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�µ�¶ �« Le nain, qui jugeait quelquefois un peu trop �Y�L�W�H�����G�p�F�L�G�D���G�¶�D�E�R�U�G���T�X�¶�L�O���Q�¶�\���D�Y�D�L�W���S�H�U�V�R�Q�Q�H��
�V�X�U�� �O�D�� �W�H�U�U�H���� �6�D�� �S�U�H�P�L�q�U�H�� �U�D�L�V�R�Q�� �p�W�D�L�W�� �T�X�¶�L�O�� �Q�¶�D�Y�D�L�W�� �Y�X�� �S�H�U�V�R�Q�Q�H���� �0�L�F�U�R�P�p�J�D�V�� �O�X�L�� �I�L�W�� �V�H�Q�W�L�U��
�S�R�O�L�P�H�Q�W���T�X�H���F�¶�p�W�D�L�W���U�D�L�V�R�Q�Q�H�U���D�V�V�H�]���P�D�O : «  Car, disait-il , vous ne voyez pas avec vos petits 
yeux certaines étoiles �G�H�� �O�D�� �F�L�Q�T�X�D�Q�W�L�q�P�H�� �J�U�D�Q�G�H�X�U�� �T�X�H�� �M�¶�D�S�H�U�o�R�L�V�� �W�U�q�V�� �G�L�V�W�L�Q�F�W�H�P�H�Q�W����
concluez-vous �G�H�� �O�j�� �T�X�H�� �F�H�V�� �p�W�R�L�O�H�V�� �Q�¶�H�[�L�V�W�H�Q�W�� �S�D�V ?  �0�D�L�V�� �G�L�V�� �O�H�� �Q�D�L�Q���� �M�¶�D�L�� �E�L�H�Q�� �W�k�W�p�� Mais, 
�U�p�S�R�Q�G�L�W���O�¶�D�X�W�U�H�����Y�R�X�V���D�Y�H�]���P�D�O���V�H�Q�W�L �ª�«  �µ�¶ 

Micromégas, 1752, Voltaire 
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Résumé 
 
�/�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q�� �H�W�� �O�H�� �U�p�F�K�D�X�I�I�H�P�H�Q�W�� �F�O�L�P�D�W�L�T�X�H�� �V�R�Q�W�� �U�H�F�R�Q�Q�X�V�� �F�R�P�P�H�� �G�H�V�� �I�R�U�o�D�J�H�V�� �P�D�M�H�X�U�V��
du fonctionnement des lacs. Toutefois les connaissances concernant la réponse des 
communautés microbiennes eucaryotes à ces forçages sont encore très lacunaires, alors même 
�T�X�H���O�H�V���P�L�F�U�R�E�H�V���H�X�F�D�U�\�R�W�H�V�����S�R�U�W�H�X�U�V���G�¶�X�Q�H���Y�D�V�W�H���G�L�Y�H�U�V�L�W�p���W�D�[�R�Q�R�P�L�T�X�H���H�W���I�R�Q�F�W�L�R�Q�Q�H�O�O�H�����V�R�Q�W��
des acteurs clés des réseaux trophiques lacustres. La pertinence des approches 
paléolimnologiques pour comprendre les impacts de ces forçages sur les communautés 
�O�D�F�X�V�W�U�H�V�� �Q�¶�H�V�W�� �S�O�X�V�� �j�� �G�p�P�R�Q�W�U�H�U���� �P�D�L�V�� �D�X�M�R�X�U�G�¶�K�X�L�� �O�¶�L�Q�W�p�J�U�D�W�L�R�Q�� �G�H�V�� �R�X�W�L�O�V�� �P�R�O�p�F�X�O�D�L�U�H�V�� �S�R�X�U��
�D�Q�D�O�\�V�H�U���O�¶�$�'�1���D�U�F�K�L�Y�p���G�D�Q�V���O�H�V���V�p�G�L�P�H�Q�W�V���R�I�I�U�H���G�H�V���R�S�S�R�U�W�X�Q�L�W�p�V���Q�R�X�Y�H�O�O�H�V���S�R�X�U���U�H�F�R�Q�V�W�L�W�X�H�U��
la dynamique passée de la biodiversité lacust�U�H�����'�D�Q�V���F�H���F�D�G�U�H�����H�Q���V�¶�D�S�S�X�\�D�Q�W���V�X�U���O�H���F�R�X�S�O�D�J�H��
entre paléolimnologie et outils de séquençage massif �D�S�S�O�L�T�X�p�V�� �j�� �O�¶ADN sédimentaire, ces 
travaux ont pour but (i) �G�¶�D�S�S�R�U�W�H�U�� �G�H�V�� �F�R�Q�Q�D�L�V�V�D�Q�F�H�V�� �F�R�Q�F�H�U�Q�D�Q�W�� �O�D�� �S�U�p�V�H�U�Y�D�W�L�R�Q�� �G�H�� �O�¶�$�'�1��
des microbes eucaryotes dans les sédiments lacustres ���L�L���� �G�¶�D�S�S�O�L�T�X�H�U�� �O�¶�D�S�S�U�R�F�K�H�� �G�H��
paléogénétique sur des carottes sédimentaires issues de 3 lacs pour révéler la dynamique à 
�O�R�Q�J���W�H�U�P�H�����G�H���O�D���G�p�F�H�Q�Q�L�H���D�X���P�L�O�O�p�Q�D�L�U�H�����G�H�V���P�L�F�U�R�E�H�V���H�X�F�D�U�\�R�W�H�V���H�Q���O�L�H�Q���D�Y�H�F���O�¶�p�Y�R�O�X�W�L�R�Q���G�H�V��
conditions climatiques et anthropiques. Les résultats acquis sur le lac du Bourget ont permis 
de mettre en évidence l�¶�H�I�I�L�F�D�F�L�W�p�� �G�¶�D�U�F�K�L�Y�D�J�H�� �G�H�� �O�¶�$�'�1�� �S�O�D�Q�F�W�R�Q�L�T�X�H�� �G�D�Q�V�� �O�H�V�� �V�p�G�L�P�H�Q�W�V��
récents pour la plupart des groupes eucaryotes (notamment chrysophycées, chytrides, 
chlorophytes, cercozoaires, ciliés, dinophycées). A partir �G�¶�X�Q�H�� �F�R�O�O�H�F�W�L�R�Q�� �G�H�� �F�D�U�R�W�W�H�V�� ���L�V�V�X�H�V��
du lac suédois Nylandssjön), �O�¶�H�I�I�H�W���G�H���O�D���G�L�D�J�p�Q�q�V�H���V�¶�R�S�p�U�D�Q�W���D�X���F�R�X�U�V���G�H�V���S�U�H�P�L�q�U�H�V���D�Q�Q�p�H�V��
�G�¶�H�Q�I�R�X�L�V�V�H�P�H�Q�W���D���p�W�p���p�Y�D�O�X�p�����S�H�U�P�H�W�W�D�Q�W���G�H�����G�pmontrer que si la riches�V�H���W�D�[�R�Q�R�P�L�T�X�H���Q�¶�H�V�W��
pas impactée, des variations peuvent être détectées dans la structure de la communauté au 
�F�R�X�U�V�� �G�H�V�� ������ �S�U�H�P�L�q�U�H�V�� �D�Q�Q�p�H�V�� �G�¶�D�U�F�K�L�Y�D�J�H�� �D�Y�H�F�� �X�Q�H�� �V�W�D�E�L�O�L�V�D�W�L�R�Q�� �G�X�� �V�L�J�Q�D�O�� �D�X-delà de cette 
�S�p�U�L�R�G�H���� �/�¶�D�S�S�U�R�F�K�H�� �S�D�O�p�R�J�p�Q�p�W�L�T�X�H�� �D���� �H�Q�� �S�D�U�D�O�O�q�O�H���� �p�W�p�� �G�p�S�O�R�\�p�H�� �G�¶�X�Q�H�� �S�D�U�W�� �j�� �O�¶�p�F�K�H�O�O�H�� �G�X��
�V�L�q�F�O�H�� �V�X�U�� �G�H�X�[�� �O�D�F�V�� �G�H�� �P�r�P�H�� �W�\�S�R�O�R�J�L�H�� �P�D�L�V�� �D�\�D�Q�W�� �V�X�E�L�� �G�H�V�� �Q�L�Y�H�D�X�[�� �G�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q��
�F�R�Q�W�U�D�V�W�p�V�����H�W���G�¶�D�X�W�U�H���S�D�U�W���j���X�Q�H���p�F�K�H�O�O�H���W�H�P�S�R�U�H�O�O�H���S�O�X�V���O�R�Q�J�X�H�������������� �D�Q�V�����S�R�X�U���G�H�X�[���O�D�F�V���G�H��
typologie contrastée (lac du Bourget, France et Igaliku, Groenland). Les résultats acquis 
�G�p�P�R�Q�W�U�H�Q�W���T�X�H���G�H�V���U�p�D�U�U�D�Q�J�H�P�H�Q�W�V���G�H�V���F�R�P�P�X�Q�D�X�W�p�V���V�¶�R�S�q�U�H�Q�W���G�H���P�D�Q�L�q�U�H���F�R�Q�F�R�P�L�W�D�Q�W�H���D�X�[��
périodes climatiques (réchauffement médiéval, petit âge glaciaire, réchauffement récent), et 
que le réchauffement climatique au cours des 30 dernières années a plus particulièrement 
�I�D�Y�R�U�L�V�p�� �F�H�U�W�D�L�Q�V�� �J�U�R�X�S�H�V���� �Q�R�W�D�P�P�H�Q�W�� �O�D�� �U�L�F�K�H�V�V�H�� �H�W�� �O�¶�D�E�R�Q�G�D�Q�F�H�� �G�H�V�� �G�L�Q�R�S�K�\�F�p�H�V�� ���H�Q��
condition non eutrophe ; lacs �G�¶�$�Q�Q�H�F�\�� �H�W�� �G�X�� �%�R�X�U�J�H�W��. �7�R�X�W�H�I�R�L�V�� �O�¶�H�I�I�H�W�� �G�H�� �O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q��
est identifié comme le facteur le plus structurant, notamment dans le lac du Bourget (cas 
�G�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q�� �P�D�U�T�X�p�H���� �a�������� �—�J�3���/-1). La forte influence du niveau  d�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q��est 
détectée sur la communauté eucaryote totale et plus particulièrement sur des groupes 
spécifiques tels que les chlorophytes et les ciliés. Les réarrangements majeurs de la 
�F�R�P�P�X�Q�D�X�W�p���V�R�Q�W���S�D�U���D�L�O�O�H�X�U�V���P�D�U�T�X�p�V���S�D�U���O�D���P�R�E�L�O�L�V�D�W�L�R�Q���G�H���W�D�[�R�Q�V���U�D�U�H�V���G�D�Q�V���O�¶�D�V�V�H�P�E�O�D�J�H��
microbien eucaryote suggérant le rôle de la biosphère rare dans la capacité tampon des 
écosystèmes. Ces travaux pluridisciplinaires comptent parmi les premières études 
paléogénétiques appliquées aux microbes eucaryotes lacustres, contribuant de manière inédite 
aux connaissances de leur dynamique temporelle à long terme. Ces études tendent à confirmer 
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 à la fois des 
aspects méthodologiques autour de la calibration du signal ADN archivé et la nécessité de 
déployer cette approche pour des lacs (sélectionnés) de typologies et histoires écologiques 
variées. 
  
Mots clefs : microbes eucaryotes, séquençage massif, ADN sédimentaire, paléolimnologie, 
eutrophisation, réchauffement climatique 



 

  



 

Abstract 

 
Eutrophication and climate warming are key factors governing lake functioning. However, 
there is a lack of knowledge about the response of microbial eukaryotic communities to these 
forcing factors even though microbial eukaryotes represent a huge taxonomic and functional 
diversity within lacustrine trophic networks. Paleolimnology has a well-established reputation 
for providing valuable insights into the drivers of biological assemblages over long time 
scales. The emergence of DNA analyses of lake sediments opens up many new opportunities 
for the reconstruction of past lacustrine biodiversity, including taxa that do not leave distinct 
morphological fossils. The present work aimed (i) to gain knowledge about the preservation 
of microbial eukaryotes DNA in lacustrine sediments (ii) to apply DNA-based methods to 
dated sediments in order to reveal the long-term dynamics (centennial to millennial) of 
microbial eukaryotes related to climatic and anthropogenic changes. The results obtained for 
Lake Bourget demonstrated the good efficiency of planktonic DNA archiving in recent 
sediments for most of microbial groups (chrysophyceae, chytrids, chlorophytes, cercozoa, 
ciliates, dinophyceae �«��. In complement, the use of a unique collection of freeze cores of 
varved sediment (Lake Nylandssjön, Sweden) allowed to assess the effects of diagenetic 
processes on microbial eukaryotes DNA 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 stable. The paleoecological approach was applied to quantify centennial to 
millennial-scale dynamics on two deep peri-alpine lakes selected for their contrasted trophic 
history (lakes Bourget and Annecy, France) and two lakes with contrasted typologies (Lake 
Bourget, France and Lake Igaliku, Greenland). The results showed that some community 
rearrangements were concomitant with climate events (i.e. medieval warming, little ice age, 
recent warming) and that the recent climatic warming (over the last 30 years) favored more 
particularly some microbial groups including the dinophyceae (in terms of richness and 
relative abundance, in lakes Annecy and Bourget). However, the eutrophication seemed to 
prevail as a driver of these biological assemblages, in particular for Lake Bourget submitted to 
a marked eutrophication (up to 120 µg P. L-1 in the 1970s). The strong impact of the 
eutrophication was detected both at the whole community level and for specific groups such 
as chlorophytes and ciliates. Major rearrangements within eukaryotes community were also 
marked by the mobilization of rare taxa suggesting an important role of the rare biosphere as a 
reservoir of diversity to buffer the impacts of environmental stress. This multidisciplinary 
work thus provides new insights into the long-term dynamics of microbial eukaryotes 
communities. Our results confirm the potential of the application of high-throughput 
sequencing to sedimentary DNA for the lacustrine biodiversity reconstruction. Although these 
approaches are promising for further revolutionizing our understanding of long-term 
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 specific typologies and ecological histories 
(multi-lakes approach).  
 
Key words: microbial eukaryotes, high-throughput sequencing, sedimentary DNA, 
paleolimnology, eutrophication, climate warming 
 

  



 

 

  



 

Table des matières 
Liste des figures ...................................................................................................................................................... i 

Liste des tableaux .................................................................................................................................................. v 

Liste des encadrés ................................................................................................................................................. vi 

I. Chapitre introductif  .......................................................................................................................................... 1 

I.1. Contexte et problématiques .......................................................................................................................... 1 
I.1.1. Les lacs : des écosystèmes sensibles aux changements globaux et locaux ........................................... 1 

I.1.1.1.  Contexte global des effets des activités humaines sur les écosystèmes ....................................... 1 
I.1.1.2.  Quelques rappels sur les lacs ....................................................................................................... 3 
I.1.1.3.  Le lac, sensible aux forçages environnementaux ......................................................................... 6 
�,�������������� �� �� �/�¶�D�U�F�K�L�Y�H�� �V�p�G�L�P�H�Q�W�D�L�U�H���� �O�¶�R�S�S�R�U�W�X�Q�L�W�p�� �G�¶�X�Q�H�� �I�H�Q�r�W�U�H�� �W�H�P�S�R�U�H�O�O�H�� �S�H�U�W�L�Q�H�Q�W�H�� �S�R�X�U�� �O�¶�p�W�X�G�H�� �G�H�� �O�D��
réponse des communautés biologiques aux forçages environnementaux ................................................. 9 

�,�������������$�S�S�R�U�W�V���G�H���O�D���S�D�O�p�R�p�F�R�O�R�J�L�H���P�R�O�p�F�X�O�D�L�U�H���D�X�[���T�X�H�V�W�L�R�Q�V���G�¶�p�F�R�O�R�J�L�H���P�L�F�U�R�E�L�H�Q�Q�H .............................. 14 
I.1.3. Les micro-eucaryotes : diversité, rôles et facteurs de régulation dans les milieux lacustres .............. 20 

I.1.3.1.  Du microscope au séquençage à haut-�G�p�E�L�W���G�H���O�¶�$�'�1 .............................................................. 20 
I.1.3.2  Les micro-eucaryotes, un compartiment diversifié ..................................................................... 22 
I.1.3.3. Rôle des micro-eucaryotes dans les réseaux trophiques pélagiques ........................................... 29 
I.1.3.4.  Etat des connaissances sur la réponse des micro-�H�X�F�D�U�\�R�W�H�V�� �j�� �O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q�� �H�W�� �D�X�[��
changements climatiques ........................................................................................................................ 33 

I.2.  Objectifs et stratégie des travaux de thèse ................................................................................................ 35 
I.2.1. Objectifs de la thèse ........................................................................................................................... 35 

I.2.1.1. Axe 1 �����&�D�O�L�E�U�D�W�L�R�Q���Y�D�O�L�G�D�W�L�R�Q���G�H���O�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H���O�¶�$�'�1���V�p�G�L�P�H�Q�W�D�L�U�H ...................................... 35 
I.2.1.2. Axe 2 : Dynamique temporelle des communautés microbiennes en réponse aux forçages 
environnementaux ................................................................................................................................... 38 

I.2.2. Approche méthodologique ................................................................................................................. 41 
I.2.3. Structure de la thèse ........................................................................................................................... 47 

�,�,�����(�I�I�L�F�D�F�L�W�p���G�¶�D�U�F�K�L�Y�D�J�H���G�H���O�¶�$�'�1���G�H�V���P�L�F�U�R�R�U�J�D�Q�L�V�P�H�V���H�X�F�D�U�\�R�W�H�V���G�H���O�D���P�D�V�V�H���G�¶�H�D�X���Y�H�U�V���Oes sédiments 
du lac du Bourget ................................................................................................................................................ 49 

II.1. Abstract ..................................................................................................................................................... 50 

II.2. Introduction .............................................................................................................................................. 51 

II.3. Materials and Methods ............................................................................................................................. 53 
III.3.1. Study site ......................................................................................................................................... 53 
II.3.2. Sampling ........................................................................................................................................... 53 
II.3.3. Molecular Analysis ........................................................................................................................... 54 
II.3.4. Data Accessibility ............................................................................................................................. 57 
II.3.5. Data Analysis and Statistical Tests ................................................................................................... 58 

II.4. Results ....................................................................................................................................................... 59 
II.4.1. Richness and Taxonomic Composition of Unicellular Eukaryotes in Water and Sediments ............ 59 
II.4.2. Phylogenetic Diversity Archived in Sediment .................................................................................. 61 
II.4.3. Potential Links Between Recurrence and Abundance of PUs in Water and Their Archiving in 
Sediment ...................................................................................................................................................... 63 

II.5. Discussion ................................................................................................................................................. 63 
II.5.1. Overall Diversity of Protistan Taxa in Water and Sediment ............................................................. 63 
II.5.2. Active Protists Do Not Bias the Paleosignal ..................................................................................... 64 
II.5.3. Efficiency of Planktonic DNA Archiving in Recent Sedimentary Deposits ..................................... 65 

II.6. Supporting information ............................................................................................................................. 68 

�,�,�,�����3�U�p�V�H�U�Y�D�W�L�R�Q���G�H���O�¶�$�'�1���V�p�G�L�P�H�Q�W�D�L�U�H���D�X���F�R�X�U�V���G�H���O�¶�H�Q�I�R�X�L�V�V�H�P�H�Q�W ........................................................... 71 

III.1. Abstract ................................................................................................................................................... 73 



 

III.2. Introduction ............................................................................................................................................. 73 

III.3. Materials & Methods ............................................................................................................................... 76 
III.3.1. Study site and sediment sampling .................................................................................................... 76 
III.3.2. Molecular data ................................................................................................................................. 77 
III.3.3. Bioinformatics and statistical analysis ............................................................................................. 77 
III.3.4. Data treatment and statistical analyses ............................................................................................ 79 

III.4. Results ..................................................................................................................................................... 81 
III.4.1. DNA quantities ................................................................................................................................ 81 
III.4.2. Richness and diversity ..................................................................................................................... 81 
III.4.3. Community structure ....................................................................................................................... 84 

III.5. Discussion ............................................................................................................................................... 90 
III.5.1. Overall, stability of the DNA signal of micro-eukaryotes ............................................................... 90 
III.5.2. Only one taxonomic group varied according to the core: focus on Fungi ....................................... 92 
III.5.3. Variations in relative abundance of some OTUs in the uppermost strata ........................................ 93 

III.6. Conclusion ............................................................................................................................................... 95 

III.7. Supporting information ........................................................................................................................... 96 

IV. Impact des forçages environnementaux au cours des 2200 dernières années sur les communautés 
microbiennes eucaryotes des lacs Bourget (France) et Igaliku (Groenland) ............................................... 101 

IV.1. Abstract.................................................................................................................................................. 103 

IV.2. Introduction ........................................................................................................................................... 103 

IV.3. Materials and methods .......................................................................................................................... 106 
IV.3.1. Study sites ..................................................................................................................................... 106 
IV.3.2. Field sampling & laboratory sub-sampling ................................................................................... 106 
IV.3.3. Dating of sediment cores ............................................................................................................... 107 
IV.3.4. Molecular analysis ......................................................................................................................... 108 
IV.3.5. Bioinformatics processing ............................................................................................................. 109 
IV.3.6. Data treatment and statistical analyses .......................................................................................... 111 

IV.4. Results ................................................................................................................................................... 114 
IV.4.1. OTU richness and taxonomic composition.................................................................................... 114 
IV.4.2. Temporal tipping points detected for the structure of eukaryotes community .............................. 114 
IV.4.3. Community rearrangements over time .......................................................................................... 118 

IV.5. Discussion.............................................................................................................................................. 123 
IV.5.1. Methodological aspects ................................................................................................................. 123 
IV.5.2. Sedimentary DNA reveals past microbial eukaryotes community ................................................ 124 
IV.5.3. A temporal view on dominance and rarity .................................................................................... 125 
IV.5.4. First clues of synchrony between MECs shifts and climatic fluctuations ..................................... 126 
IV.5.5. The impacts of marked eutrophication seems to overpass that of other forcing factors ................ 127 
IV.5.6. �7�R�Z�D�U�G���µ�Q�H�Z�¶���E�L�R�O�R�J�L�F�D�O���P�D�U�N�H�U�V���I�U�R�P���V�H�G�L�P�H�Q�W�D�U�\���'�1�$ ........................................................... 128 

IV.6. Additional analysis ................................................................................................................................ 131 
IV.6.1. Application of network analysis to the view of the temporal dynamics of microbial eukaryotes 
communities via the network analysis time series ..................................................................................... 131 

IV.7. Supporting information .......................................................................................................................... 134 

V. Impact des forçages environnementaux au cours des 100 dernières années sur les communautés 
microbiennes eucaryotes des lacs Annecy et Bourget (France) ..................................................................... 145 

V.1. Abstract ................................................................................................................................................... 147 

V.2. Introduction ............................................................................................................................................ 148 

V.3. Materials and Methods ........................................................................................................................... 150 
V.3.1. Study sites and forcing factors ........................................................................................................ 150 
V.3.2. Coring, dating and sub-sampling .................................................................................................... 151 
V.3.3. Molecular analysis .......................................................................................................................... 151 



 

V.3.4. Bioinformatics processing applied for massive sequencing data .................................................... 152 
V.3.5. Specific procedures for paleogenetics work ................................................................................... 153 
V.3.6. Data treatments and statistical analyses .......................................................................................... 154 

V.4. Results ..................................................................................................................................................... 158 
V.4.1. Lake settings and environmental forcing factors ............................................................................ 158 
V.4.2. Richness, composition and structure of MECs ............................................................................... 158 
V.4.3. Temporal rearrangements of MEC related to environmental change ............................................. 161 
V.4.4. Network structure, modularity, connectivity and links with environmental changes ..................... 164 

V.5. Discussion ............................................................................................................................................... 165 
V.5.1. Characterization of MECs from sedimentary archives ................................................................... 165 
V.5.2. The [P] range as a major driver of MECs in both lakes .................................................................. 167 
V.5.3. No return to pre-eutrophication conditions ..................................................................................... 169 
V.5.4. Simultaneous effects of re-oligotrophication and warming since the late 1980s ............................ 170 

V.6. Conclusion .............................................................................................................................................. 172 

V.7. Additional analysis.................................................................................................................................. 173 
V.7.1. Detection of change points in MECs richness/diversity (bcp analysis) .......................................... 173 
V.7.2. Detection of break points in the structure of MECs (MRT analysis) .............................................. 175 
V.7.3. Focus on the temporal dynamics of rare OTUs .............................................................................. 177 

V.8. Supporting Information ........................................................................................................................... 179 

V.9. Analyses complémentaires ...................................................................................................................... 207 
�9�������������&�R�Q�W�H�[�W�H���H�W���V�W�U�D�W�p�J�L�H���G�¶�p�W�X�G�H ........................................................................................................... 207 
V.9.2. Matériels et méthodes ..................................................................................................................... 207 
V.9.3. Résultats .......................................................................................................................................... 210 
V.9.4. Conclusion ...................................................................................................................................... 211 

VI. Discussion et Perspectives .......................................................................................................................... 213 

