the vertical
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distribution of protistan taxa, both the epilimnion (2 m depiid the deep hypolimnion (130
m depth) were sampled. Moreover, the analysis of these two contrasted depths offers the
possibility to detect the potential loss of DNA signal of epilimnetic taxa that may occur during
the sedimentation along the water columA subsample of water (2 L) was collected on 0.2

m pore polycarbonatélters (Millipore, Merck Millipore, Billerica, MA, USA), following
the protocol described by Mangot et al. (2013); the filters were stor&D&tC until nucleic

acid extraction.

The sediment core was sampled in 2010 (same location as water sampling). Sediment strata
were sampled along the first 30 cm of the sediment core. The sampling interval was chosen to
fit two complete lamina triplets, corresponding to 2 years of sedimemt@ddomaizonet al

2013, Jennyet al 2013). Only the center of each slice of sediment was kept for molecular
analysis because it was pregst from any contamination due to contact with the plastic liner

at the periphery. For each sediment stratum, ajuatiof wet sediment was dried at 60 °C

and weighed to estimate the dry weight; the rest of the sample was divided in two subsamples
subjected to molecular analysis (DNA and RNA extractions). No specific treatment was
applied to the DNA samples, while sdew dedicated to RNA analysis were preserved in
RNAlater solution (Qiagen, Hilden, Germany) for immediate RNA stabilization and
protection. All samples dedicated to molecular analysis (DNA and RNA) were képd 4C

until nucleic acid extraction was peried.

The detailed protocol for dating is available in Domaizon et al. (2013) and Jenny et 3. (201
The analyzed sediment core was precisely dated, both by counting visible annual layers and
by careful correlation with a reference core that had bededdusing radionuclideased
chronologies {%Pb and**’Cs) and reported flood events (1910, 1919, 1924, 1944, and 1952).
For the studied time period we provided an accurate and precise chronology; the dating
uncertainty is close to zero when annual laarane present (i.e., since 1933 AD) (Jeahgl
2013,GiguetCovexet al.201Q Savichtchevat al 2015).

[1.3.3. Molecular Analysis

DNA Extraction, PCR, and Pyrosequencing

For water samples (n=30), the nucleic acid extraction metfaedmodified fromHugoni et
al. (2013)using a combination of mechanical and enzymatic cell lysis followed by extraction
using the AllPrep DNA/RNA kit (Qiagen, Valencia, CA, USA). For eagdiment layer
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(n=30), DNA was extracted from three subsamples (1 g of wet sediment each) to avoid bias
from any heterogeneity of the sediment, and the resulting DNA extracts were pooled. DNA
was extracted using an UltraClean Soil DNA Isolation Kit according to the manufacturer
instructions (Mobio, Carlsbad, CA, USA).

All 30 water samples (covering a periofllo’2years) were submitted to PCR amplification.

For sediment, six strata (each one representing two years of sedimentary deposit) were
selected from the first 30 cm of sediment. Two sediment strata corresponded to oligo
mesotrophic conditions in the lakie, recent and older periods (i.e., 202809 and 195%

1952); four other sediment layers were selected in between those twemelsgdrophic
periods and corresponded to contrasted conditions in terms of trophic status in the lake (i.e.,
eutrophic conditias for the strata 19742973 and 1969970, mesotrophic to mesutrophic
conditions for the strata 20@3004 and 20062001; sedablell.1).

PCR amplification of the V4 region of 18S rDNA gene (350 bp) was performed using the
general eukaryotic primers NSF563 (CGCGGTAATTCCAGCTCCA) and NSR951
(TTGGYRAATGCTTTCGC) from Mangot et a(2013. Each DNA sample was individually

PCR amplified, in dupliate 25 L reactions, by initial denaturation at 95 °C for 5 min
followed by 25 cycles of 40 s at 95 °C, 40 s at 53 °C, and 60 s at 72 °C. At the end of the
amplification, the amplicons were subjected to a finahi@ extension at 72 °C. The PCR
products wee purified (UltraClean®PCR Cleddp Kit, Mobio, Carlsbad, CA, USA) and
guantified using PicoGreen (Promega, Sunnyvale, CA, USA). Finally, amplicons of all of the
samples were pooled at equimolar concentrations and pyrosequenced using a Roche 454 GS

FLX system (Titanium Chemistry) by GATC (Konstanz, Germany).

Bioinformatics Processing Applied for Pyrosequencing Data

Pyrosequencing data obtained for DNA samples (water and sediment) represented 1,062,828
raw sequences. These sequences were first subnutstdrigent cleaning procedures: all of

the sequences were checked against the following quality criteria: (i) no undefined bases (Ns),
(i) quality score » 23 according to the PANGEArocess (Giongeet al, 2010), (iii) a
minimum sequence length of 2@, and (iv) no sequencing error in the forward primer.
Putative chimeras were detected by UCHIMEIdaret al. 2011). After the cleaning step,
448,287 reads remained.
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Table 1l.1. The upper part of the table provides a description of the analyzed samples
regarding the period covered by each sample (periods), the depth of sampling in the water
column and in the sediment core (depth), the phosphorous concentration in the lake for each
period ([P] in water in g/L), and the number of samples analyzed. The concentration of
phosphorous in lake water is provided as an indicator ofrtiphic state of the lake: long

term changes in lake total phosphorus concentrations were reconstructed framona di
inferred transfer function (Berthaat al, 2013) based on the identificatiand quantification

of diatomsffrustules preserved in sediment (all values with asterisks); total phosphorus
concentrations for recent periods were also verified from dimsaisurement on lake water
(chemical survey performed by the observatory on alpine lakes; all values with crosses). The
lower part of the table present the number of PUs detected from massive sequencing in water
and sediment samples, as well as percentajeBUs from water retrieved in sediment
samples.

After the cleaning step, clustering and taxonomic affiliations were performed. The DNA reads
were clustered at a 95 % similarity threshold WitGLUST (Edgar 201D in order to define

OTUs. By using FastTredP(ice et al. 2010, the representative OTUs were used to build
phylogenetic trees for the main taxonomic groups with reference sequences. These references,
included in PANAM database, were extracted to the SSURef SILVA dataPasssset al.

2007 according to the following criteria: length >1200 bp, quality score > 75 %, and a pintail
value > 50. In addition, this referendatabase was modified to accofmt the taxonomy of

typical previously defined freshwater lineages. The taxonomic annotation was conducted
using the nearest neighbor (NN) and the last common ancestor (LCA) methods. Finally, PUs
were defined; each PU represented a monophyletic grougdtiered close OTUs affiliated

to a common reference (the nearest neighbor among the reference sequences in the tree; see

supplemental materidFigure 11.S1). This bioinformatics process was implemented in the

PANAM pipeline |(1ttp://code.google.com/p/panannylogeneticannotatiodbwnloads/lis)

and described in greater detail in the related paper €faih 2013.

RNA Preparation of DNAree RNA from Sediments, cDNA Synthesis, andeBemng
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For each sediment layer (n=30), RNA was extracted using TRI Reagent Solution (Ambion),
according to the manufacturgrinstructions. All extracted RNA samples were treated with 1

U DNase (Invitrogen) to eliminate any traces of DNA. Before PCR, Bi¢& RNA samples

were randomly transcribed into complementary DNA (cDNA) using the SuperScript IH First
Strand Synthesis St (Invitrogen) and random hexamers, following the protocol described
by the manufacturer. The reverse transcriptase (RT) reactions were performed in a
TProfessional Basic Gradient Thermocycler (Biometra) and comprised incubation for 10 min
at 25 °C, 50 nm at 50 °C, and 5 min at 85 °C, followed by an Rkglnoval step with
addition of 1 L of RNase H and incubation for 20 min at 37 °C. The resulting cDNAs served
as PCR templates to study the metabolically active eukaryotes in the lake sediments. PCR
amplifications were performed using the same protocol used for DNA (described above). The
amplification products from these PCRs were used for the construction of clone libraries
using a TOPO TA cloning kit (Invitrogen, Carlsbad, CA) with PCR vector 2.1 acegptdin

the manufacture$ instructions.One hundred clones were sequenced (Beckman Coulter
Genomics) for each of the sediment samples for which cDNA amplicons were obtained.

Sanger sequences obtained from cDNA were aligned using the CLUSTALW procedure
(Thompsonet al. 1994 with the BioEdit Sequence Alignment Editor (version 7.0.5.3). The
18S rRNA alignments were analyzed using DOTUR softw@ohlpss & Handelsman 2005
(http://schloss.micro.umass.edu/software) to determine the operational taxonomic units with a
cutoff equal tdd5 %. The taxonomic affiliation was obtained by comparison with sequences
available in databases using the alignment search tool BLASTBCul et al. 1990 from

the National Center for Biotechnology Information; moreover, cDNA sequences were

compared with DNA sequences (pyrosequencing data)sivithar taxonomic affiliation.

[1.3.4. Data Accessibility

Data obtained for DNA samples by pyrosequencing were deposited in the Dryad Digital
Repository: doi:10.5061/dryad.5mv53. The nucleotide sequences obtained for RNA (cDNA
analyzed by Sanger sequencing) were submitted to the GenBankseéatdba assigned
accession numbers are: KP059150 to KP059246.
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[1.3.5. Data Analysis and Statistical Tests

To estimate the effect of PU recurrence, which varies from 0 to 15 based on the
presence/absence of the PU for the 15 sampling dates, and thefffektelative abundance
(number of reads for a given PU/total number of reads) on their presence/absence in sediment,

ANOVA tests were performed. All statistical analyses were carried out in the R environment

WWW.r-project.org.

Figure 11.1 Richness (number of PUs) distribution within the different phyla in water samples
at 2 and 130 m depth and in sediment samples

Table 1.2 Taxonomic composition of active eukaryotes detected in the first two centimeters
of sediment, expressed as the relative number of reads affiliated to the main phylogenetic
groups.

cDNA
Phylum % reads

Alveolata 2.0

Ciliophora 66.2
Perkinsea 14
Fungi 4.0
unicellular eukaryote: Rhizaria 0.7
Cercozoa 2.0
Biliphyte 0.7
Chlorophyta 4.8
Eukaryota 2.0

metazoans Copepod 16.2
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Il. 4. Results

[1.4.1. Richness and Taxonomic Composition of Unicellular Eukaryotes in Water and
Sediments

DNA extracted from the thirty water samples and six sediment strataswaessfully
amplified. After DNAsequence processing, 34,138 OTUs were obtained (95 % similarity
cutoff), and 11,945 OTUs were kept after removing OTUs with only one read (singletons).
Based on phylogenetic trees, 1361 phylogenetic units (PUs) weredd€fBeto 478 PUs per
sample (Table 11.S1).We removed 284 PUs because they constituted only one OTU, and
finally 1077 PUs were kept for further analysis.

Five phyla predominated, in terms of richness in both the water and sedengples (Figure

I1.1): Alveolata, Opisthokonta (represented mainly by Fungi), Rhizaria, Stramenopiles, and
Viridiplantae (mainly Chlorophyta). These five phyla represented 94 % of the total richness
and accounted for 90 % of the total DNA reatiallell.S2). The most diverse gups within

these phyla were Dikarya (316 PUs within Fungi) and Ciliophora (132 PUs within Alveolata).
The richness distribution within the main phylogenetic groups was quite similar, regardless of
the type of sample (water or sediment). The Chaol indiaged from 1112 to 11,762 for
water samples and from 5441 to 8177 for sediment samples, showing the high diversity that
could be retrieved frorsediment (Tabldl.S1). However, the number of PUs retrieved from
sediment, 798 PUs (4020 OTUs), was the loveestpared with the total richness found in
water samples, 954 PUs (9972 O)(Rablell.1, Tablell.S1).

Concerning RNA analysis, 18S rRNA transcripts were only recovered from the top 2 cm of
sediment. The obtained sequences belonged mainly to Ciliopg®réo (of the sequences).
Some reads belonging to Fungi, Chlorophyta, Perkinsea, and others were also r@tabled

[1.2). Thirty seven percent of the sequences affiliated with protistan taxa were represented by
metopid ciliates. These dominant RNA seqeesnmatched DNA sequences found only in the
uppermost sediment layers at low abundances (i.e., less than 0.1 % of DNA reads obtained for
these two strata). Other RNA sequences were assigned to ciliates of theSjekesseand
Perisincirra and were alsaetected in water and sediment DNA samples at low abundances

in terms of reads number (x15 % of DNA reads obtained for these two sediment layers).
Some pigmented taxa were identified within RNA sequences, in particular a Scenedesmaceae
taxa matching on®U detected in water and sedimentary DNA (PU_473 Scenedesmaceae

sp.).
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Figure 1.2 (A) Composition of the protistan community in water samples (at 2 and 130 m
depth) and in sediment samples, expressed as the number of DNA reads obtained for each PU
within the main phylogenetic groups; (B) focus on Cryptophyta PUs; (C) focus on
Haptophya PUs.The graph was prepared with iT@Letunic & Bak 201J). Five ranges of
abundance of reads are represented according to the bar hefyht:11400, 1014000,
100140,000, and 10,004.00,001 reads. The colored PUs bar indicates sediment samples in
brownzxed, and water samples in blue (2 m depthl) green (130 m depth)
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[1.4.2. Phylogenetic Diversity Archived in Sediment

Number of Planktonic PUs Archived

Seventyone percent of the PUs detected in the water colamfound in sedimentary DNA
(Table 11.1). Our resultssuggest that a major part of titJs detected in the sediment
originated from taxa living in the water columWhen considering each sediment layer
separately, the percentagecommon PUs between water and sediment vdraed 36 to 48

% (Tablell.1). A higher percentage shared PUs as observed for both the upper sediment
layerand the deepest of the six analyzed sediment strata (corresptmdediment deposited
in 200822009 and 1958952, respectively). Only 123 PUs found in the analyzsdiment
layers were not detected in wateamples; thetaxa retrieved specifically from sediment
belonged to variougrotistan groups, including photosynthetic phyla sashViridiplantae

(mainly represented by Chlorophy{&igurell.2).

Taxonomic Groups Archived Well in Sediment

The planktonid®Us retrieved from the sediment belonged teuttphyla. We observed high
archiving for 50 of these subphylzecause at least 60 % of their constitutive PUs was
retrievedfrom the sediment. Some constituted a moderate numifdd®{less than 25 PUs in
the water column), such as Furggioups (Cryptomycota and Glomeromycota), Oomycetes,
Perkinsea, and Streptophyta, and appeared to be partioukHgrchived in sediment (more
than 80 % of the PUs were gediment and the water colummidure Il.2, Table I1.S3).
Others weremajor contributors to the overall diversity in the water colu(ha., each
subphyla comprisingnore than 25 PUs) and weaitso well preserved in sediment. This is the
case for ninesubphyla, which represented 479 PUs out of the 675sRbaiedbetween water
and sedimentTable [1.S3). For instance, foCercozoa, Chlorophyta, and Dinophyceae, we
observed tha80 % of their constitutive PUs was retrieved from sedimEme. percentages for
Apicomplexa, Bacillariophyta, Chrysophyceae, Cilidgpra, and Fungi groups
(Chytridiomycota and Dikarya) were slightly lower, with 60806 % of the PUs shared
between water ansediment (Tablé.S3).
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Figure 1.3 Boxplots and p value obtained for ANOVA tests performed to assess the
relationships between PU recurrence in water at 2 m (a) and 130 m (b) depths and their
recurrence in sediments, and, the relationships between the relative number of reads
associated wi PUs at 2 m (c) and 130 m (d) depth and their recurrence in the sediment

Cryptophyta and Haptophyta: Two Groups Whose Diversity Is Incompletely Retrieved from
Sediments

Some relatively diverse groups (more than 12 PUs found irw#ter column) had &ow
number of PUs retrieved from sedimerbr example, less than 25 % of the Cryptophyta and
Haptophyta PUs from the water was detected in sediment sar@fléise 21 Cryptophyta
PUs detected in the water colur(#il.30 % of the total reads obtained fortevasamples),
only 5 PUs were retrieved from sediment samples (representing M1 tdéal reads from
sediment samples). Among the 16 remchivedPUs, 11 were well represented in terms of
recurrenceand number of reads in the water samples analyzedjnkiance, PU_590
Cryptophyta_4 was found in 22 water samplgh 887 reads) but was not retrieved from
any of thesediment sampled-igurell.2b, Table11.S3). Only 2 of the 12Haptophyta PUs
found in water samples were retrieved frtime analyzed sedimetayers (Haptophyta PUs
represented 0.0dnd 2.28% of the total reads from sediment and water samgdpgctively).
Some Haptophyta were found with high recurreac@aumber of reads in water samples but
were not detecteth sediment, as for instant¢ke Prymnesiophyte PU_1066 represeriigd
3798 reads in the water samples (i.e., 1.73 % dtotiaé reads) Kigurell.2c, Tablell.S3).

62



[l .4.3. Potential Links Between Recurrence and Abundance of PUs in Water and Their
Archiving in Sediment

High recurrerge over the year and predominance, in termsuwohber of reads, in the water
column are factors that coufdvor the archiving of PUs in sediment. We considered the
recurrence of each PU at 2 and 130 m depth. In both casespserved a significantly
postive effect of the recurrence BUs in water on the archiving rate of PUs (i.e., presence in
sediment and recurrence in the 6 sediment sampkaguré 11.3). We also detected a
significant effect of the relative abundanckreads in water layers on thegresence and
recurrence in theediment samples, especially for PUs originating from theZater layer
(Figurell. 3).

[1.5. Discussion

The present work does not attempt to precisely study sedimenpatioasses but rather to
provide original resultsegardingcommon taxa (PUs) between water layers and sediment
with the aim of providing some clues about the preservatigmagistan DNA in sedimentary
archives. For the first timehigh-throughput sequencing (4s&quencing) was used to
investigate howprotistan DNA detected in the water coluisrpreserved in sediment and, in

particular, which planktoniPUs are represented in the sediment.

[1.5.1. Overall Diversity of Protistan Taxa in Water and Sediment

The richness distribution (humbers of PUs}he variousphyla highlights the large diversity

of unicellular eukaryotesn analyzed samples (both water and sediment). Over the last
decade, several papers showed tivatellular eukaryotes represent a diverse and abundant
fraction of lacustrine planknh (Richardst al 2005, Mangott al 2009, Leperet al. 2013,

Taib et al 2013). For instance, Taib et al. (2013) showmat theFungi, Alveolata, and
Stramenopiles taxa were the most divgreglogenetic groups of planktonic protists in the
epilimnion of eight lakes (including Lake BourgetHowever, theavailable studies have
generally used unique sampling, while performed repeated sampling over 15 months. The
distribution patterns of protistan richnessserved from this temporal survey were guit
similar to those obtained by Taib et al. (2013), including the same dominant phylogenetic
groups for the 1077 identified PUs. In addition, our resstliswed that théaxonomic

diversity found from sedimentary DNAvas globallysimilar to those found inhe water
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samples, with a largpart of the diversity associated with Alveolata, Fur@jramenopiles,
Viridiplantae, and Rhizaria.

A major part of the diversity is composed by rare PUs (P8, representing less than
0.1%of the total reads in the wateolumn). Debates about the true nature of this rare
biosphereare still numerous (effects of PCR artifacts, dormant celts), but recent studies
showed that the rare OTUs and Padsually represent a significant part of the actasea in
freshwater (Wilhelnmet al 2014, Debroast al 2015) and marine ecosystems (Logaeteal

2014). There is no doubt that additional NGS molecular inventories based on DNA and RNA
are still needed to provide an-depth analysis of complex protistaeassemblages, and
multiple temporaiscale studies are crucial to obtaining an accurate picture of the dynamics of
protistan diversity. Characterizations of the microbial community are typically performed at
short or moderate time scales (months or at iyests) within the context of lake monitoring
(Mangotet al 2013, Nolteet al. 2010). Therefore, no direct evidence exists for changes in
protistan assemblages occurring over lontyee scales (decades, centuries). The coupling
betweenpaleolimnology andigh-throughput sequencing should provial&ey advancement

in describing the longerm temporatlynamics of protistan diversity.

However, some protistan taxa may live in sediments (Coeteal 2009), therefore the
potential presence of an active eukany biosphere in the sediment has tacbasidered. The

risk of overrepresentatiomf DNA assigned to active taxa has to hesessed more
particularly, because this may induce a biath@3'1$ SDOHRVLJQDO’

[1.5.2. Active Protists Do Not Bias the Palesignal

We performed a parallel RNBased analysis to verify the presence of active eukaryotes in
our sediment samples, as proposed by Stoeck et al. (2007). The limitations of using RNA as
an indicator of microbial activity were recently discussed by Blazewicz et al. (2013);
however, in theabsence of other methodologies to identify active microbial groups in
molecular inventories, the use of rRNA is the best solution (e.g., Logaes2014). From

the rare available data, the presence of active eukaryotic taxa in sediment was mostly
attributed to fungal taxa, although a few sequences from Viridiplantae, Bacillariophyta, and
Alveolata phyla were also detected in dsea subsurface sediments down to 37 m below the
sea floor (Edgcomlet al 2011, Orsiet al 2013, Nolteet al 2010). Here, & showed that

active protistan taxa were retrieved only in the uppermost strata of the sediment core. While
active bacterial and archaeal rRNRere amplifiedand sequenced for all the sediment

samples in the first 30 crdata not shown), PCR amplificatiasf eukaryotic DNAwas
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unsuccessful in the deeper strata, suggesting that there was megligible eukaryotic

activity. From our results, few eukaryoftJs correspond to active taxa; those that did were

mainly from Ciliophora while some reads were atitédd to the Fungi, Chlorophyta,

Cercozoa, and Perkinsea takRecently,Chambouvett al. (2014)also reported the presence

of ribosomally active Perkinsea in superficrabrine sedimentssuggesting that these taxa

either exhibited parasitactivity in marine sedimentsd ZHUH SUHVHQW DV D 3VHHG

In our study, the RNA signal associated withitgsive parasitesvas low, and among the
dominant active taxa, we detected finesence of metopid ciliates, which are known to live in
oxygendepleted sedimentgFenchel & Finlay 1991) Other ciliates %$tokesia and
Perisincirra) and pigmented taxa, such as Scenedesmateaeyhich RNA reads were
detected are likely planktonic and were probably in sedimgmormant cells still producing
RNA (Blazewicz et al. 2013. Orsi et al. (2013) suggested that rRNA associated with
photosyntheticgroups can be protected withdehydrated cellular forms, such as spores,
cysts, and pollenwhich are dormant cellular forms in lake sediments. For instanakle
resting cysts of dinoflagellates have been foundnecenturyold sedimentgMiyazono et

al. 2012)

From our data, we verified that the active taxa wereometrepresented in NGS data obtained
from sedimentarfDNA, confirming that these active taxa will not mask paattive taxa in
sedimentary DNA inventories.

[1.5.3. Efficiency of Planktonic DNA Archiving in Recent Sedimentary Deposits

We found that 71 % of the PUs from the water column vesected in the sedents,
showing great potential for the applicatiof molecular tools to DNA archived in lake
sedimentdor the reconstruction of the past protistan diversity.

The highest similarity between the water and sediment BigAatures was obtained from the
oldestsediment samples analyz@teposits from 1950 to 1951). This is consistent wittat
we know about th&ophic status of the lake; the lake is currently oligesotrophic, as it was
in the early 1950s (Berthaet al 2013, Savichtchewet al. 2015). Howeer, not all of the PUs
detected in the water column were retrieved in the sedinai¢ed, we observed that the
diversity of Cryptophyta and Haptophyta was poorly preser@egptophyta were relatively
diverse (21 PUs) and recurrentwater layers, whil®enly 5 of those PUs were retrieved from
sediment. Similarly, out of the 12 PUs of Haptophyta recondedater samples, only 2 PUs

were archived in sediment.
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The following two main factors can explain the low efficieéyreservation: (i) degradation
that occurs during sedimentati@ong the water column, due to grazing or cglises
(released DNA is more easily fragmented and the sttragments were not efficiently
amplified in our PCR reactiong)nd (ii) sedimentary DNA is degradedring burialin the
VHGLPHQW €thiraoR 3CpnRielsiet al. 2008, 2011, Boereet al. 201%).

For both Cryptophyta and Haptophyta, we verified thaidke of diversity in archived DNA

did not occur during sedimentatialong the water column. Indeed, all Cryptophgtad
Haptophyta PUs occurring at 2 m depth were also retriatd80 m depthshowing that the

loss of diversity primarily occurred at the sediment interface and during bygaéker
deposition on sediment).

The way DNA arrives on sediments directly influencesdfireiency of preservation during
burial; DNA can beprotected in irdct cells or, in contrascan be rapidly released as
extracellular DNA, which is more prone to fragmentation/degradation (Cdeisaet al
2011). A key parameter of the preservation of cells and DNA during burial in sediment is
linked to the morphologal features of the taxa (i.e. cells with simple membranes or resistant
cells, such as cysts and spores). Selective preservation of DNA in cysts has, for example, been
shown in Holocene sediment from an Antarctic fjord (Baral 2009).

From our data, @ could not efficiently study the link betwepreservation rates in sediment
and the morphological feature$ the PUs because a large number of PUs were not precisely
characterized (morphology, ability to produce cysts, eWg. can, however, mention ah
Cryptophyta cells are known toe quite fragile because their simple membranes may be
easilydisrupted, and this may influence the level of preservatiahef DNA in sediment.

As for Haptophyta, since DNA sequencgsre recoveredn very ancient sedients (Lake

Ace from Antarctica, up to 10,450 years old; Lake Van from Turkey, over 270,000 years)
(Coolenet al 2004, Randletet al 2014), it is rather clear that Haptophyta DNA can be
preserved in the paleosignal, as already shown by Coolen et al. (2013); hovueveata
suggest that some taxathin Haptophyta may be less well preserved, inducing a potential
bias in the estimatioof their taxonomic richness.

The conclusions regarding these missing taxa must be tempeveslv of the depth of the
sequencing effort we applie@ur observations suggest that high recurrence and abunofance
protistan taxa in the water column coudgbresent favorablactors for archiving in sediment.

We detected a positive linetween the recurrence and abundance of PUs in the water and
their presence in sedimentary DNA, implying that rare taxea not easily found in
sedimentary DNA,; this is probdy particularly true when the sequencing effort is moderate.
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We assume that a larger proportion of the rare taxa (rare in veat@ld have been detected in

the sediments if the sequencidgpth was higher; this includes Haptophyta and Cryptophyta,
which were not dominant in the water column. The 7Irédéovery of PUs may have been
higher if ultra high-throughputsequencing (lllumina MiSeq, for instance) hbden used
instead of 454 pyrosequencing. In addition the limaetbunt of sediment used in our stud

(3 replicates of 1 ¢pr each sediment layer, with pooled DNA extracts) could exgdain that

the rarest taxa were incompletely detected, c@anot exclude that a larger amount of
sediment or separatednalyses ofreplicated DNA extractions may have pmoved the
detection of rarest taxa as suggeste®itlgrd et al. (2015)

This work provides some cluagegarding how well sedimentary DNA reflects the huge
diversity of planktonic protists and confirms that the application of sequencing techniques to
sedimentary DNA can be used to reconstruct past diversity for numerous planktonic groups.
While previous stdies have focused on specific groups (e.g., Bacillariophyta or
Cyanobacteria), the possibility of studying complex assemblages involving various functional
groups (e.g., bacterivors such as Ciliophora, photoautotrophs such as Chlorophyta, parasites
such asChytridiomycota, etc.) opens up new avenues of research in paleolimnoleggwA

of such large biodiversity offers, for instance, opportunities to analyze ecological networks as
it was recently done for modern microbial assembla8esberanet al. 2012, Chowet al.

2014, or to verify the existence of tipping ipts within the community structure due to

environmental forcing factors (Coolehal 2013).
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11.6 . Supporting information

Figure 11.S1. Supporting information presenting the flow chart for bioinformatic analyses

using PANAM pipeline(Taib et al., 2013)figure modified from Debroas et al. (2015). GQleaning
procedure as described in material and methods section (refdmnBANGEA: Giongo et al. 2010. 2-
Clustering reads into OTUs withaut-off of 95 % 3- OTUs are compared against the reference database. The
query OTUs are sorted according to the taxonomy of their best hits among eukaryotes. Several files are
generated, coatning the reads and their 5 best hits, assigned to one of the 25 specific monophyletic groups
among the Eukaryota.- After reads have been assigned to phyletic groups, they are aligned to the reference
sequences of the corresponding profile alignmenttat group using hmmalign from the HMMER package
(Edgar 2010)5- Using FastTree (Pricet al.2010), a bootstrapped phylogenetic tree (100 iterations) is built for
each phyletic profile, including OTUs associated with their 5 best hits and the refseguesnces in the profile.

6- Two methods for taxonomy assessment are implemented: lowest common ancestor (LCA) and nearest
neighbor (NN) Paradiset al. 2004; Kembekt al.2010. 7- Simplified representatioaf a PU: In this example, 3

OTUs are gathered in PU_1 with a bootstrap equal to 99%. The nearest neighbor among the reference sequences
in the tree, AJ535144, is affiliated to the Rossia sp. (Bacillariophyceae) and this taxonomy is propagated to all
the OTUs of this PU.
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Tablell.S1. Number of sequences, OTUs, PUs, and values of Chao index associated to each

sample.

Water samples Sampling Date  Depth (m) #Sequences #0TUs #PUs Chaol
A2m March 2011 2 7457 993 253 2139
B2m May 2011 2 3069 570 185 1249
C2m June 2011 2 4470 710 223 1544
D2m July 2011 2 7270 1221 277 2688
E2m August 2011 2 4508 737 248 1675
F2m September 2011 2 5387 605 199 1113
G2m October 2011 2 5483 908 245 1908
H2m November 2011 2 5288 968 255 2225
12m January 2012 2 5149 1074 308 3112
J2m February 2012 2 5482 947 297 2846
K2m April 2012 2 9360 1630 314 4376
L2m May 2012 2 7288 1157 262 3006
M2m June 2012 2 13045 1626 251 4882
N2m July 2012 2 11979 1428 274 3780
0O2m September 2012 2 12149 1571 337 3534

A130m March 2011 130 7483 914 239 2004
B130m May 2011 130 9963 1398 274 3085
C130m June 2011 130 11521 1538 315 3297
D130m July 2011 130 8404 866 234 1748
E130m August 2011 130 9927 1383 319 3098
F130m September 2011 130 5620 1022 227 2139
G130m October 2011 130 7708 1442 275 3085
H130m November 2011 130 5409 968 222 1880
1230m January 2012 130 14929 1985 355 5517
J130m February 2012 130 24572 3521 475 11762
K130m April 2012 130 13257 1451 274 4913
L130m May 2012 130 7870 1157 290 3919
M130m June 2012 130 9857 1482 309 4685
N130m July 2012 130 10800 1586 351 4997
0130m September 2012 130 10299 1575 329 4996

Sediment samples  Dated strata Depth (cm) #Sequences #0OTUs #PUs Chaol

S2009 20082009 1 15903 2536 476 7035
S2003 20032004 3 16141 2509 426 7738
S2000 20002001 4 12188 1754 349 5441
S1972 19721973 20 18001 2493 355 8110
S1969 19691970 21 19132 2465 413 7892
S1951 19511952 27 22226 2801 478 8177
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Tablell.S2. Number of reads obtained for the different phyla in water at 2 m and 130 m depth

and in sediment samples.

Phylum Water Water Sediments
2m depth 130m depth
Alveolata 35841 68668 34639
Amoebozoa 1753 15020 246
Cryptophyta 1085 1776 70
Euglenozoa 420 121 67
Fornicata 690 1523 502
Haptophyceat 3858 1143 29
Heterolobosei 17 23 17
Opisthokonta 14295 18661 15545
Parabasalia 38 40 29
Rhizaria 5281 5127 4117
Rhodophytes 16 4 2
Stramenopile: 14559 12168 6947
Viridiplantae 12580 4847 11149
Sum 90433 129121 73359

Table 11.S3 (simplified): Number of PUs and percentage of shared PUs between water and
sediment samples: (A) number of PUs in all samples, (B) number of PUs in sediment
samples, (C) number of PUs in all water samples and percentage of these PUs retrieved in
sediments, (PE) for each water layer (i.e. 2 m and 130 m depth) the table presents the total
number of PUs (# PUs), the number of PUs found specifically during mixing or stratification

VSHFLILF 38V

saliment. Uncult: uncultured ES: environmental samples

DQG WKH SH-WEHHEWILRLFH B8 VWKWNKB WL INUL

A) (C) Water all (D) 2m depth ( E)130m depth
0, 0,
Taxonomic Al Se(g:?r)lents re/EriFe)\L/JeSd specific re/;)riZ\l/JeSd specifi % PUs
groups samples #PUs . #pPUs P . #pUs SPEMICotrieved in
all #PUs in #PUs in #PUs -
#PUs . . sediments
sediments sediments
Alveolata 303 232 270 74 223 36 69 234 47 53
Amoebozoa 19 12 17 59 13 0 (%] 17 4 25
Cryptophvta 22 6 21 24 19 0 (%] 21 2 50
Euglenozoa 5 4 5 80 4 0 %] 5 1 0
Fornicata 3 3 3 100 3 0 (%) 3 0 1]
Haptophyceae 12 2 12 17 9 1 0 11 3 0
Heterolobose: 3 2 3 67 1 0 (%) 3 2 50
Opisthokonta 337 246 302 70 236 55 79 274 127 56
Parabasalia 3 3 3 100 2 0 0] 3 1 100
Rhizaria 59 50 53 83 43 2 50 51 10 50
Rhodophytes 2 2 2 100 2 0 0] 2 0 %]
Stramenopiles 201 140 174 65 148 19 58 155 26 50
Viridiplantae 108 96 89 87 76 17 65 71 13 92
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Résumé

/I YTREMHFWLI GH FHVY WUDYDX[ HVW GYfHVWLPHU OYLPSDFW (¢
gualité du signal ADNet plus particulieremerdur la richesse, la composition et la structure
des communautés microbiennes eucaryotet. VWUDWPpPJLH G fcompaeBlds D pWp
inventaires moléculaires de 12 strates sédimeastiddatées entre 1973 et 20p6)venant de
deux carottegnnuellement vaées qui ont été prélevédans lelac Nylandssjéra 6 années
GTLQWHRWY & @00 es principaux résultaissus du séquencgage de la région V7 du

JgQH FRGDQW RQW5PBQWUp TXH OD TXDQWLWp GT$'l HIWUD
la richessdotaleet la diversitgindices de Shannon, Simpson, équitabilité)la communauté
microbienne eucaryotetQTRQW SDV pWp VLJIQLI K Dows deHd &h@ds PRGLI
GITHQIRXLVVHPHQ Ws dgrhiquB temporefaJdés communautés de miero
eucaryotesobtenues a partir daaventaires moléculairedes 2 carottes sédimentaires sont
FRQJUXHQWHYV /fDQDO\VH PHQpH VXU OHV GLIIpUHQWYV GH
groupe des Champignons présente des différences significatives enteateties, avec une

modification significative a la fois de leur proportion en nombre de séquences ADN et de leur
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richesseCes variations peuvent étre liées a des processus diagénétiques, la variabilité spatiale
entre les deux carottes et également alBpV HQFH GTXQH ELRVSKmplees IRQJILT
sédiments superficield.es Champignons représentant un part mineure de la communauté
eucaryote (en proportion relative et richesse), ces variations sont peu impactantes au niveau

de la communauté eucaryotd OREDOH (QILQ OYDQDO\WH GH GLVVL
proportions relatives des OTUs montre que le signal ADN obtenu pour les deux carottes est
trés comparable et semble stabilisé pour toutes les strates agées de plus deadiiedos

on détecte um variation dans les proportions relatives de certains OTUs (Chlorophyta,
unclassified Stramenopiles et Alveolata, Champignons) pour les strates les plus récentes. Ce
résultat suggére un potentiel effet des processus diagénétiques dans les 7 premiemscm de

sédiments.
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[11.1. Abstract

Paleogeneticsrpvides a powerful framework to reconstruct the loegm temporal dynamics

of various biological groups from aquatic sedimehiswever,validationsare still requiredo

ensure the authenticity of the molecular signal obtained from sedimentary|Di#As study,

we investigated the effects of early diagenesis between cores on the DNA signal from micro
eukaryotes preserved in sediments as well as the effects of $edtisdgeneity in between
cores of this DNA signal. We used two cores sampled in 2007 and 2013. We detected no
decline in DNA quantity due to the 6 supplementary years of archivioegsityhificant
difference vasdetected between the molecular inventodetsined forthe two cores both for

total richness(number of OTUS, Chao estimatogiversityindices (Shannon and Simpson
indices) and evennessvalues (Pielou index).Moreover, the temporal dynamics of
communities (as revealed by nMDS analysis) obtairedttfe two cores were congruent,
showing no distorted picture of the commntyrfrom one core to anotheihough most of the
eukaryotic groups showed no significant difference in terms of richness and relative
proportion according to the core, only fungene found to differ with an increase in richness

and proportion of fungal OTUs in the core sampled in 2013. These differences could be due to
diagenetic processes, spatial heterogeneity between cores but also to the presence of active
fungi on these sedime layers. Considering the OTUs level, and based on dissimilarity
indices, our results showed that, for the older strata (age > 15 years, depth > 7 cm), the
composition and structure of communities were very similar for the two cores (exception for
fungi) and the DNA signal was considered stable. However, for the uppermost strata (age <
15 years; depth < 7cm), changes were detected in the relative abundance of few OTUs
(Chlorophyta, Unclassified Stramenopileend Alveolata, Fungi) This suggests that
diagenetic processes might affect molecular inventories more particulahy inppemost

sediment layers

[11.2. Introduction

Paleogenetics studies have recently revealed the potential of the DNA preserved in lacustrine
sedimentsd reconstructhe temporal dynamics of biological communities at long time scales
(centennial to millennial) (e.g. Domaizat al. 2013, Savichtchevat al. 2014, Eppet al.

2011, 2015, Stood_eichsenringet al.2012, 2015, Kyleet al. 2015a, 2015b, Capet al. 2015,
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in press). The expansion of paleolimnology to inclid¢A-based approaches on a more
routine basis has the potential to challenge existing limithin this scientific field. In
particular the ability to reconstruct a large variety of padtaswtic groupssuch as
Chlorophyta, Haptophyceae, Ciliophora, Cercozoa that were not previously considered in
lacustrine sediment record analysegens up many new opportunities for the reconstruction
of taxa that do not leave distinct morphological fiss$-or instance more than 1Bousands

of OTUsdistributed within 50 phylogenetic groups were found from dated sediment ef lake
Bourget (Fance) and lIgaliku (GreenlapndCapo et al. in press). These results allowed
illustrating longterm temporal dynamics in the communities of microbial eukaryotes (i.e.
protists and Fungi) which are key components of lacustrine systems playing roles as primary
producers, phagotrophs, saprotrophs, @erasites.

Although these approaches are promising for further revolutionizing our understanding of
long-term ecological dynamics, careful calibration studies are still needed, as with any
paleolimnological proxy. Some knowledge exists about the extevhith DNA is preserved

in sediment and the factors and the conditions that control its preservatiohHe2gO 1 $1Q Q R
al. 2002. Anoxic conditions, absence of bioturbation, and low temperature are among the
most crucial factors promoting DNA preservati@@oolen & Gibson 2009, Boeret al.
20119). Despite these advances in understanding, there is no systematic study that has
guantifiedthe degree to which DNA preservation is optimized in sediment (either in the field
or in the lab) especially considerirthe diverseorigins of sedimentary DNA (different
biological groups, different types of DNA i.e. extracellular DNA or DNA protected in cells
may be differently affected by degradation)

Modifications of the DNA from the lake community can occur (i) dusedimentation in the
water column, (ii) after depositioat the sediment interface and during burying in the
VHGLPHQWYV et HQ@MI,IBQABTSQQR & R U LCpin@dalsi &t lal. 2008,
2011, Torti et al. 2015). Most of studies about tH2NA preservation in sediments were
focused on the degradation extracellularDNA, these studies showed thate tdecays of
DNA in sediments (degradation of nucleotidic acatsl fragmentation of DNA sequences)
occurred at longterm time scale (Tortet al. 2015). A high fragmentation of microbial
eukaryotic DNA was foinstance detected in7@0 yearsold marine sedimentBoereet al.
(2011a) ancKirkpatrick et al. (2016)reported that chloroplastic DNA declinaer 100000

years in marine sediments
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However, here isstill a lack of knowledge about the effect of early diagenetic processes (first
years of archiving) on the DNA signah particular regarding the potential differential
preservation ofthe large diversity ofeukaryotic taxa and thesubsequentmpact on te
relevanceof molecular inventories produced from sedimentary DNFarly sedimentary
diagenesis has been studied in laboratory incubation experimenis sitalusing sediment
traps, but never targeting DNA. Laboratory experiments applied to estimatedin of algal
(eukaryotic) material have reported high variability in organatter decay rates according to

the algal material, incubation temperatures and the decay modeld.ebathinet al.2002.