VI.1. Autour de la validation du proxy ADN sédimentaire en milieu lacustre ............................................... 213 
�9�,������������ �'�H�� �O�D�� �P�D�V�V�H�� �G�¶�H�D�X�� �D�X��sédiment ���� �X�Q�H�� �E�R�Q�Q�H�� �S�U�p�V�H�U�Y�D�W�L�R�Q�� �G�H�� �O�¶�$�'�1�� �G�H�V�� �F�R�P�P�X�Q�D�X�W�p�V�� �G�H�� �P�L�F�U�R-
�H�X�F�D�U�\�R�W�H�V���G�H���O�D���P�D�V�V�H���G�¶�H�D�X�����O�D�F���S�U�R�I�R�Q�G���W�H�P�S�p�U�p�� ................................................................................. 215 
VI.1.2. Les effets de la diagénèse précoce �V�X�U���O�¶�$�'�1���G�H�V���P�L�F�U�R-eucaryotes lacustres : effets très modérés 
pour les sédiments varvés du Lac Nylandssjön ......................................................................................... 216 
VI.1.3. Effet du vieillissement des sédiments s�X�U���O�¶�$�'�1���G�H���P�L�F�U�R-eucaryotes au cours de longues périodes 
de temps ..................................................................................................................................................... 218 
�9�,������������ �8�Q�H�� �S�U�p�V�H�U�Y�D�W�L�R�Q�� �G�L�I�I�p�U�H�Q�W�L�H�O�O�H�� �G�H�� �O�¶�$�'�1�� �G�H�V�� �F�R�P�P�X�Q�D�X�W�p�V�� �E�L�R�O�R�J�L�T�X�H�V�� �G�X�� �O�D�F�� �D�X�� �F�R�X�Us de 
�O�¶�H�Q�I�R�X�L�V�V�H�P�H�Q�W���G�D�Q�V���O�H�V���V�p�G�L�P�H�Q�W�V ? ........................................................................................................ 219 
�9�,������������ �)�R�F�X�V�� �V�X�U�� �T�X�H�O�T�X�H�V�� �F�K�R�L�[�� �P�p�W�K�R�G�R�O�R�J�L�T�X�H�V�� �H�W�� �O�H�V�� �S�R�W�H�Q�W�L�H�O�O�H�V�� �O�L�P�L�W�H�V�� �� �F�R�Q�F�H�U�Q�D�Q�W�� �O�¶�D�S�S�U�R�F�K�H��
déployée dans ces travaux ......................................................................................................................... 223 

VI.2. Vision à long-terme de la dynamique temporelle des communautés lacustres de micro-eucaryotes .... 227 
VI.2.1. Vers une étude de la dynamique temporelle des communautés multi-échelles : les réarrangements 
de la communauté vus à court et à long terme ........................................................................................... 227 
VI.2.2. Dynamique temporelle des taxons abondants ................................................................................ 228 
VI.2.3. Contribution de la rare biosphère aux réarrangements .................................................................. 230 
�9�,�������������/�H�V���G�R�Q�Q�p�H�V���W�H�P�S�R�U�H�O�O�H�V���D�X���V�H�U�Y�L�F�H���G�H���O�D���G�H�V�F�U�L�S�W�L�R�Q���G�¶�X�Q��core microbiome eucaryote ............... 233 

VI.3. La réponse des communautés de micro-eucaryotes aux pressions anthropiques et climatiques ........... 236 
VI.3.1.  Réponse des communautés de micro-�H�X�F�D�U�\�R�W�H�V���O�D�F�X�V�W�U�H�V���j���G�L�I�I�p�U�H�Q�W�V���Q�L�Y�H�D�X�[���G�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q 238 
�9�,������������ �(�I�I�H�W�V���G�H�� �O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q���D�X�� �V�H�L�Q���G�¶�X�Q���U�p�V�H�D�X��trophique lacustre : quelques hypothèses issues des 
données paléolimnologiques concernant les interactions biotiques ........................................................... 239 
VI.3.3. Les Chlorophytes, de potentiels i�Q�G�L�F�D�W�H�X�U�V���G�H���O�¶�p�W�D�W���W�U�R�S�K�L�T�X�H���G�X���O�D�F ? ....................................... 240 
�9�,�������������/�¶�H�I�I�H�W���G�H�V���I�O�X�F�W�X�D�W�L�R�Q�V���F�O�L�P�D�W�L�T�X�H�V���S�H�U�F�H�S�W�L�E�O�H�V���V�X�U���O�H�V���F�R�P�P�X�Q�D�X�W�p�V���H�X�F�D�U�\�R�W�H�V ...................... 241 
VI.3.5. Effets combinés des pressions anthropiques et climatiques sur les micro-eucaryotes: le cas de lacs 
en cours de ré-oligotrophisation exposés au réchauffement climatique .................................................... 242 

VII. Conclusion.................................................................................................................................................. 245 

VIII. Annexe  : Application des méthodes moléculaires en paléolimnologie, de nouvelles opportunités pour 
étudier la dynamique à long terme de la biodiversité lacustre ...................................................................... 247 



 

VIII.1. Abstract ............................................................................................................................................... 248 

VIII.2. Potential of DNA tools in paleolimnology .......................................................................................... 248 
VIII.2.1. DNA-based methods complement classical paleolimnology proxies and expand the range of 
organisms detectable in lake sediments. .................................................................................................... 249 
VIII.2.2. DNA-based methods are uniquely positioned to answer critical questions in paleolimnology, 
some of which are not possible with classic paleoecological indicators. .................................................. 250 

VIII.3. Some methodological aspects: precautions, limits and possible solutions ......................................... 251 
VIII.3.1. The way DNA is archived in sediments matters (Figure VIII.2) ................................................ 252 
VIII.3.2. How do lakes characteristics affect DNA preservation? ............................................................. 253 
VIII.3.3. What are the requisite precautions to ensure the authenticity of results?.................................... 256 

VIII.4. Applications of sedimentary DNA analyses to advance lacustrine ecology ........................................ 260 
VIII.4.1 Both intra specific diversity and complex biological group can be described from sedimentary 
DNA .......................................................................................................................................................... 260 
VIII.4.2. DNA from zooplankton resting stages ........................................................................................ 260 
VIII.4.3. Targeting specific functions in the ecosystem ............................................................................ 262 

VIII.5. Emerging topics & challenges in applying sedimentary DNA to the field of lacustrine ecology ........ 262 
VIII.5.1. DNA approaches to track the dynamics of invasive species ....................................................... 262 
VIII.5.2. DNA approaches to reveal the presence of fish populations over time ...................................... 263 
VIII.5.3. Inferring ecological networks from molecular inventories obtained for complex assemblages . 264 
VIII.5.4. Coupling spatial and temporal approach:  temporal biogeography ............................................. 265 
VIII.5.5. The use of molecular data for paleoecological transfer functions ............................................... 265 
VIII.5.6. Integration of sedimentary DNA in biological collections and long-term environmental 
observatory: sediment core repository as a conservation tool for biodiversity .......................................... 266 

VIII.6. Conclusion .......................................................................................................................................... 266 

Glossaire ............................................................................................................................................................. 267 

Références .......................................................................................................................................................... 269 

 



 

i 
 

Liste des figures 
Figure I.1. Schéma illustrant le niveau de risque associé aux effets irréversibles des 
perturbations humaines sur plusieurs variables importantes pour le fonctionnement des 
écosystèmes ................................................................................................................................ 2 
Figure I.2. Distribution des lacs sur la planète. La valeur dL correspond à la densité moyenne 
des lacs par surface entre 1 et 10 km2 ........................................................................................ 3 

�)�L�J�X�U�H���,���������(�[�H�P�S�O�H���G�¶�X�Q���U�p�V�H�D�X���W�U�R�S�K�L�T�X�H���S�p�O�D�J�L�T�X�H���O�D�F�X�V�W�U�H .................................................. 5 
Figure I.4. Schéma illustrant les effets directs et indirects des forçages environnementaux 
globaux et locaux sur le réseau trophique pélagique lacustre .................................................... 7 
Figure I.5. Illustration des intervalles de temps associés à chaque couche sédimentaire. ....... 16 

�)�L�J�X�U�H���,���������6�F�K�p�P�D���G�H���O�¶�H�I�I�H�W���G�¶�X�Q�H���S�H�U�W�X�U�E�D�W�L�R�Q���V�X�U���O�D���F�R�P�S�R�V�L�W�L�R�Q���H�W���O�H�V���I�R�Q�F�W�L�R�Q�V���D�V�V�R�F�L�p�H�V���j��
une communauté microbienne ................................................................................................. 18 
Figure I.7. Concentrations en phosphore estimées à partir du comptage des diatomées dans les 
archives sédimentaires .............................................................................................................. 19 

Figure I.8. Arbre phylogénétique des eucaryotes ..................................................................... 23 
Figure I.9. Schématisation des réseaux trophiques pélagiques lacustres. ................................ 29 
Figure I.10. Assignation de rôles fonctionnels putatifs aux différents groupes de micro-
eucaryotes ................................................................................................................................. 30 
Figure I.11. Recherche bibliographique. .................................................................................. 31 

�)�L�J�X�U�H�� �,���������� �/�L�V�W�H�� �Q�R�Q�� �H�[�K�D�X�V�W�L�Y�H�� �G�H�V�� �S�U�L�Q�F�L�S�D�O�H�V�� �S�X�E�O�L�F�D�W�L�R�Q�V�� �S�R�U�W�D�Q�W�� �V�X�U�� �O�¶�p�W�X�G�H�� �G�H�V��
communautés microbiennes eucaryotes lacustres utilisant des analyses de biologie 
�P�R�O�p�F�X�O�D�L�U�H���� �O�H�V�� �T�X�H�V�W�L�R�Q�V�� �G�¶�Lntérêt, leurs régions climatiques, les techniques moléculaires 
�X�W�L�O�L�V�p�H�V�� �H�W�� �O�¶�D�S�S�R�U�W�� �G�H�� �F�H�V�� �S�X�E�O�L�F�D�W�L�R�Q�V�� �j�� �O�D�� �F�R�P�S�U�p�K�H�Q�V�L�R�Q�� �G�H�V�� �D�V�V�H�P�E�O�D�J�H�V�� �G�H�� �P�L�F�U�R-
eucaryotes. ................................................................................................................................ 32 
Figure I.13. Schéma général de la position trophique du nano et micro-zooplancton au sein du 
réseau trophique planctonique et des effets potentiels directs et indirects des changements 
climatiques sur ces assemblages .............................................................................................. 34 

Figure I.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) ........ 37 
Figure I.15. Approche méthodologique appliquée dans ces travaux de thèse. ........................ 42 
Figure I.16. Analyses GAMs. Figure illustrant la contribution relative de deux predictors aux 
changements dans une variable réponse. .................................................................................. 46 
Figure II.1. Richness (number of PUs) distribution within the different phyla in water samples 
at 2 and 130 m depth and in sediment samples ........................................................................ 58 
Figure II.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 
Haptophyta PUs. ....................................................................................................................... 60 
Figure II.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 with PUs at 2 m (c) and 130 m (d) depth and their recurrence in the sediment ..... 62 



 

ii  
 

Figure II.S1. Supporting information presenting the flow chart for bioinformatic analyses 
using PANAM pipeline ............................................................................................................ 68 
Figure III.1. Experimental procedure used in the present study. ............................................. 80 
Figure III.2. Boxplots of DNA quantities obtained from the 12 varves in the cores C and C+6.
 .................................................................................................................................................. 81 

Figure III.3. Barplots of diversity indices: number of OTUs, Chao1 estimator, Shannon 
diversity, Simpson diversity, Pielou evenness obtained for the 48 samples. ANOVA p-values 
were calculated for each metric by comparing the values from the cores C and C+6. ............ 83 
Figure III.4. Hierarchical clustering tree computed using Bray-Curtis index (calculated from 
the OTU relative abundance dataset) and Jaccard index (calculated from presence/absence 
dataset) from the 48 molecular inventories. ............................................................................. 84 
Figure III.5. Values of Bray-Curtis dissimilarity (A) and Jaccard distance (B) obtained for 
each couple of replicates for the 12 analysed strata. ................................................................ 85 

Figure III.6. Relative abundance (number of DNA sequences) of 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 varves ......................................................................... 86 
Figure III.7. Distribution of DNA sequences in the molecular inventories with the main 
microbial eukaryotes groups. ................................................................................................... 88 

Figure III.8. Plot of procrustean rotation analysis illustrated the potential differences in 
community structure for molecular inventories from core C and core C+6. ........................... 89 
Figure III.S1. Quantities of DNA extracted for each sample (in µg.g-1 of wet sediment). ..... 96 
Figure III.S2. Distribution of the richness and relative abundance of fungal groups in the 48 
molecular inventories. .............................................................................................................. 96 
Figure IV.1. For Lake Bourget (A) and Lake Igaliku (B) : 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 separately non-pigmented OTUs (NPI) 
and pigmented OTUs (PI). ..................................................................................................... 115 
�)�L�J�X�U�H���,�9���������7�L�P�H���V�H�U�L�H�V���R�I���+�L�O�O�¶�V���Q�X�P�E�H�U�V�����2�7�8���U�L�F�K�Q�H�V�V�����W�U�D�Q�V�I�R�U�P�H�G���6�K�D�Q�Q�R�Q���D�Q�G���6�L�P�S�V�R�Q��
indices) for Lake Bourget (A) and Lake Igaliku (B). ............................................................. 117 
Figure IV.3. Non-metric multidimensional scaling analysis of microbial eukaryotes 
communities based on Bray-Curtis dissimilarity are presented for Lake Bourget (A) and Lake 
Igaliku (B) time series ............................................................................................................ 119 
Figure IV.4. Temporal relative abundances of the non-pigmented, 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 Bourget (A) and Lake Igaliku (B). ........................................... 119 
Figure IV.5. Temporal dynamics of oscillating OTUs in Lake Bourget and Lake Igaliku. 
Oscillating OTUs shifted between abundant (> 0.1 %) and rare states (< 0.1 % of the number 
of DNA sequences, on average for each period). ................................................................... 121 
Figure IV.6. Composition and temporal dynamics of the chlorophytan groups in Lake Bourget 
(A) and in Lake Igaliku (B) based on their relative abundance in terms of number of DNA 
sequences. ............................................................................................................................... 122 
Figure IV.7. Co-occurrence networks for Lake Bourget (A) and Lake Igaliku (B). The nodes 
represented each one OTU. .................................................................................................... 130 
Figure IV.8. Consensus network. ........................................................................................... 132 



 

iii  
 

Figure IV.S1. Dating of sediment cores. ................................................................................ 134 
Figure IV.S2. Figure showing from the MRT analysis, the relative error RE and the cross-
validated relative error CVRE for the 3 studied datasets (all OTUs, non-pigmented OTUs, 
pigmented OTUs) in Lake Bourget (A) and Lake Igaliku (B). .............................................. 135 
Figure IV.S3. Distribution of richness (in terms of OTUs number) within each phylogenetic 
group in Lake Bourget (A) and Lake Igaliku (B). .................................................................. 136 
Figure IV.S4. Temporal changes over the last century for (A) the anomalies of air temperature 
(annual average in 10-1 °C) ; Data from Auer et al. 2007 (B) Daphnia-inferred total 
phosphorus concentrations (annual mean concentrations over the 0-20 m water depths ± 95 
confidence intervals) in µg P.L-1 ........................................................................................... 137 
Figure IV.S5. Non-metric multidimensional scaling analysis based on Bray-Curtis (relative 
abundance of OTUs) and Jaccard (presence/absence of OTUs) indices. ............................... 138 
Figure V.1. Temporal changes of (A) air temperature anomalies (annual average expressed in 
10-1 °C; data from Auer et al., 2007) (B) Daphnia-inferred total phosphorus concentrations 
(annual mean concentration over the 0-20 m water depths ± 95 confidence interval expressed 
in µgP L-1; data from Alric et al., 2013, Berthon et al., 2014) (C) relative abundance (in terms 
of number of DNA sequences) of each microbial eukaryotes group, illustrated by heatmaps. 
Data cover the last century and are presented for lakes Annecy and Bourget. ...................... 157 
Figure V.2. Non-metric multidimensional scaling analysis of microbial eukaryotes 
communities based on Bray-Curtis dissimilarity obtained for Lake Annecy (A) and Lake 
Bourget (B) time series. ......................................................................................................... 159 
Figure V.3. GAMs analysis results for Lake Annecy and Lake Bourget. .............................. 160 
Figure V.4. Co-occurrence networks for Lake Annecy and Lake Bourget MECs. ............... 163 
Figure V.5. Time series of richness, diversity and evenness indices for Lake Annecy and Lake 
Bourget. .................................................................................................................................. 174 
Figure V.6. Breakpoints detected in the structure of MECs by MRT analysis ...................... 175 
Figure V.7. Temporal dynamics of oscillating OTUs in Lake Annecy and Lake Bourget. 
Oscillating OTUs shifted between abundant (> 0.1 %) and rare states (< 0.1 % of the number 
of DNA sequences, on average for each period). ................................................................... 178 
Figure V.8. Changements temporels au cours du siècle dernier dans les lacs Annecy et 
�%�R�X�U�J�H�W�� �G�H�� �O�D�� �T�X�D�Q�W�L�W�p�� �G�H�� �F�R�S�L�H�V�� �G�H�� �V�p�T�X�H�Q�F�H�V�� �G�¶�$�'�1�� �G�H�� �&�K�O�R�U�R�S�K�\�W�H�V�� �H�W�� �O�D�� �S�U�R�S�R�U�W�L�R�Q��
relative des Chlorophytes au sein des assemblages de micro-eucaryotes .............................. 212 
Figure V.S1. Bray-Curtis analysis pseudo-autocorrelation. ................................................... 179 
Figure V.S2. The figure presents GAMs analysis results for Lake Annecy and Lake Bourget 
for the 4 indices describing the whole MECs and the 9 most abundant groups. ................... 180 
Figure V.S3. Topological roles of OTUs within the Annecy and Bourget network (A & B). 
Plot of intra vs inter-modular connectivity values illustrating the proportion of connectors, 
module hubs, network hubs and peripherals in each network. ............................................... 190 
Figure V.S4. This figure illustrates the correlations between modules eigengene values and 
the environmental factors (phosphorus concentration and air temperature) in Lake Annecy and 
Lake Bourget. ......................................................................................................................... 191 
Figure V.S5. Consensus network. (A) Only the OTUs retrieved within the 5 consensus 
modules were represented. Correspondence of the (B) Annecy set-specific and (C) Bourget 
set-specific with the consensus modules. ............................................................................... 192 



 

iv 
 

�)�L�J�X�U�H�� �9�,�������� �6�\�Q�W�K�q�V�H�� �G�H�V�� �S�U�L�Q�F�L�S�D�X�[�� �U�p�V�X�O�W�D�W�V�� �S�R�U�W�D�Q�W�� �V�X�U�� �O�D�� �S�U�p�V�H�U�Y�D�W�L�R�Q�� �G�H�� �O�¶�$�'�1�� �G�H�V��
micro-eucaryotes au cours de son archivage  dans les sédiments lacustres. .......................... 214 
Figure VI.2. Pourcentage de richesse commune et spécifique pour chaque réplicat de 
�V�p�T�X�H�Q�o�D�J�H���R�E�W�H�Q�X���j���S�D�U�W�L�U���G�H�V�������H�[�W�U�D�L�W�V���G�¶�$�'�1���L�V�V�X�V���G�¶�X�Q�H���P�r�P�H���V�W�U�D�W�H���V�p�G�L�P�H�Q�W�D�L�U�H ..... 226 
Figure VI.3. Abondance relative des OTUs les plus abondantes dans la série temporelle de la 
communauté microbienne eucaryote du lac Annecy au cours des 100 dernières années. ..... 229 
Figure VI.4. Courbes de Raréfaction/Extrapolation obtenus pour la richesse spécifique de 
chaque inventaire moléculaire des analyses du chapitre IV. .................................................. 231 
Figure VI.5. Schéma illustrant la définition des niveaux de rareté considéré dans les 
�L�Q�Y�H�Q�W�D�L�U�H�V���P�R�O�p�F�X�O�D�L�U�H�V�����%�L�H�Q���T�X�H���O�H�V���F�R�Q�G�L�W�L�R�Q�D�O�O�\���U�D�U�H���W�D�[�D���Q�¶�H�V�W���S�D�V���p�W�p���p�W�X�G�L�p���H�Q���W�D�Q�W���T�X�H��
tel, les traitements des seuils de rareté ont permis de les intégrer dans les réseaux de 
cooccurrence. .......................................................................................................................... 232 
Figure VI.6: Schéma simplifié illustrant les périodes temporelles au cours desquelles les 
variations des deux forçages étudiés semblent avoir eu un effet sur la communauté de micro-
eucaryotes des lacs étudiés. .................................................................................................... 237 
Figure VIII.1. Schematic view of the lacustrine pelagic food web highlighting how DNA 
analysis can expand the range of organisms in paleolimnology. ........................................... 249 
Figure VIII.2. Possible DNA analyses according to the goal of the study and the way DNA is 
archived. ................................................................................................................................. 252 

  



 

v 
 

Liste des tableaux 
Tableau I.1. �6�\�Q�W�K�q�V�H�� �G�H�� �O�D�� �O�L�W�W�p�U�D�W�X�U�H�� �S�R�U�W�D�Q�W�� �V�X�U�� �O�¶�X�W�L�O�L�V�D�W�L�R�Q�� �G�H�� �O�¶�$�'�1�� �V�p�G�L�P�H�Q�W�D�L�U�H�� �G�H�V��
�P�L�O�L�H�X�[���O�D�F�X�V�W�U�H�V���S�R�X�U���O�¶�p�W�X�G�H���G�H���O�D���G�\�Q�D�P�L�T�X�H���W�H�P�S�R�U�H�O�O�H���G�H�V���F�R�P�P�X�Q�D�X�W�p�V���P�L�F�U�R�E�L�H�Q�Q�H�V . 11 

Tableau I.2. Caractéristiques des carottes sédimentaires utilisées dans ces travaux de thèse. . 41 
Table II.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 of the trophic state of the lake: long-
term changes in lake total phosphorus concentrations were reconstructed from a diatom-
inferred transfer function (Berthon et al., 2013) based on the identification and quantification 
of diatoms�¶��frustules preserved in sediment (all values with asterisks); total phosphorus 
concentrations for recent periods were also verified from direct measurement 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 percentages of PUs from water retrieved in sediment 
samples. .................................................................................................................................... 56 
Table II.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. ...................................................................................................................................... 58 

Table II.S1. Number of sequences, OTUs, PUs, and values of Chao index associated to each 
sample. ...................................................................................................................................... 69 
Table II.S2. Number of reads obtained for the different phyla in water at 2 m and 130 m depth 
and in sediment samples. .......................................................................................................... 70 

Table II.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, (D- E) 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 
(# specific PUs), and the percentag�H�� �R�I�� �W�K�H�V�H�� �µ�S�H�U�L�R�G-�V�S�H�F�L�I�L�F�¶�� �3�8�V�� �� �W�K�D�W�� �L�V�� �U�H�W�U�L�H�Y�H�G�� �L�Q��
sediment. Uncult: uncultured ES: environmental samples ....................................................... 70 
Table III.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 metrics for C and C+6; differences 
were considered significant when p-values were inferior or equal to 0.01 .............................. 82 
Table III.S1. Distribution of reads and OTUs numbers in the 48 molecular inventories within 
the main microbial eukaryotic groups. ..................................................................................... 97 

Table III.S2. Results obtained from SIMPER analysis comparing the molecular inventories of 
the two cores considering the 6 most recent strata ................................................................... 99 
Table IV.1. The table presents (i) for each lake, the numbers of DNA sequences, 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. ............................................................................ 113 



 

vi 
 

Table IV.S2. Richness and diversity indices obtained for each sample. ................................ 139 
Table IV.S3. For Lake Bourget (A) and Lake Igaliku (B): results obtained from SIMPER 
analysis considering the periods defined by ANOSIM analysis. ........................................... 142 
Table V.1. The table presents for each lake the number of DNA sequences and OTUs within 
each microbial eukaryotic group and, the numbers of common OTUs and total OTUs in the 
two lakes. ................................................................................................................................ 156 
Table V.2. Properties of the two individual networks built for Lake Annecy and Lake Bourget 
MECs. The topological indices were calculated considering only the edges values superior to 
0.5. .......................................................................................................................................... 162 
Table V.3. Distribution of total OTUs and oscillating OTUs within each microbial eukaryote 
group for each lake independently ......................................................................................... 176 
Tableau V.4. �&�D�U�D�F�W�p�U�L�V�W�L�T�X�H�V�� �G�H�V�� ���� �V�R�X�F�K�H�V�� �G�¶�D�O�J�X�H�V�� �X�W�L�O�L�V�p�H�V�� �S�R�X�U�� �O�D�� �Y�p�U�L�I�L�F�D�W�L�R�Q�� �G�H�� �O�D��
spécificité des amorces nucléotidiques................................................................................... 208 
Tableau V.5. Affiliation taxonomique associée aux séquences obtenues pour les échantillons 
environnementaux de chaque lac ........................................................................................... 211 
Table V.S1. Richness, diversity and evenness indices obtained for each sample. ................. 193 
Table V.S2. For each lake independently, the table presents for each OTU, the percentage of 
DNA sequences, the occurrence through time, the modularity features (intraM = intramodular 
connectivity, interM = intermodular connectivity), the topological role within network and the 
taxonomic affiliation. ............................................................................................................. 194 
Table VIII.1. Our review of the literature focusing on the study of sedimentary DNA analyses 
in freshwater systems. ............................................................................................................ 255 
Table VIII.2. Main analytical steps, risks and possible solutions for implementation of DNA 
analyses in paleolimnological studies. ................................................................................... 259 

 

Liste des encadrés 
�(�Q�F�D�G�U�p���,���������'�\�Q�D�P�L�T�X�H���D�Q�Q�X�H�O�O�H���G�H���O�D���V�W�U�X�F�W�X�U�H���G�H���O�D���P�D�V�V�H���G�¶�H�D�X���G�H�V���O�D�F�V ............................ 5 



 

1 
 

I. Chapitre introductif  
 

I.1. Contexte et problématiques 

I.1.1. Les lacs : des écosystèmes sensibles aux changements globaux et locaux 

I.1.1.1.  Contexte global des effets des activités humaines sur les écosystèmes 

�/�¶�L�P�S�D�F�W�� �G�H�V�� �D�F�W�L�Y�L�W�p�V�� �K�X�P�D�L�Q�H�V�� �V�X�U�� �O�H�V�� �p�F�R�V�\�V�W�q�P�H�V�� �V�¶�H�V�W�� �D�J�J�U�D�Y�p�� �G�H�S�X�L�V�� �O�H�� �G�p�E�X�W�� �G�H�� �O�¶�q�U�H��

industrielle au 19ème siècle (Vitousek 1997). Ainsi�����O�¶�H�V�S�q�F�H���K�X�P�D�L�Q�H���W�U�D�Q�V�I�R�U�P�H���Oes paysages 

�S�D�U�� �O�D�� �G�p�I�R�U�H�V�W�D�W�L�R�Q���� �O�¶�D�J�U�L�F�X�O�W�X�U�H�� �H�W�� �O�¶�p�O�H�Y�D�J�H�� �L�Q�W�H�Q�V�L�I�� �D�L�Q�V�L�� �T�X�H�� �S�D�U�� �O�¶�H�[�S�O�R�L�W�D�W�L�R�Q�� �G�H�V��

ressources naturelles de la planète comme le pétrole et les minéraux. Toutes ces actions ont 

des effets directs sur les communautés biologiques des écosystèmes en perturbant les réseaux 

�W�U�R�S�K�L�T�X�H�V���H�W���H�Q���H�Q�W�U�D�L�Q�D�Q�W���O�¶�p�U�R�V�L�R�Q���G�H���O�D���E�L�R�G�L�Y�H�U�V�L�W�p����Walther et al. 2002, Rockström et al. 

2009, Steffen et al. 2015, Newbold et al. 2016, Figure I.1). Les forçages environnementaux 

locaux, notamment la pollution des milieux aquatiques (par les eaux usées et les rejets 

industriels et agricoles), sont listés parmi les facteurs pouvant altérer la stabilité des 

écosystèmes et leurs p�U�R�S�U�L�p�W�p�V�� �p�P�H�U�J�H�Q�W�H�V���� �'�H�� �S�O�X�V���� �O�H�V�� �D�F�W�L�Y�L�W�p�V�� �G�¶�R�U�L�J�L�Q�H�� �D�Q�W�K�U�R�S�L�T�X�H�� �V�R�Q�W��

reconnues pour accélérer le réchauffement climatique planétaire (IPCC 2013, Abram et al. 

2016). Il semble de plus en plus évident que, �V�R�X�V���O�¶�H�I�I�H�W���G�H���O�¶�+�R�P�P�H�����O�H���U�p�F�K�D�X�I�I�H�P�H�Q�W���G�H���O�D��

�V�X�U�I�D�F�H���G�H���O�D���7�H�U�U�H���V�¶�H�V�W���H�Q���H�I�I�H�W���D�F�F�p�O�p�U�p���D�X���F�R�X�U�V���G�H�V���W�U�R�L�V���G�H�U�Q�L�q�U�H�V���G�p�F�H�Q�Q�L�H�V���j���W�H�O���S�R�L�Q�W���T�X�H��

les modèles climatiques les plus désastreux annoncent des effets irréversibles sur les 

écosystèmes et la démographie humaine (via par exemple le réchauffement des eaux, 

�O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�X�� �Q�L�Y�H�D�X�� �P�R�\�H�Q�� �G�H�V�� �R�F�p�D�Q�V�� �R�X�� �O�D�� �P�X�O�W�L�S�O�L�F�L�W�p�� �G�H�V�� �p�Y�q�Q�H�P�H�Q�W�V�� �H�[�W�U�r�P�H�V��

�V�R�X�G�D�L�Q�V�������/�¶�L�P�S�D�F�W���G�X���U�p�F�K�D�X�I�I�H�P�H�Q�W���F�O�L�P�D�W�L�T�X�H���V�X�U���O�H�V���P�L�O�L�H�X�[���D�T�X�D�W�L�T�X�H�V���G�¶�H�D�X���G�R�X�F�H���D���p�W�p��

peu évoqué lors des discussions de la COP21 (Conférence de Paris sur le climat 2015) 

notamment concernant les systèmes lacustres. Pourtant, les lacs sont également impactés par 

le réchauffement climatique et les activités humaines locales (Williamson et al. 2009, Moss 

2012) bien que les effets de ces forçages environnementaux sur la biodiversité lacustre soient 

�H�Q�F�R�U�H�� �D�X�M�R�X�U�G�¶�K�X�L�� �P�D�O�� �p�Y�D�O�X�p�V���� �$�I�L�Q�� �G�H�� �F�R�P�S�U�H�Q�G�U�H���� �Y�R�L�U�H�� �G�H�� �S�U�p�G�L�U�H���� �O�¶�L�P�S�D�F�W�� �G�H�V��

augmentations de température sur le fonctionnement du lac et ses services écosystémiques, il 

�H�V�W�� �Q�p�F�H�V�V�D�L�U�H�� �G�¶�D�S�S�R�U�W�H�U�� �G�H�V�� �F�R�Q�Q�D�L�V�V�D�Q�F�H�V�� �V�X�U�� �O�D�� �U�p�S�R�Q�V�H�� �E�L�R�O�R�J�L�T�X�H�� �G�H�V�� �O�D�F�V�� �D�X�[�� �P�X�O�W�L�S�O�H�V��

forçages environnementaux auxquels ils sont soumis.  
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Figure I.1. Schéma illustrant le niveau de risque associé aux effets irréversibles des 
perturbations humaines sur plusieurs variables importantes pour le fonctionnement des 
écosystèmes (Figure issue de Steffen et al. 2015). Les ressources exploitables sans risques de 
perturbations sur le fonctionnement des écosystèmes sont représentées dans la zone verte. 
Dans la zone jaune, le risque que les ressources induisent des perturbations sur les 
écosystèmes est inconnu alors que les ressources présentes dans la zone rouge ont des forts 
�U�L�V�T�X�H�V�� �G�¶�L�Q�G�X�L�U�H�� �G�H�V�� �H�I�I�H�W�V�� �L�U�U�p�Y�H�U�V�L�E�O�H�V�� �V�X�U�� �O�H�V�� �p�F�R�V�\�V�W�q�P�H�V���� �(�Q�I�L�Q���� �O�Hs ressources pour 
lesquelles �X�Q�� �F�K�D�Q�J�H�P�H�Q�W���D�� �p�W�p�� �R�E�V�H�U�Y�p�� �P�D�L�V�� �G�R�Q�W���O�¶�H�I�I�H�W�� �Q�¶�D�� �S�X�� �r�W�U�H��associé à un niveau de 
risque sont re�S�U�p�V�H�Q�W�p�H�V���S�D�U���X�Q���S�R�L�Q�W���G�¶�L�Q�W�H�U�U�R�J�D�W�L�R�Q�� 
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I.1.1.2.  Quelques rappels sur les lacs 

Le nombre de lacs sur Terre est estimé à 304 millions (0,8 % de la superficie de la Terre, 

Wetzel 2001, Downing et al. 2006, Figure I.2������ �8�Q�H�� �J�U�D�Q�G�H�� �P�D�M�R�U�L�W�p�� �G�X�� �Y�R�O�X�P�H�� �W�R�W�D�O�� �G�¶�H�D�X��

douce à la surface de la Terre est contenue dans moins de 300 lacs avec notamment 20 % du 

volume total dans le lac Baïkal (Russie). Il existe une très grande variété de formes, 

superficies et profondeurs caractérisant chaque lac et qui dépendent fortement de leurs 

origines géologiques (retrait de glaciers, séismes ou activités volcaniques). La plupart des lacs 

des régions tempérées et boréales sont nés de la dernière déglaciation (il y a environ 25 000 

�D�Q�V�������F�¶�H�V�W���Q�R�W�D�P�P�H�Q�W���O�H���F�D�V���G�H�V���J�U�D�Q�G�V���O�D�F�V���G�¶�$�P�p�U�L�T�X�H���G�X���1�R�U�G���H�W���G�H�V�������O�D�F�V���S�p�U�L-alpins du 

Sud-est de la France: le lac �G�¶�$�Q�Q�H�F�\�����O�H���O�D�F���G�X���%�R�X�U�J�H�W���H�W���O�H���/�p�P�D�Q�� 

 

 

 

Figure I.2. Distribution des lacs sur la planète. La valeur dL correspond à la densité moyenne 
des lacs par surface entre 1 et 10 km2 ���G�¶�D�S�U�q�V��Downing et al. 2006). 
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�/�¶�p�F�R�V�\�V�W�q�P�H�� �O�D�F�X�V�W�U�H�� �H�V�W�� �F�D�U�D�F�W�p�U�Lsé par une variabilité spatiale importante (verticale et 

horizontale) au niveau de ses conditions physico-chimiques, la composition de ses 

communautés biologiques et de ses flux énergétiques et nutritifs (Wetzel 2001). La zonation 

�Y�H�U�W�L�F�D�O�H�� �G�H�� �O�D�� �F�R�P�P�X�Q�D�X�W�p���� �G�H�� �O�D�� �F�R�O�R�Q�Q�H�� �G�¶�H�D�X�� �Y�H�U�V�� �O�H�� �V�p�G�L�P�H�Q�W���� �H�V�W�� �I�R�U�W�H�P�H�Q�W�� �O�L�p�H�� �j��

�O�¶�p�F�O�D�L�U�H�P�H�Q�W���G�H���O�D���P�D�V�V�H���G�¶�H�D�X���H�W���j���V�D���V�W�U�X�F�W�X�U�H���W�K�H�U�P�L�T�X�H�����(�Q�F�D�G�U�p 1). La zone pélagique est 

�X�Q�H�� �]�R�Q�H�� �G�H�� �S�U�R�G�X�F�W�L�R�Q�� �G�¶�R�[�\�J�q�Q�H�� �H�W�� �G�H�� �P�D�W�L�q�U�H�� �R�U�J�D�Q�L�T�X�H�� �E�L�R�J�p�Q�L�T�X�H���� �G�R�P�L�Q�p�H�� �S�D�U�� �O�H�V��

processus autotrophes*. Ces processus sont réalisés principalement par des microorganismes 

photosynthétiques, incluant les cyanobactéries et les micro-algues eucaryotes, constituant un 

compartiment clé du réseau trophique pélagique (Figure I.3�������'�¶�D�X�W�U�H�V���R�U�J�D�Qismes tels que les 

ciliés, les cladocères et les r�R�W�L�I�q�U�H�V���V�R�Q�W���G�H�V���S�U�p�G�D�W�H�X�U�V����G�¶�D�X�W�U�H�V���R�U�J�D�Qismes (notamment des 

micro-algues de petite taille et des bactéries). Un certain nombre de parasites* est également 

présent au sein du réseau trophique pélagique notamment les chytrides et les perkinsés 

(Kagami et al. 2007, Mangot et al. 2011). La matière organique qui sédimente à partir des 

couches supérieures est recyclée dans les couches plus profondes (processus de 

décomposition et de re-minéralisation) par des microorganismes hétérotrophes* ou 

mixotrophes* favorisant la respiration microbienne de ces communautés. Le sédiment 

�F�R�Q�V�W�L�W�X�H���H�Q�I�L�Q���X�Q���F�R�P�S�D�U�W�L�P�H�Q�W���L�P�S�R�U�W�D�Q�W���S�R�X�U���O�H���U�H�F�\�F�O�D�J�H���H�W���O�¶�D�U�F�K�L�Y�D�J�H���D�X���F�R�X�U�V���G�X���W�H�P�S�V��

de la matière inorganique et organique dont les cellules mortes de la communauté biologique 

du lac. �/�D�� �]�R�Q�D�W�L�R�Q�� �K�R�U�L�]�R�Q�W�D�O�H�� �G�H�� �O�¶�p�F�R�V�\�V�W�q�P�H�� �O�D�F�X�V�W�U�H�� �H�V�W���� �H�O�O�H���� �F�D�U�D�F�W�p�U�L�V�p�H�� �S�D�U��(i) un 

�J�U�D�G�L�H�Q�W�� �G�¶�D�S�S�R�U�W�� �G�H�� �U�H�V�V�R�X�U�F�H�V�� �Q�X�W�U�L�W�L�Y�H�V�� �H�W�� �p�Q�H�U�J�p�W�L�T�X�H�V�� �G�X�� �E�D�V�V�L�Q�� �Y�H�U�V�D�Q�W�� �Y�H�U�V�� �O�H�� �O�D�F�� ���S�O�X�V��

forte dans la zone littorale que dans la zone pélagique), (ii)  la dominance de macrophytes dans 

la zone littorale, (iii) �O�D���S�U�p�V�H�Q�F�H���G�H���U�H�P�R�Q�W�p�H���G�¶�p�O�p�P�H�Q�W�V���Q�X�W�U�L�W�L�I�V���G�H�V���F�R�X�F�K�H�V���S�U�R�I�R�Q�G�H�V���Y�H�U�V��

les couches supérieures (« upwelling », principalement dans la zone pélagique) et (iv) une 

�H�[�S�R�V�L�W�L�R�Q���V�L�P�L�O�D�L�U�H���G�H���O�D���P�D�V�V�H���G�¶�H�D�X���D�X�[ facteurs climatiques externes (vent, pluie, lumière). 

La communauté biologique du lac est impactée directement et indirectement par les forçages 

�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�X�[���T�X�¶�L�O�V���V�R�L�H�Q�W���S�p�U�L�R�G�L�T�X�H�V�����F�R�P�P�H���O�H�V���Y�D�U�L�D�W�L�R�Q�V���V�D�L�V�R�Q�Q�L�q�U�H�V���G�H�V���F�R�Q�G�L�W�L�R�Q�V��

environnementales), ponctuels (tempêtes, upwellings) ou continus (réchauffement climatique, 

eutrophisation) ce qui peut avoir un impact sur les services écosystémiques du lac.  
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Figure I.3. �(�[�H�P�S�O�H���G�¶�X�Q���U�p�V�H�D�X���W�U�R�S�K�L�T�X�H���S�p�O�D�J�L�T�X�H���O�D�F�X�V�W�U�H (Domaizon et collègues) 

 

Encadré I.1. �'�\�Q�D�P�L�T�X�H���D�Q�Q�X�H�O�O�H���G�H���O�D���V�W�U�X�F�W�X�U�H���G�H���O�D���P�D�V�V�H���G�¶�H�D�X���G�H�V���O�D�F�V (Wetzel 2001). La 
�V�W�U�X�F�W�X�U�H���G�H���O�D���P�D�V�V�H���G�¶�H�D�X���G�¶�X�Q���O�D�F���G�L�I�I�q�U�H���H�Q���I�R�Q�F�W�L�R�Q���G�H���O�D���W�\�S�R�O�R�J�L�H���G�X���O�D�F, de son bassin 
versant et des forçages environnementaux. Une alternance entre périodes de brassage et 
�V�W�U�D�W�L�I�L�F�D�W�L�R�Q�� �G�H�� �O�D�� �P�D�V�V�H�� �G�¶�H�D�X�� �H�V�W�� �R�E�V�H�U�Y�p�H�� �G�D�Q�V�� �O�D�� �S�O�X�S�D�U�W�� �G�H�V�� �O�D�F�V�� �G�H�� �U�p�J�L�R�Q�V�� �W�H�P�S�p�U�p�H�V����
�6�R�X�V�� �O�¶�D�F�W�L�R�Q�� �G�X�� �Y�H�Q�W���� �O�H�� �E�U�D�V�V�D�J�H�� �G�H�V�� �H�D�X�[�� �V�X�S�H�U�I�L�F�L�H�O�O�H�V�� �H�Q�W�U�D�L�Q�H�� �O�¶�K�R�P�R�J�p�Q�p�L�V�D�W�L�R�Q��
�W�K�H�U�P�L�T�X�H���G�H���O�D���P�D�V�V�H���G�¶�H�D�X�����O�D���U�H�G�L�V�W�U�L�E�X�W�L�R�Q��des nutriments et la ré-oxygénation des couches 
les plus profondes du lac. Une stratification thermique peut apparaitre en été et/ou en hiver, 
phénomène caractérisé par la présence de différentes couches thermiques au sein de la masse 
�G�¶�H�D�X�����3�D�U���H�[�H�P�S�O�H�����O�R�U�V���G�¶�X�Q�H���V�W�U�D�W�L�I�L�F�D�W�L�R�Q���W�K�H�U�P�L�T�X�H���H�V�W�L�Y�D�O�H�����O�D���P�D�V�V�H���G�¶�H�D�X���H�V�W���V�W�U�X�F�W�X�U�p�H��
par des couches superficielles (épilimnion) brassées, oxygénées, fortement éclairées et à 
températures élevées et des couches inférieures (hypolimnion) non brassées, anoxiques et peu 
ou pas éclairées. Le nombre de lacs monomictiques (une seule stratification par an; exemple 
�G�¶�X�Q�H�� �V�W�U�D�W�L�I�L�F�D�W�L�R�Q�� �H�V�W�L�Y�D�O�H�� �S�R�X�U�� �O�H�V�� �O�D�F�V�� �/�p�P�D�Q���� �%�R�X�U�J�H�W�� �H�W�� �$�Q�Q�H�F�\���� �H�W�� �G�L�P�L�F�W�L�T�X�H�V�� ���G�H�X�[��
stratifications) est élevée dans les régions tempérées. Certains lacs sont caractérisés par 
�S�O�X�V�L�H�X�U�V���S�p�U�L�R�G�H�V���G�H���V�W�U�D�W�L�I�L�F�D�W�L�R�Q���D�X���F�R�X�U�V���G�¶�X�Q�H���P�r�P�H���V�D�L�V�R�Q�����O�D�F�V���S�R�O�\�P�L�F�W�L�T�X�H�V�������,�O���H�[�L�V�W�H��
également des lacs méromictiques subissant un brassage incomplet possédant une épaisse 
�F�R�X�F�K�H���G�¶�H�D�X���V�W�D�J�Q�D�Q�W�H���H�W���D�Q�R�[�L�T�X�H���D�S�S�H�O�p�H���P�R�Q�L�P�R�O�L�Pnion (exemple du lac Pavin, France).  
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I.1.1.3.  Le lac, sensible aux forçages environnementaux 

Les lacs sont de bons modèles pour étudier la réponse de communautés biologiques aux 

�I�R�U�o�D�J�H�V�� �H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�X�[�� �J�U�k�F�H�� �j�� �O�H�X�U�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �F�R�V�P�R�S�R�O�L�W�H�� �j�� �O�¶�p�F�K�H�O�Oe planétaire dans 

des écorégions aux conditions climatiques variées (polaires, tempérées et tropicales) 

(Downing et al. 2006, Adrian et al. 2009, Williamson et al. 2009). Dans les études de 

comparaison multi-lacs, il est toutefois important de prendre en compte la diversité de la 

morphométrie des lacs et de leurs bassins versants qui déterminent en partie les conditions 

physico-chimiques et la structure thermique de ces milieux. Parmi les perturbations 

�D�X�[�T�X�H�O�O�H�V�� �V�R�Q�W�� �V�R�X�P�L�V�� �O�H�V�� �p�F�R�V�\�V�W�q�P�H�V�� �O�D�F�X�V�W�U�H�V���� �O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q�� �G�H�V�� �H�D�X�[�� ���H�Q�U�L�F�K�L�V�V�H�P�H�Q�W��

excessif en nutriments) et le réchauffement climatique sont les deux facteurs principaux 

structurant fortement les communautés biologiques (Figure I.4).  

�/�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q des eaux, �Q�R�W�D�P�P�H�Q�W�� �O�¶�H�Q�U�L�F�K�L�V�V�H�P�H�Q�W�� �H�Q�� �S�K�R�V�S�K�R�U�H�� ���!�� ����-30 µg.L-1, 

Downing & McCauley 1992, Carpenter & Bennett 2011), est bien connue pour impacter 

fortement les communautés pélagiques des lacs entrainant des modifications dans la structure 

des réseaux trophiques  (Jeppesen et al. 2000, Moss 2012). Un �G�H�V���H�I�I�H�W�V���G�H���O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q��

�H�V�W���O�¶�D�S�S�D�U�L�W�L�R�Q���G�¶�H�I�I�O�R�U�H�V�F�H�Q�F�H�V���D�O�J�D�O�H�V�����D�S�S�H�O�p�H�V���D�X�V�V�L���© blooms », Smith 2003, Kong & Gao 

2005, Paerl et al. 2011). Ces blooms, souvent soudains et temporaires, ont des conséquences 

sur la physico-�F�K�L�P�L�H�� �G�H�V�� �O�D�F�V���� �Y�L�D�� �O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H�� �O�D�� �W�X�U�E�L�G�L�W�p���� �O�D�� �G�L�P�L�Q�X�W�L�R�Q�� �G�H�� �V�R�Q��

�p�F�O�D�L�U�H�P�H�Q�W�� �H�W�� �O�D�� �G�p�V�R�[�\�J�p�Q�D�W�L�R�Q�� �G�H�V�� �F�R�X�F�K�H�V�� �G�¶�H�D�X�[�� �S�U�R�I�R�Q�G�H�V���� �$�L�Q�V�L���� �O�D�� �F�R�P�P�X�Q�D�X�W�p��

�E�L�R�O�R�J�L�T�X�H���G�H���O�D���P�D�V�V�H���G�¶�H�D�X���G�X���O�D�F���S�H�X�W���r�W�U�H���P�D�U�T�X�p�H���S�D�U���O�D���W�U�D�Q�V�L�W�L�R�Q���G�¶un lac à eau claire 

avec de nombreux macrophytes vers un lac à eau turbide dominée par des populations de 

micro-algues très abondantes (Jeppesen et al. 2000, Mooij et al. 2005). Les micro-algues 

(cyanobactéries et algues eucaryotes) impliquées dans ces blooms peuvent également produire 

�G�H�V���W�R�[�L�Q�H�V���H�Q�J�H�Q�G�U�D�Q�W���O�D���P�R�U�W���G�¶�H�V�S�q�F�H�V���]�R�R�S�O�D�Q�F�W�R�Q�L�T�X�H�V���H�W��piscicoles. Une étude intégrant 

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 diversité biologique 

de la communauté pélagique en lien avec les modifications des concentrations en phosphore 

(Jeppesen et al. 2000). Ainsi, alors que la richesse des espèces zooplanctoniques et des 

macrophytes submergés diminue g�U�D�G�X�H�O�O�H�P�H�Q�W�� �D�Y�H�F�� �O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H�V�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� �H�Q��

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 µgP.L-1 puis diminuant pour des concentrations en phosphore plus élevées 

(Jeppesen et al. 2000).  
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Figure I.4. Schéma illustrant les effets directs et indirects des forçages environnementaux 
globaux et locaux sur le réseau trophique pélagique lacustre 
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Le climat, notion intégrant toutes les conditions atmosphériques (température, précipitations, 

éclairement, pression atmosphérique, humidité et vitesse du vent) a également un fort impact 

sur les caractéristiques physico-chimiques et biologiques des milieux lacustres (Williamson et 

al. 2009, Moss 2012, Figure I.4). Ainsi, le réchauffement climatique global peut augmenter 

significativement la température des eau�[�� �V�X�S�H�U�I�L�F�L�H�O�O�H�V�� �Y�L�D�� �O�¶�D�F�F�U�R�L�V�V�H�P�H�Q�W���G�H�� �O�¶�p�F�O�D�L�U�H�P�H�Q�W��

�G�D�Q�V���O�D���P�D�V�V�H���G�¶�H�D�X����Wetzel 2001). De plus, les caractéristiques chimiques du lac telles que la 

concentration en nutriments, le pH ou la conductivité peuvent être modifiées par le 

�U�p�F�K�D�X�I�I�H�P�H�Q�W���G�H���O�D���P�D�V�V�H���G�¶�H�D�X���� �8�Q���G�H�V���H�I�I�H�W�V���L�Q�G�L�U�H�F�W�V���G�X���U�p�F�K�D�X�I�I�H�P�H�Q�W���F�O�L�P�D�W�L�T�X�H���V�X�U���O�D��

physico-chimie du lac est le lessivage de matière organique vers le lac (vi�D���O�¶�p�U�R�V�L�R�Q���G�X���E�D�V�V�L�Q��

versant), �U�H�Q�G�D�Q�W�� �O�D�� �P�D�V�V�H�� �G�¶�H�D�X�� �W�X�U�E�L�G�H�� �H�W�� �P�R�G�L�I�L�D�Q�W�� �D�L�Q�V�L�� �O�D�� �T�X�D�O�L�W�p�� �H�W�� �O�D�� �T�X�D�Q�W�L�W�p�� �G�H�� �O�D��

�P�D�W�L�q�U�H�� �R�U�J�D�Q�L�T�X�H�� �G�D�Q�V�� �O�D�� �P�D�V�V�H�� �G�¶�H�D�X�� ��Chipman et al. 2016). La réponse du compartiment 

biologique au climat semble plus complexe que pour les caractéristiques physico-chimiques 

car elle dépend à la fois de caractéristiques abiotiques (comme la disponibilité en ressources 

nutritives et énergétiques) et biotiques (la prédation, le parasitisme ou la compétition pour la 

�U�H�V�V�R�X�U�F�H�«������ �/�H�� �U�p�F�K�D�X�I�I�H�P�H�Q�W�� �F�O�L�P�D�W�L�T�X�H�� �H�V�W�� �F�R�Q�Q�X�� �S�R�X�U�� �V�W�U�X�F�W�X�U�H�U�� �O�D�� �F�R�P�P�X�Q�D�X�W�p��

�E�L�R�O�R�J�L�T�X�H���G�X���O�D�F���G�H���I�D�o�R�Q���G�L�U�H�F�W�H���Q�R�W�D�P�P�H�Q�W���S�D�U���O�¶�D�S�S�R�U�W���G�H���U�D�\�R�Q�V���8�9�����G�p�O�p�W�q�U�H�V���S�R�X�U���X�Q�H��

partie des organismes) et de façon indi�U�H�F�W�H�� �Y�L�D�� �S�D�U�� �H�[�H�P�S�O�H�� �O�¶�L�P�S�D�F�W�� �V�X�U�� �O�D�� �V�W�U�X�F�W�X�U�H��

thermique du lac (réchauffement des eaux superficielles entrainant une stratification de la 

�P�D�V�V�H�� �G�¶�H�D�X������ �$�� �S�D�U�W�L�U�� �G�¶�p�W�X�G�H�V�� �U�p�D�O�L�V�p�H�V�� �V�X�U�� �S�O�X�V�L�H�X�U�V�� �O�D�F�V��localisés dans des écorégions 

contrastées (Amérique du Nord, Afrique, Asie du Sud-est, Europe), Paerl & Huisman (2008) 

suggèrent en effet que le réchauffement climatique est un catalyseur pour les blooms algaux 

(notamment cyanobactériens) entrainant une plus forte stratification thermique et une plus 

�J�U�D�Q�G�H���D�E�V�R�U�S�W�L�R�Q���G�¶�8�9���S�D�U���O�H�V���P�L�F�U�R�R�U�J�D�Q�L�V�P�H�V���S�K�R�W�R�W�U�R�S�K�H�V�����'�H���Q�R�P�E�U�H�X�[���O�D�F�V���G�H�V���U�p�J�L�R�Q�V��

anthropisés ont subi une eutrophisation au cours du XXème siècle et sont �D�X�M�R�X�U�G�¶�K�X�L���H�Q���S�K�D�V�H��

�G�H�� �U�H�V�W�D�X�U�D�W�L�R�Q�� �J�U�k�F�H�� �D�X�[�� �P�R�\�H�Q�V�� �P�L�V�� �H�Q�� �°�X�Y�U�H�� �S�D�U�� �O�H�V�� �J�H�V�W�L�R�Q�Q�D�L�U�H�V�� �G�H�V�� �O�D�F�V���� �&�H�S�H�Q�G�D�Q�W����

malgré la diminution des intrants en nutriments dans ces écosystèmes, les communautés 

biologiques restent différentes de celles observées avant l�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q�� ��Jeppesen et al. 