A few studies have also compared lake sediment cores taken on different dates, in this case
betweencore differences were used géstimate declines in carbon and nitrogen rates during
the first years of burying in the sediment of shallow lakes (Nylandssjon, Sweden; Gilman

al. 2008, Rydberg MartinezCortizas 7KLV pgBHSEQ Ioaih DenBridtrated

its potential to provide knowledge on how diagenesis affects the sediment record over decadal
time scales; varved lake sediment indeed provided a robust framework to compare material
deposited during exactly the same time periGdlhanet al. 2006, 2008, 2009a, 2009b,
Rydberget al. 2008, Maieret al. 2013. These studies demonstrated that the C concentration

of the sediment decreased by 20 % and N decreased by 30 % within the first five years after
deposition suggesting critical modifications due to early diagenesis (Nylandssjon, Sweden,
Géalmanet al. 2008).In the same lake, Maier et al (2013) itoned thatcompactiorrate was
greatest during the first feyears after deposition, witharve thickness decraag by 60 %

after 5 years (sediment depth 5 criagenetic organic matter transformations at the
oxic/anoxic interface in aquatic sedimeit® indeed known to occur within the first cm of
sediment where organic compounds and associated nutrients are mineralized through
heterotrophic decompositiodepending on the environmentetiaracteristics of eaclake,

the active zone of microbialecomposition varied (notably in relation with oxygen
penetration depths in sediments, from millimeters in productive hypoxic systems to cm or dm
scales in oligotrophic oxygenated systeKigstensen 2000and haveserious implications for

the rates of organic matter diagenesis in sediments

In the present studywe used 2 cores collected froMylandssjon, which has distinctly
annually laminategedimentgRenberg 1986)The cores wereampled with a time lag &
years, in 2007 and 2013, astbred intact in a freezer room from coring until they were sub
sampled and anadgd The collection cores from this lake was previously used to test the

stability of various elements during sediment diagenesis: total carmbmitrogen and their
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stable isotopes (Galman et al. 2008, 2009a), iron and sulfur (Galman et al. 2009b), mercury
and methyimercury (Rydberg et al. 2008), and sediment compaction (Maier et al. 2013). The
aim was here to study the effect of early diageh®n DNA and how thismpacs the
molecular inventory obtained for microbial eukaryotese Thfluence of diagenetic processes
occurring during this 6 years time lag, were followed on 12 sediment strata which were
selected in dime window of 40 years The comparisorbetween the? cores allowed us to
determing(i) if the DNA quantityof individual varves changed with time (6 yeapart) (ii) if

the richness, the composition and the structure of microbial eukaryotes communities varied
under the effect odarly diagenesis (iii) if the response to diagenesis was group dependent, i.e.

differential preservation according to the taxonomic groups.

[11.3. Material s & Methods

[11.3.1. Study site and sediment sampling

Nylandssjon (62_570N, 18 170E) is a circagutral, mesotrophic, and dimictic lake that
preserveslistinct annual sediment laminationsvarves (Renberg 1986, Galmanal. 2006,
Maier et al. 2013). It is a headwater lake located 34 rovabsea level, wh an area of 0.28

km? and a catchment of 0.95 RmAt present, about 16 % of the catchment consists of
agricultural land, whereas the rest is managed boreal forest. In the deepest part of the lake
(17.5 m), two sediment cores were sampled during lateewint 2007(core C)and 2013

(core C+6)using a freeze cordRenberg 1981)Following sampling, the freeze cores were
stored at 18 °C until further analyzed. Because core sampling was done during late winter,
the topmost varve in each core was deposited mostly during the year prior to sadgikey.
common lakesediments, wich are mixed and require dating bgdiometric methods that
involve a degree of uncertaintthe varves provide an accurate timescaéle two sediment
cores were manually stgectioned into annual samples along the black winter layer using a
steel scalpe and a magnifying lamp Renberg 1981 and following the required
methodological precautions to ensure the -contamination by modern DNA (sterile
disposable labware, a18°C). For each core (C and C+6), 12 varves dated in 1973, 1976,
1979, 1982, 1985,98B8, 2000, 2003 and 2006 were then selected for further analyzes.
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[11.3.2. Molecular data

For eachsample (12 from core C and 12 from core GH8)o DNA extractions were
performed on 0.5 g of wet sediment by using the Nucle@8oil kit according to the
manufacturer instructions (MacherB\agel, Diren, Germany). The concentration of bulk
DNA was estimatedusing a Nanodrop N£2000 Spectrophotometer (Thermo Scientific,
Wilmington, DE, USA). The V7 region of 18S rRNA gene was P@Rpldied by targetinga

260 bp long fragment, from c.a. 25 ng of environmental DNA extract for saciple and
XVLQJ WKH JHQHUDO HXNGALCIRAMALH GACTCNACRCG 1 1TBtVW
al. DQG 165 -GGGCATCACAGACCTGTTAT 1 9DQ Getl al32060)
EachPCR was performed in duplicate in a total volume of R&ontaining 3ul of 10X NH
reaction buffer, 1.2 pyl of 50 mM Mgghbolution, 0.25 pl of BioTaq (Bioline), 0.24 pl of 10
mM dNTP, 0.36 pl of 0.5 pg/ul BSA and 1 ul of each primer.eTamplification conditions
consisted of an initial denaturation at 94 °C for 10 min followed by 35 cycles of 1 min at 94
°C, 1 min at 55 °C and 1 min 30 s at 72 °C. The amplicons were then subjected to afinal 10
min extension at 72 °C. The two PCR produabtained for a given DNA extract were pooled
and purified using lllustrd GFX™ PCR DNA and Gel Band Purification Kit (GE
Healthcare Life Sciences, Velizy Villacoublay, France) and quantified using -@uant
PicoGreen kit (Invitrogen, Carlsbad, CA, USAn a )OXRURVNDQ $VFHQWA
(ThermoLabsystems, Beverly, MA, USAjinally, the48 purified amplicong12 samples per
core, each treated in duplicate@gre pooled at equimolar concentrations and sent to Fasteris
SA (Geneva, Switzerland) for library prepamatand paireeend (2 x 250 bp) sequencing on a
MiSeq lllumina instrument (San Diego, CA, USA).

All laboratory procedureésubsampling, DNA extraction, PCR amplificationsre carried
out in a dedicated laborator§pllowing strict precautions to ensure the authenticity of the
resultsincluding the work in sterile conditions the usebtdnks during the subampling step
(opened tube containing ultrapure water in order to detect any aerial contamiatian

extracton and PCR amplification (tube with ultrapure water)

[11.3.3. Bioinformatics and statistical analysis

The pairedend reads were merged together using UPARSE tools (offéisty_mergepairs

with a minimal overlap equal to 150 and no mismadttbwed) (Edyar, 2013) allowing to

obtain 4496 749 raw sequences. These sequences were then submitted to three cleaning

procedures: (i) no undefined bases (Ns), (i) a minimum sequence length of 200 bp, and (iii)
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no sequencing error in the forward and reverse prinfartative chimeras were detected by
UCHIME (Edgaret al.2011) The combining of these cleaning procedures with a sequencing
depth (2 x 250 bp) covering all the amplicon length (~ 220 bp without the primers) has
allowed to sequence twice each base anditomize drastically the sequencing errors. After

this cleaning step and demultiplexing process, the remaining sequences were clustered at a 95
% similarity threshold with UPARSE 7.0 (Edgar 2013) to obtain the seed OTUs (eption
cluster_fast). The delineag of the similarity threshold was chosen following the
recommendations from Mangat al. (2013) who estimated the errors during PCR and
sequencing by introducingn internal 18S standard (a unique alien DNA sequence) and
demonstrated that 95 % was a relevantattithreshold for OTUs delineation allowing to

limit the artificial inflation of OTUs number.In addition, his threshold wawerified by
sequencing a méaccommunity in the same experimental conditigpgamers, sequencing
platform and bioinformatics pipelines); as reported in Capo. €inapress), we obtained 16
OTUs from the 16 species of the mock community when applying the 95% threshold . The
taxonomc affiliation was performed by BLAST against the SSURef SILVA database (Pruesse
et al. 2007) after application of the following selection criteria: length > 1200 bp, quality
score > 75 % and a pintail value > 50; SILVA database was enriched by lacudttihe D
sequences originating from various studies on lacustrine systems (Lefrain2005, Lepere

et al.2006, 2008, Mangatt al. 2013). The taxonomgf an OTU corresponded to the best hit
given by the similarity search. If an OTU was associated with aelest hits (hits having the

same identity), then the taxonomy was the common taxonomy of these hits hamed also the
lowest common ancestdn addition, a specific taxonomy based on previous publications
(Lefrancet al. 2005, Lepeérest al. 2006, 2008, Magot et al. 2013)allows to identify typical
freshwater clades (e.g. Cryptophyta_1, 2, Perkinsea_1). OTUs affiliated to metazoans and
embryophytes were removed from these analyzes in order to consider only microbial
eukaryotes (protists and Fungi at theibasd trophic networks)After these different steps
(cleaning, clustering and taxonomic affiliation)129 423 DNA sequences were clustered in

17 428 OTUs classified as microbial eukaryotes: the further analyzes, tH&8 molecular
inventories were nonalized at 5,497 read3he data (demultiplexed sequences) will be

deposited in the Dryad Digit&epository Kttp://datadryad.orgy/
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[11.3.4. Data treatment and statistical analyses

Richness (Chaol), diversitySilannon, Simpson) and evenness (Pielou) indices were
computed from the OTUs table separately for each sediment layer using the R package
SYHJIJDQ W 2&Y2QIBE)QANOVA analysis andtest were used to test the difference
between the two cores in tesnof DNA quantity, total richness and diversity indices;

statistical analysis we performed using XLSTAT software.

Comparisons between the molecular inventories obtained for each sample were also based (i)
on the richness and relative abundances of eaciméaxic groups (ii) and at the OTU level,
on the values of dissimilaritpbtained for BrayCurtis index (considering the relative

abundance of each OTU) and for Jaccard index (based on the presence/absence of OTUS).

A hierarchical clustering tree was rea&d based on the dissimilarity matrices usinghitiast
IXQFWLRQ IURP WKH 5 SDF NtDal,H2015)HTDidgntify2theV@IrQdHtgat
contributed to the dissimilarity between the molecular inventories obtained for the two cores
(dissimilarity betwtHHQ p& Y VDPSOHV DQG pé&cor§ coniperS@E SIMRERH L QW I
analyzes were conducted using PAST v.2Hanimeret al.2001).

Finally the community structures obtained respectively for the cores C and C+6 were
compared using the Procrustean analysis (PROTEST software pack@B®crustean
randomization test). Procrustean analyses superimpose, scale and rotate one data matrix upon
the other until an optimal fit is founddckson & Harvey 1993, PerBeto & Jackson 2001

The PROTEST permutation procedure (1 000 permutations) was used to assess the statistical

significance of the Procrustean fit betweka two matrices (Perddeto & Jackson 2001).
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Figure IIl.1 Experimental procedure used in the present study.
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[11.4. Results

Two DNA extractions were performed from each sediment sample (the replicates are named
R1 and R2 for theare C, and R3 and Ror the core C+6). Consequently, 48 molecular
inventories were obtained (2 replicates * 12 varves * 2 céiigsirelll.1 ). Replicates from

each sediment layavere analged as separated samplesstimate the intrgore variability

in comparison to intecore variability (C versus C+6).

[11.4.1. DNA quantities
DNA varied from 21 to 82 pg/g wet sedimeriidure I11.2 , Figure 1l1.S1). No significant
difference was detectemmparinghe samples from the co@andC+6 (t-test p =0.368.

Figure 111.2 Boxplots of DNA quantities obtained from the 12 varves in the cores C and C+6.
ANOVA test showed no significant differences between C and c+6 (p = 0.368)

[11.4.2. Richness and diversity

The 5717 OTUdetected here werdistributed within 46 eukaryotiphylogenetic groups
(Table 11.S1). Most of those OTUs belonged to Chlorophyta (2455 OTUs), Fungi,
Chrysophyceae, Ciliophora and Dinophyceae (more than 250 OTUs for each gkoup).
similar number of OTUs wasretrieved from the two cores total 4078 and 4476 OTUS in
the molecular inventorie®btained forcore C and coreC+6, respectively. The number of
OTUs retrieved ireachsediment layer varied from 425 to 735 OTUs per samp&a(581 +

96) andfrom 426 to 990 OTUs (653 + 155 C and C+6 aes respectively

81



Table 1ll.1. The table presents (i) richness and relative abundance of the main microbial
eukaryotic groups (14 most diverse and abundant groups) and (ii) the significance of the
comparison test (ANOVA) performed to compare these osefor C and C+6; differences
were considered significant whenvplues were inferior or equal to 0.@% significant p

value ; NS: not significant p value)

_ Richness Relative abundance
Taxonomic groups
#0OTUs p % reads p
Apicomplexa 46 NS 833 NS
Bacillariophyta 162 NS 2835 NS
Cercozoa 115 NS 868 NS
Chlorophyta 2455 NS 126763 NS
Chrysophyceae 405 NS 6082 NS
Ciliophora 275 NS 12452 NS
Dinophyceae 342 NS 5295 NS
Fungi 610 0.01* 6719 0.02
Labyrinthulomycetes 129 NS 6020 NS
Perkinsea 35 NS 305 NS
Synurophyceae 142 NS 3833 NS
unclassified_Alveolata 169 NS 21170 NS
unclassified_Rhizaria 56 NS 739 NS
unclassified_Stramenopiles 557 NS 67597 NS
Other_protists 219 NS 2345 NS
Total 5717 263856
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Figure 111.3. Barplots of diversity indices: number of OTUs, Chaol estimator, Shannon
diversity, Simpson diversity, Pielou evenness obtained for the 48 samples. ANO&Ags
were calculated for each metric by comparing the values from the cores C and C+6.

Considerirg the whole datasetorsignificant difference asdetected between the molecular
inventoriesobtained forthe two cores (C and C+6) both fortotal richnesgnumber of OTUS,

Chao estimator) diversity indices (Shannon and Simpson indicesid evennessalues
(Pielou index)(p > 0.1; Figure 111.3). This was also verified considering separately the
richness of the different taxonomic groups. The comparistimeofnolecular inventories from

the two coresshowedno significant differenceas regardghe richness ofthe 14 major
microbial groups (i.e., the most abundant and diverse groups). Only Fungi, for which a higher
richness and relative abundance was detected in the core C+6, differed significantly between
the two coresTablelll.1, Figurelll.S2). The highest richness of Fungi icore G-6 was
associated to theichness increase of severfangal groupsincluding Chytridiomycota,
Cryptomycota and Glomeromycdfaigurelll.S2).
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[11.4.3. Community structure

Bray-Curtis dissimilarity(based relativ@bundance of OTUs) and Jaccard distance (based on
presence/absence of OTUs) were used to compare theangaariability against the inter

core variability. As illustrated by the hierarchical clustering trees, the highest similarities were
obtained forthe two replicatesriginating from the same sediment layBil (& R2 in coreC

and R3 & R4 in cor€+6) (Figurelll.4 ). For samples originating from to the 6 most ancient
deposits (strata 1973, 1976, 1979, 1982, 1985 and 1988) theantevariability wa in the

same range as int@re, revealing that the molecular inventories obtained for C and C+6
were very similar. In contrast, for the more recent deposits (1991, 1994, 1997, 2000, 2003
and 2006), a higher dissimilarity was observed between molenukamtories obtained for C

and C+6 Figurelll.4). The highest dissimilarities between C and C+6 molecular inventories
were detected from Bra@urtis indices, while the values obtained for Jaccard indices were
less contrasted (between C and C+6). Thisceteis that when discrepancies were detected
between the 2 molecular inventories, they were more particularly due to changes in the
relative abundance of OTUs rather than the OTUs composition (i.e., presence/absence of
OTUs).

Figure 11.4. Hierarchical clustering tree computed using B@uyrtis index (calculated from
the OTU relative abundance dataset) and Jaccard index (calculated from presence/absence
dataset) from the 48 molecular inventories.
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ANOVA test confirmed the significant diffenee of BrayCurtis dissimilarity values obtained
for the 6 most recent deposii€ versus C+6 comparisop: < 0.0001)(Figurelll.5). The
modifications in the relative proportions of OTUs thus occurred during the first 15 years of

burying (i.e. strata 199%as aged of 15 years when the core C+6 was sampled in. 2013)

Figure 111.5 Values of BrayCurtis dissimilarity (A) and Jaccard distance (B) obtained for
each couple of replicates for the 12 analysed sthati@a-core comparison is represented by
the dissimilarity of R1IR2 (for C core) and R&4 (for C+6 core); intecore comparison is
represented by the dissimilarity of fRB, RTR4, R2R3, R2R4).
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Figure 111.6.Relative abundance (number of DNA sequejad the 12 OTUs that contributed

to more than 1 % to the dissimilarity between the molecular inventories obtained for the cores
C and C+6, in each of the 12 analysed varRescentages of contribution superior to 5 %
were illustrated by the following ¢eend: more than 5 %: *, 10 % **, 20 % ***, 30 % ****,

The color assignated to each OTU was related to their taxonomic affiliation: green for
chlorophytan OTUs, orange for Stramenopiles, blue for unclassified Alveolata and dark blue

for the Ciliophora OTU.
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In order todetect which OTUs were responsible for the dissimilarity observed between the
structure of microbial eukaryotic communities in C and C+6 for these 6 most recent strata,
SIMPER analyses were used and showed tm#y 89 OTUs (out of the 5717 TUJs)
explained more-70 % of the dissimilarity between the composition of microbial eukaryotes
communities fronthe 2cores (Tablelll.S2). Among these 39 OTUs, the major contributors

to dissimilarity belonged to the groups of Chlorophyta, Alveolata (Ciliophora and unclassified
OTUs) and Stramenopile$dblelll.S2, Figurelll.6).

The unclassified Stramenopiles OTU (OTU1443vgs found in lower amountgin terms of

% of DNA reads)in the coreC+6 for the 6 most recent deposits, while for all the other
contributor OTUs no clear trend could be observed since they either increased or decreased
according to the strata. This was for instance tise ¢ar thehighest contributor OTUs, i.e.
several chlorophytan OTUs, an unclassified Alveolata OTU aildplcoran OTU
(Condylostomap.) (Figurelll.6 ).

These changes detected at the OTUs level did not affect significantly the relative abundance
of their respective phylogenetic groupgidgure 111.7, Table Ill.1) which were not
significantly different in the cores C and C+6. Only for Fungi, the p value was close to the
significance level (p= 0.02) and could reveal a -negligible increase of theirelative
abundance in the core C+Baplelll.1 , Figurelll.S2).

Finally, despite these variations in the relative abundance of contributors OTUs, the
procrustean analysis showsignificantlevels of concordandgetween community structures
obtained fromthe two coreqFigure lll. 8, P = 0.001) showing that both cores provided
congruent DNA signal as regards the glattalicture of the eukaryotic community.
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Figure 111.7. Distribution of DNA sequences in the molecular inventories with the main
microbial eukaryotes groups
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Figure II1.8. Plot of procrustean rotation analysis illustrated the potential differences in
community structure for molecular inventories from corard core C+6Statistics revealed
significant levels of concordance between community structures obtained from the two cores.
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[11.5. Discussion

Over the last decad®NA from sediments has been successfully employed to study the
succession of various dastrine and marine photosyntheti@croorganisms at long time
scales (from 100 years to 270 k years) (Coaderal. 2004, 2013, Boereet al. 2011a,
Domaizonet al. 2013, Houet al. 2014, Randlett et al. 2014, Eppal. 2015,Li et al. 2016.
Although the understanding of archiving processes is obviously crucial to properly reconstruct
temporal changes in biological communities from their sedimentary DNA records, this issue
has not been sufficiently nsidered yet. While, as reported (Behrensmeyeet al. 2000)
notable advances have been obtained in tmaih of taphonomyfor instanceas regards
microbial and biogeochemical controls on the preservation of different biological tissue
types, to date few studies have quantified thBuence of environmental factors in regulating
final composition of totatedimentary DNA assemblage (Vuillenghal 2016).

The potential limits of ancient DNA related to the knomndifications of the DNA signal
ZKHQ DJLQJ QXFOHRWLGLF PXWDWLRQV '1%$ IUDJPHQWDWL
case of very ancienDNA (> thousand years old) for applications in archaeology,
anthropology, paleontology, evolutionary biology and conservatWillgfslev & Cooper
2005 Hebsgaardet al. 2005, Rizziet al. 2012, Hagelbergt al. 2015. Here we considered
more particularly the potential problem of degradation processes atting sedimentvater
interface and during the early burial. The early diagenesis occurrieg wiganic material
(among which DNA) is buried in sediments is indeed known todréieal step for archiving

as it was illustrated for some microfossils (e.g. foraminifBeskeleyet al. 2007, pigments
(Leavitt & Hodgson R02) or for carbon and nitrogen amounts (e.g. Galraamal. 2008)
which are modified during the first years of archivilMpreover, as previously reported by
Behrensmeyeet al (2000),0ne of taphonomy's most promising new frontiers is comparative
analsis applied to different taxonomic groups within biological assemblages. Here we
simultaneously explore the effect efarly diagenesis on DNA of more than 40 micro

eukaryotic groups.

[11.5.1. Overall, stability of the DNA signal of micro-eukaryotes
We observed no significant effect of early diagenesis at the level of the entire micro

eukaryotic community, and the comparison of the two sets of data (C and C+6) based on
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procrustean analyses showed no significant differehcsving thata comparable teporal
dynamics was obtained for each dataset (based on the analysis of 12 strata covering a 40 yrs
time period). However, some variations between the molecular inventories obtained for C and

C+6 cores were detected at a finer taxonomic level.

We first veified that DNA quantities did not change after 6 additional years of archiving.
This result was notreally expected since we could hypothesize thapeeially for
extracellular DNA, exposure to bacterial degradation processes should have resulted in a
deaease of DNAquantities after 6 years of burying, as previously observed for C and N
losses rates in the same lake (Galrearal. 2008). Stability was also observed in the total
micro-eukaryotic richness; no significant differences were inddetécted beteen the
molecular inventories obtained for the two cores (C and C+6) in terms of richness, diversity

and evenness of the whole microbial eukaryotic diversity.

As mentioned before, the structure of microbial eukaryotes community provided very similar
paterns for the 2 cores as illustrated by the procrustean analysis. This result about unchanged
global structure of the community under early diagenesis differs from the results reported for
prokaryotic communities in the sediments of the Laguna Potrok (Angg\Vuillemin et al.

2015) In this oxic lake, the authors indeed showed, based orothparison of sedimentary

DNA compositionand fossil pigments, thadostdepositional diagenesis resulted in a rapid
change in the initial nucleic acid composition. However, because prokaryotic sedimentary
DNA partly originates from active taxa living in éhsediments (with vertical living
distribution that may change temporalbetween seasons for instance), the comparison with
eukaryotes is not totally relevant. Indeed very few eukaryotes are known to be able to be
active in lacustrine sediments. Capoak{2015) reportedhat eukaryotic sedimentary DNA
mostly represented DNA from past and inactive communities in Lake Bourget sediments;
based on RNA analyses of sedimentary DNAe authorshowed that active eukaryotes
were detected only in the top 2 crhsediment, and were mainly represented by one benthic
ciliate and to a lesser extdny fungi and chlorophytalhe rare available literature shows that

the presence of active eukaryotic taxa in lake sediment was mostly attributed to fungal taxa.
Wurzbacheet al. (2010kuggested for instance a possible heterotrophic fungal activity in the
upper sediment layers, whileungi are generally thought to be aerophilic, several species
from all fungal groups can withstand or remain active under anoxic cond{Bocaphamet

al. 2006) If bacterial and archaeal communities from the sediment of various aquatic

environmental systems have been widely examined, in contrast, sediment fungal community
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structure and diversity are not well exaed although fungal species may participate to
transformation of organic matter decomposition at theemssediment interfac€Zhanget al.
2015)

[11.5.2. Only one taxonomic group varied according to the core:dcus onFungi

Interestingly, while for most of the taxonomic groups, the richness did not differ between the
2 cores suggesting that the early diagenesis did not affect sigrifithetnumber of taxa
detected in 12 sedimentary varves agadiyhere, the only significant change detected in terms

of richness and relative abundance was the increase of fungal OTUs in the core C+6 in
comparison to the core C. We first took into considenathat a potential contamination
during sampling, storing and molecutaralysis could have induced this change; however this
seems to be unlikely because of the methodological precautions used during these steps
following the known recommendations (eRyzzi et al. 2012) and above all because blanks
used to verify the absence if contaminant DNA dusagpling, DNA extraction and PCR
amplifications were found to be negativeshowing the absence of amplifiable contaminant
DNA.

We hypothesize that thegsence of activeungi, including Chytridiomycota, Cryptomycota

and Glomeromycotataxa which may comprise saprotrophic taxa, partly explains the
difference in terms of abundance and diversity observed between the two cores. The reason
why one of the 2 cas was more favorable to the activity of these saprotrdphigi remains
unclear, and might be related to both spatial and temporal variability in the conditions at
water/sediment interface (duration of reoxygenation of the bottom of the lake for instance
when sampling was realized. RN#ased analyses could be used to verify the presence and
identity of activeFungi in Nylandssjon sediments. Among the fungal taxa we pointed out in
this study, most of them could be either saprotrophs or parasitegeacainot here definitely
conclude about their ecological function due to a limited taxonomic resolution and above all
due to current knowledge of fungal ecology in lakes which is still rudimentary (Wurzleticher

al. 2010). For instanceRhizophidiunsp. which largely contributed to the increase of Fungi
relative abundance in the core C+6, is known to harbor both saprotrophs (on cellulose, chitin,
keratin ;Sparrow 201Band parasite of various alg@lneset al. 2014) with more than 220
described species (Zhang et2015). The presence of putative fungarasites have already
been reported in lakes and margystems Coolen & Shtereva 200%Wurzbacheet d. 2010,
Edgcombet al. 2011, Orsiet al. 2013, Chambouvett al 2014); fungalparasites may reach
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sediment with their respective hosts (in an intracellular or extracellular state), their activity in

the sediment is uncertain.

Another explanation to the increase Blingi richnessn C+6 corecould be thatiagenetic
process induced modificatierand genetic polymorphism in DNA sequesitieat therefore

led to an increasm the number of false OTUs. In this case one can wonder whyFomigi

are affected, since no other group was found to present the same trend. In aoyrcaselts
suggest that, for reconstruction of past eukaryotic diversity based on sedimentary DNA
sequencing, the interpretation leingi data have to be considemtefully in the absence of

systematic studies allowing to clarify their diversity, activity and role in the upper sediments.

[11.5.3. Variations in relative abundanceof someOTUs in the uppermost strata

Considering the OTUs leveinter-core variability was deteced for molecularinventories

from the 6 most recent strata (ageto 15years), revealing changes in the relative abundance
of few specific OTUs.These OTUs belonged to Chlorophyta, Ciliophora and related
unclassifiedAlveolata andunclassified Stramenopiléne hypothesis regarding the DNA
preservation during burying into sediments is that extracellular could be less protected than
intracellular DNA (physically protected within resistant cells), though adsorption to mineral
and orgaic matrices is known to partly protect extracellular DNA from nuclease action. Here,
no link could be detected between variationghafrelative abundancef OTUs (between C

and C+6)and th& putative level of DNA protection by cells architectuiacluding the
FDSDFLW\ RI wD[D WR IRUP UHVLVWDQW FHOOV VSRUHV

In addition, it is noticeable that, with the exception of one OTU (unclassified stramenopiles),
changes of the relative abundances of these OTUs between C and C+6 folboglear trend
that could reveal degradation under the effect of early diageAesistding to the strata, they

could indeed either increase or decrease after 6 years of burying.

Based on the comparison of quantity dechmigh time of DNA originating fron various
groups (dinophyceae diatom and green sulfur bacteria), Boere et al. (2011a) previously
showed that the DNA preservation is not only related to the cell architecture. Hpweser
issue is still to be further explored; among the tests to pettogain knowledge in this topic,

we assume that the analysis of extracellular DNA could be of int&#stn working with
standardized commercial DNA extraction kits (as we and many other authors, including Boere

et al (2011a) did), it can be questionedhatheramplified DNA camemainly from DNA
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originating from resting cells or from extracellular genetic matéhbath typesof DNA are
theoretically extractedhe commercial kits we used)Vhatever its origin, extracted DNA
could be exploitable to stugpast communities from SeBNA sequencing, however resulting
molecular inventories may variylethods allowing to extract specifically extracellular DNA

or to remove extracellular DNA in order to keep only intracellular DBi& available
(Corinaldesiet al 2005; Taberletetal. 2012, Leveret al. 2015. Comparative investigations
could be performed to assess the extent to which molecular inventories vary according to
DNA extraction methods used; the ability to separate soluble extracellular DNA pools without
cell lysis fran intracellular and particieomplexed DNA pools may enable new insights into

the preservation of DNA in sediments (Lewdral 2015).Overall we did not observe any
differential degradation (i.e. preferential loss of certain taxa) for eukaryotic groups i
Nylandssjon sediments. This might result from rather quick sedimentation processes in an
environment undisturbed by sediment resuspension and transportation. Moreover, the lake
bottom of Nylandssjon is known to be anoxic, a condition known to be favoA DN
preservation (Coolen & Gibson 2009).

For the varves older than 15 years (dated before ,1991 cm depth in sediméntthe
structure of microbial eukaryotes communities was found to be stable and very similar
between the two cores. This suggests twagn possibleavoiding the upp@nostsediment
layers should allow to produce more reliable reconstructadngast microbial eukaryotic

communities inferred from sedimentary DNA.
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[11.6. Conclusion

Géalman et al(2008) revealed the temporal changes in C and N contents of the Nylandssjon
sediment from 1950 to 2006 after 5 years of burying while here the DNA signal appeared to
be quite stable for all sediment strata older than 15 years corresponding in the7lake @it

depth in the sediment. The modifications detected for the omstisediment layers are
explained by few OTUs for which variations of relative abundances are observed but without
significant impact on the total richness of the whole microbial egkargssemblage or on the

way the different deposits (dated strata) are discriminateda given core.Clearly,
biogeochemical sedimentary profiles (bacterial and archaeal activity, redox gradients with
sediment depth) would allow to consolidate the resoitsined hereMoreover, lecause

those results were obtained from one shallow and cold lake, such results cannot be directly
extrapolated to very different system& HHS ZDUP ODNHV VKDOORZ ODNH Zl1
which environmental conditions previaidj for DNA preservation during early diagenesis

could largely differ.

Overall, the present study suggest that precautions should bentakerparticularly foithe

Fungi group that could vary in terms of richness and relative abundance from one core to
another.. Clearly, l& paleogenetics studies using lacustrine sediments would benefit of
systematic study of DNA preservation during burying into sedimehts;résearch will

contribue to a better understanding of the fossil redarthcustrine systems.
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[11.7. Supporting information

Figure 111.S1. Quantities of DNA extracted for each sample (in pb.of wet sediment)

Figure I11.S2.Distribution of the richness and relative abundance of fungal groups in the 48
molecular inventories
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Table 111.S1 Distribution of reads and OTUsumbersn the 48 molecular inventories within
the main microbial eukarymtgroups.

97



98



Table 111.S2 Results obtained from SIMPER analysis comparing the molecular inventories of
the two cores considering the 6 most recent striltee table presents the percentage of
contribution of the 39 OTUsto the dissimilarity between the two cores; oy Us that
contributed to more than 0.2 % of the total dissimilaatg presented. Thmean number of
DNA sequencesbtained for each dhese OTUs ifC and C+6 cores are presented as well as
their taxonomic affiliation
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Résumeé

La dynamique temporelle des communautés de reigoaryotes lacustres a été étudiée au

cours des 2200 derniéres annéd) DSSOLTXDQW OH VpTXHQoDJH PDV\
sédimentairade carottes sédimentaires provenant de deux lacs (lac du Bourget, lac Igaliku).

Une large diversité de taxons a été révélée au sein des communautés des deux lacs avec plus
de 16000 OTUs distribués dans 50 groupes de miggacaryotes. De nombreux groupes

jusque la rarement étudiés dans les archives sédimentaires lacustres notamment les
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Chlorophytes, les Dinophycées, et les Ciliés semblent apparaitre comme des biomarqueurs
LOQWpUHVVDQWY GHV FKDQJHPHQWYV GYfpWDW WURSKLTXH
Odtrdphisation du lac du Bourget dans les années 1940s est le forcage le plus fort pour la
communauté de micreucaryoteet ses effets ont surpassé celigs aux fluctuations
climatiques. Dans le cas du lac Igaliku, les changements dans la structurednianauté

du lac Igaliku (moins exposé aux forcages anthropiques locaux) ont été détectés de maniére
concomitante avec les fluctuations climatigues majeures de ces 2 derniers millénaires
(réchauffement médiéval, petit age glaciaire, réchauffement récagite analyse met par

ailleurs en évidence le role joué par la biosphére rare dans les réarrangements temporels de la
communauté mickHX FDU\RWH &HV GRQQpPpHV RQW PLV HQ pYLGFH

sédimentaire pour décrire la diversité des m@uoarydes lacustres sur plusieurs millénaires.
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IV.1. Abstract

Assessing the extent to which changes in lacustrine biodiversity are affected by
anthropogenic or climatic forces requires extensive paleolimnological data. We used high
throughput sequencing to generate tieeies data encompassimmyer 2200 years of
microbial eukaryotes (protists and Fungi) diversity changes fronsédé@nentary DNA
record @ 2 lakes (Lake Bourget in French Alps and Lake Igaliku in Greenldrdjn 176
samples, we sequenced large diversity of microbial eukaryotes, with a total 386
Operational Taxonomic Units (OTUs) distributed within 50 phylogenetic groups. Thus,
microbial groups, such as Chlorophyta, Dinophyceae, Haptophyceae and Ciliophora that
were not previously considered in lacustrine sediment record analyses appeared to be
patential biological markers of trophic status changes. Our data suggest that shifts in relative
abundance of extant species, including shifts between rare and abundant taxa, drive
ecosystem responses to local and global environmental ch&@measiunity strature shift

events were concommitant with major climate variations (more particularly in Lake Igaliku).
However, this study shows that the impacts of climatic fluctuations may be overpassed by the
high-magnitude eutrophication impacts, as observed in theoghicated Lake Bourget.
Overall, our data show that DNA preserved in sediment constitutes a precious archive of
information on past biodiversity changes.

Keywords:protists lake, climate change, eutrophication, eDNA.

IV.2. Introduction

Microbial eukayotes (i.e. protists and Fungi) are keymponents of aquatic systems, as they
largely contribute to biogeochemical processes and ecosystems functioning (e.g. Fadkowski
al. 2008). They represent a diverse and abundant fraction of planktonic assemblages
freshwater and marine environments where they play various ecological roles (e.g., primary
producers, phagotrophs, saprotrophs, and parasites) (Leftaalc2005, Oikonomotet al.

2015, Massanat al. 2015, de Vargast al. 2015). Hence, their responses to environmental
fluctuations may directly affect aquatic ecosystems functioning (Cé&rdfutchins 2013).
However, there are knowledge gaps about how microbial eukaryotes communities change
over time and at which time scaleand how environmental conditions shape these
communities Recent research has endeavored to understand the relative impacts of warming

and eutrophication on phytoplankton composition and productivity, and has shown the
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existence of interactions betweersk two forcingactors (e.g. Gallinat al. 2013, Rigosket

al. 2014). Up to now, such lorgrm environmental monitoring studies rarely investigated the
whole diversity of microbial eukaryotes. As introduced by Cagomutchins (2013), the
effects of clmate change on these microbial eukaryotes communities remains poorly known,
which is most probably due to the lack of letegm timeseries that are a prerequisite for
understanding naturally and anthropogenicaly induced modifications in biological
comnunities. The paleolimnological approachideal to study the lorterm dynamics of
lacustrine populations, and allows studyihg effects of disturbances dteeclimate change
and eutrophicatiofe.g. Smol 1992 Battarbeeet al. 2001). However, the proxies traditionally
studied, mainlybased orthe morphological remainsf diatoms,zooplankton, chironomids,
reflect only a small part of the total planktonic diversity.

The recent emergence of molecular analyses based on the sequencing of environmental DNA
has opened up new areas of inquiry, extended to the spatial and temporal Stineeytmwle
spectrum of the diversity of planktoneukaryotes (de Vargast al. 2015, Massana&t al.
2015, Debroa®t al. 2015). Based on this approackedsnentary DNA (SedNA) can be
used to reach a more complete reconstruction of planktonic biodjyensiuding taxa with
no visible diagnostic featuredp to now,paleolimnological studies involving the analysis of
preserved DNAocused on specific microbial groups, such as cyanoba¢i@oimaizonet al.
2013) diatoms $toofLeichsenringet al. 2012 2015)or haptophytesGoolenet al. 2004,
Randlettet al. 2014). Recentlyit was demonstrated that lacustrine $¥dA constitutes an
appropriatematerial for palegeconstruction of the huge diversity of planktonic microbial
eukaryotes since DNA derivé®m all taxa and reflects mostly past communities (Geipal.
2015).

The potential limits of palececonstruction based on sedimentary DNA are mainly linked to
the fate of DNA in the environment, with potential risks of biotic degradation, abiotiy deca
leading to DNA fragmentation, and potential differential preservation according to
environmental conditions and taxaH O O { & @QriRaldesi 2004, Corinaldest al. 2005,

2008, Boereet al. 2011, Willerslev& Cooper 2005, Tortet al. 2015). However, aquatic
sediments have proven to be rich in DNA with preservation being favored by cold and anoxic
conditions (Boeret al. 20113, Thomsen & Willerslev 2015 and theanalysis of sedimentary
DNA to reconstruct past aquatic biological assemblagssalready been applied successfully
(Domaizonet al 2013,Lejzerowiczet al. 2013 Hou et al 2014, Stool eichsenringet al

2015). One study recently investigated the whole diversity of agewitieryots to document
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their response in terms of community composition to freshwater/marine transitions over the
last 10000 years of Black Sdastory (Cooleret al. 2013). Clearly, fundamental questions in
microbial ecology would benefit from the integration of DIWAsed paleoeconstructions.

More specifically, targeting eukaryotic DNA would allow addressing the challenging question
of the effect of environmental ahges on the microbial eukaryotes assemblages. This
approach would also allow exploring the role of the rare microbial biosphere in biological
responses to environmental disturbances, revealing rare taxa that contribute to deterministic
community dynamicgShade& Gilbert 2015, Logarest al. 2015). This information would
provide original contribution to the active debates on the role of these low abundance taxa,
which are considered either to perform specific ecological functions within the ecosystem or
to contribute to the functional redundancy and act as a reservoir of diversity to buffer the

impacts of environmental stress (e.gnch & Neufeld 2015Coveleyet al.2015.

In the present study, we investigate the temporal dynamics of microbial eukaryotes
communities of two lakes based on the hilgloughput segencing (HTS) of SedNA.

These two lakes present contrasted settings; one ldcatedtinental Europe (Lake Bourget)

is submitted to intensive langse and catchment area urbanization (Gijimtexet al. 2010,

Millet et al. 2010), whereas the other one (Lake Igaliku) is located in Greenland and only
faced episodic human forcing (local agriculture activiti€gjillemot et al. 2015. The
considered temporal framework allows to cover the main climatic periods of the last 2
millennia: Medieval Warm Period (MWP), Little Ice Age (LIA) and Current Warm Period
(CWP) (McKay and Kaufman, 2014). We hypothesize that these climatic flisctsiatduced
significant modifications within microbial eukaryotes assemblages in both lakes, whereas
marked eutrophication periods led to drastic rearrangements of community over the last
century, more particularly in Lake Bourget. Our main objectives (Ar¢o identify the
rearrangements that occurred through time within the communities and describe the temporal
changes in terms of community diversity, composition and structure, (ii) to ascribe to these
rearrangements the relative contribution of phatttsgtic and heterotrophic taxa, as well as

of the rare biosphere, and (iii) to document the diversity changes in microbial eukaryotes
communities with respect to two majors forces of environmental fluctuations enacting either
locally (i.e. anthropogenic pssure leading to eutrophication) or globally (i.e. climate forcing

reflected by temperature fluctuations).
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IV.3. Materials and methods

IV.3.1. Study sites

IDNH %RXUJHW f 11 f 9¢ P DV O PD[LPXP GHSWK
lake located in European Alps and currently classified as ahgsotrophic (Jacquet al.

2014). A marked eutrophication, described from both water column monitoringtéong
observatory on alpine lakes http://wwweé.inra.fr/seel@ eng) and paleolimnologitstudies
(GiguetCovexet al. 2010, Alricet al. 2013, Jennt al. 2013, Berthoret al. 2014, Pergat

al. 2015) was reported for this lake. The early eutrophication was observed from the mid
1940s followed by a marked eutrophication in the 19B8B0swith the highest phosphorus
concentrations (> 100 pugl). This lake has undergone a restoration leading to a progressive
re-oligotrophication from the 2010s (Jacqeétl.2014).

/IDNH ,JDOLNX f 11 f 9: P DV O PD[LPxRidddiS WK
lake located in southern Greenland and currently oligotrophic. This lake has been preserved
from the marked eutrophicatioin Greenland, only two periods of agropastoral activities
were inventoried (i) the Norse settlement period between ADa®8 the middle of the 15
century Arneborget al. 2011, Massaet al. 2012 Guillemot et al. 2015) (ii) the recent
occupation, since the 1920s, marked by moderate eutrophication around theAL&&®ee(m

et d. 2008, Perreet al.2012 Millet et al.2014).