2005, Battarbee et al. 2005, Sondergaard et al. 2007). Cela peut être en partie expliqué par 

�O�¶�D�S�S�D�U�L�W�L�R�Q�� �G�¶�H�I�I�H�W�V�� �F�R�X�S�O�p�V�� �G�H�V�� �P�X�O�W�L�S�O�H�V�� �I�R�U�o�D�J�H�V�� ���H�I�I�H�W�V�� �V�\�Q�H�U�J�p�W�L�T�X�H�V�� �R�X�� �D�Q�W�D�J�R�Q�L�V�W�H�V����

pouvant impacter les communautés biologiques, en particulier la modification des 

concentrations en nutriments ou le réchauffement de la �P�D�V�V�H�� �G�¶�H�D�X�� ��Gallina et al. 2013, 

Rigosi et al. 2014). Le retour des communautés à leur état pré-eutrophisation nécessite peut 

être également un temps plus long que les périodes de re-oligotrophisation considérées dans 

les études actuelles (généralement 1 ou 2 décennies). 
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�,�������������� �� �� �/�¶�D�U�F�K�L�Y�H�� �V�p�G�L�P�H�Q�W�D�L�U�H���� �O�¶�R�S�S�R�U�W�X�Q�L�W�p�� �G�¶�X�Q�H�� �I�H�Q�r�W�U�H�� �W�H�P�S�R�U�H�O�O�H�� �S�H�U�W�L�Q�H�Q�W�H�� �S�R�X�U��
�O�¶�p�W�X�G�H���G�H���O�D���U�p�S�R�Q�V�H���G�H�V���F�R�P�P�X�Q�D�X�W�p�V���E�L�R�O�R�J�L�T�X�H�V���D�X�[���I�Rrçages environnementaux  

�/�H���V�p�G�L�P�H�Q�W���U�H�S�U�p�V�H�Q�W�H���O�¶�D�U�F�K�L�Y�H���Q�D�W�X�U�H�O�O�H���G�¶�X�Q���O�D�F���F�D�U���L�O���L�Q�W�q�J�U�H���O�H�V���F�K�D�Q�J�H�P�H�Q�W�V���G�¶�p�W�D�W���G�H���O�D��

dynamique temporelle de ces communautés biologiques via la préservation de marqueurs 

géochimiques et biologiques (Moss et al. 2003, Smol et al. 2005, Smol 2008, Leavitt et al. 

2009, Davidson & Jeppesen 2013). A partir de sédiments aquatiques, plusieurs types de 

biomarqueurs peuvent être utilisés pour retracer des changements au niveau des populations et 

des communautés notamment les �U�H�V�W�H�V�� �G�¶�R�U�J�D�Q�L�V�P�H�V�� �]�R�R�S�O�D�Q�F�W�R�Q�L�T�X�H�V�� ���F�D�U�D�S�D�F�H�V�� �G�H��

cladocères et de copépodes, capsules céphaliques de c�K�L�U�R�Q�R�P�H�V�«���� �H�W�� �G�H�� �P�L�F�U�R-algues 

(frustules de diatomées, cystes de c�K�U�\�V�R�S�K�\�F�p�H�V�«���� ��Raghukumar et al. 2004, Smol et al. 

2005, Millet et al. 2009, 2010, 2014, Gauthier et al. 2010, Alric & Perga 2011, Alric et al. 

2013, Berthon et al. 2013,  2014). En parallèle, plusieurs études utilisent les pigments, les 

�O�L�S�L�G�H�V�� �H�W�� �O�¶�$�'�1�� �F�R�P�P�H�� �E�L�R�P�D�U�T�X�H�X�U�V�� ��Leavitt & Hodgson 2002, Coolen et al. 2009, 

Battarbee et al. 2012, Randlett et al. 2014�������/�¶�$�'�1���V�p�G�Lmentaire est utilisé depuis une dizaine 

�G�¶�D�Q�Q�p�H�V���S�R�X�U���U�H�W�U�D�F�H�U���O�D���G�\�Q�D�P�L�T�X�H���W�H�P�S�R�U�H�O�O�H���G�H���F�R�P�P�X�Q�D�X�W�p�V��microbiennes (Coolen et al. 

2008, Hou et al. 2014, Epp et al. 2015, Stoof-Leichsenring et al. 2015, Table I.1 pour 

�V�\�Q�W�K�q�V�H�� �G�H�V�� �p�W�X�G�H�V�� �V�X�U�� �O�¶�$�'�1�� �V�p�G�L�P�H�Qtaire en milieu lacustre). Cette approche, dite de 

�S�D�O�p�R�p�F�R�O�R�J�L�H�� �P�R�O�p�F�X�O�D�L�U�H���� �S�H�U�P�H�W�� �G�¶�p�W�X�G�L�H�U�� �O�H�V�� �F�K�D�Q�J�H�P�H�Q�W�V�� �G�D�Q�V�� �O�H�� �F�R�P�S�D�U�W�L�P�H�Q�W��

microbien, au niveau de la population (Domaizon et al. 2013, Stoof-Leichsenring et al. 2015) 

et de la communauté (Coolen et al. 2013), à des échelles de temps largement supérieures (des 

dizaines à des milliers �G�¶�D�Q�Q�p�H�V�����j���F�H�O�O�H�V���F�O�D�V�V�L�T�X�H�P�H�Q�W���p�W�X�G�L�p�H�V���H�Q���p�F�R�O�R�J�L�H���P�L�F�U�R�E�L�H�Q�Q�H���� 

�/�H�V���p�W�X�G�H�V���U�p�W�U�R�V�S�H�F�W�L�Y�H�V���R�Q�W���S�H�U�P�L�V���G�¶�D�F�T�X�p�U�L�U���G�H���Q�R�P�E�U�H�X�V�H�V���F�R�Q�Q�D�L�V�V�D�Q�F�H�V���F�R�Q�F�H�U�Q�D�Q�W���O�H�V��

modifications physico-chimiques et biologiques des écosystèmes passés. Ainsi, des travaux 

ont mi�V���H�Q���p�Y�L�G�H�Q�F�H���O�¶�H�[�W�L�Q�F�W�L�R�Q���L�O�� �\�� �D������ 000 ans de la mégafaune (mammifères et oiseaux) 

(Barnosky et al. 2004���� �T�X�D�Q�G�� �G�¶�D�X�W�U�H�V�� �R�Q�W���U�p�Y�p�O�p�� �O�H�V�� �O�D�U�J�H�V�� �R�V�F�L�O�O�D�W�L�R�Q�V��climatiques au cours 

de plusieurs millénaires notamment le réchauffement pendant la période médiévale (Mann 

2003, Kaufman et al. 2009, Büntgen et al. 2011, Mckay & Kaufman 2014).  

�7�U�D�G�L�W�L�R�Q�Q�H�O�O�H�P�H�Q�W�� �G�p�Y�H�O�R�S�S�p�V�� �S�R�X�U�� �O�¶�p�W�X�G�H�� �G�H�V�� �p�F�R�V�\�V�W�q�P�H�V�� �V�X�U��des échelles de  plusieurs 

millénaires, millions ou �P�L�O�O�L�D�U�G�V���G�¶�D�Q�Q�p�H�V�����G�H���Q�R�P�E�U�H�X�V�H�V���p�W�X�G�H�V���U�p�W�U�R�V�S�H�F�W�L�Y�H�V �V�¶�L�Q�W�p�U�H�V�V�H�Q�W��

�G�H�� �S�O�X�V�� �H�Q�� �S�O�X�V�� �j�� �O�¶�$�Q�W�K�U�R�S�R�F�q�Q�H�� �H�W�� �O�¶�L�P�S�D�F�W�� �G�H�V�� �D�F�W�L�Y�L�W�p�V�� �K�X�P�D�L�Q�H�V sur les écosystèmes 

depuis le début de  �O�¶�q�U�H�� �L�Q�G�X�V�W�U�L�H�O�O�H�� ���I�L�Q�� �����q�P�H�� �V�L�q�F�O�H������ �/�¶�D�U�F�K�L�Y�H�� �V�p�G�L�P�H�Q�W�D�L�U�H�� �G�H�V�� �P�L�O�L�H�X�[��

lacustres a ainsi été utilisée pour �U�p�Y�p�O�H�U�� �O�¶�D�F�L�G�L�I�L�F�D�W�L�R�Q�� �G�H�V�� �O�D�F�V�� �G�¶�(�X�U�R�S�H�� �G�X�� �1�R�U�G�� �H�W��

�G�¶�$�P�p�U�L�T�X�H�� �G�X�� �1�R�U�G�� �G�D�Q�V�� �O�H�V�� �D�Q�Q�p�H�V�� ���������V�� ��Battarbee et al. 1999). De nombreuses 

problématiques concernant le fonctionnement des lacs sont encore non résolues et 
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bénéficieront des apports de la paléoécologie (Seddon et al. 2014) notamment concernant les 

changements à long terme de la biodiversité lacustre, des réarrangements au sein des 

�F�R�P�P�X�Q�D�X�W�p�V�� �E�L�R�O�R�J�L�T�X�H�V�� �H�W�� �G�H�V�� �I�D�F�W�H�X�U�V�� �T�X�L�� �S�H�X�Y�H�Q�W�� �r�W�U�H�� �j�� �O�¶�R�U�L�J�L�Q�H�� �G�H�� �F�H�V�� �P�R�G�L�I�L�F�D�W�L�R�Q�V��

���L�P�S�O�D�Q�W�D�W�L�R�Q���G�H���O�¶�+�R�P�P�H���G�D�Q�V���O�H���E�D�V�V�L�Q���Y�H�U�V�D�Q�W�����D�X�J�P�H�Q�W�D�W�L�R�Q���G�H�V���D�F�W�L�Y�L�W�p�V���K�X�P�D�L�Q�H�V��et des 

pollutions locales, réchauffement climatique global). 

�/�D���Y�L�V�L�R�Q���S�D�U���O�¶�D�U�F�K�L�Y�H���S�R�V�V�q�G�H���X�Q���I�R�U�W���S�R�W�H�Q�W�L�H�O���G�D�Q�V���O�H�V���p�W�X�G�H�V���U�p�W�U�R�V�S�H�F�W�L�Y�H�V���P�D�L�V���Q�¶�H�V�W���S�D�V��

parfaite car les caractéristiques physico-chimiques et les traces du vivant peuvent être 

�P�R�G�L�I�L�p�H�V���j�� �S�O�X�V�L�H�X�U�V���p�W�D�S�H�V���G�X���S�U�R�F�H�V�V�X�V���G�¶�D�U�F�K�L�Y�D�J�H���� �$�L�Q�V�L���X�Q�H���G�p�J�U�D�Gation des teneurs en 

carbone et azote a été �P�L�V�H���H�Q���p�Y�L�G�H�Q�F�H���D�X���F�R�X�U�V���G�H�V�������S�U�H�P�L�q�U�H�V���D�Q�Q�p�H�V���G�¶�D�U�F�K�L�Y�D�J�H���G�D�Q�V���O�H�V��

sédiments (Gälman et al. 2008, Rydberg & Martinez-Cortizas 2014). Concernant les 

�F�R�P�P�X�Q�D�X�W�p�V�� �E�L�R�O�R�J�L�T�X�H�V���� �O�¶�D�U�F�K�Lvage des restes �G�¶organismes est connu pour être impacté 

par des processus taphonomiques définis comme les processus affectant la préservation des 

�I�R�V�V�L�O�H�V���� �G�H�� �O�H�X�U�� �I�R�U�P�D�W�L�R�Q�� �M�X�V�T�X�¶�j�� �O�H�X�U�� �G�p�F�R�X�Y�H�U�W�H�� ��Behrensmeyer & Kidwell 1985, Alric & 

Perga 2011, Behrensmeyer et al. 2000). Le signal ADN provenant de la communauté 

�E�L�R�O�R�J�L�T�X�H���G�H���O�D���P�D�V�V�H���G�¶�H�D�X���S�H�X�W���p�J�D�O�H�P�H�Q�W���r�W�U�H���P�R�G�L�I�L�p : pendant la sédimentation dans la 

�P�D�V�V�H���G�¶�H�D�X�����j���O�¶�L�Q�W�H�U�I�D�F�H���H�D�X-�V�p�G�L�P�H�Q�W���H�W���D�X���F�R�X�U�V���G�H���O�¶�H�Q�I�R�X�L�V�V�H�P�H�Q�W���G�D�Q�V���O�H�V���V�p�G�L�P�H�Q�W�V�����/�D��

forme sou�V�� �O�D�T�X�H�O�O�H�� �O�¶�$�'�1�� �D�U�U�L�Y�H�� �G�D�Q�V�� �O�H�V�� �V�p�G�L�P�H�Q�W�V�� ���L�Q�W�U�D�F�H�O�O�X�O�D�L�U�H�� �R�X�� �H�[�W�U�D�F�H�O�O�X�O�D�L�U�H���� �j�� �X�Q��

�L�P�S�D�F�W���V�X�U���V�D���G�p�J�U�D�G�D�W�L�R�Q���S�R�W�H�Q�W�L�H�O�O�H���F�D�U���O�¶�$�'�1���L�Q�W�U�D�F�H�O�O�X�O�D�L�U�H���H�V�W���S�U�R�W�p�J�p���D�X���V�H�L�Q���G�H���O�D���F�H�O�O�X�O�H��

�D�O�R�U�V���T�X�H���O�¶�$�'�1���H�[�W�U�D�F�H�O�O�X�O�D�L�U�H���H�V�W���V�R�X�P�L�V���j���G�L�I�I�p�U�H�Q�W�V���S�U�R�F�H�V�V�X�V���G�H���G�p�J�U�D�G�D�W�L�R�Q���Y�L�D���O�¶�D�F�W�L�R�Q��

�G�H�� �Q�X�F�O�p�D�V�H�V�� �P�L�F�U�R�E�L�H�Q�Q�H�V���� �O�¶�K�\�G�U�R�O�\�V�H�� ���G�p�S�X�U�L�Q�D�W�L�R�Q���� �G�p�D�P�L�Q�D�W�L�R�Q���� �I�R�U�P�D�W�L�R�Q�� �G�H�� �V�L�W�H�V�� �V�D�Q�V��

�E�D�V�H���� �H�W�� �O�¶�R�[�\�G�D�W�L�R�Q��(�'�H�O�O�¶�$�Q�Q�R��et al. 2002, Corinaldesi et al. 2005, 2008, Willerslev & 

Cooper 2005������ �/�¶�H�I�I�L�F�D�F�L�W�p�� �G�¶�D�U�F�K�L�Y�D�J�H�� �G�H�� �O�D�� �F�R�P�P�X�Q�D�X�W�p�� �E�L�R�O�R�J�L�T�X�H�� �G�p�S�H�Q�G�� �p�J�D�O�H�P�H�Q�W�� �G�H�V��

conditions environnementales �D�X�� �O�L�H�X�� �G�¶�D�U�F�K�L�Y�D�J�H���� �3�D�U�� �H�[�H�P�S�O�H���� �F�H�U�W�D�L�Q�V�� �O�D�F�V�� �S�R�V�V�q�G�H�Q�W�� �X�Q�H��

zone benthique anoxique à faibles températures et pH et exempte de bioturbation permettant 

�X�Q�H���E�R�Q�Q�H���S�U�p�V�H�U�Y�D�W�L�R�Q���G�H���O�¶�$�'�1��(Coolen & Gibson 2009, Torti et al. 2015). Une large part 

�G�H���O�¶�$�'�1���H�[�W�U�D�F�H�O�O�X�O�D�L�U�H���H�V�W���p�J�D�O�H�P�H�Q�W���S�U�p�V�H�U�Y�p�H���G�H���O�D���G�p�J�U�D�G�D�W�L�R�Q���J�U�k�F�H���j���V�R�Q adsorption sur 

�G�H�V���P�L�Q�p�U�D�X�[���H�W���G�H���O�D���P�D�W�L�q�U�H���R�U�J�D�Q�L�T�X�H���S�H�U�P�H�W�W�D�Q�W���O�¶archivage �G�X���V�L�J�Q�D�O���G�¶�X�Q�H grande partie 

des organismes ne possédant pas de formes de résistance. Même si plusieurs études 

moléculaires ont révélé la présence de plusieurs groupes microbiens sur des pas de temps 

longs (100 ans à 270 000 ans ; Domaizon et al. 2013, Hou et al. 2014, Randlett et al. 2014, 

Savichtcheva et al. 2015, Tableau I.1), �R�Q���S�H�X�W���F�H�S�H�Q�G�D�Q�W���F�R�Q�V�W�D�W�H�U���T�X�¶�L�O���H�[�L�V�W�H���Xn manque de 

�F�R�Q�Q�D�L�V�V�D�Q�F�H�V�� �F�R�Q�F�H�U�Q�D�Q�W�� �O�D�� �S�U�p�V�H�U�Y�D�W�L�R�Q�� �G�L�I�I�p�U�H�Q�W�L�H�O�O�H�� �G�H�� �O�¶�$�'�1�� �G�H�V�� �J�U�R�X�S�H�V�� �G�H�� �P�L�F�U�R-

eucaryotes. 
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Tableau I.1. �6�\�Q�W�K�q�V�H�� �G�H�� �O�D�� �O�L�W�W�p�U�D�W�X�U�H�� �S�R�U�W�D�Q�W�� �V�X�U�� �O�¶�X�W�L�O�L�V�D�W�L�R�Q�� �G�H�� �O�¶�$�'�1�� �V�p�G�L�P�H�Q�W�D�L�U�H�� �G�H�V��
�P�L�O�L�H�X�[�� �O�D�F�X�V�W�U�H�V�� �S�R�X�U�� �O�¶�p�W�X�G�H�� �G�H�� �O�D�� �G�\�Q�D�P�L�T�X�H�� �W�H�P�S�R�U�Hlle des communautés microbiennes 
(modifié à partir du tableau présent dans Domaizon et al. in rev, voir Annexe). 

Taxons 
Régions 

climatiqu
es 

Périodes 
(en années) Questions 

Forçages 
environneme
ntaux étudiés 

Techniques moléculaires Références 

Micro-eucaryotes 

tempérée 

Sédiments 
superficiels 

Amplification �G�¶�$�'�1��
sédimentaire - CS (18S rRNA gene) Takishita et al. 2007 

60 
Préservation �G�H���O�¶�$�'�1��

sédimentaire - 
454 pyrosequencing  
(V4 18S; ~350 bp) Capo et al. 2015 

tempérée, 
polaire ~2 000 

Dynamique des 
communautés 

climat, 
nutriments 

Illumina MiSeq sequencing  
(V7 18S ; ~280 bp) Capo et al. in press 

tempérée 10 000 Dynamique des 
communautés 

climat, salinité 454 sequencing (V1V3 region of 
18S rRNA gene, 563 bp) 

Coolen et al. 2013 

Phytoplancton alpine ~ 3000 
Dynamique des 

populations/communautés 

climat, 
salinité, 

nutriments 

PCR-DGGE (23S rDNA  ~410 
bp) + qPCR (~ 300 bp) Hou et al. 2014 

Phytoplancton 
polaire 

~18 500 Dynamique des 
communautés 

climat PCR-DGGE (23S rDNA  ~410 
bp) + Sequencing 

Li et al. 2016 

Dinoflagellés 3 000 
Dynamique des 
communautés climat PCR-DGGE (18S rRNA gene) Boere et al. 2009 

Diatomées 
aride 

Sédiments 
superficiels 

Amplification �G�¶�$�'�1��
sédimentaire, ADN vs 

analyses microscopiques 
- PCR-DHPLC (SSU gene) Epp et al. 2011 

200 
Dynamique des 

populations/communautés climat 
CS (rbcl gene)  
~650 - 750 bp 

Stoof-Leichsenring et al. 
2012 

polaire ~11 500 
Dynamique des 
communautés climat, salinité 

454 pyrosequencing  
(gene rbcL, ~100 bp) Epp et al. 2015 

Diatomées 
(Staurosira sp.) boréale 7 000 

Dynamique des 
populations 

climat, 
distance 

géographique 
CS (rbcl gene; ~75 bp) 

Stoof-Leichsenring et al. 
2015 

Haptophytes, 
Diatomées 

polaire ~10 000 
Dynamique des 

populations et des 
communautés 

salinité PCR-DGGE  
(498 bp and 556 bp) 

Coolen et al. 2004 

Haptophytes tempérée 270 000 
Dynamique des 
communautés climat 

qPCR-DGGE  
(18S rRNA gene ; ~500 bp) Randlett et al. 2014 

Chytrides (Fungi) boréale 30 
Dynamique des 

populations, parasitisme 
climat, 

nutriments qPCR (ITS ; ~150 bp) Kyle et al. 2015a 

Bactéries 
methanotrophiques 

de type I et II 
polaire ~ 10 000 

Dynamique des 
populations salinité 

qPCR-DGGE (specific primers 
on 16S rRNA gene) Coolen et al. 2008 

Bactéries 
methanotrophiques 

 tempérée ~1 500 
Détection de processus 
anoxiques associés au 

méthane,  

climat, 
nutriments 

16S rRNA gene ;  
qPCR ( ~110 to 200 bp) 

Belle et al. 2014, 2015 

Bifidobacterium sp., 
Bacteroides-
Prevotella 

boréale ~ 3 000 Détection des activités 
humaines 

- PCR (~300bp, 500 bp, 650bp) 
and nested PCR 

Madeja et al. 2010 

Bactéries & Archées tempérée ~ 11 000 Dynamique des 
communautés 

climat 16S rRNA ; DGGE   
(V3 region ~250 bp) 

Nelson et al. 2007 

Cyanobactéries 
(Synechococcus sp.) 

tempérée 

100 
Dynamique des 

populations et des 
communautés 

climat, 
nutriments 

16S rRNA_ITS ;  (up to ~1000 
bp) & qPCR (up to ~300bp) Domaizon et al. 2013 

Cyanobactéries ~200 Dynamique des 
communautés 

climat, 
utilisation du 
bassin versant 

16S rRNA; qPCR  Pal et al. 2015 

Picocyanobactéries 
(Synechococcus sp.) alpine ~ 3 000 

Dynamique des 
populations et des 

communautés 

climat, 
salinité, 

nutriments 

CS (ITS ; 1100 bp) +  
qPCR  (~288bp) Hou et al. 2014 

Cyanobactéries 
(Planktothrix sp.) 

tempérée 

100 
Dynamique des 

populations et des 
communautés 

climat, 
nutriments 

16S rRNA gene & ITS ; 
qPCR(up to 300 bp)  & CS (up 

to ~1000 bp) 
Savichtcheva et al. 2015 

Cyanobactéries 
(Planktothrix sp.) 70 

Préservation �G�H���O�¶�$�'�1��
sédimentaire - 

qPCR (16S rRNA_ITS ;  
up to ~300bp) Savichtcheva et al. 2011 

Cyanobactéries 
(Planktothrix sp.) boréale 300 

Amplification �G�¶�$�'�1��
sédimentaire - 

qPCR (ociB gene ;  
from 50 to ~380 bp) Kyle et al. 2015b 

Planktothrix sp. 
(cyanobacteria) boréale 30 

Dynamique des 
populations, parasitisme - 

qPCR (ociB gene ;  
from 50 to ~380 bp) Kyle et al. 2015a 
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�'�¶�D�X�W�U�H���S�D�U�W�����O�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H���G�R�Q�Q�p�H�V���L�V�V�X�H�V���G�X���V�p�T�X�H�Q�o�D�J�H���G�H���O�¶�$�'�1���Q�p�F�H�V�V�L�W�H���G�H���F�R�Q�Q�D�L�W�U�H���H�W��

prendre en compte les limites et biais notamment liés aux choix de la portion de gène ciblée 

(pouvant impacter le reflet de la communauté obtenue ; pour exemple concernant les 

communautés de micro-eucaryotes lacustres voir Taïb et al. (2013) et la base de données de 

�V�p�T�X�H�Q�F�H�V�� �X�W�L�O�L�V�p�H�� �S�R�X�U�� �O�¶�D�I�I�L�O�L�D�W�L�R�Q�� �W�D�[�R�Q�R�P�L�T�X�H�� �G�H�V�� �V�p�T�X�H�Q�F�H�V�� �Q�X�F�O�p�R�W�L�G�L�T�X�H�V���� �/�H��

�V�p�T�X�H�Q�o�D�J�H���j���K�D�X�W���G�p�E�L�W���G�H���O�¶�$�'�1���H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�O���H�V�W���X�Q���R�X�W�L�O���D�X���I�R�U�W��potentiel pour étudier 

�O�D���G�L�Y�H�U�V�L�W�p���P�L�F�U�R�E�L�H�Q�Q�H���G�¶�X�Q���p�F�R�V�\�V�W�q�P�H�����,�O���I�D�X�W���F�H�S�H�Q�G�D�Q�W���p�J�D�O�H�P�H�Q�W���S�U�H�Q�G�U�H���H�Q���F�R�P�S�W�H���V�H�V��

limites notamment liées à la méthode de séquençage utilisée, la profondeur de séquençage de 

chaque échantillon, la stringence des analyses bioinformatiques et la méthode/le seuil de 

�U�H�J�U�R�X�S�H�P�H�Q�W�� �G�H�V�� �V�p�T�X�H�Q�F�H�V�� �G�¶�$�'�1�� �H�Q�� �X�Q�L�W�p�V�� �R�S�p�U�D�W�L�R�Q�Q�H�O�O�H�V�� �W�D�[�R�Q�R�P�L�T�X�H�V�� ���2�7�8�V����

(McElroy et al. 2014, Schmidt et al. 2014, Esling et al. 2015, Majaneva et al. 2015, Kopylova 

et al. 2016, �'�¶�$�Pore et al. 2016). Ces connaissances sont également indispensables dans les 

études de paléoécologie moléculaire basées sur le séquençage à haut débit. 