These two lakes underwent changes in climatic conditions over the last two millennia. A
temporal framework divided into four climatic periodsused herejn accordance with
common practice irpaleoclimatic studies $icreet al. 2008, Blintgeret al. 2011 McKay &
Kaufman 2014): (i) the prmedieval period (< 700 AD), the Medieval Warmikgriod
(MWP; ca. AD 700 ca. AD 1300), the Little Ice Age (LIA; ca. AD 1306a. AD 1900) and

the Current Warming Period (CWeiring the last century).

I\V.3.2. Field sampling & laboratory sub-sampling

The sediment cores were sampled in 2013 in the deepest area of the lakes Bourget (core
LDB13-I; IGSN:IEFRAOOCQ www.geosamples.ojgand Igaliku (corelga-2013) using
UWITEC pistonand gravity corers (90 mm in diameter), respectively. Each core was halved
longitudinally: one half was kept for dating and sedimentological parameters and the second
half was dedicated to biological analyses. Fdistg and 43 sediment slices of 0.5 t@r in

thickness were sufampled from Lake Bourget and from Lake Igaliku sediment cores,
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respectively. A specific effort of sampling was realized for the two warmers periods (medieval
and recent periods) in both lakes. For each sediment layer, onlyriteg o€ each slice was
kept for DNA analysis to avoid any extraneous or cezsgamination due to contact with the
plastic liner at the periphery. Then, the samples were immediately plac2@ aC and kept
frozen until further molecular analyses (withithe following month).All laboratory
procedures were carried ot a dedicated laboratorfpllowing strict precautions to ensure

the authenticity of the results; in additidslanks were introduced during the ssdmmpling

step (opened tube containinigrapure water) in order to detect any aerial contamination

I\vV.3.3. Dating of sediment cores

For the sediment core from Lake Bourget, chemical composition was measured by XRF core
scanning, following a sampling step of 5 mm both in studied and refeoemes Figure

IV.S1, Supporting information). Sediment core from Lake Bourget is a composite sequence
(i.,e. made of 3 sections; LDB4301A, LDB131-02A, LDB131-02B). It was dated by
chemical wiggle matching by comparison with a set of 2 previouslirdated cores (Arnaud

et al. 2012). It is based upon the hypothesis that chemical changes in sediment composition
present wiggles that are synchronous in the whole deep lake basin. Alepgemodel
developed on 2 cores sampled in 2001 (LD®BQA1 IGSN: EDYLDB001; LDB0102, IGSN:
EDYLDBO002) and 2004 (LDBO04, IGSN: IEFRA003S) by Arnaudt al.(2012) was used as

a reference. The agkepth model was based on 7 cleadgntified chronological tie points

and using (i) varve counting from 2013 back to 1930*##Pb measurements back to 1900

AD and (iii) *C ages back to 250 BC. This agepth model was applied to LDB13y
correlating the ratio K/Ti (measured by XRF core scanning) with LDB04 (Tab&l &

Figure IV.S1, Supporting information). The agmcertainty is less than 3 years and 5 years
for varve counting anét®Pb dating respectively (Gigu€ovexet al.2010, Jenngt al.2014),

and about +/100 years for th&'C-based age model (Arnaed al.2012; FigurdV.S1).

Sediment core from Lake Igaliku is a unique sequence20d8).An agedepth model was
developed on a core retrieved in 2007 {&§¥7)by Masseet al. (2012). It was based on 16
accelerator mass spectrometry (AMS) radiocarbon dates affdftmmeasurements coupled

with 13'Cs to precisely date the last century. According to Massd. (2012), the 1g&2007

21%Pp model has a mean error between * 25 to 1.5 years during thee@@ihy whereas the
lga-2007 “C revealed a mean age error of +y&&rs during the Middi&ge. 1ga2007 and
lga-2013 were correlated thanks to magnetic susceptibility data, measured with a Geotek
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Multi Sensor Core Logger (Chrofienvironnement laboratory, University of
Bourgogne/Franch€omté; Table IV.S1). Around 50 tiepoints were identified between the
two cores in order to perform stratigraphic alignment. For reasons of clarity, only ten are

shown inFigurelV.S1.

IV.3.4. Molecular analysis

For each sediment layer, two DNA extractions were performed on 0.5 g cedietent by

using the NucleoSp#@ Soil kit according to the manufacturer instructions (Mach&tagel,

Duren, Germany). The concentration of bulk DNA ranged from 5 to 125 rigmlean 24
ng.uLl). The V7 region of 18S rRNA gene was PCR amplified on alf6bng fragment,

from ca. 25 ng of environmental DNA extract for eagdimple and using the general
HXNDU\RWLF SUIGEBTUXATTTEACTICAACRCG 1 * 2V al 2004) and

165 -JGGCATCACAGACCTGTTAT 1 9D Q G Het 3dH H000). The
combinatiors of tagged primers were designed to balance primers usage frequencies, and
therefore to reduce the frequency of mistagging events that result incordasinations
(Esling et al. 2015). We multiplexed 176 samples using 176 out of the 400 possible
combimations with 20 forwardand 20 reverse tagged primers. Each PCR was performed in
duplicate in a total volume of 23 containing 3 pl of 10X NH reaction buffer, 1.2 pl of 50

mM MgClz, 0.25 pl of BioTaq (Bioline), 0.24 ul of 10 mM dNTP, 0.36 pl of 0.5 pgR8$A

and 1 ul of each primer. The amplification conditions consisted of an initial denaturation at 94
°C for 10 min followed by 35 cycles of 1 min at 94 °C, 1 min at 55 °C and 1 min 30 s at 72
°C. The amplicons were then subjected to a finaml® extenson at 72 °C. The two PCR
products obtained for a given DNA extract were pooled and purified using IINB&EX™

PCR DNA and Gel Band Purification Kit (GE Healthcare Life Sciences, Velizy Villacoublay,
France) and quantified using QudainPicoGreen kit(Invitrogen, Carlsbad, CA, USA) on a
JOXRURVNDQ $VFHQWE )/ 7KHUPR/DEV\VWHPV %HYHUO\
amplicons corresponding to each sample were pooled at equimolar concentrations and sent to
Fasteris SA (Geneva, Switzerland) for librgoyeparation and paireend (2 x 250 bp)

sequencing on a MiSeq lllumina instrument (San Diego, CA, USA).

Specific precautions and choices for paleogenetics work:
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The isolation of DNA from sediment was carried out in a specific DNA laboratory, physically
separated from the molecular biology laboratory and employing rigorous controls against
contamination. This included (g§eparate stations for sampling, DNA extractions and PCR,
(ii) the use of sterile disposable labware, (iii) the introduction of blanlgafive controls) for
extraction and amplification steps, (iv) duplicates for extractions and for sequencing of each

sediment sample.

The choice of the barcode region was based on the following verifications: (i) the region
amplified was chosen after a tRiXJK VWXG\ RI WKH FRYHUDJH E\ WKH 33X
in publications. This allowed verifying that V4 and V7 regions are good candidates in terms
of coverage while V1 and V9 regions give the lower results. (ii) the length of the barcode was
considerd: from our samples, we verified the ability to amplify the V4 and V7 redmmel|

DNA extracts For the longer fragment (V4 ; 5@ bp) we detected a loss of amplification in

the sediment cores for sediment older than 900ngst probably due to DNA fragmentation;
consequently we selected the V7 region (around 250 bp) that showed positive amplifications
for all our samples and allowed to obtain an adequate qoéligkonomic identification with

the bioinformatics tools usedii) the simulation performed by Taib et al. (2013) showed that
there were no statistical significant differences for the taxonomic identificatiamplicons

(200 bp) by a similarity method (i.e. BLAST) between the V4 and V7 regions. Based on these
three verifications, the probes 960F and NSR1438 appeared to be good candidates in terms of

coverage, length, and taxonomic assignment.

I\V.3.5. Bioinformatics processing

The pairedend reads were merged together using UPARSE tools (offéisty_mergepairs

with a minimal overlap equal to 150 and mesmatch allowed) (Edgar 2013) allowing to
obtain 24 088 960 raw DNA sequences. These sequences were then submitted to three
cleaning procedures: (i) no undefined bases (Ns), (i) a minimum sequence lengthbpf 200

and (iii) no sequencing error in the forward and reverse primers. Putative chimeras were
detected by UCHIMEEdgaret al.2011) The combining of these cleaning procedures with a
sequencing depth (2 x 250 bp) covering all the amplicon length (~ 220ithput the
primers) has allowed to sequence twice each base and to minimize drastically the sequencing
errors. After this cleaning step and demultiplexing process, the remaining sequences were
clustered at a 95 % similarity threshold with UPARSE 7.0 (E@§4.3) to obtain the seed
OTUs (option-cluster_fast). The delineating of the similarity threshold was chosen following
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the recommendations from Manget al. (2013) who estimatethe errors during PCR and
sequencing by introducing an internal 18S stashdar unique alien DNA sequence) and
demonstrated that 95 % was a relevantafithreshold for OTUs delineation allowing to
limit the artificial inflation of OTUs numbeiThis threshold was chosen after sequencing of a
mock community in the same experimental conditions (primers, sequencing platform and
bioinformatics pipelines), we obtained 16 OTUs from the 16 species in the mock community
when applying the 95% thresholdafddeposited in the Dryad Digital Repository

The taxonomic affiliation waperformed by BLAST against the SSURef SILVA database
(Pruesseet al. 2007) after application of the following selection criteria: length > 1200 bp,
quality score > 75 % and a pail value > 50; SILVA database was enriched by lacustrine
DNA sequences originating from various studies (Lefrahal. 2005, Lepéreet al. 2006,

2008, Mangotet al. 2013). The taxonomy of an OTU corresponded to the best hit given by
the similarity seartt. If an OTU was associated with several best hits (hits having the same
identity), then the taxonomy was the common taxonomy of these hits named also the lowest
common ancestor. In addition, a specific taxonomy based on previous publications (eefranc
al. 2005, Lepereet al. 2006, 2008, Mangogt al. 2013) allows to identify typical freshwater
clades (e.g. Cryptophyta 1, 2, Perkinsea_1). OTUs affiliated to metaaodmsnbryophytes

were removed from these analyzes in order to consider only microbeayetés (protist and

Fungi at the basis of trophic networks). After these different steps (cleaning, clustering and
taxonomic affiliation), 13 044 506 qualifiter DNA sequences were clustered in 80 081
OTUs classified as microbial eukaryoté&mr each ample, the OTUs which were detected
only in one of the two duplicates were removed from démalysis; leading to 18 583
remaining OTUS. This additional cleaning step allows to minimize the presence of falsely
rare OTUs due to PCR bias as recently pointedby Langeet al. (2015) and Egget al.

(2015). For each remaining OTU, the numbers of DNA sequences obtained for each duplicate
ZHUH WKHQ VXPPHG )RU DOO VDPSOHV WKH DOSKD GLYHI
(i.e. estimation of the effectiveumber of speciegdill 1973, Jost 2007, Gio et al. 2014.
Different Hill numbers gD areGHILQHG E\ W K(HilL 197B8)utRe p&rahte®f d controls

the sensitivity of the measure to species relative abundabasqualsspecies richness (g=0),

1D is the exponential form of Shannon entropy (q=1) aRds a transformation of Girt
Simpson measures (g=2Fotelli & Chao 2013 These metrics were computed using the
functions from he R package INEXTQhaoet al. 2014, Hsiehet al. 2016. In order to
performcomparisons between samples, the number of DNA sequences was standardized at 35
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973 for all samples resulting to a total number of clean DNA sequenceks6624 (13.1 %

and 24.2 % of the raw and qualfiltered sequencingataset, respectively). Frotimese data,

the final dataset (i.earefied OTU tablavith the 16 386 OTUs expressed in terms of relative
number of DNA sequences for each sediment layer) was used for all the further analyses on
beta diversity. The data(demultiplexed sequencesre deposited in the Dryad Digital
Repository (ittp://datadryad.orgy/

IV.3.6. Data treatment and statistical analyses

Rarity. OTUs accounting for less than 0.1 % of the total DNA sequences were considered as
rare OTUs. For each lake time series, 2 categaiesrity were considered, namely for
OTUs that are (i) permanently rare (ii) oscillating (i.e. exhibit large temporal oscillations
between abundant and rare). The existence, number and identity of taxa that exhibited
temporal shifts from rare to abundastites (and inversely from abundant to rare) were

recorded.

Ecological inferenceWe performed a basic functional annotation in order to discriminate

OTUs corresponding to ngrigmented and pigmented taxa. Ecological inferences were based

on the literatee available about the presence/absence of chloroplastiabial eukaryotes

cell. Some microbial groups include only phototrophs (mainly represented by Bacillariophyta,
Chlorophyta, Haptophyta) and their OTUs were logically assigned to pigmentediEa.

distributed within groups of frelving heterotrophs (mainly represented by phagotrophic
Ciliophora, Choanoflagellida, Cercozoa, Amoebozoa, osmotrophic Fungi) and parasites
(Apicomplexa, Perkinsea, Oomycetes) were reliably assigned tepigorented pups.

When OTUs belonging to Chrysophyceae, Dinophyceae and Cryptophyta, which gather both
pigmented and nepigmented taxa, were not precisely identified (i.e. at least at the genus
OHYHO WKH\ ZHUH WKHQ DVVLJQHG WR 38QNQRZQ" HFRORJ

Change paits indiversity (Hill § numbers) Bayesian change points (bcp) analysis was used

to reveal timing changes in the diversity metrioB & OTU richness1D = transformed
Shannon andD = transformed GinSimpson indices)The bcp analysis provides estimates of

posterior probabilities for the presence of a change point between consecutive dates and of

111



SRVWHULRU PHDQ YDOXHV RI HDFK L Q& Hrpersok B0¥) @#&FND JH

used for this analysis.

Community struture modificationsA chronological clustering was used to detect the timing

and hierarchy of markedbreakpoints in the community structure. For this purpose, a
Multivariate Regression Tree (MRT) analysis was performed considering the overall OTUs

table orusing separately the ngngmented andhe pigmented OTUs tables. This time
constrained analysis was performed according to the instructions of Betcr{2011), the

size of each tree was selected using the graphs of the relative Rgare(V.S2). The R
SDFNDJH 3PYSDUW’ '"HTDWK ZDV XVHG IRbetriv KLV DC
multidimensional scaling (NMDS) analysis was used to summarize the main dimensions of
modifications observed in the community structure. For each lake, a@®ndig dissimilarity

matrix and a Jaccard dissimilarity matrix were then built from the OTUs table and the NMDS
JUDSKLF YLVXDOL]DWLRQV ZHUH WKHQ SORWWHGIXVLQJ W!I
To identify the OTUs that contributed to the dissimilaover time, SIMPER analyzes were
conducted using PAST v.2.11 (Hammet al. 2001) considering groups of samples

significantlydiscriminated by ANOSIM analyzes-{f@lues < 0.0001).
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Table IV.1. The table presents (i) for each lake, the numbers of g8dfiences, OTUs and

oscillating OTUs within each taxonomic group (ii) the numbers of common OTUs in the two
lakes and core OTUs found in all samples.

Lake Bourget Lake Igaliku
. Common Core
Taxonomic groups #DNA . #Oscilaing #DNA . #Oscillating OTUs  OTUs
sequences OTUs sequences OTUs
Apicomplexa 15464 144 4 7582 110 1 7
Ciliophora 241068 1185 27 194702 1157 32 723 9
Alveolata Colpodellidae 25 3 1 1 1
Dinophvceae 89488 894 13 42236 674 6 473 3
Perkinsea 26424 146 2 32500 130 3 83 4
Voromonas 159 13 5 3 2
unclassified Alveolata 312973 964 26 64600 750 13 571 15
Amoebozoa Discosea 80 7 88 4 1
Tubulinea 58 13 1532 29 1 11
Crvptomonadales 91 5 187 4 3
Cryptophyta Crvptonhvta 3 14 2 3 1 1
Crvptonhvta 4 346 12 21 5 4
Pvrenomonadales 240 6 14 4 3
unclassified Cryptophyta 153 9 36 6 4
Eualenozoa Kinetoplastida 109 11 8307 40 5 10
Coccolithales 1 1
Isochrvsidales 22 3
Haptophyta Phaeocvstales 18619 26 2 716 6 5
Prvmnesiales 302 8 131 7 5
Zvaodiscales 1 1 4 2
unclassified Haptophycea 74601 43 2 15329 37 4 22 2
Heteroloboses Schizopyrenida 1849 82 48606 328 10 74
Nucleariidae Nucleariidae 206 3 3 1 1
Opisthokonta Choanoflagellida 211 9 24 8 4
Funai 403422 3611 63 156225 2570 45 1644 10
Opisthokonta incertae sec 29 2 1 1
Rhizaria Cercozoa 117174 1156 18 416460 1589 29 738 9
unclassified Rhizaria 33137 644 4 228359 1128 9 519 5
Rhodophyta Banaionhvceae 418 11 2878 12 1 3
Florideophyceae 30 2 7 1 1
Bacillariophvta 14697 199 9 9575 197 6 105
Bicosoecida 109460 262 4 81186 369 9 179 6
Bolidophyceae 22 3 2 2 2
Chrysophyceae 11088 212 5 41370 290 9 138 2
Dictyochophyceae 280 7 471 10 1 2
Eustigmatophyceae 4417 49 3 882 33 28
Labyrinthulida 333 19 2890 29 3 16
Stramenopiles MAST 1150 34 1 653 23 1 13
Oikomonadaceae 29 2 18 3 2
Oomycetes 14137 158 2 2694 111 69
Phaeothamniophyceae 1 1 2 1 1
Pinguiophyceae 24 2 2 1 1
PX clade 649 20 367 21 11
Raphidophyceae 324 6 30 3 3
Synurophyceae 2458 60 1 15765 100 4 44 1
unclassified Stramenopile 24444 325 6 84358 477 13 243 4
Viridiplantae Chlorophvta 94975 940 22 83064 929 29 509 3
Streptophyta 2158 127 2004 117 59
unclassified Viridiplantae 1448 21 926 16 1 9
Total 1618785 11459 214 1546839 11344 235 6417 73
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IV.4. Results

IV.4.1. OTU richness and taxonomic composition

A total of 16 386 OTUs was assigned to 50 phylogenetic groups. The number of OTUs varies
from 1172 to 2011 OTUs in Lake Bourget samples and from 1208 to 2643 OTUs in Lake
Igaliku. The total number of OTUs is quite similar in the two lakes (11 459 and4l11{oB4

Lake Bourget and Lake lgaliku, respectively), which have in common 40 % of the OTUs
(TablelV.S2). The OTU richness distribution within each phylogenetic group is very similar
for the two lakes Table IV.1, Figure IV.S3). The nomrpigmented groups (nrdy Fungi,
Ciliophora and Cercozoa) dominate the OTU richness in both lakes, with 60 % and 58 % of
the OTUs found in lakes Bourget and lgaliku, respectively. Conversely, pigmented taxa
account for only 18 % and 17 % of the OTUs found in lakes Bourget Igaidu,
respectively. Among pigmented taxa, Chlorophyta, Dinophyceae and Bacillariophyta (i.e.
diatoms) exhibit the highest OTUs richne3ale IV.1). Less than 1 % of the OTUs are
persistent throughout the entire thweries dataset (94 and 107 OTUdakes Bourget and
Igaliku, respectively). Interestingly, 73 of them occur not only in both lakes but also in every
sequenced sample. Although these OTUs gather 51 % of the DNA sequences and hence
include the most abundant OTUs, their relative abundand#éegrdiffer markedly between

the two lakes. In Lake Bourget, the 10 most abundant OTUs representing around 30 % of the
total number of DNA sequences are affiliated to Ciliophora, Fungi, Haptophyceae and
Bicosoecida, while in Lake lgaliku they are affidtto Cercozoa, Ciliophora, unclassified

Rhizaria and unclassified Stramenopiles.

IV.4.2. Temporal tipping points detected for the structure of eukaryotes community

The major change point in the composition of microbial eukaryotes community of Lake
Bourgd is placed during the 1940s by the MRT analyBigreV.1), which corresponds to
when eutrophication startedrigure 1V.S4). This change is concomitant with a significant
increase of diversity metricsld, 1D and2D), as reported by the Bayesian chapgat (bcp)
analysis Figure IV.2). A second change point characterizes another shift in the community
structure in the 1960s, accompanied by a decrease of the above ifdigessV.1 and

V. 2).
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Figure IV.1 For Lake Bourget (A) and Lake IgalikB) : Temporal dynamics of the relative
abundance of each phylogenetic group of microbial eukaryotes and breakpoints detected by
MRT analysis considering the whole list of OTUs and separatehpgmented OTUs (NPI)

and pigmented OTUs (PI)The breakpointsof first, second and third importance are
respectively represented by the numbers 1, 2 and 3.