�/�¶�D�S�S�U�R�F�K�H�� �S�D�O�p�R�p�F�R�O�R�J�L�T�X�H�� �D�� �p�W�p��récemment appliquée à trois lacs péri-alpins (lac du 

�%�R�X�U�J�H�W�����O�D�F���G�¶�$�Q�Q�H�F�\���H�W���O�H���/�p�P�D�Q�������&�H�V���O�D�F�V�����P�R�Q�R�P�L�F�W�L�T�X�H�V���H�W���F�K�D�X�G�V���� �V�L�W�X�p�V���G�D�Q�V���O�H���6�X�G-

est de la France, possèdent des caractéristiques communes (en termes de géomorphologie, 

histoire humaine et exposition cli�P�D�W�L�T�X�H���� �H�W�� �I�R�Q�W�� �O�¶�R�E�M�H�W�� �G�¶un suivi de leur état écologique 

depuis le début des années 1970s par les gestionnaires des lacs et les scientifiques de la station 

INRA de Thonon-les-Bains (France) et �p�J�D�O�H�P�H�Q�W���G�H���O�¶�L�Q�V�W�L�W�X�W��Forel (Suisse) (Anneville et al. 

2004, Jacquet et al. 2014, Perga et al. 2015). Les travaux de paléoécologie initiés au sein du 

projet ANR IPER-RETRO (http://www6.inra.fr/iper_retro) ont �S�H�U�P�L�V�� �G�¶�p�W�X�G�L�H�U�� �O�D�� �U�p�S�R�Q�V�H��

des communautés biologiques de ces lacs aux forçages anthropiques et climatiques au cours 

du dernier siècle. La stratégie appliquée a été de cibler des groupes fonctionnels spécifiques 

au sein du réseau trophique notamment parmi le pico- (Synechococcus), le nano- et le micro-

phytoplancton (cyanobactéries et diatomées) et le zooplancton (cladocères) (Perga et al. 

2015). Des outils classiques (comptages de carapaces de cladocères et frustules de diatomées) 

et moléculaires ���T�X�D�Q�W�L�I�L�F�D�W�L�R�Q�� �G�H�� �O�¶�D�E�R�Q�G�D�Q�F�H�� �G�H�V�� �F�\�D�Q�R�E�D�F�W�p�U�L�H�V�� �Q�R�W�D�P�P�H�Q�W�� �O�¶�H�V�S�q�F�H��

Planktothrix rubescens et des pico-cyanobactéries par qPCR et clonage-séquençage) ont été 

�X�W�L�O�L�V�p�V�� �S�R�X�U�� �p�W�X�G�L�H�U�� �O�¶�L�P�S�D�F�W�� �G�X�� �F�O�L�P�D�W�� �H�W�� �G�H�� �O�¶�H�X�W�U�R�S�K�L�V�D�W�Lon sur la communauté biologique 

�O�D�F�X�V�W�U�H�����/�H�V���U�p�V�X�O�W�D�W�V���G�H�V���G�L�I�I�p�U�H�Q�W�H�V���p�W�X�G�H�V���F�R�Q�I�L�U�P�H�Q�W���T�X�H���O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q���H�V�W���X�Q���I�D�F�W�H�X�U���F�O�p��

dans la régulation des communautés aquatiques (ici diatomées, cyanobactéries et cladocères 

des 3 lacs) et que le statut trophi�T�X�H���G�¶�X�Q���O�D�F��à un impact sur la sensibilité des diatomées et 

des cladocères aux forçages climatiques. Les effets du climat sur les diatomées et les 
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cladocères semblent moins forts dans le lac Annecy, plus limité en nutriments, que dans les 

lacs du Bourget et Léman où �O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q���D���p�W�p���S�O�X�V���P�D�U�T�X�p�H����Alric et al. 2013, Berthon et 

al. 2014�������/�¶�D�Q�W�K�U�R�S�L�V�D�W�L�R�Q���G�X���O�D�F���%�R�X�U�J�H�W���H�V�W���O�H���I�D�F�W�H�X�U���O�H���S�O�X�V���I�R�U�W���G�D�Q�V���O�D���V�W�U�X�F�W�X�U�D�W�L�R�Q���G�H���O�D��

communauté cyanobactérienne du lac du Bourget avec une dominance des genres Anabaena 

et Microcystis en conditions eutrophes puis un changement de dominance en faveur de 

Planktothrix rubescens et des pico-cyanobactéries en conditions mésotrophes (Domaizon et 

al. 2013, Savichtcheva et al. 2015). Les effets du réchauffement climatique sur le 

compartiment cyanobactérien semblent être secondaires notamment au regard de la 

dynamique temporelle de Planktothrix rubescens. Afin de compléter les données acquises lors 

du programme IPER-�5�(�7�5�2���� �E�D�V�p�H�V�� �V�X�U�� �O�¶�p�W�X�G�H�� �G�H�V�� �J�U�R�X�S�H�V�� �I�R�Q�F�W�L�R�Q�Q�H�O�V�� �V�S�p�F�L�I�L�T�X�H�V���� �X�Q�H��

approche intégrant des compartiments biologiques possédant différents niveaux trophiques 

�S�H�U�P�H�W�W�U�D�L�W�� �G�¶�p�W�X�G�L�H�U�� �O�¶�L�P�S�D�F�W�� �Ges forçages environnementaux sur le réseau trophique. La 

�G�L�Y�H�U�V�L�W�p�� �J�p�Q�p�W�L�T�X�H�� �G�H�V�� �F�R�P�P�X�Q�D�X�W�p�V�� �P�L�F�U�R�E�L�H�Q�Q�H�V�� �O�D�F�X�V�W�U�H�V�� �H�V�W�� �D�X�M�R�X�U�G�¶�K�X�L�� �U�H�O�D�W�L�Y�H�P�H�Q�W��

bien décrite notamment au sein des assemblages eucaryotes (Lepère et al. 2013, Debroas et al. 

2015, Filker et al. 2016������ �/�H�V�� �T�X�H�V�W�L�R�Q�V�� �G�¶�p�F�R�O�R�J�L�H�� �P�L�F�U�R�E�L�H�Q�Q�H�� �E�p�Q�p�I�L�F�L�H�U�R�Q�W�� �G�H�� �O�D��

complémentarité des approches de limnologie et paléolimnologie notamment concernant la 

réponse des communautés microbiennes aux forçages environnementaux. 
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I.1.2. �$�S�S�R�U�W�V���G�H���O�D���S�D�O�p�R�p�F�R�O�R�J�L�H���P�R�O�p�F�X�O�D�L�U�H���D�X�[���T�X�H�V�W�L�R�Q�V���G�¶�p�F�R�O�R�J�L�H���P�L�F�U�R�E�L�H�Q�Q�H  

�/�¶�D�S�S�U�R�F�K�H���G�H���S�D�O�p�R�p�F�R�O�R�J�L�H���P�R�O�p�F�X�O�D�L�U�H���H�V�W���X�W�L�O�H���S�R�X�U���U�p�S�R�Q�G�U�H���D�X�[���T�X�H�V�W�L�R�Q�V���G�H���O�L�P�Q�R�O�R�J�L�H��

notamment concernant la variabilité génétique au sein de populations sur de longues périodes 

ou encore la coévolution hôte/parasite au cours du temps. Le potentiel �G�H���O�¶�$�'�1���V�p�G�L�P�H�Q�W�D�L�U�H��

comme outil rétrospectif pour répondre aux questions de limnologie est décrit plus largement 

dans �O�¶�$�Q�Q�H�[�H�����S�D�U�W�L�H VI II) . Cette partie illustre ici plus particulièrement la contribution de la 

�S�D�O�p�R�p�F�R�O�R�J�L�H�� �P�R�O�p�F�X�O�D�L�U�H�� �D�X�[�� �T�X�H�V�W�L�R�Q�V�� �G�¶écologie microbienne concernant la description 

des communautés microbiennes et leurs réponses aux forçages environnementaux.   

�/�D�� �U�H�F�K�H�U�F�K�H�� �H�Q�� �p�F�R�O�R�J�L�H�� �D�� �p�W�p�� �O�R�Q�J�W�H�P�S�V�� �G�p�G�L�p�H�� �j�� �O�¶�p�W�X�G�H�� �G�H�V�� �P�D�F�U�R-organismes, 

leur �D�E�R�Q�G�D�Q�F�H�� �D�X�� �V�H�L�Q�� �G�H�V�� �p�F�R�V�\�V�W�q�P�H�V�� �H�W�� �O�¶�L�Q�I�O�Xence des conditions environnementales sur 

leur dispersion et répartition géographique. Du fait de leurs tailles microscopiques et des 

moyens techniques disponibles pour les étudier, les micro-�R�U�J�D�Q�L�V�P�H�V�� �Q�¶�R�Q�W�� �p�W�p�� �T�X�H��

tardivement inclus dans les �p�W�X�G�H�V�� �G�¶�p�F�R�O�R�J�L�H�� �D�X�� �Q�L�Y�H�D�X�� �G�H�� �O�¶�p�F�R�V�\�V�W�q�P�H���� �O�H�� �G�R�P�D�L�Q�H�� �G�H��

�O�¶�p�F�R�O�R�J�L�H�� �P�L�F�U�R�E�L�H�Q�Q�H�� �V�¶�p�W�D�Q�W�� �I�R�U�W�H�P�H�Q�W�� �G�p�Y�H�O�R�S�S�p�� �G�H�S�X�L�V�� �O�H�� �G�p�E�X�W�� �G�H�V�� �D�Q�Q�p�H�V�� ���������V��

(Bertrand et al. 2011). Ainsi, les recherches en écologie microbienne ont tenté de transposer 

l�H�V�� �F�R�Q�F�H�S�W�V�� �G�¶�p�F�R�O�R�J�L�H�� �D�Q�L�P�D�O�H�� �R�X�� �Y�p�J�p�W�D�O�H�� �D�X�� �P�R�G�q�O�H�� �P�L�F�U�R�E�L�H�Q���� �&�H�W�W�H�� �W�U�D�Q�V�S�R�V�L�W�L�R�Q��

�G�H�P�D�Q�G�H�� �G�L�I�I�p�U�H�Q�W�V�� �D�M�X�V�W�H�P�H�Q�W�V���� �Q�R�W�D�P�P�H�Q�W�� �H�Q�� �O�L�H�Q�� �D�Y�H�F�� �O�D�� �Q�R�W�L�R�Q�� �G�¶�H�V�S�q�F�H�� �E�L�R�O�R�J�L�T�X�H�� �R�X��

�O�¶�p�F�K�H�O�O�H���V�S�D�W�L�D�O�H���H�W���W�H�P�S�R�U�H�O�O�H���j���S�U�H�Q�G�U�H���H�Q���F�R�P�S�W�H dans les études, et de coupler des données 

concernant les micro et macro-organismes afin de comprendre la dynamique des écosystèmes 

et leur réponse aux forçages (Jessup et al. 2004, Prosser et al. 2007, Barberán et al. 2014). 

Malgré les avancées dans les outils utilisés en écologie microbienne pour caractériser la 

dynamique spatio-temporelle des communautés microbiennes, basées sur des paramètres 

�P�R�U�S�K�R�O�R�J�L�T�X�H�V���� �J�p�Q�p�W�L�T�X�H�V�� �H�W�� �P�p�W�D�E�R�O�L�T�X�H�V���� �G�H�� �Q�R�P�E�U�H�X�V�H�V�� �T�X�H�V�W�L�R�Q�V�� �U�H�V�W�H�Q�W�� �D�X�M�R�X�U�G�¶�K�X�L��

non résolues (Nemergut et al. 2014, Shade & Gilbert 2015, Nesme et al. 2016). Une partie des 

problématiques est commune avec les questions concernant les macro-organismes tels que : 

Quels microorganismes sont présents dans les écosystèmes? À quelles abondances ? Quelles 

sont les interactions entre microorganismes ? Comment réagissent-ils aux changements 

environnementaux du système? Certaines questions sont plus spécifiques au compartiment 

microbien notamment : Comment les communautés microbiennes changent au cours du 

temps, à quelles échelles temporelles ? Quelle est la capacité de dispersion des 

microorganismes dans les écosystèmes ? Quels sont leurs fonctions dans les écosystèmes ? 

Quels sont leurs rôles dans les processus biogéochimiques ? Quelle est le rôle de la biosphère 

rare dans la réponse aux changements environnementaux ? Dans cette partie, nous nous 
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�L�Q�W�p�U�H�V�V�R�Q�V�� �D�X�[�� �D�S�S�R�U�W�V�� �S�R�W�H�Q�W�L�H�O�V�� �G�H�� �O�D�� �S�D�O�p�R�p�F�R�O�R�J�L�H�� �P�R�O�p�F�X�O�D�L�U�H�� �D�X�[�� �T�X�H�V�W�L�R�Q�V�� �G�¶�p�F�R�O�R�J�L�H��

microbienne portant sur la diversité des micro-eucaryotes, leur capacité de dispersion et leurs 

�U�{�O�H�V���G�D�Q�V���O�D���U�p�S�R�Q�V�H���G�H���O�¶�p�F�R�V�\�V�W�q�P�H���D�X�[���S�H�U�W�X�U�E�D�W�L�R�Q�V���H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�O�H�V�����/�D���G�H�V�F�U�L�S�W�L�R�Q���G�H��

�O�D�� �G�L�Y�H�U�V�L�W�p�� �P�L�F�U�R�E�L�H�Q�Q�H�� �Y�L�D�� �O�H�� �V�p�T�X�H�Q�o�D�J�H�� �j�� �K�D�X�W�� �G�p�E�L�W�� �G�H�� �O�¶�$�'�1�� �S�H�U�P�H�W�� �G�¶�D�I�I�L�Q�H�U nos  

connaissances sur les questions évoquées ci-dessus. 

�/�D�� �G�L�Y�H�U�V�L�W�p�� �E�L�R�O�R�J�L�T�X�H�� �G�¶�X�Q�H�� �F�R�P�P�X�Q�D�X�W�p�� �L�Q�W�p�J�U�D�Q�W�� �V�H�O�R�Q�� �O�D��définition de Frontier et al. 

(2008), sa richesse taxonomique (nombre de taxons) et sa composition (la répartition 

numériqu�H���G�H�V���W�D�[�R�Q�V���G�D�Q�V���O�¶�L�Q�Y�H�Q�W�D�L�U�H�� est une caractéristique à prendre en compte dans les 

études portant sur �O�¶�p�Y�D�O�X�D�W�L�R�Q���G�H���O�¶�p�W�D�W���p�F�R�O�R�J�L�T�X�H���G�¶�X�Q���p�F�R�V�\�V�W�q�P�H���H�W���G�H���V�R�Q���I�R�Q�F�W�L�R�Q�Q�H�P�H�Q�W����

(Bent & Forney 2008, Haegeman et al. 2013, Grattepanche et al. 2014, Nemergut et al. 2014, 

Gibbons &  Gilbert 2015, Shade 2016). La dynamique temporelle des communautés est un 

paramètre important �S�R�X�U���p�Y�D�O�X�H�U���O�D���G�L�Y�H�U�V�L�W�p���P�L�F�U�R�E�L�H�Q�Q�H���G�¶�X�Q���p�F�R�V�\�V�W�q�P�H�����$�L�Q�V�L�����X�Q�H���S�D�U�W�L�H��

des réarrangements dans les communautés microbiennes (perte et ajout de taxons et 

changements dans la composition) est liée à des fluctuations périodiques des conditions 

environnementales pouvant agir sur des pas de temps contrastés (heures, journées, saisons 

voire années) telles que les cycles jour-�Q�X�L�W�� �G�¶�p�F�O�D�L�U�Hment, la variation saisonnière des 

�F�R�Q�G�L�W�L�R�Q�V�� �P�p�W�p�R�U�R�O�R�J�L�T�X�H�V�� �R�X�� �O�D�� �P�R�G�L�I�L�F�D�W�L�R�Q�� �G�H�� �O�¶�L�Q�W�H�Q�V�L�W�p�� �O�X�P�L�Q�H�X�V�H�� ��Gilbert et al. 2012, 

Giovannoni & Vergin 2012, Ottesen et al. 2014, Fuhrman et al. 2015). Malgré ces 

�F�K�D�Q�J�H�P�H�Q�W�V�� �G�¶�p�W�D�Ws cycliques, la diversité et la structure des communautés microbiennes 

�U�H�V�W�H�Q�W���S�R�X�U�W�D�Q�W���U�H�O�D�W�L�Y�H�P�H�Q�W���V�W�D�E�O�H�V�� �R�V�F�L�O�O�D�Q�W���D�X�W�R�X�U�� �G�¶�X�Q�H�� �O�L�J�Q�H�� �G�H�� �E�D�V�H�� ��Shade et al. 2012, 

Cram et al. 2015, Fuhrman et al. 2015). �$�L�Q�V�L���� �O�H�� �S�U�p�O�q�Y�H�P�H�Q�W�� �U�p�J�X�O�L�H�U�� �G�¶�p�F�K�D�Q�W�L�O�O�R�Q�V��

�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�X�[���S�H�U�P�H�W���G�¶�p�Y�D�O�X�H�U���O�D���S�D�U�W��de réarrangements de ces communautés associée à 

ce phénomène et de découpler la part de variabilité qui peut être attribuée aux perturbations 

environnementales. Les recherches en écologie microbienne pourraient bénéficier de la 

�F�R�P�S�O�p�P�H�Q�W�D�U�L�W�p�� �D�Y�H�F�� �O�¶�D�S�S�U�R�F�K�H�� �G�H�� �S�D�O�p�R�p�F�R�O�R�J�L�H�� �P�R�O�p�F�X�O�D�L�U�H���� �(�Q�� �H�I�I�H�W�����O�¶�p�W�X�G�H�� �G�H�� �O�¶�$�'�1��

sédimentaire apporte une vision temporelle intégrative des �F�R�P�P�X�Q�D�X�W�p�V�� �G�¶�X�Q��

�p�F�R�V�\�V�W�q�P�H���D�X���F�R�X�U�V���G�¶�X�Q�H���R�X���S�O�X�V�L�H�X�U�V���D�Q�Q�p�H�V��(Figure I.5.). Les inventaires moléculaires 

obtenus à partir des strates sédimentaires �S�H�X�Y�H�Q�W�� �r�W�U�H�� �X�W�L�O�L�V�p�V�� �S�R�X�U�� �p�W�X�G�L�H�U�� �O�¶�L�P�S�D�F�W�� �G�H�V��

forçages environnementaux en masquant la variabilité temporelle de la communauté liés aux 

�I�O�X�F�W�X�D�W�L�R�Q�V���S�p�U�L�R�G�L�T�X�H�V�����M�R�X�U�Q�D�O�L�q�U�H�V�����V�D�L�V�R�Q�Q�L�q�U�H�V�«����  
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Figure I.5. Illustration des intervalles de temps associés à chaque couche sédimentaire. 
Carotte sédimentaire prélevée dans le lac du Bourget.  

 

�/�¶�p�W�X�G�H���G�H���O�D���E�L�R�J�p�R�J�U�D�S�K�L�H���G�H�V���P�L�F�U�R�E�H�V���G�D�Q�V���O�H�V���p�F�R�V�\�V�W�q�P�H�V���H�V�W���X�Q���V�X�M�H�W���G�R�Q�W���O�¶�L�Q�W�p�U�r�W���D���p�W�p��

�U�H�G�p�F�R�X�Y�H�U�W�� �D�Y�H�F�� �O�¶�D�S�S�O�L�F�D�W�L�R�Q��croissante de techniques de biologie moléculaire pour décrire 

la diversité microbienne des écosystèmes (Brown et al. 2012,  Barberán et al. 2012, Logares 

et al. 2013, Chow & Suttle 2015, De Vargas et al. 2015, Sunagawa et al. 2015). Plusieurs 

hypothèses existent con�F�H�U�Q�D�Q�W�� �O�D�� �G�L�V�S�H�U�V�L�R�Q�� �G�H�V�� �P�L�F�U�R�R�U�J�D�Q�L�V�P�H�V�� �j�� �O�¶�p�F�K�H�O�O�H�� �S�O�D�Q�p�W�D�L�U�H��

notamment les protistes. Les micro-eucaryotes sont connus pour leur forte capacité de 

dispersion via le vent (Finlay 2002) ou encore les oiseaux migrateurs (Wilkinson et al. 2012). 

Certains scientifiques pensent que les protistes sont cosmopolites et ont une variabilité limitée 

�P�r�P�H���j���O�¶�p�F�K�H�O�O�H���V�S�D�W�L�D�O�H���S�O�D�Q�p�W�D�L�U�H�����P�R�G�q�O�H���© ubiquiste » de Finlay et Fenchel, Finlay 2002, 

Finlay & Fenchel 2004�������'�¶�D�X�W�U�H�V���p�W�X�G�H�V���S�H�Q�F�K�H�Q�W���H�Q���I�D�Y�H�X�U���G�X���P�R�G�q�O�H���G�¶�H�Q�G�pmicité modéré 

de Foissner (1999,  2006, 2008) postulant que la capacité de dispersion des organismes et les 

�I�L�O�W�U�H�V���H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�X�[�� �H�[�S�O�L�T�X�H�Q�W���O�H���Q�L�Y�H�D�X���G�¶�H�Q�G�p�P�L�F�L�W�p���G�H�V�� �F�R�P�P�X�Q�D�X�W�p�V���P�L�F�U�R�E�L�H�Qnes. 

�/�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H�V���P�p�W�K�R�G�H�V���P�R�O�p�F�X�O�D�L�U�H�V���S�H�U�P�H�W���G�¶�D�S�S�R�U�W�H�U���G�H���Q�R�X�Y�H�O�O�H�V���F�R�Q�Q�D�L�V�V�D�Q�F�H�V���V�X�U���O�D��

distribution des protistes dans les écosystèmes (Bates et al. 2013, de Vargas et al. 2015, Filker 

et al. 2016) et permettra probablement de confirmer ou réfuter le dogme « Everything is 

everywhere but the environment select » de Bass Becking, (1934) (de Wit & Bouvier 2006) 

pour les micro-eucaryotes. En milieu lacustre, une étude récente sur la biogéographie des 

�S�U�R�W�L�V�W�H�V�� �H�W�� �F�K�D�P�S�L�J�Q�R�Q�V�� �G�D�Q�V�� ������ �O�D�F�V�� �G�¶�D�O�W�L�W�X�G�H�� ���!�� ���������� �P���� �D�� �U�p�Y�p�O�p�� �X�Q�H�� �I�R�U�W�H�� �H�P�S�U�H�L�Q�W�H��

régionale dans les communautés et une capacité de dispersion inférieure à 10 000 km (Filker 

et al. 2016) �F�R�Q�I�L�U�P�D�Q�W�� �O�¶�H�I�I�H�W�� �G�H�� �G�L�V�W�D�Q�F�H�� �L�Q�W�H�U-lacs rapporté par Lepère et al. (2013) sur la 
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richesse de ces communautés à une échelle spatiale régionale. A une échelle plus restreinte, la 

distribution des micro-eucaryotes semblent être majoritairement impactée par les forçages 

locaux. Simon et al. (2015) a en effet mis en évidence cette sélection par les conditions 

environnementales �G�D�Q�V�� �G�H�V�� �S�O�D�Q�V�� �G�¶�H�D�X�� �S�U�R�Y�H�Q�D�Q�W�� �G�H�� �O�D�� �P�r�P�H�� �p�F�R�U�p�J�L�R�Q�� ���E�D�V�V�L�Q�� �S�D�U�L�V�L�H�Q����

Simon et al. 2015). Les patrons de biogéographie des microorganismes sont généralement 

décrits sans considération de la variabilité temporelle. �/�¶�D�S�S�U�R�F�K�H�� �G�H�� �S�D�O�p�R�p�F�R�O�R�J�L�H 

�P�R�O�p�F�X�O�D�L�U�H�� �S�R�X�U�U�D�L�W�� �S�H�U�P�H�W�W�U�H�� �G�¶�L�Q�W�p�J�U�H�U�� �F�H�W�W�H�� �F�D�U�D�F�W�p�U�L�V�W�L�T�X�H�� �W�H�P�S�R�U�H�O�O�H�� �S�R�X�U�� �O�D��

compréhension des patrons de biogéographie des micro-eucaryotes tels que déjà mis en 

évidence pour des populations lacustres de Staurosira sp. (diatomées) par Stoof-Leichsenring 

et al. (2015). 