115



For Lake Igaliku, the main change point in the whole community structure occurred between
1605 and 1680 AD, i.e. during the coolest period of the IH@YrelV.1). The second most
important change point occurred in the 1960s. The OTUs richness tends to increase
progressively from AD 700, while the diversity estimates derived from Shannon and Simpson
indices show an increase only after LIA coolifkgglrelV.2).

While non pigmented OTUs exhibit synchronous shifts with the whole community, the
temporal rearrangements of the pigmented community follow a different timing and
remarkably their major change point occurred in the 1960s for the 2 Rigesg]lV.1).
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FigureV.2.7LPH VHULHV RI +LOOfV QXPEHUV 278 ULFKQHVV W]
indices) for Lake Bourget (A) and Lake Igaliku (B).the upper part of the graph, the colored

line shows the metrics values and the dashed line shows the sample mean for the time series.
The results of bcp analysis are plotted on the lower part of each graph showing the posterior
probability of a changpoint at a given time. Timing changes are considered as relevant if the
posterior probability values are equal or superior to 0.5. Four climatic periods are mentioned:
Premedieval Period (preMP), Medieval Warming Period (MWP), Little Ice Age (LIA) and

Curent Warming Period (CWP).
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IV.4.3. Community rearrangements over time

For the analysis of beta diversity, both Jaccard (presence/absence of OTUs) a@uifdsay
(relative abundances of OTUSs) indices were considéssohg nonmetric multidimensional
scaling (nMDS), mnilar patterns of samples dissimilarity were visualifed Jaccard and
Bray-Curtis indices(Figure IV.S5). Further exploration of dissimilarity data was therefore

continued by considering onfglative abundances (Bray Curtis indices).

Three groups of samples are discriminated for the Lake Bourget time $agas(V. 3):

before the 1940s, from the 1940s to the 1960s and after 1960s. In Lake Bourget, the non
pigmented OTUs are the major contributors to the rearrangements overriguee (V. 4).
Altogether, they explain 63 % of the total dissimilarity between these 3 sample groups. The
main nonpigmented contributors to the 1940s rearrangements are the Ciliophora OTU3409
and 2 Fungi OTUs assigned to Cryptomycota (OTU39169) and Cloyydietes
(OTU8852). Two of these OTUs are also determinants to the 1960s rearrangement, but then
exhibit opposite dynamics (increasersusdecrease in terms of relative DNA sequences
abundanceFigure IV.4). The pigmented taxa entail 2 major contributors to the community
rearrangements, including one Haptophyceae (OTU18217), which DNA sequences abundance
drops since the 1940s, and one Chlorophyceae reliably assignétlamydomonasp.
(OTU42983) charactered by a marked increase since the 196@yufelV.4).

In Lake Igaliku time series, 4 groups of samples are defined: before AD 700, from AD 700 to
1350, from AD 145@o 1880 and after 1880 ADFigurelV.3) consistently with the climatic
periods previody described (MWP, LIA and CWP). The main contributors to the
rearrangements are n@igmented taxa with mainly 5 OTUs belonging to Cercozoa and to
unclassified Rhizaria; these 5 OTUS are particularly abundant during the period AI3C@O
(FigurelV.4). TheTablelV.S3 presents the list of the 97 and 118 OTUs identified as the main

contributors to dissimilarity in Lake Bourget and Lake Igaliku, respectively.
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Figure IV.3. Norrmetric multidimensional scaling analysis of microbial eukaryotes
communities based on Br&urtis dissimilarity are presented for Lake Bourget (A) and Lake
Igaliku (B) time series The colors of each sample correspond to the groups of samples
identified by ANOSIM analysis (P < 0.001).

Figure IV.4. Temporal relative abundances of the 1pagmented, pigmented and unknown
OTUs, as well as the OTUs that contributed to more than 2 % of the total dissimilarity over
time, are presented for Lake Bourd®) and Lake lgaliku (B)'he considered time periods

are those defined by ANOSIM analysis. The contribution of OTUs (expressed as %) to the
community dissimilarity between consecutive time periods are obtained from SIMPER
analysis. The sign "+" means screase of the relative abundance of the OTU between the 2
compared periods, while the sigii fneans a decrease of this relative abundance.
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The permanently rare OTUs, representing 10 545 ard¥200TUs in Lake Bourget and
Lake Igaliku respectivelycontribute to less than 20 % of the temporal rearrangements over
time. The oscillating OTUs (214 and 235 OTUs in Lake Bourget and Lake Igaliku,
respectively ;Table IV.1 & Figure IV.5), being abundant or rare for long time periods,
predominantly contributéo the dissimilarity in both lakes time series. 72 % and 81 % of the
major contributors, in Lake Bourget and Lake Igaliku respectively, are indeed oscillating taxa
(Table IV.S3). Among these oscillating taxa, which became particularly abundant since the
1960s, we noticed 5 Chlamydomonadaceae OTUs that exhibit similar temporal dynamics in
both lakes. Chlorophyta globally increase (in terms of relative DNA sequences abundance)
since the 1960s in both lakes, and a shift of dominance from Ulvophyceae (LaketBon
Trebouxiophyceae (Lake Igaliku) to Chlorophyceae OTUs is obseRigdré IV.6, Table
IV.S3).

Figure IV.5. Temporal dynamics of oscillating OTUs in Lake Bourget and Lake lgaliku.
Oscillating OTUs shifted between abundanO(2 %) and rare states (< 0.1 % of the number

of DNA sequences, on average for each period).

The selected time periods are those defined by the ANOSIM analysis. The number of OTUs is
presented within pieharts showing the proportion of npigmented (cange), pigmented
(green) and unknown (gray) OTUs.
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Figure IV.6.Composition and temporal dynamics of the chlorophytan groups in Lake Bourget
(A) and in Lake lgaliku (B) based on their relative abundance in terms of number of DNA
sequences.
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IV.5. Discussion

IV.5.1. Methodological aspects

Various issues should be addressed to achieve robust findings usineempaleomental

DNA, some of which can be integrated rather easily in padeonstruction studies (like
controls of norcontamination, optinziation of protocols for fragmented DNA) while other
issues are complex to clarify as for instance the problem of potential differential preservation
that is influenced by both physical, chemical dndlogical parameters (e.@oereet al.

20113, Jargenseet al.2012 Lejzerowiczet al.2013, Tortiet al.2015.

In this study, in addition to the strict cleab procedures applied, the blanks used at various
analytical steps allowed to verify the absence of contamination by external DNA. Only one of
the control of aerial contamination was positive for PCR amatibo. The sequencing
results obtained for this positive blank showed that the OTUs found to be contaminants were
mainly represented by Fungi and Alveolata, which account for 95 % of the DNA sequences
(25% of Saccharomycetales, 21 % of Agaricomycetes, dfQ%aclassified Ciliophora and 39

% of unclassified Alveolata). None of these dominant OTUs were retrieved in the DNA

inventory obtained for our environmental samples.

We also consideredhé potential limitations due to the level of DNA preservation smthe
WDUJHWHG E D UleRoeseh&tiod df(DNW K indeedkay issue in paleogenetics
HJ 'HOCETSH.QMR Corinaldeset al. 2008, Boereet al. 2011a). The diagenetic
processes can degrade sedimentary DNA into shorts fragmenizé¢hesting or limiting the
efficiency of PCR amplification especially when the targeted barcodes are long (i.e. > 300
bp). In this study we tested the DNA amplification using 2 different lengths of barcodes (~
400 bp and ~260 bp). For the longer fragmesst,detected a loss signal in the sediment cores
from ~ AD 900, showing a potential limit in the amplification of this barcode (data not
shown). The 260 bfmng DNA fragment was successfully amplified over the entire sediment
cores (up to ~ 100 BCE) and wtmsis used foreconstructing the past eukaryotic diversity.
We revealed the presence in the sedimentary archives of all the taxonomic groups that are
usually observed in planktonic molecular surveys (e.g. Delatoals2015). Additionally, we
did not obgrve any modification in richness that could be visibly due to diagenetic processes

(loss of OTUs when sediment ages, for instance).

Another potential bias in the reconstruction of past biological diversity based on sedimentary
DNA is the potential diffenatial preservation of DNA linked to physical and chemical
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conditions in the lake as well as to the source organisms, i.e. taxa with resistant cells as
resting propagules allowing physical protection for the Di¢fsustaxa that leave their DNA

with a limited protection (simple cell membrane easily lysed)release DNA in the
environment (extracellular DNA adsorbed on mineral and organic particles) (Coriretldési

2005, 2008,Pederseret al. 2015. We carefully considered the changestlie relative
decrease or disappearance of certain groups in our temporal dataset in order to verify if the
decrease of some taxa in the oldest sediment layers could be due to a low preservation
capacity and inversely for the taxa producing resistant Cetis.taxa known to arbor rigid
materials (Bacillariophyta, Dinophyceae) did not show a particularly high abundance in the
oldest sediments. We paid special attention to Chlorophyceae since several OTUs within this
group (especiallfChlamydomona®TUS) werdargely represented in upper layers and had a
decreasing relative abundarnfcem the 1960s. Chlorophyceae are known to exhibit resistant
rigid cell wall and zygospore(Imam et al. 1985, VanWinkleSwift & Rickoll 1997,
consequently this group does not have a particularly high sensitivity to degradation during
burial in sediment in comparison to other unicellular eukaryotes. The only group for which we
suspect a very low level of preservation is theugrof Cryptophyta, which is known to be
abundant in Lake Bourget plankton over the last 20 yrs but is however poorly retrieved in the
recent sediments, as already reported by Gapal. (2015), and is not retrieved in ancient
sediments either (this study)

Although careful calibration studies are still to be conducted for DNA proxy as with any

paleolimnological proxy based on methodological precautions applied here and the

stringency of our data treatment (analytic and bioinformatics procedures allmanmgimize

the inflation of false rare OTUs) we are confident on the validity of these molecular data to

describe microbial eukaryotes communities including the rare biosphere.

IV.5.2. Sedimentary DNA reveals past microbial eukaryotes community

The high richness sequenced from both lakes entails OTUs belonging to all the phylogenetic
groups of microbial eukaryotes encountered in lacustrine systems. High latitude ecosystems
generally exhibit a reduced biodiversity (aquatic plants and animals)acecthpo lower
latitude systems, which is mainly due to environmental constramtsemotenes¥ncentet

al. 2013. In our data we could not detect any significant diffieeein terms of OTUichness

between the arctic Lake Igaliku and the temperate Lake Bourget, whatever the considered
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time period. Themagnitude of the OTU richness characterizing ourstines datasets as

well as the OTU distribution within taxonomic groups were within éxpectations of
previous HTS inventories performed on lake watelumns, with Fungi, Ciliophora and
Chlorophyta being the most diverse groughdrvetet al. 2014 Oikonomouet al. 2015,
Kammerlandert al. 2015, Debroa®t al. 2015). Only the study reported by Coolen et al.
(2013) about the reconstruction of temporal changes within acguateryotes communities

over the Holocene in the Black Sea, is rather comparable to this study. A thorough
comparison between these 2 studies woutdver by tricky due to the numerous
PHWKRGRORJLFDO GLIIHUHQFHV VHTXHQFLQJ WHFKQRORJ\
dominant groups of microbial eukaryotes retrieved in the two studied lakes, we identified a
pool of core/persistent taxa, whiclcinded OTUs affiliated to Cercozoa, Fungi, Ciliophora,
Haptophyceae and Chlorophyta. There is little evidence for the existence of persistent, core
microbiomes based on tinseries environmental diversity data, especially for microbial
eukaryotes (Shad& Gilbert 2015). Our results support recent observations showing the
existence of persistent bacterial taxa being mostly represented by abundant OTUs (&ibbons
al. 2013). More particularlyve show thatchanges in the dominant OTUs (from one lake to
anotheror through time) primarily reflected shifts in the relative abundance of the persistent
OTUs.

IV.5.3. A temporal view on dominance and rarity

We found a core of 73 OTUs that is not only ubiquitous (detected in all samples) but that also
comprises the most sequenced OTUs (i.e. most abundant). This is consistent with the general
pattern observed for HTS microbial inventories showthieydominancdin terms of number

of DNA reads) of few OTUs, i. e. hyperdominance concept as reported de ¥aadg2015)

in oceans. However, we revealed that the relative abundance of more than half of these
persistent OTUs displayed oscillating patterns and weee eare during long time periods.

This implies that a formal hyperdominance concept should incorporate knowledge on the
temporal dynamics of microbial eukaryotes communities. SKBad&lbert (2015) recently
emphasized the importance of temporal investgatinto microbial dynamics in order to
determine the role of the rare taxa in ecosystem resilience and stabilityighhediversified

rare biosphere is considered either as a pool of active taxa living at low abundance, and/or a
reservoir of dormantaixa that provide ecosystems with a biological buffering capacity to
withstand environmental changes, and hence is genasghciated to the idea of functional
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redundancy (Lynct& Neufeld 2015, Logarest al. 2014). The rare biospherepresents a
dynamicbut overlooked fraction of lacustrine diversitiyhas been demonstrated, from 18S
rRNA, that dominance patterns among microbial eukaryotes could changkowt or
intermediate time scales ranging from day to seasons or years @alt€010, Jonest al.

2013, Mangoet al. 2013, Eggeet al. 2015). This suggests that rare taxa take active part into
the rearrangements of community, especially when these are subject to distugyasiesl{(

et al.2012 Shadeet al.2014, Baltaet al.2015, Shadé& Gilbert 2015) Our analyses suggest
that the eukaryotic rare biospheparticipate in the ecosystemic response to disturbances
linked to both anthropogenic and climatic changes, illustrating the potential of the
paleolimnological approado detect which rare taxa exhibit a deterministic behavior. Further
paleogenetics studeshould be dedicated to the study of the rare biosphere dynamics inferred
from sedimentary DNA in order to reinforce our observations and test the generalization of

such patterns.

IV.5.4. First clues of synchrony between MECs shifts and climatifiuctuations

Recent paleoecological studies investigdtexeffects of climate (i.e. mainly temperature) on
biological taxa but generally focused on specific photosynthetic groups such as
Cyanobacteria, Haptophyta or Chlorophyta (Domaizinal. 2013, Hou et al. 2014,
Savichtchevaet al. 2015). The whole community ofmicrobial eukaryotes (including
heterotrophs) play key roles in food webs, they are seldom accounted for in studies dealing
with climate impacts (Caro& Hutchins 2013, Coolert al. 2013). In the case of Lake
Bourget, we detect no marked effect of climatiiectuations on community dynamics.
However, it is noteworthy that, by excluding the data obtained for the last century, we detect
changesconcomitant withclimatic modifications inthis lake. Indeed, excluding the recent
eutrophication period and considering data for the pe+id0/1900 AD, we verify the
existence of a shift in the eukaryotic community structure at the end of the medieval warming
(around 1350 AD, when temperaturstarted to decrease; data not shown). The recent
environmental forcings (mainly eutrophication and recent warming effects) seem to erase the

more subtle effects of ancient climatic fluctuations in this lake.

In contrast, we detect major changes in Lakdikgacommunity structure that could be
related to main climatic periods. We identified a major charwet duringthe 17" century,

which corresponds to the coolest peraidhe last 220@ears (between AD 1640 and 1780;
Millet et al. 2014). Moreover, thenicrobial eukaryotesommunity appeared to be structured
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according to the main climatic periods (MWP, LIA, CWP; MckK&ayaufman, 2014). Such
modifications in microbial assemblages are not necessarily related to the direct effects of
temperature but could also result from complex indirect effects of climate change
(modifications in the hydrological conditions in the watersied@ G ODNHTV TMeULEXWD
previous studies based on the morphological remains (Perr@n2012, Milletet d. 2014)
reported subtle changes over the last 1450 yrs and until 1980 AD. Our results are rather
different since both marked modifications in the richness and structure of microbial
eukaryotic assemblages are detected concomitantly with known climattuafions.
Although our results do not allow us ranking the importance of climate and anthropogenic
drivers, we hypothesize that the changes in microbial eukaryotic structure that occurred
during the MWP are primarily linked to climatic modifications. Thkhift is indeed
concomitant with the beginning of the warming (700 AD) while the human occupation started
in the late 900s. In addition there is evidence that Norse agriculture during this period had
almost no impact othe trophic state of the Lake Igalikexcept subtle changes of its flora

and fauna (Perreet al. 2012, Milletet al. 2014). Here, we highlight profound changeshe
dominant taxa between the 3 consecutive climatic periods, this paleolimnological view
provides new material for generatingpypotheses regarding the impact of climate on
eukaryotic taxaMore patrticularly, our data suggest that the relative abundance of Cercozoa
OTUs could be linked to the temperature fluctuations with the highest record of this group
during the MWP. The traiton between the MWP and the LIA was indeed marked by a
strong decrease of Cercozoa OTUs relative abundance and of other closely related OTUs.
Cercozoans predate bacteria and madgae in planktonic and benthic ecosystems, but may
also parasite large ptoplanktonic taxa (Tilmanret al. 1999). The positive response of
Cercozoa to the increase of temperature was also recently reported in arctiovpieat @l.

2015 but extrapolating to various lake systemaguires further data and research

IV.5.5. The impacts of marked eutrophication seems to overpass that of other forcing
factors

The eutrophication of the water column constitutetrang disturbance for fish, zooplankton
and phytoplankton assemblagesg( Jeppesert al. 2000, Paerl 2006Schindler 2006
Ibelings et al. 2007). Here, from our data we can reasonably assume that the impact of
eutrophication is detectable on the whole diversity of microbial eukargot@sunity. In

Lake Bourget, its effect seems to override that of climatic fluctuationseasured by the

127



response of community OTU richness and structure. Indeed, the main changes were detected
concomitantly with key events characterizing the process of eutrophication, namely when it
started (in the 1940s-igure 1V.S4) and when the phosphoraesncentration peaked (in the
1960s;Figure IV.S4), while no significant change was detected before. Other studies based
on various biological proxies highlighted the effecteotrophication in Lake Bourget since

the 1940s (Milletet al. 2010, Berthoret d. 2013, Alricet al. 2013, Pergat al. 2015). This
eutrophication indeed was reported as the dominant driver of the relative abundance
cyanobacterial species (Domaizen al. 2013, Savichtchevat al. 2015) but also of the
composition and size structuoé Daphniasp. population (Alricet al. 2013). Here, our data

tend to confirm the eutrophication threshold effect that causes a disruption of the biological
compartments affecting a large diversity of microorganisms, and most probably the whole
food web sucture. While the first shift observed in the 1940s can be attributed to the
eutrophiation (based on the congruence of several proxies and studies), for the second
change point occurring in the 1960s, the impact of climate cannot yet be excludedémdrea

air temperature in the 1960s and from the 1990s), and the respective contribution of local

anthropogenic pressure and global climatic conditions is still uncertain.

IV5.6. 7TRZDUG pQHZY ELRORJLFDO PDUNHUV IURP VHGLPHQWD
SedDNA provides a hugeamount of information about past and diverse communities,
including potential biological markers that have never been explored before. For instance we
reveal that the genuShlamydomonasvas constantly present throughout the last 2200 years

in both lakes but only dominated Chlorophyta since the 1960s. This shift within the structure
of the Chlorophyta community could be a potential indicatoreokent increase in trophic
status and tempdrae conditions. IndeedChlamydomonass ubiquitous and abundant in
numerous lakes, but seems particularly successful in eutrophic conditions (NmseHli&

Barone 2000, Lepéret al. 2008, Chenet al. 2008. Algal remains preserved in subsurface

lake sediments have been previously analyzed to reconstruct Chlorophyta abundance profiles,
showingtheir increase during the eutrophication period {B0s) in Lake BiwaTsugekiet

al. 2009) However, the taxonomic resolution of such analyses was limited to the few taxa for

which morphological remains could be identified.

Haptophyceae is another pigmented group that responded markedly to the modification of
trophic state. Haptophyta taxa disappeared from the whole assemblage at the beginning of the
eutrophication process of LakBourget in the 1940s. The sensitivity of thgsoup to
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eutrophication is consistent with previous knowledge about their preference for oligotrophic
conditions (Hotet al.2014,Unreinet al.2014).

Additionally, based on the assignation of OTUs to basic trophic modes (i.e. pigmented and
nonpigmented), we show that the changes observed since the 1960s were detieotdy

for Chlorophyta and Haptophyta, but more globally in the structure of the whole pigmented
community, and in both lakes. This observation is consistent with growing body of evidence
that local human activities impose a widespriade shaping thetructure of phytoplankton
communities. This interpretation is in line with thatTafanuet al. (2015) based on pigment

analyses of 108 sedimentary time series from north tempsshtectic lakes.

Regarding non pigmented taxa, Ciliophora appeared as an interesting group to focus on. This
group is known to be a good indicator of trophic status (Be&v€risman 1989, Kisan&

Zingel 2000, Pawlowsket al. 2016) and has already been used for saprioldiex Foissner

1988, Madoni 2006 Here we detected more particularly the respondepadpathidiumsp.,

but to our knowledge, this genus was not particularly described as an indicator of trophy
modification. The application of ciliates metabarcodiray bioindication is still to be
developed (Pawlowskiet al. 2016), most probably the optimization of such $HT

biomonitoring would represent an interesting potential in paleolimnology.

For some other nepigmented taxa responding to environmental changes the past 2
millennia, the OTUS could not be precisely assigned to referenced taxa and consequently
their ecological roles are unknown hampering any hypothesis to be drawn regarding their link
to climatic or trophic pressures. This is the case for igstdior several OTUs within

Cercozoa found dominant during the warmer medieval period in Lake Igaliku.

The ongoing characterization of undescribed microbial eukaryotes should provide a more
complete view of the ecological roles of these taxa #ms improe the accuracy and
broaden the scope of microbial DNA inventorigm@eret al. 2012, del Campet al. 2014

de Vargast al.2015), with application both in limnology and paleolimnology.

129



Figure IV.7.Co-occurrence networks for Lake Bourget (A) and Lake Igaliku (B). The nodes
represented each one OTthe colors of nodes represented their taxonomic affiln. The

edges correspond to the Pearson correlation values calculated between each pair of OTUs.
Only the edges with values superior to 0.5 for the visualization and the calculations of
topological indices (see Table). In each network, the modules faunttlude significant
common clusters between the two networks were surrounded by dotted lines and graph
presenting their relative abundance over time were plotted.

130



I\VV.6. Additional analysis

IV.6.1. Application of network analysis to the view of the temporal dynamics of
microbial eukaryotes communities via the network analysis time series

For each lake independentiso-occurrence netwoskwere built from the relative abundance
datasets of OTUs. Theonstruction of weighted correlation networks wasfqrened
following Langfelder & Horvath(2008)using the R package WGCNA. In order to reduce the
complexity of the 2 datasets, all the permanently rare OOJ%§ that never reached more
than 36 DNA sequences i.e., 0.1 % of the number of DNA sequences per sample) were
removed. The relative abundancatabets were standardized (using Hellinger transformation
calculated bydecostandunction from the vegan R package; Oksareal.2015) for further
analyzesThe thresholding power values of 6 were chosen for both networks. The adjacency
matrices, obtaed by the calculation of Pearson correlation values between each pair of
OTUs, were transformed into topological overlap matrix to minimize the possible errors.
Subsequently the OTUs were clustered in modules, with a minimum number of 8 OTUs per
module.In the two individual networksynly the OTUs (i.e., the nodes) linked by correlations
(i.e., the edges) superior to 0.5 were kept for the visualisation amalthaation of network
topological indices (average degree, diameter, density, weighted maoduldtstering
coefficient and average path length) realized using the Gephi software (Basa@009).

In order to detect clusters of hightpnnected OTUs present in both networks, we used a
procedure fronthe WGCNA package based on the construabioa consensus network from

the adjacency matrices the two individual networks,

The resulting network from Lake Bourget was constituted by 913 nodes linked by 25 575
edges while in the Lake Igaliku network, 902 OTUs and 29 261 edges were(fégack

V.7). The diameter, showing the distance between the two most distant nodes, was similar
for the 2 networks. The two networks were constituted by highly connected OTUs (mean
number of edges per node superior to 28) structured among densely connected groups of
nodes (modules) and forming clustered topology as expected for environmental networks.
Only groups of nodes with more than 8 OTUs were arbitrarily considesenodules20
modules were retrieved in both netwolrkthe consensus network, 133 OTUs (outlué total

1566 OTUs) were retrieved within 7 clusters of higbbnnected OTUscélled consensus
modules;Figure 1V.8). The consensusmodulest#turquoise and the module #gresthibit the
highest number of OTUs
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Figure IV.8. Consensus networl(A) Only the OTUs retrieved within the 7 consensus
modules were represented. Correspondence of the (B) Annespesgfic and (C) Bourget
setspecific with the consensus modules. Each row of the table corresponds to one module
from the individual network, and each column corresponds to one consensus module.
Numbers in the table indicate the number of OTUs in the intersection of the corresponding
modules. Coloring of the table encoreg® RJ S ZLWK S EHLQJ WkaugloV KHU {V
the overlap bthe two modules. The stronger the red color, the more significant the overlap is.
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The module #turquoise was mainly compossdChlorophyta OTUsfound to behighly
abundant in the recent peridm both lake time serie$Ve hypothesie that tre increa® in

the recent period o€hlorophyta could originate from the eutrophication in Lake Bourget
from the 1940s to the 1970&iguetCovexet al. 201Q Alric et al. 2013) and the moderate
eutrophication in Lake lgaliku around the 1980s (Austrheiral. 2008 Perrenet al. 2012

Millet et al.2014). The moduletblue was mainly composed by unclassified Alveolata. Those
OTUs peaked at different time in both time series. No clear relationship with known
environmental changes can be proposed due to the ladkataf about environmental

parameters for the whole time period.

To conclude, network analyzes allow to reveal common responses of microbial eukaryotes
communities from both lakes that could be related to forcing factors changes but further
analyzes should éb considered to better understand the links between environmental data
changes and molecular inventories rearrangements. For instance, additional molecular
analyzes based on the PCR amplifications (QPCR orthiglughput sequencing) of specific
microbial groups (such as ciliates) and a better characterization of environmental conditions
changes over the considered time periods in those lakes would be interesting to confirm the

patterns observed in the present network analyzes.

133



I\V. 7. Supporting informati on

Figure IV.S1.Dating of sediment cores.

Lake Bourget (A): Age depth model based on chemical matching (gray crosses) and varve
counting (red points) proposed for LDB13a). The pink area represents the part of the
sequence which suffers of chronolagicincertainties and has to be considered with caution.
Chemical matching using downcore variations of K/Ti ratio in LDBQArnaud et al., 2012)

and LDB13I (b). The seven tie points identified are noted A to G. Lake Igaliku (B): Age
depth model for Ig2007 and correlation between 18807 and Ig2011 cores based on
14C, 210Pb and 137CS data (dots) according to Massa et al.,(2012Ph€agorrelation is
based on magnetic susceptibility data (b).
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Figure 1IV.S2.Figure showing from the MRT analysis, the relative error RE and the-cross
validated relative error CVRE for the 3 studied datasets (all OTUspigomented OTUs,
pigmented OTUs) in Lake Bourget (A) and Lake Igaliku (B)e solution with the smallest
CVRE is indicated (red point), as well as CVRE error bars. The green bars indicate the
number of times that the solution was selected as the best during thevatidason
iterations. Black circles show the size of tree selected in the present study.
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Figure IV.S3.Distribution of richness (in terms of OTUs number) within each phylogenetic
group in Lake Bourget (A) and Lake Igaliku (B).
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Figure IV.S4.Temporal changes over the last century for (A) the anomalies of air temperature
(annual average in 1D °C) ; Data from Auer et al. 2007 (B) Daphmméderred total
phosphorus concentrations (annual mean concentrations overzthenOwater depths + 95
corfidence intervals) in pg Pl ; Data from Alricet al.2013; Berthoret al.2014.
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Figure 1V.S5 Non-metric multidimensional scaling analysis based on Eastis (relative
abundance of OTUs) and Jaccard (presence/absence of OTUs) iRthtesre preented for

Lake Bourget and Lake Igaliku time series. The colors correspond to the groups of samples
identified by ANOSIM analysis (g 0.05).

Table IV.S1. (A) Chronology and XRF results froaDB13-1 core (B) Chronology and
magnetic susceptibilitirom Iga2013 core.

See online supporting information
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TablelV.S2 Richness and diversity indices obtained for each sample.

# estimat

Datin Quality # Clean # # Non- ed Transfor  Transfor
Composite_d ting . DNA  #all Pigmen pigment med med
Lake Sample [/ Time  filter oTU .
epth (cm) (AD) DNA  Sequen OTUs ted- ed richnes Shannon  Simpson
ces OTUs OTUs diversity  diversity
sequen S
ces
BourgetACO 1-2 2010 67422 35973 2327 474 1224 2871  373.92 99.10
135 2012 86429
BourgetACO 9-10 1993 65278 35973 2110 473 1193 2393 174.61 13.45
139 1995  @6824
BourgetACO 1314 1987 93600 35973 1967 475 1140 2444  140.14 22.19
141 1989 g7332
BourgetACO 17-18 1979 105600 35973 1865 390 1080 2393 132.84 18.94
143 1981 93144
BourgetACO 24-25 1968 75410 35973 2120 411 1310 2615 129.99 13.98
146 1970 g1283
BourgetACO 2829 1959 71932 35973 2213 369 1413 2392  394.93 103.21
148 1961 5817
BourgetACO 3334 1949 74332 35973 2583 415 1662 2861 540.48 104.57
151 1951 5725
BourgetACO 3940 1938 78846 35973 2196 289 1344 2610  265.15 61.96
11 1940 97686
BourgetACO 4546 1927 52083 35973 1796 312 1044 1897  265.45 65.94
13 1929 50840
BourgetACO 51-52 1914 49599 35973 1643 248 1011 1774 211.92 58.41
15 1916 58571
BourgetACO 57-58 190 52580 35973 1847 284 1102 2100  225.09 34.39
17 1903 79086
BourgetACO 69-70 187k 71354 35973 1405 230 784 1673 136.23 36.14
21 1873 80966
BourgetACO 7576 1854 23975 35973 1201 197 684 1219 163.49 58.79
23 1857 74427
BourgetACO 81-82 1837 52360 35973 1503 253 876 1739 119.27 20.37
Bourg 25 1840 9@285
et
BourgetACO 87-88 1819 61264 35973 1613 290 918 1813  206.98 59.22
27 1822 75026
BourgetACO 92-93 1805 90034 35973 1829 321 1090 2175 145.32 21.97
29 1810 74289
BourgetACO 104105 1760 65030 35973 1494 231 887 1691 124.72 24.21
33 1765 74086
BourgetACO 117118 170G 73964 35973 1408 217 858 1585 133.01 31.35
37 1705 74414
BourgetACO 132133 1595 83010 35973 1716 253 1085 2014 145.03 29.63
40 1605 72875
BourgetACO 138139 1545 34502 35973 1511 223 909 1638 155.54 35.95
42 1555  gp948
BourgetACO 156157 1385 103497 35973 1827 308 1056 2277 166.00 36.90
48 1395 75353
BourgetACO 168169 1290 81173 35973 1709 295 947 2038 167.78 39.70
52 1295 74142
BourgetACO 180181 1205 72316 35973 1599 285 823 1901 145.59 41.44
56 1210 76505
BourgetACO 192193 1135 98907 35973 1590 271 892 1992 122.53 29.46
60 1140 83517
BourgetACO 205206 10706 70369 35973 1817 334 997 2149 194.90 50.33
64 1075 65940
BourgetACO 217218 1026 30095 35973 1550 267 846 1722 134.39 31.36
68 1025 68295
BourgetACO 226227 980985 53683 35973 1334 228 687 1388 97.79 19.40
72 37907
BourgetACO 250251 880885 71817 35973 1378 231 718 1576 131.63 36.48
80 58721
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Table IV.S3 For Lake Bourget (A) and Lake Igaliku (B): results obtained from SIMPER
analysis considering the periods defined by ANOSIM analyBie table presents the
percentage of contribution to temporal rearrangements for the OTUs that contributed to more
than 0.2 % of the total dissimilarity, the ecological inference of these OTUs, the detection of
their potential oscillating pattern, and ithéaxonomic resolution of each OTU with the
percentage of identity to the best hit. The sign (+) represents an increase and thg sign (
represents a decrease of the relative abundance of the OTU between the 2 compared periods.

(A) Lake Bourget

% of contribution to the

OTUs rearrangements Oscillating pattern iizr;:g%gr:gzl Taxonomic group Best Taxonomic resolution ideoﬁ)tity
before 194060s
1940s vs vs after

OTU3409 2.63¢) 7.93 (+) Npi Ciliophora Epispathidium sp. 89.9
0OTU52956 0.33 (+) 3.67 (+) Unk unclassified Stramenopile unclassified Stramenopiles 91.3
0OTU42983 0.24 (+) 2.58 (+) Pi Chlorophyta Chlamydomonas sp. 98.5
0OTU39169 243 (+) 1.87¢) Npi Fungi Cryptomycota_CM1 92.7
OTU5230 1.38 (+) 1.56 ¢) Unk unclassified_Alveolata unclassified_Rhizaria 79.7
0OTU58202 1.51¢) 1.30¢) Unk unclassified_Alveolata unclassified_Alveolata 93.4
OTU74525 1.19 (+) 1.18¢) Npi Fungi Cryptomycota 92.4
OTU65060 <0.20 1.13 (+) yes Npi Fungi unclassified_Chytridiomycetes 97.0
0OTU35618 1.16 (+) 1.08 ¢) yes Npi Apicomplexa Apicomplexa 97.1
OTU38055 1.26 ¢) 1.03 (+) Npi Ciliophora Haptorida 91.9
OTU15701 1.73 ¢) 0.93 ¢) yes Npi Bicosoecida Bicosoecida_clade 79.6
0TU23762 <0.20 0.90 (+) yes Pi Chrysophyceae Chrysosaccus sp. 90.3
OTU4897 0.85 (+) 0.81 ¢) yes Npi Fungi unclassified_Cryptomycota 94.3
0TU12810 0.79 ¢) 0.80 ¢) yes Npi Ciliophora Alveolate_1 94.3
OTU9807 <0.20 0.77 (+) yes Npi Fungi unclassified_Fungi 95.5
0OTU72919 1.21¢) 0.68 ¢) Npi Ciliophora Arcuospathidium sp. 97.0
OTU37932 1.11¢) 0.66 €) Npi Ciliophora Spathidium sp. 95.1
0OTU12403 0.56 (+) 0.60 €) yes Npi Ciliophora Alveolate_1 96.6
OTU8809 0.64 (+) 0.60 ¢) Npi Perkinsea Perkinsea_1 91.7
OTU58675 <0.20 0.60 (+) yes Npi Fungi unclassified_Fungi 92.9
0OTU14646 0.61 (+) 0.60 ¢) Pi Chlorophyta Trebouxiophyceae 98.5
OTU71469 0.35 (+) 0.59 ¢) yes Npi Fungi Penicillium sp. 94.0
0TU62642 <0.20 0.58 (+) yes Unk unclassified_Stramenopile unclassified_Stramenopiles 94.0
0TU62261 0.53 (+) 0.58 ¢) yes Npi Ciliophora Alveolate_1 95.4
0OTU45249 0.52 (+) 0.55 ¢) yes Npi Ciliophora Alveolate_1 93.9
0TU59827 0.51 (+) 0.51¢) yes Pi Chlorophyta Lagerheimia sp. 98.5
OTU76908 0.57 (+) 0.51¢) Npi Apicomplexa Apicomplexa 97.4
0OTU19500 0.46 (+) 0.51¢) yes Npi Ciliophora Alveolate_1 93.5
OTU13101 <0.20 0.50 (+) yes Npi Cercozoa Cercozoa 87.5
OTU57038 3.78 ¢) 0.49 ¢) Unk ES Alveolata ES Alveolata 96.3
0OTU6992 2.66 €) 0.49 ¢) Unk unclassified_Alveolata unclassified_Alveolata 95.5
OTU3855 0.47 (+) 0.48 ¢) yes Unk unclassified_Alveolata unclassified_Alveolata 75.2
OTU64308 <0.20 0.48 (+) yes Pi Bacillariophyta unclassified_Thalassiosiraceae 97.4

OTU579 0.26 (+) 0.46 (+) yes Unk Rhizaria unclassified_Rhizaria 90.8
0OTU39097 0.30 ¢) 0.43 ¢) yes Npi Fungi unclassified_Pleosporales 97.3
OTU9270 0.23 (+) 0.40 (+) yes Pi Chlorophyta unclassified_Chlamydomonadacei  95.1
0TU62873 1.96 ¢) 0.39 ¢) yes Npi Bicosoecida Bicosoecida_clade 79.9
OTU8852 3.10¢) 0.39 ¢) yes Npi Fungi Chytridiomycetes 76.6
OTU57850 0.36 (+) 0.39 ¢) yes Npi Ciliophora Alveolate_1 94.6
OTU39050 <0.20 0.38 (+) yes Npi Fungi unclassified_Fungi 88.8
0OTU32080 0.08 0.38 (+) yes Pi Bacillariophyta unclassified_Fragilariaceae 97.8
0TU49494 <0.20 0.35 (+) yes Unk unclassified_Alveolata unclassified_Alveolata 97.0
0TU43283 0.68 €) 0.35¢) Npi Ciliophora unclassified_Polycostidae 95.4
0OTU76634 0.29 (+) 0.35¢) yes Npi Fungi unclassified_Blastocladiales 94.0
OTU72274 0.21 (+) 0.34 (+) yes Pi Chlorophyta unclassified_Chlamydomonadacei  95.5

0OTU920 1.03 ¢) 0.33 ¢) yes Npi Cercozoa Plasmodiophora sp. 80.7
OTU17747 <0.20 0.33 (+) yes Npi Fungi unclassified_Chytridiomycota 83.5
0OTU16279 <0.20 0.32 (+) yes Pi Chlorophyta Mychonastes sp. 97.0