La réponse des communautés aux perturbations (soudaines ou continues) en termes de 

�V�W�D�E�L�O�L�W�p���� �U�p�V�L�V�W�D�Q�F�H�� �H�W�� �U�p�V�L�O�L�H�Q�F�H�� �Q�¶�H�V�W�� �D�X�M�R�X�U�G�¶�K�X�L�� �T�X�H�� �S�D�U�W�L�H�O�O�H�P�H�Q�W�� �F�R�P�S�U�L�V�H���� �$�O�R�U�V�� �T�X�H��

certaines communautés sont résistantes aux perturbat�L�R�Q�V���� �G�¶�D�X�W�U�H�V�� �V�R�Q�W�� �D�I�I�H�F�W�p�H�V�� �H�W�� �S�H�X�Y�H�Q�W��

retourner à leur état initial (résilience) ou non (Figure I.6, Allison & Martiny 2008, Strickland 

et al. 2009, Shade et al. 2012������ �%�L�H�Q�� �T�X�¶�X�Q�H�� �S�H�U�W�X�U�E�D�W�L�R�Q��puisse entrainer un changement 

compositionnel dans la communauté (gain et perte de taxons, modification dans la répartition 

�Q�X�P�p�U�L�T�X�H�� �G�H�V�� �W�D�[�R�Q�V������ �F�H�W�W�H�� �P�R�G�L�I�L�F�D�W�L�R�Q�� �Q�¶�H�V�W�� �S�D�V�� �W�R�X�M�R�X�U�V�� �D�V�V�R�F�L�p�H�� �j�� �X�Q�� �F�K�D�Q�J�H�P�H�Q�W��

fonctionnel de la communauté. Si cette communauté à une forte richesse spécifique et un fort 

�Q�L�Y�H�D�X�� �G�¶�p�T�X�L�W�D�E�L�O�L�W�p�� ���U�p�S�D�U�W�L�W�L�R�Q�� �Q�X�P�p�U�L�T�X�H��équilibrée), elle peut rester stable grâce à un 

niveau élevé de redondance fonctionnelle (Girvan et al. 2005, Allison & Martiny 2008, 

Strickland et al. 2009, Wittebolle et al. 2009, Shade et al. 2012). La forte proportion de 

taxons rares retrouvés au sein des inventaires moléculaires est également une caractéristique 

�L�P�S�R�U�W�D�Q�W�H�� �G�H�� �O�D�� �G�L�Y�H�U�V�L�W�p�� �G�¶�X�Q�H�� �F�R�P�P�X�Q�D�X�W�p�� �P�L�F�U�R�E�L�H�Q�Q�H�� ��Sogin et al. 2006, Pedrós-Alió 

2006, 2012, Jones & Lennon 2010, Gibbons et al. 2013, Shade et al. 2014, Shade & Gilbert 

2015) notamment au sein des assemblages eucaryotes (Logares et al. 2014, Debroas et al. 

2015). En effet, ces taxons rares semblent avoir un rôle important dans la réponse de la 

communauté face aux forçages environnementaux (phénomène étudié particulièrement pour 

les bactéries; Gilbert et al. 2012, Shade et al. 2014, Shade & Gilbert 2015). Au sein des 

assemblages microbiens eucaryotes, la mobilisation de la rare biosphère ne semble pas avoir 

lieu sur des pas de temps journaliers (Mangot et al. 2013) mais plutôt supérieurs (mensuels et 

saisonniers; Nolte et al. 2010, Debroas et al. 2015�������/�¶�D�F�W�L�Y�L�W�p���E�L�R�O�R�J�L�T�X�H���G�H���O�D���U�D�U�H���E�L�R�V�S�K�q�U�H��

aquatique, décrite par approche métatranscriptomique (basée sur des ARNr), a également été 

liée aux forçages environnementaux saisonniers voire aux perturbations continues (Wilhelm 
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et al. 2014, Logares et al. 2014, Debroas et al. 2015). Par son ouverture sur des cadres 

�W�H�P�S�R�U�H�O�V�� �W�U�q�V�� �O�R�Q�J�V���� �O�¶�D�S�S�U�R�F�K�H�� �G�H�� �S�D�O�p�R�p�F�R�O�R�J�L�H�� �P�R�O�p�F�X�O�D�L�U�H�� �P�H�W�� �H�Q�� �S�H�U�V�S�H�F�W�L�Y�H�� �O�H�V��

recherches sur la dynamique temporelle des communautés microbiennes notamment à 

propos de leur stabilité, résilience et résistance en répon�V�H���j���G�H�V���F�K�D�Q�J�H�P�H�Q�W�V���G�¶�p�W�D�W���G�X��

système. Ainsi, l�¶�D�U�F�K�L�Y�H�� �V�p�G�L�P�H�Q�W�D�L�U�H�� �S�H�U�P�H�W�� �G�¶�p�W�X�G�L�H�U�� �O�D�� �U�p�S�R�Q�V�H�� �G�H�� �F�R�P�P�X�Q�D�X�W�p�V��

�E�L�R�O�R�J�L�T�X�H�V���V�X�U���G�H�V���S�D�V���G�H���W�H�P�S�V���F�R�K�p�U�H�Q�W�V���D�Y�H�F���O�H���F�K�D�Q�J�H�P�H�Q�W���G�¶�p�W�D�W���G�X���V�\�V�W�q�P�H���O�D�F�X�V�W�U�H���S�D�U��

�H�[�H�P�S�O�H�� �S�O�X�V�L�H�X�U�V�� �G�L�]�D�L�Q�H�V�� �G�¶�D�Q�Q�p�H�V�� �S�R�X�U�� �O�¶�H�X�W�U�R�S�Kisation et la ré-�R�O�L�J�R�W�U�R�S�K�L�V�D�W�L�R�Q�� �G�¶�X�Q���O�D�F 

(voir le cas des 3 grands lacs péri-alpins dans la Figure I.7) et plusieurs décennies/centenaires 

pour les fluctuations climatiques.  

 
Figure I.6. �6�F�K�p�P�D���G�H���O�¶�H�I�I�H�W���G�¶�X�Q�H���S�H�U�W�X�U�E�D�W�L�R�Q���V�X�U���O�D���F�R�P�S�R�V�L�W�L�R�Q���H�W���O�H�V���I�R�Q�F�W�L�R�Q�V���D�V�V�R�F�L�p�H�V���j��
une communauté microbienne ���P�R�G�L�I�L�p���j���S�D�U�W�L�U���G�¶Allison & Martiny 2008). 
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Figure I.7. Concentrations en phosphore estimées à partir du comptage des diatomées dans les 
archives sédimentaires �G�H�V���O�D�F�V���G�¶�$�Q�Q�H�F�\�����G�X���%�R�X�U�J�H�W���H�W���/�p�P�D�Q (Alric et al. 2013). 

 

�'�¶�D�X�W�U�H�V�� �T�X�H�V�W�L�R�Q�V�� �G�¶�p�F�R�O�R�J�L�H�� �P�L�F�U�R�E�L�H�Q�Q�H�� �S�H�X�Y�H�Q�W�� �r�W�U�H�� �p�W�X�G�L�p�H�V�� �J�U�k�F�H�� �j�� �O�¶�D�S�S�U�R�F�K�H�� �G�H��

paléoécologie moléculaire comme la variabilité et la diversification génétique, la coévolution 

hôte/parasite ou encore le rôle du compartiment microbien dans les cycles biogéochimiques 

sur des pas de temps relativement longs (plusieurs décennies à plusieurs millénaires). Ces 

travaux de �W�K�q�V�H�� �V�¶�L�Q�W�q�J�U�H�Q�W�� �G�D�Q�V�� �X�Q�H�� �G�p�P�D�U�F�K�H�� �G�H�� �F�R�P�S�U�p�K�H�Q�V�L�R�Q�� �G�H�� �O�D�� �U�p�S�R�Q�V�H�� �G�X��

compartiment biologique face aux forçages locaux anthropiques et globaux climatiques. 

�3�O�X�V�L�H�X�U�V�� �p�W�X�G�H�V�� �R�Q�W�� �P�L�V�� �H�Q�� �p�Y�L�G�H�Q�F�H�� �O�¶�H�I�I�H�W�� �G�H�V�� �I�R�U�o�D�J�H�V�� �V�X�U�� �O�H�V�� �P�L�F�U�R-eucaryotes et plus 

particulièrement sur des groupes spécifiques phytoplanctoniques (Coolen et al. 2004, 

Takishita et al. 2007, Boere et al. 2009, Epp et al. 2011, 2015, Stoof-Leichsenring et al. 2012, 

������������ �â�L�P�H�N��et al. 2013, Hou et al. 2014, Randlett et al. 2014, Li et al. 2016). Hou et ses 

collègues (2014) ont �S�D�U���H�[�H�P�S�O�H���P�L�V���H�Q���p�Y�L�G�H�Q�F�H���O�H�V���F�K�D�Q�J�H�P�H�Q�W�V���G�¶�D�E�R�Q�G�D�Q�F�H���G�H�������J�U�R�X�S�H�V��

phytoplanctoniques lacustres (majoritairement représentés par Synechococcus, Isochrysis et 

Gloeotilopsis) au cours des 3000 dernières années en lien avec les changements temporels 

�G�D�Q�V���O�D���G�L�V�S�R�Q�L�E�L�O�L�W�p���H�Q���Q�X�W�U�L�P�H�Q�W�V�����O�D���W�H�P�S�p�U�D�W�X�U�H�����O�¶�L�Q�W�H�Q�V�L�W�p���O�X�P�L�Q�H�X�V�H���H�W���O�D���V�D�O�L�Q�L�W�p���G�D�Q�V���O�H��

lac Kusai  (Hou et al. 2014). Pour intégrer une grande diversité taxonomique et fonctionnelle, 

la communauté des micro-eucaryotes semble être un bon candidat car elle est composée de 

prédateurs et proies, de parasites et hôtes ainsi que de producteurs et décomposeurs de matière 

�R�U�J�D�Q�L�T�X�H�� �S�H�U�P�H�W�W�D�Q�W�� �G�¶�p�W�X�G�L�H�U�� �O�¶�L�P�S�D�F�W�� �G�H�� �I�R�U�o�D�J�H�V�� �V�X�U�� �G�H�V�� �L�Q�W�H�U�D�F�W�L�R�Q�V�� �E�L�R�W�L�T�X�H�V�� �P�X�O�W�L�S�O�H�V��

au sein du réseau trophique.  
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I.1.3. Les micro-eucaryotes : diversité, rôles et facteurs de régulation dans les milieux 
lacustres 

I.1.3.1.  Du microscope au séquençage à haut-�G�p�E�L�W���G�H���O�¶�$�'�1 

Bien �T�X�H�� �O�H�� �G�R�P�D�L�Q�H�� �G�H�� �O�¶�p�F�R�O�R�J�L�H�� �P�L�F�U�R�E�L�H�Q�Q�H soit relativement récent (quelques dizaines 

�G�¶�D�Q�Q�p�H�V������ �O�D�� �G�p�F�R�X�Y�H�U�W�H�� �G�H�V�� �P�L�F�U�R�R�U�J�D�Q�L�V�P�H�V�� �G�D�W�H�� �G�H�� �S�O�X�V�� �G�H�� �������� �D�Q�V���� �$�Q�W�R�Q�L�� �Y�D�Q��

Leeuwenhoek (1632-�������������I�X�W���O�H���S�U�H�P�L�H�U���j���G�p�F�R�X�Y�U�L�U�����S�D�U���K�D�V�D�U�G�����F�H�X�[���T�X�¶�L�O���D�S�S�H�O�D���G�H�V���S�H�W�L�W�V��

« animalcules �ª���j���O�¶�D�L�G�H���G�¶�X�Q���P�L�F�U�R�V�F�Rpe rudimentaire. �'�H�S�X�L�V�����O�¶�R�E�V�H�U�Y�D�W�L�R�Q���P�L�F�U�R�V�F�R�S�L�T�X�H���D��

�S�H�U�P�L�V�� �G�H�� �G�p�F�U�L�U�H�� �S�O�X�V�L�H�X�U�V�� �F�H�Q�W�D�L�Q�H�V�� �Y�R�L�U�H�� �P�L�O�O�L�H�U�V�� �G�¶�H�V�S�q�F�H�V�� �P�L�F�U�R�E�L�H�Q�Q�H�V�� �Q�R�W�D�P�P�H�Q�W�� �D�X��

�V�H�L�Q�� �G�X�� �S�O�D�Q�F�W�R�Q�� �O�D�F�X�V�W�U�H���� �%�L�H�Q�� �T�X�¶�D�S�S�O�L�T�X�p�H�� �G�H�S�X�L�V�� �S�O�X�V�L�H�X�U�V�� �G�p�F�H�Q�Q�L�H�V���� �Q�R�W�D�P�P�H�Q�W�� �S�R�X�U�� �O�D��

bio-indication (la de�V�F�U�L�S�W�L�R�Q�� �G�H�� �O�D�� �T�X�D�O�L�W�p�� �G�¶�X�Q�� �P�L�O�L�H�X�� �S�D�U�� �O�¶�p�W�X�G�H�� �G�H�� �V�D�� �F�R�P�S�R�V�D�Q�W�H��

�E�L�R�O�R�J�L�T�X�H������ �O�¶�R�E�V�H�U�Y�D�W�L�R�Q�� �P�L�F�U�R�V�F�R�S�L�T�X�H�� �Q�H�� �S�H�U�P�H�W�� �S�D�V�� �G�H�� �U�p�Y�p�O�H�U�� �O�D�� �G�L�Y�H�U�V�L�W�p�� �F�U�\�S�W�L�T�X�H au 

�V�H�L�Q�� �G�¶�X�Q�� �D�V�V�H�P�E�O�D�J�H�� �E�L�R�O�R�J�L�T�X�H���� �$�L�Q�V�L���� �S�O�X�V�L�H�X�U�V�� �H�V�S�q�F�H�V�� �P�L�F�U�R�E�L�H�Q�Q�H�V�� �S�R�V�V�p�G�D�Q�W�� �X�Q�H��

morphologie similaire peuvent avoir des caractéristiques génétiques et écologiques 

différentes. Un exemple marquant est la description de plusieurs variants génétiques de taxons 

phytoplanctoniques qui possèdent une morphologie similaire au microscope (Xiao et al. 

2014). De plus, les pico-eucaryotes et pico-cyanobactéries (0.2 - 2 µm) sont, de par leur taille, 

difficilement différenciables par microscopie (Worden & Not 2008). Les méthodes culture-

dépendantes ne permettent de détecter que des espèces cultivables dans des milieux 

particuliers et certains microbes sont difficilement cultivables en culture pure car ils 

�G�p�S�H�Q�G�H�Q�W���I�R�U�W�H�P�H�Q�W���G�¶�X�Q���F�R�Q�V�R�U�W�L�X�P���P�L�F�U�R�E�L�H�Q�����$�L�Q�V�L���L�O���H�V�W���p�W�D�E�O�L���D�X�M�R�X�U�G�¶�K�X�L�����D�X���U�H�J�D�U�G���G�H��

la diversité microbienne révélée par les outils de biologie moléculaire, que seulement une très 

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

laboratoire de microorganismes (0.01 - 1 %) (Perry et al. 2004, Bertrand et al. 2011).  

Les avancées en biologie moléculaire au cours des 20 dernières années ont permis de 

compléter les connaissances précédemment acquises concernant la morphologie, le 

�P�p�W�D�E�R�O�L�V�P�H�� �H�W�� �O�¶�p�F�R�O�R�J�L�H�� �G�H�V�� �P�L�F�U�R�R�U�J�D�Q�L�V�P�H�V�� �H�Q�� �D�S�S�R�U�W�D�Q�W�� �G�H�V�� �F�R�Q�Q�D�L�V�V�D�Q�F�H�V�� �V�X�U�� �O�D��

diversité taxonomique et fonctionnelle des communautés microbiennes (Bertrand et al. 2011). 

Différentes techniques ont été développées comme �O�¶�D�P�S�O�L�I�L�F�D�W�L�R�Q��par PCR, le séquençage 

�6�D�Q�J�H�U�� �R�X�� �O�H�V�� �W�H�F�K�Q�L�T�X�H�V�� �G�¶�H�P�S�U�H�L�Q�W�H�V�� �P�R�O�p�F�X�O�D�L�U�H�V�� �S�R�X�U�� �O�D�� �F�D�U�D�F�W�p�U�L�V�D�W�L�R�Q�� �G�H�� �O�D�� �G�L�Y�H�U�V�L�W�p��

taxonom�L�T�X�H���� �O�¶�p�W�X�G�H�� �G�H�� �O�D�� �G�\�Q�D�P�L�T�X�H�� �V�S�D�W�L�R-temporelle des communautés microbiennes ou 

encore la mise en évidence de gènes fonctionnels dans les communautés. Le séquençage à 

haut-débit �G�H�� �O�¶�$�'�1�� �H�V�W�� �D�X�M�R�X�U�G�¶�K�X�L�� �O�D�� �W�H�F�K�Q�R�O�R�J�L�H�� �O�D�� �S�O�X�V�� �X�W�L�O�L�V�p�H�� �H�Q�� �p�F�R�O�R�J�L�H�� �P�L�F�U�R�E�L�H�Qne 

pour caractériser la diversité microbienne dans des écosystèmes variés, allant des sources 
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hydrothermales aux intestins humains en passant par les lacs et les fonds marins (Bertrand et 

al. 2011). Plusieurs approches utilisant cette technologie ont été développées pour décrypter 

la très large diversité taxonomique et fonctionnelle des communautés microbiennes. Ainsi 

�O�¶approche métabarcoding (ou métagénétique) est �E�D�V�p�H�� �V�X�U�� �O�H�� �V�p�T�X�H�Q�o�D�J�H�� �G�¶�X�Q�H�� �S�R�U�W�L�Rn 

�G�¶�X�Q���V�H�X�O���J�q�Q�H���S�U�p�V�H�Q�W���F�K�H�]���W�R�X�V���O�H�V���P�L�F�U�R�E�H�V���G�¶�L�Q�W�p�U�r�W�����J�q�Q�H���F�R�G�D�Q�W���S�R�X�U���O�D���J�U�D�Q�G�H���V�R�X�V-unité 

�$�5�1���� �S�R�X�U�� �G�p�F�U�L�U�H�� �O�D�� �G�L�Y�H�U�V�L�W�p�� �W�D�[�R�Q�R�P�L�T�X�H�� �G�¶�X�Q�H�� �F�R�P�P�X�Q�D�X�W�p���� �/�¶approche 

métagénomique �F�R�U�U�H�V�S�R�Q�G�� �D�X�� �V�p�T�X�H�Q�o�D�J�H�� �G�H�� �W�R�X�W�� �O�¶�$�'�1�� �H�[�W�U�D�L�W�� �j�� �S�D�U�W�L�U�� �G�¶�X�Q�� �p�F�K�D�Q�W�L�O�O�R�Q��

�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�O�� �H�W�� �S�H�U�P�H�W�� �D�L�Q�V�L�� �G�¶�R�E�W�H�Q�L�U�� �G�H�V�� �L�Q�I�R�U�P�D�W�L�R�Q�V�� �F�R�Q�F�H�U�Q�D�Q�W�� �O�D�� �G�L�Y�H�U�V�L�W�p��

taxonomique (via la présence de marqueurs phylogénétiques) et fonctionnelle (par exemple 

des gènes impliqués dans la photosynthèse, la respiration ou dans les cycles de nutriments). 

�/�¶�D�S�S�U�R�F�K�H��métatranscriptomique �H�V�W�� �E�D�V�p�H�� �V�X�U�� �O�¶�H�[�W�U�D�F�W�L�R�Q�� �G�H�� �W�U�D�Q�V�F�U�L�W�V�� �G�¶�$�5�1r qui sont 

�G�H�V���P�R�O�p�F�X�O�H�V���F�R�Q�V�L�G�p�U�p�H�V���F�R�P�P�H���U�H�I�O�p�W�D�Q�W���O�¶�D�F�W�L�Y�L�W�p���D�X���V�H�L�Q���G�¶�X�Q�H���F�R�P�P�X�Q�D�X�W�p���P�L�F�U�R�E�L�H�Q�Q�H����

�&�H�W�W�H���D�S�S�U�R�F�K�H���Q�p�F�H�V�V�L�W�H���X�Q�H���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q���G�H���O�¶�$�5�1���H�Q���$�'�1���F�R�P�S�O�p�Pentaire �H�Q���Y�X�H���G�¶�X�Q�H��

amplification PCR. Un exemple de la contribution de ces technologies aux connaissances en 

écologie est la description de la communauté bactérienne des écosystèmes (Eiler et al. 2012, 

Barberán et al. 2012, Caporaso et al. 2012, Shade et al. 2013, Christner et al. 2014). 

Récemment, les données moléculaires provenant du projet Tara Océans ont par exemple 

�S�H�U�P�L�V�� �G�¶�H�V�W�L�P�H�U�� �O�H��nombre de procaryotes présents dans les océans à plus de 35 000 OTUs 

(Unités Taxonomiques Opérationnelles; Sunagawa et al. 2015). 

Malgré leurs rôles clés dans les réseaux trophiques aquatiques, les micro-eucaryotes ont été  

globalement moins étudiés que les bactéries et les archées  (Caron et al. 2009a, Grattepanche 

et al. 2014). Les avancées dans les méthodes de biologie moléculaire ont permis de décrire la 

diversité des micro-eucaryotes dans la plupart des écosystèmes : les sols (Bates et al. 2013), 

les milieux marins (de Vargas et al. 2015, Massana et al. 2014, 2015) et les milieux lacustres 

(Debroas et al. 2015, Filker et al. 2016, voir Table I.1). Une étude récente a par exemple 

estimée la richesse planctonique eucaryote océanique à 150 000 taxons (de Vargas et al. 

2015). �/�¶�X�W�L�O�L�V�D�W�L�R�Q���G�¶�R�X�W�L�O�V���P�R�O�p�F�X�O�D�L�U�H�V�����Q�R�W�D�P�P�H�Q�W���G�X���V�p�T�X�H�Q�o�D�J�H��à haut débit, a également 

permis au cours de la dernière décennie �G�¶�D�P�p�O�L�R�U�H�U�� �Q�R�V�� �F�R�Q�Q�D�L�V�V�D�Q�F�H�V�� �F�R�Q�F�H�U�Q�D�Q�W�� �O�D�� �U�D�U�H��

biosphère. Les micro-eucaryotes rares ont ainsi été retrouvés comme couvrant la majorité de 

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

de la communauté microbienne aux forçages environnementaux (Jones & Lennon 2010, 

Logares et al. 2014, 2015, Debroas et al. 2015).  
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I.1.3.2  Les micro-eucaryotes, un compartiment diversifié 

La définition du groupe des micro-eucaryotes diffère en fonction des travaux. Ainsi certains 

auteurs incluent des métazoaires dans les micro-eucaryotes (Finlay & Fenchel 2004, Bik et al. 

2012�����T�X�D�Q�G���G�¶�D�X�W�U�H�V���H�Q���H�[�F�O�X�H�Q�W���W�R�X�V���O�H�V��métazoaires et les embryophytes (Lara et al. 2015, 

Kammerlander et al. 2015, Triadó-Margarit & Casamayor 2015). Dans cette thèse, les micro-

eucaryotes incluent exclusivement les protistes (eucaryotes unicellulaires) et les champignons. 

Les micro-eucaryotes représentent une large part de la diversité eucaryote connue (plus de 85 

% des groupes eucaryotes; Pawlowski et al. 2012, Pawlowski 2013, Burki 2014, Figure I.8). 