OoTU721 0.32 (+) 0.31¢) Npi Fungi Cryptomycota_CM1 96.6
0TU44626 0.30 (+) 0.30 ¢) Npi Fungi unclassified_Fungi 87.2
0OTU14098 0.29 (+) 0.29 ¢) yes Npi Fungi Cryptomycota_CM1 91.6
OTU34798 <0.20 0.29 (+) yes Pi Bacillariophyta unclassified_Thalassiosiraceae 95.1
0TU29821 0.26 (+) 0.28 ¢) yes Npi Apicomplexa Apicomplexa 94.9
0OTU27689 <0.20 0.26 (+) yes Pi Chlorophyta unclassified_Chlamydomonadacei  95.8
OTU74712 0.28(+) 0.26 ¢) Npi Fungi unclassified_Cryptomycota 96.2
OTU59774 <0.20 0.26 (+) yes Pi Dinophyceae unclassified_Dinophyceae 94.1
0OTU53281 <0.20 0.26 (+) yes Npi Ciliophora unclassified_Ciliophora 96.6
OTU52551 <0.20 0.25 (+) yes Npi Fungi unclassified_Chytridiomycota 90.1
0OTU18150 0.27 (+) 0.25¢) yes Unk unclassified_Alveolata unclassified_Alveolata 95.8
OTU78496 <0.20 0.25 (+) yes Pi Chlorophyta Wislouchiella sp. 98.1
OTU40951 <0.20 0.24 (+) yes Unk unclassified_Alveolata unclassified_Alveolata 98.5
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OTU69537 0.32 (+) 0.24 ¢) Pi Chlorophyta Desmodesmus sp. 93.0
OTU74400 <0.20 0.24 (+) yes Npi Ciliophora Trachelophyllum sp. 95.9
OTU65130 0.23 (+) 0.23 ¢) Pi Chlorophyta unclassified_Nephroselmidophyce:  91.8
0TU28684 0.21 ¢) 0.23 ¢) yes Npi Fungi unclassified_Cordycipitaceae 97.7
OTU44653 <0.20 0.23 (+) yes Pi Chlorophyta unclassified_Scenedesmaceae 97.4
0OTU10926 <0.20 0.22 (+) Npi Oomycetes unclassified_Oomycetes 90.2
OTU9027 <0.20 0.22 ¢) yes Npi Cercozoa Plasmodiophora sp. 82.0
OTU40933 0.25¢) 0.22 ¢) yes Npi Fungi unclassified_Dothideomycetes 90.2
0OTU45224 0.29 (+) 0.22 ¢) Pi Chlorophyta unclassified_Scenedesmaceae 97.0
OTU65365 0.21 (+) 0.21¢) Npi Fungi Cryptomycota 92.5
0TU11888 <0.20 0.21 (+) yes Unk unclassified_Alveolata unclassified_Alveolata 97.0
OTU50995 <0.20 0.21 (+) yes Npi Cercozoa Cercozoa_1 98.1
OTU3092 0.23 (+) 0.20 ¢) Pi Dinophyceae Symbiodinium sp. 94.7
0TU62983 <0.20 0.20 (+) yes Npi Fungi unclassified_Fungi 90.2
OTU58568 0.25 (+) 0.20 ¢) yes Npi Cercozoa Gymnophrys sp. 80.4
0OTU41369 <0.20 0.20 (+) yes Pi Eustigmatophyceae Nannochloropsis sp. 97.7
OTU79385 <0.20 0.20 (+) yes Npi Fungi unclassified_Fungi 89.2
0OTU16608 <0.20 0.20(+) yes Npi Fungi unclassified_Chytridiomycota 93.2
0TU69102 <0.20 0.20 (+) yes Npi Ciliophora Semispathidium sp. 93.3
OTU47888 0.90 ¢) <0.20 Unk Dinophyceae unclassified_Dinophyceae 94.4
OTU56519 0.27 ¢) <0.20 yes Npi Cercozoa Cercozoa_2 93.2
OTU11783 0.38 ¢) <0.20 yes Npi Perkinsea Perkinsea_2 84.8
OTU16518 0.55 ¢) <0.20 Pi Dinophyceae Symbiodinium sp. 92.3
0TU21266 0.21¢) <0.20 yes Npi Fungi unclassified_Pleosporales 97.3
OTU51341 0.87 ¢) <0.20 yes Pi Chlorophyta Pseudendoclonium sp. 62.5
0OTU21720 0.51¢) <0.20 yes Npi Fungi Metarhizium sp. 97.3
OTU68720 0.30 ¢) <0.20 yes Unk unclassified_Alveolata unclassified_Alveolata 90.7
0OTU38660 0.20 ¢) <0.20 yes Npi Bicosoecida Bicosoecida_clade 78.8
OTU51404 0.30 ¢) <0.20 yes Npi Cercozoa Plasmodiophora 79.4
0OTU35209 1.02 ¢) <0.20 yes Npi Fungi Polyporales 98.5
0oTu18217 3.31¢) <0.20 yes Pi Haptophyceae unclassified Haptophyceae 59.3
OTU9200 0.26 €) <0.20 yes Npi Fungi Metarhizium sp. 95.8
OTU3689 0.79 ¢) <0.20 yes Npi Ciliophora unclassified_Colpodidiidae 63.4
0TU21649 0.72 ¢) <0.20 yes Pi Phaeocystales Phaeocystis sp. 63.0
OTU77985 0.23 ¢) <0.20 yes Npi Fungi unclassified_Chytridiomycota 79.9
0TU22472 0.40 €) <0.20 yes Pi Haptophyceae unclassified_Haptophyceae 61.9
(B) Lake Igaliku
u of contribution to the :
OTUs rearrangements Oscillating OTUs E;zﬁ%:gzl Taxonomic group Best Taxonomic resolution i deoftity
before 7001350 1450
700 AD AD vs 1880
0OTU52956 <0.20 050 (+) 3.64(+) yes Unk unclassified_Stramenopile unclassified Stramenopiles 91.3
OTU41720 231 (+) 9.73¢ 10.53¢) yes Npi Cercozoa Cercozoa_1 91.3
OTU10081 2.88(+) 2.68¢) 1.89 ¢) yes Unk unclassified_Rhizaria unclassified_Rhizaria 95.2
OTU8790 <020 0.20(+) 1.48(+) yes Npi Schizopyrenida Naegleria sp. 89.2
OTU469 1.62(+) 2.01¢) 1.28 ¢) yes Pi unclassified_Rhizaria unclassified_Rhizaria 81.8
0OTU69865 <0.20 1.30 (+) 1.23¢) yes Npi Cercozoa Cercozoa_1 85.1
OTU5758 <0.20 <020 1.21(+) yes Npi Schizopyrenida Naegleria sp. 91.1
OTU42178 <0.20 1.4 (+) 1.19¢) yes Npi Ciliophora Dexiostoma sp. 98.1
0TU44926 <020 0.20(+) 1.13(+) yes Npi Cercozoa Cercozoa_1 84.1
OTU57824 1.35¢) 0.22 ¢) 1.12 (+) yes Unk unclassified_Stramenopile unclassified_Stramenopiles 98.1
0OTU25969 1.62¢) 0.29 ¢) 1.11 (+) yes Unk unclassified_Stramenopile unclassified_Stramenopiles 95.9
0OTU28768 <0.20 0.36(+) 0.980 (+) yes Npi Fungi unclassified_Fungi 94.7
0OTU31016 0.22(+) 0.75(+) 0.85(+) yes Unk Chrysophyceae unclassified_Chrysophyceae 90.0
OTU67130 <0.20 <0.20 0.83(+) yes Unk unclassified_Rhizaria Rhizaria 93.3
OTU15373 <0.20 0.83(+) 0.79() yes Npi Perkinsea Perkinsea_1 95.9
OTU62744 1.82(+) 1.94¢) 0.77 ¢) yes Npi Cercozoa Cercozoa_1 91.1
OTU9270 <0.20 <0.20 0.75(+) yes Pi Chlorophyta unclassified_Chlamydomonadace  95.1
OTU74258 048 (+) 0.75(+) 0.73¢) yes Npi Ciliophora Paradiophryssp. 67.0
OTU77679 5.43 (+) 5.80¢) 0.71 ¢) yes Npi Cercozoa Cercozoa_1 93.3
OTU40537 0.76 (+) 1.02¢) 0.71 ¢) yes Npi Schizopyrenida Naegleria sp. 90.1
OTU69058 <0.20 <0.20 0.68(+) yes Unk unclassified_Rhizaria unclassified_Rhizaria 93.3
0OTU44063 0.73 ¢) <0.20 0.67(+) yes Unk unclassified_Stramenopile unclassified_Stramenopiles 96.7
0OTU20865 <0.20 056 (+) 0.66 (+) yes Unk Chrysophyceae Chrysophyceae 96.3
OTU72274 <0.20 <0.20 0.65(+) yes Pi Chlorophyta unclassified_Chlamydomonadace  95.5
0OTU14600 1.68 ¢) 1.09 ¢) 0.62 ¢) yes Npi Ciliophora Cyclidium sp. 70.7
OTU38055 0.23 ¢) <0.20 0.60(+) yes Npi Ciliophora unclassified_Haptorida 91.9
0OTU49044 <0.20 <0.20 0.59(+) yes Unk unclassified_Rhizaria unclassified_Rhizaria 97.8
0TU58202 0.24¢) 054(+) 057¢) yes Unk unclassified_Alveolata unclassified_Alveolata 93.4
OTU76121 <0.20 053(+) 0.55¢) Npi Cercozoa Cercozoa_1 95.1
0OTU8239 <020 053(+) 0.54¢) Npi Ciliophora Spathidium sp. 95.1
0OTU72919 <0.20 0.39(+) 0.53(+) yes Npi Ciliophora Arcuospathidium sp. 97.0
OTU53307 1.06 (+) 1.07¢) 0.53¢) yes Npi Bicosoecida Bicosoecida_clade 93.9
OTU57300 <0.20 044 (+) 0.53¢) yes Npi Fungi unclassified_Chytridiomycota 97.4
0OTU37932 <0.20 <0.20 0.52(+) yes Npi Ciliophora Spathidium sp. 95.1
OTU65258 0.24 ¢) <0.20 0.50 (+) yes Npi Fungi unclassified_Fungi 95.9
0TU14646 0.92 (+) 0.90¢) 0.46 €) yes Pi Chlorophyta unclassified_Trebouxiophyceae  98.5
OTU44090 <020 034(+) 045(+) yes Npi Fungi unclassified_Chytridiomycota 96.2
0OTU27689 <0.20 <0.20 0.45(+) yes Pi Chlorophyta unclassified_Chlamydomonadace  95.8
OTU78496 <0.20 <0.20 0.45(+) yes Pi Chlorophyta Wislouchiella sp. 98.1
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OTU30205
OTU47951
OTU73785
OTU50060
OTU4556
OTU23374
OTU52816
OTU50100
0OTU21170
OTU49516
0OTU28155
OTU78367
OTU70723
OTU57856
OTU6992
OTU37640
OTU51285
OTU57038
0OTU1825
oTu4212
OTU51304
0OTU18335
OTU16011
OTU59774
0OTU29548
OTU76103
OTU14786
OTU501
0TU44342
0TU48827
OTU7733
OTU48783
OTU3409
0OTU12810
0OTU65886
OTU10338
OTU30069
OTU33699
0OTU49566
OTU8603
0OTU51842
OTU42111
OTU37586
0OTU20991
0TU16885
OTU74554
0TU14892
OTU50456
OTU35799
0OTU66436
0OTU28653
OTU56375
OTU70059
OTU77864
OTU13159
OTU1716
0TU19424
OTU49699
0OTU59454
OTU20579
OTU8852
OTU26778
0OTU4623
OTU15701
oTu18217
OTU9425
OTU47050
OTU33951
OTU62873
OTU31695
0OTU49198
OTU55316
OTU53146
OTU6418
OTU21309
0OTU26093
OTU4505
OTU47814
0OTU16518

<0.20
0.94 (+)
2.45 (+)
3.40 (+)
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
0.24 (+)
<0.20
0.70 (+)
0.52 ¢)
<0.20
<0.20
0.76 €)
<0.20
<0.20
0.27 (4)
0.58 ¢)
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
0.45 ¢)
<0.20
<0.20
1.87 (+)
4.97 €)
1.18 (+)
1.20 (+)
0.87 (+)
0.78 (+)
0.69 (+)
0.44 (+)
0.46 (+)
0.40 (+)
0.97 ¢)
0.28 (+)
2.38¢)
0.24 (+)
0.20 (+)
<0.20
0.64 ¢)
<0.20
1.20¢)
0.95¢)
0.88 ¢)
0.83¢)
0.78 ¢)
0.68 ¢)
0.57 ¢)
0.46 €)
0.42 ¢)
0.40 ¢)
0.36 ¢)
0.36 €)
0.36 ¢)
0.33¢)
0.32 ¢)
0.31¢)
0.27 ¢)
0.26 ¢)
0.26 ¢)
0.25¢)
0.25¢)
0.24 ¢)
0.24 ¢)
0.23 ¢)
0.22 ¢)
0.21 ¢)

0.47 (+)
0.93¢)

2,14 ¢)

3.59 ¢)

0.21 (+)
<0.20
<0.20

<0.20
<0.20
<0.20
0.34 (+)
0.35 (+)
<0.20
0.70 €)
<0.20
<0.20
0.29 (+)
<0.20
0.28 (+)
<0.20
0.36 ¢)
0.21 (+)
0.26 (+)
<0.20
0.24 (+)
0.24 (+)
<0.20
0.23 (+)
<0.20
<0.20
0.23 (+)
<0.20
<0.20
<0.20
<0.20
1.98(-)
1.78 ¢)
1.35¢)
1.27 ¢)
0.93¢)
0.87 ¢)
0.80 ¢)
0.56 ¢)
0.53 ¢)
0.46 ¢)
0.36 €)
0.32¢)
0.29 ¢)
0.27 ¢)
0.26 ¢)
0.22 ¢)
0.21(#)
0.2 ¢)

<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20

0.45 ¢)
0.43 ¢)
0.41¢)
0.39 ¢)
0.38 (+)
0.37 (+)
0.37 (+)
0.36 (+)
0.35 (+)
0.35 (+)
0.34 ¢)
0.32¢)
0.31 (+)
0.31¢)
0.30 (+)
0.30 (+)
0.29 ¢)
0.27 (+)
0.27 ¢)
0.26 (+)
0.26 ¢)
0.25 (+)
0.25¢)
0.24 (+)
0.24 ¢)
0.24 ¢)
0.23 (+)
0.23¢)
0.22 (+)
0.22 (+)
0.22 ¢)
0.22 ¢)
0.21(+)
0.20 (+)
0.20 (+)
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20

yes
yes
yes
yes
yes
yes
yes
yes
yes

yes
yes
yes
yes

yes

yes
yes
yes

yes
yes
yes
yes

yes
yes
yes

yes
yes
yes

yes
yes
yes
yes

yes

yes
yes

yes

yes

yes
yes

yes
yes
yes
yes
yes
yes
yes

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

Npi
Npi
Npi
Npi
Npi
Pi
Npi
Npi
Pi
Npi
Npi
Npi
Unk
Npi
Unk
Npi
Unk
Unk
Pi
Unk
Npi
Unk
Npi
Unk
Npi
Npi
Pi
Npi
Npi
Pi
Npi
Pi
Npi
Npi
Npi
Npi
Npi
Unk
Unk
Npi
Unk
Pi
Unk
Npi
Unk
Npi
Npi
Unk
Npi
Npi
Unk
Npi
Npi
Unk
Pi
Npi
Pi
Pi
Pi
Pi
Npi
Npi
Npi
Npi
Pi
Npi
Npi
Npi
Npi
Npi
Unk
Npi
Pi
Npi
Npi
Npi
Pi
Npi
Pi

Perkinsea
Bicosoecida
Ciliophora
Cercozoa
Schizopyrenida
Chlorophyta
Ciliophora
Ciliophora
Chlorophyta
Fungi
Cercozoa
Fungi

unclassified_Stramenopile

Bicosoecida
unclassified_Alveolata
Fungi
unclassified_Rhizaria
unclassified_Alveolata
Synurophyceae
unclassified_Rhizaria
Schizopyrenida
Chrysophyceae
Perkinsea
Dinophyceae
Fungi
Cercozoa
Synurophyceae
Cercozoa
Ciliophora
Chlorophyta
Fungi
Bacillariophyta
Fungi
Ciliophora
Apicomplexa
Cercozoa
Ciliophora
unclassified_Rhizaria
unclassified_Rhizaria
Perkinsea
unclassified_Rhizaria

unclassified_Haptophycea

unclassified_Rhizaria
Fungi
unclassified_Rhizaria
Ciliophora
Fungi
Dinophyceae
Fungi
Ciliophora
unclassified_Rhizaria
Cercozoa
Cercozoa
Dinophyceae
Chrysophyceae
Kinetoplastida
Chlorophyta
Synurophyceae
Bangiophyceae
Chlorophyta
Fungi
Cercozoa
Kinetoplastida
Bicosoecida

unclassified_Haptophycea

Apicomplexa
Cercozoa
Cercozoa

Bicosoecida
Cercozoa

unclassified_Stramenopile

Kinetoplastida
Chlorophyta
Fungi
Cercozoa
Fungi
Chlorophyta
Ciliophora
Dinophyceae

Perkinsea_1
Bicosoecida_clade
Dexiostoma sp.
Cercozoa_1
Naegleria sp.
unclassified_Chlorophyta

Alveolate_1
unclassified_Stichotrichia
unclassified_Chlorophyta

Pilaira sp.
Cercozoa_1
Paraglomus sp.
unclassified_Stramenopiles
Bicosoecida_clade
unclassified_Alveolata
unclassified_Fungi
unclassified_Rhizaria
unclassified_Alveolata
Mallomonas sp.
unclassified_Rhizaria
unclassified_Naegleria
unclassified_Chromulinaceae

Perkinsea_1

unclassified_Dinophyceae
Sphenospora sp.
Cercozoa_1
Chrysosphaerellap.
Cercozoa_1
Alveolate_1
Chlamydomonadaceae
Pluteus sp.
Aulacoseirasp.
Candidasp.
Alveolate_1
Sarcocystidae

Cercozoa_1

Cyclidium sp.

unclassified_Rhizaria
unclassified_Rhizaria

Perkinsea_1

unclassified_Rhizaria
unclassified_Haptophyceae,
unclassified_Rhizaria
Hygrocybe sp.
unclassified_Rhizaria
Cyclidium sp.
Polychytrium sp.
Kofoidinium sp.
Hygrocybe sp.
unclassified_Stichotrichia
unclassified_Rhizaria,
Cercozoa_1
Cercozoa_1
Kofoidinium sp.
Dinobryon sp.
Trypanosoma sp.
unclassified_Chlorophyta
Mallomonas sp.

Porphyra sp.
unclassified_Chlorophyta

unclassified_Chytridiomycota
Massisteria sp.

Bodo sp.
Bicosoecida_clade
unclassified_Haptophyceae
unclassified_Apicomplexa
Massisteria sp.
unclassified_Cercozoa
Bicosoecida_clade
Cercozoa_1
unclassified_Stramenopiles
Bodo sp.
unclassified_Chlamydomonadale
Dekkera sp.
unclassified_Cercozoa
Dissophora sp.
Scherffelia sp.
Condylostoma sp.

Symbiodiniunsp.

97.4
93.5
89.3
93.7
83.6
92.9
91.3
97.8
95.9
69.2
96.2
68.1
95.9
90.7
95.5
96.2
92.2
96.3
64.4
91.8
93.6
98.5
97.7
94.1
64.8
93.5
95.1
93.1
93.9
98.9
67.6
97.0
90.2
94.3
90.9
93.3
91.5
94.9
92.9
89.3
89.2
91.6
91.2
63.1
90.2
93.9
88.6
89.9
63.8
97.4
88.7
93.3
93.7
88.3
97.4
80.3
95.1
97.7
51.6
95.6
76.6
85.4
91.3
79.6
59.3
98.9
87.3
86.2
79.9
61.9
90.3
93.9
95.5
91.0
88.1
98.9
95.8
61.3
92.3
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V. Impact des forcages environnementaux
au cours des 100 dernieres années sur les
communautés microbiennes eucaryotedes
lacs Annecy et Bourget (France)

Tracking a century of changes in microbial eukaryotic
diversity in lakes driven by nutrient enrichment and
climate warming

Papier en préparation pour soumission damaronmental Mirobiology
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ICARRTEL, INRA, Université de Savoie Mont Blanc, 74200, Thetewbains, France
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Contribution des auteurs:

- & RQ F H S WetudeQD (HE, DO

- Acquisition des donnéekC, CC

- Traitements bioinformatique®D

- Analyses et interprétationdes donnée€C, ID, DD, FA, MEP, CC
- Ecriture du papielEC, ID, DD, FA, MEP, CC

Resumé

$ILQ GTpYDOXHU OHV HIIHW VioGuk\icil Rddiidatiod deDtEneuis @R SL T X H

phosphore) et climatiques (changements de température) sur les communautés de micro

eucaryotes lacustres au cours du siecle dernier, nous avons appliqué le séquencage massif a

O1$'1 VPpGLPHQWDLUH GH G HiXdc QUIBBWMgetiTBsFdeBH 4¢3 Ot Bté

exposeés au cours du siecle dernier au méme forcage climatigue mais a des niveaux
GIHXWURSKLVDWLRQ GLIITpUHQWYVY HXWURSKLVDWLRQ PDUT

GI$SQQHF\ /HV GRQQ prdnt gbeF daxd. \ebl deuR Ra@sWplusieurs groupes
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eucaryotes Apicomplexes Cercozomes, Chrysophycées Ciliés CHorophytes and
Dinoflagellés)RQW pWp LPSDFWpV SDU OfHQULFKLVVHPHQW HQ S
négatifs sur leur richesse et abance relative (proportion dans les inventaires ADN). La
modélisation statistique appliquée aux inventaires moléculaires montre que, avant les années
1980s, le phosphore est un facteur plus structurant que les fluctuations de température. Au
deladesannéé¢ V OYDXJPHQWDWLRQ GHV WHPSpUDWXUHV HVW
G\QDPLTXH GH SOXVLHXUV JURXSHV HXFDU\RWHV [/{YDXJPH
avec lareROLJRWURSKLVDWLRQ GHV GHX[ ODFV HVW QRWDPPH
GH 'LQRSK\FpHV HQ WHUPHV GH ULFKHVVH HW GTDERQGDQ
réseaux de coccurrence a ces données temporelles a permis de montrer que la réponse des
assemblages eucaryotes est également détectable au travers de la wynmEwignodules

(OTUs fortement connea®) constituants les réseaux écologiques.
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V.1. Abstract

High-throughput sequencing of sedimentary DNA (B8dlA) was utilized to reconstruct the
temporal dynamics of microbial eukaryote communities (MECs) at a centennial scale in two
re-oligotrophicated lakethatwere exposed tdifferent levels ophosphorus enrichmenth@&
temporal changes withithe MECs were expressed inrtes of richness, composition and
community structureto investigate heir relationship with two key forcing factors (i.e.,
nutrient enrichment and climate warmingYarious groups,including Apicomplexa,
Cercozoa, Chrysophyceae, Ciliophora, Chlorophyceae and Dinophyceae, responded to [P]
enrichmentlevels with either positive or negative impacts on their richness and relative
abundanceFor both lakes, tatistical modelling demonstratedhat [P] was a dominant
contributorto MECs modifications before the 198@dterthe mid80s the contribution of air
temperature increased ambtentially supassedthe contribution of[P]. Co-occurrence
network analysis revealethat some clusters of taxa.€i, modules)composed mainlyof
Dinophyceae and unclassified Alveolatare strongly correlated to air temperature in both
lakes. Overall, our data shedthat sedDNA constitutes a precious archive of information on
past biodiversity changes, allowingetstudy ofthe dynamics olnumerous eukaryotic groups

that werenottraditionally considered in palegconstructions.
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