La classification des microbes au  sein des eucaryotes, longtemps basée uniquement sur des 

�F�D�U�D�F�W�p�U�L�V�W�L�T�X�H�V���P�R�U�S�K�R�O�R�J�L�T�X�H�V�������D���E�p�Q�p�I�L�F�L�p���G�H�V���D�Y�D�Q�F�p�H�V���G�H���O�¶�D�S�S�U�R�F�K�H���S�K�\�O�R�J�p�Q�R�P�L�T�X�H���T�X�L��

prend en compte plusieurs dizaines v�R�L�U�H�� �S�O�X�V�L�H�X�U�V�� �F�H�Q�W�D�L�Q�H�V�� �G�H�� �J�q�Q�H�V���� �$�L�Q�V�L���� �O�¶�D�U�E�U�H��

phylogénétique des eucaryotes proposé par Burki (2014) �V�¶�D�S�S�X�Le sur des analyses 

phylogénomiques, les données génomiques disponibles et les caractéristiques morphologiques 

des micro-eucaryotes. Elle est considérée comme une des classifications les plus robustes à ce 

jour. Les eucaryotes  sont distribués au sein de sept super-groupes (i) les Opisthocontes (ii) les 

Amoebozoa (iii) les Excavés (iv) les Archaeplastidés (v) les Rhizariens (vi) les Alvéolés et 

(vii) les Stramenopiles. �8�Q�H�� �G�H�V�F�U�L�S�W�L�R�Q�� �V�X�F�F�L�Q�F�W�H�� �G�H�� �O�D�� �P�R�U�S�K�R�O�R�J�L�H�� �H�W�� �G�H�� �O�¶�p�F�R�O�R�J�L�H�� �G�H�V��

différents groupes de microbes au sein des eucaryotes est proposée ci-dessous. Cette partie se 

base sur les informations provenant de plusieurs ouvrages de références (de Reviers 2002, 

Perry et al. 2004, Munn 2011, Bertrand et al. 2011).   
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Figure I.8. Arbre phylogénétique des eucaryotes (Burki 2014) 
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(a) Les Opisthocontes (Opisthokonta, Opisthokonts) 

Les Opisthocontes sont composés de groupes exclusivement pluricellulaires (les métazoaires, 

850 000 espèces), unicellulaires (les choanoflagellés, les nucléarides, les ichtyosporés) ou 

incluant les deux types comme les champignons. La synapomorphie* (caractère dérivé 

partagé par tous les membres du groupe) la plus remarquable des Opisthocontes est la 

�S�U�p�V�H�Q�F�H�� �G�¶�X�Q���V�H�X�O�� �X�Q�G�X�O�L�S�R�G�L�X�P��� ���I�O�D�J�H�O�O�H���� �S�U�p�V�H�Q�W���j�� �O�¶�D�U�U�L�q�U�H�� �G�H�� �O�D�� �F�H�O�O�X�O�H���H�W�� �D�\�D�Q�W���X�Q�� �U�{�O�H��

propulseur. Les champignons sont des hétérotrophes osmotrophes* qui sont parfois 

�F�R�P�P�H�Q�V�D�X�[��� ���V�H�� �Q�R�X�U�U�L�V�V�D�Q�W�� �G�H�� �O�D�� �P�D�W�L�q�U�H�� �R�U�J�D�Q�L�T�X�H�� �G�¶�D�X�W�U�H�V�� �R�U�J�D�Q�L�V�P�H�V�� �V�D�Q�V�� �O�H�X�U�� �Q�X�L�U�H����

jouant ainsi un rôle majeur dans la décomposition de la matière organique complexe dans 

�O�¶�H�Q�Y�L�U�R�Q�Q�H�P�H�Qt. Certains champignons, notamment les chytrides et les microsporidés, sont 

�S�D�U�D�V�L�W�H�V����G�¶�R�U�J�D�Q�L�V�P�H�V���S�K�R�W�R�V�\�Q�W�K�p�W�L�T�X�H�V���R�X��non (Lom 2002, Kagami et al. 2007, Wolinska 

et al. 2009, Rasconi et al. 2012������ �'�¶�D�X�W�U�H�V�� �D�J�L�V�V�H�Q�W�� �F�R�P�P�H��mutualistes* et symbiontes* 

pouvant notamment former des lichens avec des algues. Le nombre de champignons est 

estimé à 1 500 000 mais seulement 100 000 morpho-espèces ont été décrites. Les 

champignons sont présents dans tous les habitats terrestres et aquatiques (benthiques et 

�S�p�O�D�J�L�T�X�H�V�� �G�¶eau douce et salée). Les choanoflagellés sont des phagotrophes*, distribués de 

façon ubiquiste dans les environnements aquatiques. Ils possèdent une coquille extérieure, 

appelée lorica, et des tentacules leurs permettant de capturer des bactéries.  

 

(b) Les Amoebozoa (Ameobobiontes) 

Comme les Opisthocontes, les Amoebozoa possèdent un seul undulipodium mais celui-ci se 

situe à �O�¶�D�Y�D�Q�W�� �G�H�� �O�D�� �F�H�O�O�X�O�H���� �&�H�W�W�H�� �S�D�U�W�L�F�X�O�D�U�L�W�p�� �P�R�U�S�K�R�O�R�J�L�T�X�H, la similarité dans 

�O�¶�D�U�F�K�L�W�H�F�W�X�U�D�O�H�� �J�p�Q�R�P�L�T�X�H��mitochondrial et les analyses phylogénomiques attestent de la 

robustesse de ce groupe taxonomique (Burki 2014). Les amoebozoa (plus de 750 espèces 

décrites) sont des hétérotrophes se nourrissant �H�W�� �V�H�� �G�p�S�O�D�o�D�Q�W�� �j�� �O�¶�D�L�G�H�� �G�H�� �S�V�H�X�G�R�S�R�G�H�V���

(déformations de la membrane plasmique) leur conférant un mouvement caractéristique dit 

amiboïde. Certains ameobozoa sont connus pour brouter les bactéries associées aux particules 

en sédimentation. Ce groupe est majoritairement composé par les archamoebae 

(unicellulaires, connus dans les sols) et les mycétobiontes (alternant des générations uni et 

pluricellulaires, préférant vivre dans les milieux riches en matière organique en 

décomposition et phagocyter les bactéries, les champignons et la matière organique 

détritique). 
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(c) Les Excavés (Excavates) 

La plupart des Excavés sont caractérisés par la présence �G�¶hydrogénosomes* et de 

mitosomes*, vestiges de mitochondries. Ils �S�R�V�V�q�G�H�Q�W���p�J�D�O�H�P�H�Q�W���X�Q���V�L�O�O�R�Q���G�¶�D�O�L�P�H�Q�W�D�W�L�R�Q par 

lequel les particules alimentaires transitent. Couplées aux analyses phylogénomiques, ces 

caractéristiques morphologiques attestent de la monophylie des Excavés (Moreira et al. 2007). 

�'�D�Q�V�� �F�H�� �J�U�R�X�S�H�� �G�¶�X�Q�L�F�H�O�O�X�O�D�L�U�H�V�� �F�R�P�S�U�H�Q�D�Q�W���H�Q�Y�L�U�R�Q���������� �H�V�S�q�F�H�V���� �O�D�� �S�O�X�S�D�U�W���G�H�V��taxons sont 

des flagellés hétérotrophes parfois commensaux, symbiontes ou parasites et comprennent 

également des amiboïdes. Les parabasalidés sont principalement commensaux et 

symbiotiques et sont notamment retrouvés dans le tractus digestif des arthropodes et des 

vertébrés où ils consomment des bactéries. Les eugleniens et les kinétoplastidés (parfois 

�U�H�J�U�R�X�S�p�V���V�R�X�V���O�H���Q�R�P���G�¶�(�X�J�O�H�Q�R�]�R�D�����G�L�I�I�q�U�H�Q�W���S�D�U���O�D���S�U�p�V�H�Q�F�H���G�¶�X�Q���D�P�D�V���G�¶�$�'�1���j���O�D���E�D�V�H���G�H��

flagelle chez les kinétoplastidés. Les eugleniens (ou euglénoïdes) sont particulièrement 

communs en eau douce enrichie en matière organique et peuvent être phototrophes, 

phagotrophes ou saprophytes. Les bodonidés, flagellés hétérotrophes à vie libre ingérant des 

bactéries via un cytospharynx*, et les Trypanosomatidés se nourrissant de matière organique 

en solution sont les deux groupes composant les kinétoplastidés. Au sein des Excavés, 

�G�¶�D�X�W�U�H�V�� �J�U�R�X�S�H�V��de protistes flagellés peuvent être retrouvés notamment des amiboflagellés 

(au sein des hétéroloboséens) et des symbiontes/parasites de métazoaires (parmi les 

diplomonadines). 

 

(d) Les Archaeplastidés (Archaeplastida) 

Les Archaeplastidés comprennent des or�J�D�Q�L�V�P�H�V�� �X�Q�L�F�H�O�O�X�O�D�L�U�H�V�� �H�W�� �G�¶�D�X�W�U�H�V�� �P�X�O�W�L�F�H�O�O�X�O�D�L�U�H�V����

Tous les organismes de ce groupe sont caractérisés par leur capacité de photosynthèse acquise 

�S�D�U���H�Q�G�R�V�\�P�E�L�R�V�H����S�U�L�P�D�L�U�H�����O�H�V���F�K�O�R�U�R�S�O�D�V�W�H�V���V�R�Q�W���G�L�U�H�F�W�H�P�H�Q�W���G�p�U�L�Y�p�V���G�¶�X�Q�H���H�Q�G�R�V�\�P�E�L�R�V�H��

cyanobactérienne). Plus de 300 000 espèces sont décrites au sein du groupe des Viridiplantae 

qui incluent les chlorophytes (toutes unicellulaires, majoritairement en vie libre) et les 

streptophytes (comprenant des organismes unicellulaires et les végétaux supérieurs). Les 

groupes comportant des espèces pluricellulaires incluent les ulvophycées, les charophycées et  

les embryophytes. Bien que certains groupes comme les zignématrophycées possèdent des 

organismes à forme uni et pluri-cellulaires, les autres groupes de Viridiplantae, tels que les 

prasinophycées, les chlorophycées et les trebouxiophycées sont toutes unicellulaires. En 

milieu marin, les assemblages phytoplanctoniques sont caractérisés par la prédominance de 

pico-eucaryotes photosynthétiques en particulier au sein des prasinophycées. Les 
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glaucophytes �V�R�Q�W�� �G�H�V�� �X�Q�L�F�H�O�O�X�O�D�L�U�H�V�� �S�U�p�V�H�Q�W�V�� �S�U�L�Q�F�L�S�D�O�H�P�H�Q�W�� �H�Q�� �P�L�O�L�H�X�� �G�¶�H�D�X�� �G�R�X�F�H�� �P�D�L�V��

généralement peu abondantes. Enfin, les rhodophytes sont des algues uni ou pluricellulaires  

estimées à environ 6 000 espèces, essentiellement retrouvées en milieu marin, les  

unicellulaires étant majoritairement pélagiques. 

 

(e) Les Rhizariens (Rhizaria) 

�/�H���U�H�J�U�R�X�S�H�P�H�Q�W���G�¶�R�U�J�D�Q�L�V�P�H�V���D�X���V�H�L�Q���G�X�� �J�U�R�X�S�H���G�H�V���5�K�L�]�D�U�L�H�Q�V���H�V�W���E�D�V�p���H�[�F�O�X�V�L�Y�H�P�H�Q�W���V�X�U��

des caractéristiques moléculaires car aucun caractère mo�U�S�K�R�O�R�J�L�T�X�H���S�D�U�W�D�J�p���Q�¶�D���S�X���r�W�U�H���p�W�D�E�O�L��

entre ces différents composants. Parmi les Rhizariens, le groupe des cercozoaires est  

�F�R�P�S�R�V�p���G�¶�R�U�J�D�Q�L�V�P�H�V���D�P�L�E�R�w�G�H�V���� �I�O�D�J�H�O�O�p�V���R�X���D�P�L�E�R�I�O�D�J�H�O�O�p�V���� �/�D���S�O�X�S�D�U�W���V�R�Q�W���K�p�W�p�U�R�W�U�R�S�K�H�V��

mais certains ont acquis la photosynthèse comme les chlorarachniophytes (par endosymbiose 

�V�H�F�R�Q�G�D�L�U�H�� �D�Y�H�F�� �X�Q�H�� �D�O�J�X�H�� �Y�H�U�W�H���� �T�X�D�Q�G�� �G�¶�D�X�W�U�H�V�� �V�R�Q�W�� �P�L�[�R�W�U�R�S�K�H�V���� �$�O�R�U�V�� �T�X�H�� �O�H�V��

chlorarachniophytes sont retrouvés en milieu marin, les autres cercozoaires sont plutôt 

communs en eau douce et dans les sols. Les radiolaires sont des prédateurs planctoniques 

exclusivement marins. Les foraminifères sont des organismes amiboïdes possédant des tests 

�S�H�U�F�p�V�� �G�¶�R�U�L�I�L�F�H�V�� �S�D�U���O�H�V�T�X�H�O�V�� �V�¶�L�Q�V�q�U�H�Q�W���O�H�V�� �S�V�H�X�G�R�S�R�G�H�V���� �,�O�V�� �V�R�Q�W���D�E�R�Q�G�D�Q�W�V�� �G�D�Q�V�� �O�H�� �E�H�Q�W�K�R�V��

�P�D�U�L�Q���P�D�L�V���D�X�V�V�L���U�H�W�U�R�X�Y�p�V���G�D�Q�V���O�H���S�O�D�Q�F�W�R�Q���P�D�U�L�Q���H�W���G�¶�H�D�X���G�R�X�F�H������ 

 

(f)  Les Alveolés (Alveolata) 

Les Alveolés doivent leur nom à la présence de vésicules aplaties situées sous le 

plasmalemme appelée alvéoles. Le groupe des ciliés (Ciliates, Ciliophora) est composé de 

plus de 10 000 morpho-espèces unicellulaires (Foissner et al. 2008). Leur synapomorphie est 

�G�¶�r�W�U�H���U�H�F�R�X�Y�H�U�W���G�H���P�L�O�Oiers de cils*. Ces cils sont disposés en files longitudinales (cinéties) ou 

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

de ciliés possèdent également une « bouche cellulaire » relié à un cytopharynx. Ces 

organismes sont généralement hétérotrophes (certains mixotrophes) et comprennent de 

nombreux prédateurs de bactéries. Alors que certains hébergent des organismes 

photosynthétiques (comme des cyanobactéries et des c�K�O�R�U�R�S�K�\�W�H�V������ �G�¶�D�X�W�U�H�V�� �R�Q�W�� �O�D�� �F�D�S�D�F�L�W�p��

�G�H�� �Y�R�O�H�U�� �O�H�V�� �S�O�D�V�W�H�V�� �G�¶�D�X�W�U�H�V�� �R�U�J�D�Q�L�V�P�H�V�� ���N�O�H�S�W�R�S�O�D�V�W�L�H������ �/�H�V��ciliés sont nombreux dans les 

milieux continentaux (eaux douces et saumâtres et sols). En milieu aquatique, ils sont connus 

pour avoir un rôle dans la form�D�W�L�R�Q���G�¶�H�I�I�O�R�U�H�V�F�H�Q�F�H�V���D�O�J�D�O�H�V���P�D�L�V���D�X�V�V�L���F�R�P�P�H���O�L�H�Q���G�D�Q�V���O�H��

réseau trophique entre les bactéries et les micro-métazoaires. Les ciliés sont des 
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�P�L�F�U�R�R�U�J�D�Q�L�V�P�H�V�� �U�H�F�R�Q�Q�X�V�� �S�R�X�U�� �r�W�U�H�� �G�H�� �E�R�Q�V�� �L�Q�G�L�F�D�W�H�X�U�V�� �G�H�� �O�¶�p�W�D�W�� �p�F�R�O�R�J�L�T�X�H�� �G�H�V�� �P�L�O�L�H�X�[��

aquatiques (Pawlowski et al. 2016). Les dinoflagellés sont des organismes majoritairement 

unicellulaires, ayant acquis la photosynthèse par endosymbiose secondaire ou tertiaire. Plus 

de 2000 espèces de dinoflagellés sont décrites. Les alvéoles des dinoflagellés sont composés 

de plaques de cellulose constituant la thèque et deux flagelles leur permettant de se déplacer. 

La majorité des d�L�Q�R�I�O�D�J�H�O�O�p�V�� �V�R�Q�W�� �G�H�V�� �H�V�S�q�F�H�V�� �G�X�� �S�O�D�Q�F�W�R�Q�� �P�D�U�L�Q�� �H�W�� �G�¶�H�D�X�� �G�R�X�F�H���� �S�R�X�Y�D�Q�W��

occasionnellement former des efflorescences (les marées rouges). Environ la moitié sont des 

organismes photosynthétiques (appelés d�L�Q�R�S�K�\�F�p�H�V������ �'�D�Q�V�� �F�H�� �J�U�R�X�S�H���� �O�¶�K�p�W�p�U�R�W�U�R�S�K�L�H�� �H�W�� �O�D��

mixotrophie sont des modes trophiques également très répandus. Certaines espèces sont 

�P�r�P�H���S�U�p�G�D�W�U�L�F�H�V���R�X���S�D�U�D�V�L�W�H�V�����(�Q�Y�L�U�R�Q�������������H�V�S�q�F�H�V���G�¶apicomplexés, incluant de nombreux 

�S�D�U�D�V�L�W�H�V���L�Q�W�U�D�F�H�O�O�X�O�D�L�U�H�V�����R�Q�W���p�W�p���G�p�F�U�L�W�H�V�����&�H�V���P�L�F�U�R�E�H�V���V�R�Q�W���F�D�U�D�F�W�p�U�L�V�p�V���S�D�U���O�D���S�U�p�V�H�Q�F�H���G�¶�X�Q��

�F�R�P�S�O�H�[�H���D�S�L�F�D�O���F�R�Q�V�W�L�W�X�p���G�¶�X�Q���F�R�Q�R�w�G�H���H�W���G�H�V���Y�p�V�L�F�X�O�H�V���T�X�L���V�p�F�U�q�W�H�Q�W���G�H�V���H�Q�]�\�P�H�V���I�D�Y�R�U�L�V�D�Q�W��

�O�D�� �S�p�Q�p�W�U�D�W�L�R�Q�� �G�D�Q�V�� �O�H�V�� �F�H�O�O�X�O�H�V�� �G�H�� �O�¶�K�{�W�H����La plupart des apicomplexés possèdent un 

apicoplaste, acquit par endosymbiose avec une rhodophyte. Les perkinsés forment également 

un groupe �G�¶�X�Q�L�F�H�O�O�X�O�D�L�U�H�V�� �S�D�U�D�V�L�W�H�V�� �U�H�W�U�R�X�Y�p�V�� �Q�R�W�D�P�P�H�Q�W�� �G�D�Q�V�� �O�H�� �S�O�D�Q�F�W�R�Q�� �P�D�U�L�Q�� �H�W�� �G�¶�H�D�X��

douce (Bråte et al. 2010, Mangot et al. 2011). Ces microorganismes, seulement récemment 

détectés  dans les milieux lacustres peuvent être retrouvés comme très abondants dans les 

assemblages eucaryotes et sont capables de parasiter des espèces phytoplanctoniques ayant 

donc un rôle important dans le réseau trophique lacustre (Mangot et al. 2011, 2013). 

 

(g)  Les Stramenopiles (Heterokontes)  

Le groupe des Stramenopiles est composé de petits flagellés possédants deux flagelles 

recouverts de mastignomènes* tubulaires tripartites. De nombreux Stramenopiles possèdent 

une structure en hélice au niveau du corps basal et du flagelle. La monophylie de ce groupe 

comprenant plus de 100 000 espèces est confortée par les données de phylogénie moléculaire 

(Burki 2014). Une large diversité de taxons, unicellulaires ou non, est retrouvée au sein de ce 

groupe comprenant des phototrophes (comme les diatomées) et des hétérotrophes souvent 

parasites tels que les oomycètes et les bicosoecida. Les phaeophycées, les chrysophycées, les 

synurophycées et les xanthophycées sont des groupes majoritairement photosynthétiques, 

présents dans tous les milieux terrestres mais principalement en milieu aquatique. Au sein des 

�6�W�U�D�P�H�Q�R�S�L�O�H�V�����S�O�X�V�L�H�X�U�V���J�U�R�X�S�H�V���V�R�Q�W���F�R�P�S�R�V�p�V���G�¶�X�Q�L�F�H�O�O�X�O�D�L�U�H�V���G�H���S�H�W�L�W�H���W�D�L�O�O�H�������������—�P�����W�H�O�V��

que les bolidophycées, les eustigmatophycées, les pelagophycées ou encore les 

pinguiophycées. Plus de 10 000 espèces de diatomées (Bacillariophyta) ont été décrites et 
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sont caractérisées par la présence �G�¶�X�Q�H���I�U�X�V�W�X�O�H���H�Q���V�L�O�L�F�H���O�H�X�U���F�R�Q�I�p�U�D�Q�W���X�Q�H���J�U�D�Q�G�H���S�U�R�W�H�F�W�L�R�Q����

Ces algues unicellulaires sont abondantes dans la plupart des habitats aquatiques et ont un rôle 

�L�P�S�R�U�W�D�Q�W�� �G�D�Q�V�� �O�D�� �S�U�R�G�X�F�W�L�R�Q�� �S�U�L�P�D�L�U�H�� �j�� �O�¶�p�F�K�H�O�O�H�� �S�O�D�Q�p�W�D�L�U�H���� �(�O�O�H�V�� �V�R�Q�W�� �O�D�U�J�H�P�H�Q�W�� �X�W�L�O�L�V�p�H�V��

com�P�H�� �E�L�R�L�Q�G�L�F�D�W�H�X�U�V�� �G�H�� �O�¶�p�W�D�W�� �W�U�R�S�K�L�T�X�H�� �G�H�V�� �V�\�V�W�q�P�H�V�� �D�T�X�D�W�L�T�X�H�V�� ��Battarbee et al. 2001, 

Smol 2008, Pawlowski et al. 2016). Les chrysophycées sont retrouvées dans des sols 

humides et les eaux douces. Un grand nombre de chrysophycées sont connus pour être à la 

�I�R�L�V�� �S�K�D�J�R�W�U�R�S�K�H�V�� �H�W�� �S�K�R�W�R�W�U�R�S�K�H�V���� �'�¶�D�X�W�U�H�V�� �J�U�R�X�S�H�V�� �F�R�P�P�H�� �O�H�V��actinophydra sont des 

�S�U�p�G�D�W�H�X�U�V�� �G�¶�X�Q�L�F�H�O�O�X�O�D�L�U�H�V�� �Q�R�W�D�P�P�H�Q�W�� �G�D�Q�V�� �O�H�� �S�O�D�Q�F�W�R�Q�� �G�¶�H�D�X�� �G�R�X�F�H�� �D�O�R�U�V�� �T�X�¶�X�Q�H�� �S�D�U�W�L�H�� �G�H�V��

labyrinthulobiontes et des oomycètes sont connus pour être des parasites dans les milieux 

aquatiques et terrestres. 

 

(h)  Autres groupes 

La phylogénie de certains groupes reste encore �D�X�M�R�X�U�G�¶�K�X�L�� �L�Q�F�H�U�W�D�L�Q�H�� �Q�R�W�D�P�P�H�Q�W�� �O�H�V��

cryptophytes et les haptophytes (Pawlowski 2013, Burki 2014). Environ 500 espèces 

�G�¶haptophytes sont décrites, principalement répartit au sein de deux groupes : les 

pavlophycées et les prymnésiophycées. La synapomorphie des haptophytes se caractérise par 

la �V�W�U�X�F�W�X�U�H���G�H���V�R�Q���D�S�S�D�U�H�L�O���F�L�Q�p�W�L�T�X�H���F�R�P�S�R�V�p���G�H�������I�O�D�J�H�O�O�H�V���H�W���G�¶�X�Q��haptonème (constitué de 

5-�����P�L�F�U�R�W�X�E�X�O�H�V�������&�H�W���D�S�S�D�U�H�L�O���S�H�U�P�H�W���O�D���G�p�W�H�F�W�L�R�Q���G�¶�R�E�V�W�D�F�O�Hs, la fixation et la capture de la 

proie. Bien que la majorité des haptophytes soient photosynthétiques, un certain nombre sont 

�P�L�[�R�W�U�R�S�K�H�V���� �&�H�V�� �D�O�J�X�H�V�� �S�H�X�Y�H�Q�W�� �r�W�U�H�� �j�� �O�¶�R�U�L�J�L�Q�H�� �G�H�� �E�O�R�R�P�V�� �Q�R�W�D�P�P�H�Q�W��dans le plancton 

�P�D�U�L�Q�� �H�W�� �G�¶�H�D�X�� �G�R�X�F�H�� ���H�[�H�P�S�O�H�� �G�H�� �O�¶�D�O�J�X�H��Prymnesium sp. dans le lac Texoma; Jones et al. 

2013). Les cryptophytes sont tous unicellulaires et ont acquis la photosynthèse par 

endosymbiose secondaire (avec une Rhodophyte). Ces biflagellés possèdent des  

mastignomènes tubulaires dipartites sur leurs 2 flagelles. La plupart des 200 espèces décrites 

�V�R�Q�W���S�K�R�W�R�V�\�Q�W�K�p�W�L�T�X�H�V���H�W���V�R�Q�W���U�H�W�U�R�X�Y�p�H�V���G�D�Q�V���O�H���S�O�D�Q�F�W�R�Q���P�D�U�L�Q���R�X���G�¶�H�D�X���G�R�X�F�H���H�W���G�D�Q�V���O�¶�H�D�X��

�L�Q�W�H�U�V�W�L�W�L�H�O�O�H���G�H�V���V�R�O�V�����'�¶�D�X�W�U�H�V���J�U�R�X�S�H�V���G�¶�H�X�F�D�U�\�R�W�H�V���X�Q�L�F�H�O�O�X�O�Dires ont également une position 

�S�K�\�O�R�J�p�Q�p�W�L�T�X�H�� �I�O�R�X�H�� �G�D�Q�V�� �O�¶�D�U�E�U�H�� �G�H�V�� �H�X�F�D�U�\�R�W�H�V�� �Q�R�W�D�P�P�H�Q�W�� �O�H�V��rappemonadés, les 

katablepharidés, les telonemidés, les centrohelidés et les picozoaires. 
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I.1.3.3. Rôle des micro-eucaryotes dans les réseaux trophiques pélagiques 

Les microorganismes sont des acteurs clés du fonctionnement des écosystèmes aquatiques et 

des flux en éléments et énergie inter-écosystèmes et sont donc largement impliqués dans les 

cycles biogéochimiques (Falkowski et al. 2008). Les micro-eucaryotes aquatiques constituent 

une partie importante de la diversité biologique des réseaux trophiques pélagiques (Pomeroy 

1974, Azam & Graf 1983, Amblard et al. 1998, Bertrand et al. 2011, Figure I.9). Ils sont 

notamment connus pour leur diversité fonctionnelle, couvrant une vaste palette trophique, de 

�O�D���S�K�R�W�R�W�U�R�S�K�L�H���S�X�U�H���j�� �O�¶�K�p�W�p�U�R�W�U�R�S�K�L�H���S�X�U�H (Figure I.10). Ils peuvent agir comme prédateurs 

�R�X�� �S�D�U�D�V�L�W�H�V�� �G�¶�D�X�W�U�H�V�� �X�Q�L�F�H�O�O�X�O�D�L�U�H�V�� �R�X�� �G�H�V��métazoaires (Caron et al. 1999, Sherr & Sherr 

2002, 2007, Caron et al. 2009a, 2009b, Pawlowski et al. 2012, de Vargas et al. 2015).  

 

 

Figure I.9. Schématisation des réseaux trophiques pélagiques lacustres. �/�¶�D�E�R�Q�G�D�Q�F�H���H�V�W�L�P�p�H��
des différents compartiments de la boucle microbienne est indiquée. Cette figure est issue de 
Amblard et al. (1998) redessinée par Bertrand et al. (2011).  
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Figure I.10. Assignation de rôles fonctionnels putatifs aux différents groupes de micro-
eucaryotes (modifiée à partir de Pawlowski et al. 2012). 

 

Les microbes procaryotes et eucaryotes assurent la quasi-totalité de la production de biomasse 

dans la zone pélagique des milieux aquatiques (Bertrand et al. 2011). Les espèces 

photosynthétiques (cyanobactéries et micro-algues eucaryotes) ont ainsi la capacité de 

�S�U�R�G�X�L�U�H�� �G�H�� �O�¶�R�[�\�J�q�Q�H�� �X�W�L�O�L�V�p�� �S�D�U�� �O�H�V�� �R�U�J�D�Q�L�V�P�H�V��des réseaux trophiques notamment par les 

organismes composant boucle microbienne (caractérisée par la prédation des bactéries par les 

amibes, les flagellés et les ciliés). Des interactions hôte-parasite sont également décrites au 

sein du réseau trophique microbien. Ainsi, le parasitisme du phytoplancton par des Chytrides 

a été largement étudié au cours des dernières années (Ibelings et al. 2007, Kagami et al. 2007, 

Rasconi et al. 2012). Au sein des micro-eucaryotes, les perkinsés, les bicosoecida, les 

apicomplexés et les oomycetes sont également connus pour leur capacité de parasitisme 

(Lefèvre et al. 2008, Mangot et al. 2011, Bertrand et al. 2011). Le broutage du phytoplancton 

par les protistes hétérotrophes (dont les ciliés) a été peu étudié en comparaison avec la 

prédation par le zooplancton (daphnies, copépodes). Cette interaction est pourtant connue 

depuis longtemps et était déjà intégrée dans le modèle PEG (Plankton Ecology Group) il y a 

30 ans par Sommer et al. (1986). Cette interaction a depuis été démontrée notamment chez les 

ciliés dans le cas de blooms phytoplanctoniques en eau douce (Müller 1989, Müller et al. 
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1991, Posch et al. 2015, Simek et al. 2014). La compréhension du rôle des micro-eucaryotes 

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 

�U�H�O�D�W�L�Y�H�P�H�Q�W���U�H�V�W�U�H�L�Q�W���G�¶�p�W�X�G�H�V���G�p�F�U�L�Y�D�Q�W���O�D���G�L�Y�H�U�V�L�W�p���J�p�Q�p�W�L�T�X�H���G�H�V���P�L�F�U�R-eucaryotes lacustres 

en comparaison avec les autres écosystèmes (majoritairement portant sur la santé humaine, 

animale et les écosystèmes marins, Figure I.11). Les travaux menés, dont une synthèse non 

exhaustive est présentée dans la Figure I.12, ont permis de mettre en évidence (i) une grande 

diversité génétique (intra et inter espèces) des micro-eucaryotes des lacs, (ii) la dynamique 

temporelle des communautés à différentes échelles (journalière, mensuelle, saisonnière), (iii)  

les activités biologiques de ces microbes, (iv) la dispersion des microbes inter-écosystèmes 

ainsi que (v) �O�¶�H�I�I�H�W���G�H�V���I�R�U�o�D�J�H�V���H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�X�[���H�[�W�H�U�Q�H�V�����D�M�R�X�W���G�H���Q�X�W�U�L�P�H�Q�W�V�����H�W���L�Q�W�H�U�Q�H�V��

(prédation, parasitisme) sur la diversité et la composition de ces communautés. Ainsi, la 

dynamique des communautés de  micro-eucaryotes est régulée par différents forçages 

�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�X�[���D�X���V�H�L�Q���G�X���U�p�V�H�D�X���W�U�R�S�K�L�T�X�H�����Y�D�U�L�D�W�L�R�Q�V���F�\�F�O�L�T�X�H�V���H�W���S�H�U�W�X�U�E�D�W�L�R�Q�V���G�¶�R�U�L�J�L�Q�H��

anthropique et climatique). Ces perturbations sont classiquement réparties entre des pressions 

descendantes (ou « top-down », notamment via la prédation par le zooplancton) et des 

pressions ascendantes (ou « bottom-up », via la modification temporelle des ressources 

énergétiques et nutritives bio-disponibles)���� �/�¶�D�F�W�L�R�Q�� �K�X�P�D�L�Q�H�� �S�H�X�W�� �H�[�D�F�H�U�E�H�U�� �F�H�V�� �G�H�X�[��

pressions de plusieurs façons : par une forte pression de pêche (impactant par cascade 

trophique la prédation zooplanctonique des micro-eucaryotes), la modification des teneurs en 

�Q�X�W�U�L�P�H�Q�W�V�� �G�D�Q�V�� �O�H�� �O�D�F�� �H�Q�J�H�Q�G�U�D�Q�W�� �O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q�� �H�W�� �V�H�V�� �H�I�I�H�W�V�� �V�X�U�� �O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�X��

réchauffement climatique. 

 
Figure I.11. Recherche bibliographique. Nombre de publications listées dans ISI-Web avec 
les combinaisons de mots clés suivantes: « protists » ou « microbial eukaryotes » ET « DNA » 
ET « lake » ou « ocean/marine » ou « soil » (ou rien pour la rubrique total ; par année entre 
2000 et 2015 et moyenne sur 20 ans entre 1980 et 1999) 
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Figure I.12. �/�L�V�W�H�� �Q�R�Q�� �H�[�K�D�X�V�W�L�Y�H�� �G�H�V�� �S�U�L�Q�F�L�S�D�O�H�V�� �S�X�E�O�L�F�D�W�L�R�Q�V�� �S�R�U�W�D�Q�W�� �V�X�U�� �O�¶�p�W�X�G�H�� �G�H�V��
communautés microbiennes eucaryotes lacustres utilisant des analyses de biologie 
�P�R�O�p�F�X�O�D�L�U�H���� �O�H�V�� �T�X�H�V�W�L�R�Q�V�� �G�¶�L�Q�W�p�U�r�W����les régions climatiques étudiées, les techniques 
moléculaires utilisée�V���H�W���O�¶�D�S�S�R�U�W���G�H���F�H�V���S�X�E�O�L�F�D�W�L�R�Q�V���j���O�D���F�R�P�S�U�p�K�H�Q�V�L�R�Q���G�H�V���D�V�V�H�P�E�O�D�J�H�V���G�H��
micro-eucaryotes. 
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I.1.3.4.  Etat des connaissances sur la réponse des micro-�H�X�F�D�U�\�R�W�H�V���j���O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q���H�W���D�X�[��
changements climatiques 

�%�L�H�Q�� �T�X�H�� �O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q�� �H�W�� �O�H�� �U�p�F�K�D�X�Ifement climatique soient deux facteurs connus pour 

impacter les communautés biologiques aquatiques et plus généralement le fonctionnement du 

�O�D�F�����O�¶�H�I�I�H�W���G�H���F�H�V���I�R�U�o�D�J�H�V���V�X�U���O�H�V���D�V�V�H�P�E�O�D�J�H�V���G�H���P�L�F�U�R-eucaryotes est encore peu connu. 

La plupart des études portant sur les effets de �O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q���G�H�V���O�D�F�V���V�H���V�R�Q�W���I�R�F�D�O�L�V�p�H�V���V�X�U��

les micro-algues (Jeppesen et al. 2000, Kong & Gao 2005, Paerl et al. 2011). Certains travaux 

�U�p�Y�q�O�H�Q�W�� �p�J�D�O�H�P�H�Q�W�� �O�D�� �U�p�S�R�Q�V�H�� �G�H�V�� �F�R�P�P�X�Q�D�X�W�p�V�� �E�D�F�W�p�U�L�H�Q�Q�H�V�� �P�D�U�L�Q�H�V�� �j�� �O�¶�H�Q�U�L�F�K�L�V�V�H�P�H�Q�W�� �H�Q��

nutriments (Haukka et al. 2006, Baltar et al. 2015�����Q�R�W�D�P�P�H�Q�W���P�D�U�T�X�p�H���S�D�U���O�¶�D�X�J�P�H�Qtation de 

�O�¶�D�E�R�Q�G�D�Q�F�H�� �H�W�� �G�H�� �O�D�� �S�U�R�G�X�F�W�L�R�Q�� �E�D�F�W�p�U�L�H�Q�Q�H�� ��Nogales et al. 2011). Cependant les études 

relatives aux micro-eucaryotes dans leur ensemble (hétérotrophes, phototrophes ou 

�P�L�[�R�W�U�R�S�K�H�V���� �V�R�Q�W�� �S�O�X�V�� �U�D�U�H�V���� �$�L�Q�V�L���� �O�¶�p�W�D�W�� �W�U�R�S�K�L�T�X�H�� �G�H�V�� �O�D�F�V�� �D�� �U�D�U�H�P�H�Q�W�� �p�W�p�� �P�L�V�� �H�Q�� �U�H�O�D�W�L�R�Q��

�D�Y�H�F�� �O�D�� �G�L�Y�H�U�V�L�W�p�� �D�X�� �V�H�L�Q�� �G�¶�D�V�V�H�P�E�O�D�J�H�V�� �P�L�F�U�R�E�L�H�Q�V�� �H�X�F�D�U�\�R�W�H�V�� ��Lefranc et al. 2005, Zhao et 

al. 2011) mais jamais sans prendre en compte les changements temporels de la communauté. 

De plus, bien que certains groupes de protistes sont connus pour être abondants dans les 

milieux aquatiques en conditions eutrophes tels que les chlorophytes (Naselli-Flores & 

Barone 2000, Moss et al. 2003, Soares et al. 2013), les diatomées (Battarbee 2000, Battarbee 

et al. 2002, Smol 2008, Davidson & Jeppesen 2013) ou les ciliés (Beaver & Crisman 1989, 

Kisand & Zingel 2000, Pawlowski et al. 2016)���� �O�D�� �U�p�S�R�Q�V�H�� �G�¶�X�Q�H�� �J�U�D�Q�G�H�� �S�D�U�W�L�H��des micro-

�H�X�F�D�U�\�R�W�H�V���j���O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q���H�V�W���H�Q�F�R�U�H���D�X�M�R�X�U�G�¶�K�X�L���W�R�W�D�O�H�P�H�Q�W���L�Q�F�R�Q�Q�X�H�� 

Les changements climatiques (température, précipitation�«����sont également connus pour 

impacter les communautés biologiques des milieux lacustres provoquant notamment 

�O�¶�D�S�S�D�U�L�W�L�R�Q�� �G�H�� �S�L�F�V�� �G�H�� �E�L�R�P�D�V�V�H�� �S�O�D�Q�F�W�R�Q�L�T�X�H���� �O�D�� �G�R�P�L�Q�D�Q�F�H�� �G�H�� �F�\�D�Q�R�E�D�F�W�p�U�L�H�V�� �H�W�� �G�H��

zooplanctons de petites tailles ainsi que des activités bactériennes plus élevées (Moss et al. 

2003, Mooij et al. 2005, Jeppesen et al. 2005, de Senerpont Domis et al. 2013). Mais, à 

�O�¶�L�Q�V�W�D�U�� �G�H�V�� �p�W�X�G�H�V�� �V�X�U�� �O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q���� �O�H�V�� �P�R�G�L�I�L�F�D�W�L�R�Q�V�� �G�H�V�� �D�V�V�H�P�E�O�D�J�H�V�� �F�R�Q�F�H�U�Q�H�Q�W��

quelques groupes taxonomiques (i.e. micro-algues). Les micro-eucaryotes pourraient 

également �r�W�U�H�� �L�P�S�D�F�W�p�V�� �S�D�U�� �O�H�V�� �H�I�I�H�W�V�� �G�L�U�H�F�W�V�� ���O�¶�p�O�L�P�L�Q�D�W�L�R�Q�� �G�H�V�� �Q�L�F�K�H�V�� �p�F�R�O�R�J�L�T�X�H���� �G�H�V��

processus hétérotrophes plus importants que les processus phototrophes, la sensibilité aux 

UV) et indirects (via des pressions exercées par le climat sur leurs proies et prédateurs) du 

changement climatique (Figure I.13, Caron & Hutchins 2013). Rose et al. (2009) ont 

�Q�R�W�D�P�P�H�Q�W�� �P�R�Q�W�U�p�� �T�X�H�� �O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q���G�H�� �O�D�� �W�H�P�S�p�U�D�W�X�U�H�� �G�H�� �O�D�� �P�D�V�V�H�� �G�¶�H�D�X�� �P�R�G�L�I�L�H��

�O�¶�D�E�R�Q�G�D�Q�F�H�� �H�W�� �O�D�� �F�R�P�S�R�V�L�W�L�R�Q�� �W�D�[�R�Q�R�P�L�T�X�H�� �G�X�� �P�L�F�U�R-zooplancton (notamment les ciliés et 
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dinoflagellés �K�p�W�p�U�R�W�U�R�S�K�H�V������ �F�H�V�� �F�K�D�Q�J�H�P�H�Q�W�V�� �S�R�X�Y�D�Q�W�� �V�¶�H�[�S�O�L�T�X�H�U�� �S�D�U�� �G�H�V��modifications au 

sein du phytoplancton et donc par de multiples interactions au sein du réseau trophique (Rose 

et al. 2009). 

La difficulté à déconvoluer les effets de multiples forçages sur les communautés de micro-

eucaryotes explique en grande partie le manque de co�Q�Q�D�L�V�V�D�Q�F�H�V�� �F�R�Q�F�H�U�Q�D�Q�W�� �O�¶�L�P�S�D�F�W�� �G�X��

�F�O�L�P�D�W�� �H�W�� �G�H�� �O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q�� �V�X�U�� �F�H�� �F�R�P�S�D�U�W�L�P�H�Q�W�� �G�¶�D�X�W�D�Q�W�� �S�O�X�V�� �T�X�H�� �F�H�V�� �H�I�I�H�W�V�� �S�H�X�Y�H�Q�W�� �r�W�U�H��

synergiques ou antagonistes en fonction des groupes/espèces ciblées (Anneville et al. 2004, 

Gallina et al. 2013, Rigosi et al. 2014, de Senerpont Domis et al. 2014).  De façon générale, 

�O�¶�D�X�J�P�H�Q�W�Dtion des températures dans un système eutrophisé semble exacerber les effets de 

�O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q�� ��Paerl & Huisman 2008������ �'�D�Q�V�� �O�H�� �F�D�V�� �G�¶�X�Q�� �V�\�V�W�qme en phase de re-

oligotrophisation, le réchauffement climatique pourrait freiner les effets de la re-

oligotrophisation empêchant le retour du réseau trophique à son état de pré-eutrophisation. 

 

 

Figure I.13. Schéma général de la position trophique du nano et micro-zooplancton au sein du 
réseau trophique planctonique et des effets potentiels directs et indirects des changements 
climatiques sur ces assemblages (issu de Caron & Hutchins 2013). 
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I.2.  Objectifs et stratégie des travaux de thèse 

I.2.1. Objectifs de la thèse 

�/�¶�R�E�M�H�F�W�L�I�� �S�U�L�Q�F�L�S�D�O�� �G�H�� �F�H�W�W�H�� �W�K�q�V�H�� �H�V�W�� �G�¶�D�Q�D�O�\�V�H�U�� �O�D�� �U�p�S�R�Q�V�H�� �G�H�V�� �F�R�P�P�X�Q�D�X�W�p�V�� �P�L�F�U�R�E�L�H�Q�Q�H�V��

eucaryotes aux forçages environnementaux. �/�¶�R�U�L�J�L�Q�D�O�L�W�p�� �G�H�� �F�H�V�� �W�U�D�Y�D�X�[�� �Y�L�H�Q�W�� �G�X�� �F�D�G�U�H��

�W�H�P�S�R�U�H�O���X�W�L�O�L�V�p�����S�O�X�V�L�H�X�U�V���G�L�]�D�L�Q�H�V���G�¶�D�Q�Q�p�H�V���j���S�O�X�V�L�H�X�Us millénaires) rendu accessible grâce à 

�O�¶�D�S�S�U�R�F�K�H���G�H���S�D�O�p�R�p�F�R�O�R�J�L�H���P�R�O�p�F�X�O�D�L�U�H�� La stratégie appliquée est basée sur le séquençage à 

�K�D�X�W�� �G�p�E�L�W�� �G�H�� �O�¶�$�'�1�� �V�p�G�L�P�H�Q�W�D�L�U�H�� �S�R�X�U�� �U�H�W�U�D�F�H�U�� �O�H�V�� �F�K�D�Q�J�H�P�H�Q�W�V�� �G�D�Q�V�� �O�H�V�� �F�R�P�P�X�Q�D�X�W�p�V��

microbiennes eucaryotes sur des pas de temps relativement longs���� �/�¶�D�S�S�O�L�F�D�W�L�R�Q�� �G�H�� �F�H�� �W�\�S�H��

�G�¶�D�S�S�U�R�F�K�H�����S�D�O�p�R�O�L�P�Q�R�O�R�J�L�H���P�R�O�p�F�X�O�D�L�U�H�����H�V�W���H�Q�F�R�U�H���G�D�Q�V���X�Q�H���S�K�D�V�H���G�H���G�p�Y�H�O�R�S�S�H�P�H�Q�W�����F�¶�H�V�W��

pourquoi cette thèse inclue certains travaux qui relèvent de la calibration du signal ADN 

sédimentaire. Deux principaux axes ont été développés au cours de ces travaux de thèse. 

 

I.2.1.1. Axe 1 �����&�D�O�L�E�U�D�W�L�R�Q���Y�D�O�L�G�D�W�L�R�Q���G�H���O�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H���O�¶�$�'�1���V�p�G�L�P�H�Q�W�D�L�U�H 

Une problématique importante dans les études de paléoécologie moléculaire est la pertinence 

�G�H�� �O�¶�X�W�L�O�L�V�D�W�L�R�Q�� �G�¶ADN sédimentaire comme le reflet des communautés planctoniques et 

�E�H�Q�W�K�L�T�X�H�V�� �G�H�� �O�¶�p�F�R�V�\�V�W�q�P�H���� �'�H�� �O�D�� �V�p�G�L�P�H�Q�W�D�W�L�R�Q�� �G�H�V�� �F�H�O�O�X�O�H�V�� �P�R�U�W�H�V�� �M�X�V�T�X�¶�j�� �V�R�Q��

�H�Q�I�R�X�L�V�V�H�P�H�Q�W���� �S�O�X�V�L�H�X�U�V�� �p�Y�q�Q�H�P�H�Q�W�V�� �S�H�X�Y�H�Q�W�� �H�P�S�r�F�K�H�U�� �X�Q�� �D�U�F�K�L�Y�D�J�H�� �H�I�I�L�F�D�F�H�� �G�H�� �O�¶�$�'�1��

planctonique dans les sédiments, notamment la dégradation par les microorganismes dans la 

�F�R�O�R�Q�Q�H���G�¶�H�D�X�����O�D���I�R�U�P�H���V�R�X�V���O�D�T�X�H�O�O�H���O�¶�$�'�1���D�W�W�H�L�Q�W���O�H���I�R�Q�G���G�X���O�D�F�����L�Q�W�U�D���R�X���H�[�W�U�D�F�H�O�O�X�O�D�L�U�H�����H�W��

�O�H�V�� �S�U�R�F�H�V�V�X�V�� �G�L�D�J�p�Q�p�W�L�T�X�H�V�� �S�R�X�Y�D�Q�W�� �G�p�J�U�D�G�H�U�� �O�¶�$�'�1�� �D�X�� �F�R�X�U�V�� �G�H�� �O�¶�H�Q�I�R�X�L�V�V�H�P�H�Q�W�� �G�D�Q�V�� �O�H�V��

sédiments. Alors que plusieurs études portent sur les limites et les conditions relatives à 

�O�¶�D�U�F�K�L�Y�D�J�H�� �G�H�� �O�¶�$�'�1�� �G�H�V�� �F�R�P�P�X�Q�D�X�W�p�V�� �G�H�� �O�D �P�D�V�V�H�� �G�¶�H�D�X�� �Y�H�U�V�� �O�H�V�� �V�p�G�L�P�H�Q�W�V marins 

(Corinaldesi et al. 2008, Boere et al. 2011a, Torti et al. 2015) et lacustres (Coolen & Gibson 

2009�������O�D���T�X�D�O�L�W�p���G�H���O�¶�D�U�F�K�L�Y�D�J�H���H�Q���I�R�Q�F�W�L�R�Q���G�H�V���J�U�R�X�S�H�V���W�D�[�R�Q�R�P�L�T�X�H�V���U�H�V�W�H���H�Q�F�R�U�H���j���p�W�X�G�L�H�U. 

Les travaux présentés dans les chapitres II et III apportent de nouveaux éclairages concernant 

�O�D���S�H�U�W�L�Q�H�Q�F�H���G�H���O�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H���O�¶�$�'�1���V�p�G�L�P�H�Q�W�D�L�U�H���O�D�F�X�V�W�U�H���F�R�P�P�H���U�H�I�O�H�W���G�H�V���F�R�P�P�X�Q�D�X�W�p�V��

planctoniques. 
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Chapitre II  : �(�I�I�L�F�D�F�L�W�p�� �G�¶�D�U�F�K�L�Y�D�J�H�� �G�H�� �O�¶�$�'�1�� �G�H�V�� �P�L�F�U�R�R�U�J�D�Q�L�V�P�H�V�� �H�X�F�D�U�\�R�W�H�V�� �G�H�� �O�D�� �P�D�V�V�H��

�G�¶�H�D�X���Y�H�U�V���O�H�V���V�p�G�L�P�H�Q�W�V���G�X���O�D�F���G�X���%�R�X�U�J�H�W  

Les travaux présentés dans le chapitre II ont �S�R�X�U���R�E�M�H�F�W�L�I���G�H���Y�p�U�L�I�L�H�U���O�¶�H�I�I�L�F�D�F�L�W�p���G�¶�D�U�F�K�L�Y�D�J�H��

�G�H�� �O�¶�$�'�1�� �G�H�� �P�L�F�U�R-�H�X�F�D�U�\�R�W�H�V�� �S�O�D�Q�F�W�R�Q�L�T�X�H�V�� �G�H�� �O�D�� �P�D�V�V�H�� �G�¶�H�D�X�� �Y�H�U�V�� �O�H�V�� �V�p�G�L�P�H�Q�W�V���� �/�D��

�V�W�U�D�W�p�J�L�H���G�¶�p�W�X�G�H���G�H���F�H���S�U�H�P�L�H�U���Y�R�O�H�W���H�V�W���G�H���F�R�P�S�D�U�H�U���O�H�V���L�Q�Y�H�Q�W�D�L�U�H�V���P�R�O�p�F�X�O�D�L�U�H�V�����V�p�T�X�H�Q�o�D�J�H��

�j�� �K�D�X�W�� �G�p�E�L�W���� �G�¶�$�'�1�� �H�[�W�U�D�L�W�� �G�H�� �O�D�� �P�D�V�V�H�� �G�¶�H�D�X�� �G�X�� �O�D�F du Bourget (à 2 m et 130 m) et de 

�V�p�G�L�P�H�Q�W�V�� �U�p�F�H�Q�W�V�� ���D�U�F�K�L�Y�H�V�� �G�H�V�� ������ �G�H�U�Q�L�q�U�H�V�� �D�Q�Q�p�H�V������ �/�H�V�� �p�F�K�D�Q�W�L�O�O�R�Q�V�� �G�H�� �O�D�� �P�D�V�V�H�� �G�¶�H�D�X�� �G�X��

�O�D�F���G�X���%�R�X�U�J�H�W���S�U�R�Y�L�H�Q�Q�H�Q�W���G�¶�X�Q���V�X�L�Y�L���P�R�O�p�F�X�O�D�L�U�H���G�H���O�D���F�R�P�P�X�Q�D�X�W�p���P�L�F�U�R�E�L�H�Q�Q�H���H�X�F�D�U�\�R�W�H��

(par séquençage à haut débit 454 Roche) au cours de deux ans (prélèvements mensuels). Ce 

�V�X�L�Y�L�� �V�¶�L�Q�W�q�J�U�H�� �G�D�Q�V�� �O�H�� �V�X�L�Y�L�� �G�H�� �O�¶�p�W�D�W�� �p�F�R�O�R�J�L�T�X�H�� �G�H�V�� �O�D�F�V�� �P�H�Q�p�� �S�D�U�� �O�¶�2�E�V�H�U�Y�D�W�R�L�U�H�� �G�H�V�� �O�D�F�V��

alpins (OLA; https://www6.inra.fr/soere-ola). Dans ce projet, nous 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, 

�E�D�V�p�H�� �V�X�U�� �O�¶�D�P�S�O�L�I�L�F�D�W�L�R�Q �3�&�5�� �G�¶�$�'�1�F�� ���U�p�W�U�R-�W�U�D�Q�V�F�U�L�W�V�� �j�� �S�D�U�W�L�U�� �G�¶�$�5�1���� �S�H�U�P�H�W�� �G�H�� �Y�p�U�L�I�L�H�U��

�O�¶�D�E�V�H�Q�F�H���S�U�p�V�H�Q�F�H���G�¶�D�F�W�L�Y�L�W�p���E�L�R�O�R�J�L�T�X�H���G�H���P�L�F�U�R-�H�X�F�D�U�\�R�W�H�V���G�D�Q�V���O�H�V���V�p�G�L�P�H�Q�W�V�����/�¶�H�I�I�L�F�D�F�L�W�p��

�G�¶�D�U�F�K�L�Y�D�J�H�� �G�H�� �O�¶�$�'�1�� �G�H�� �W�D�[�R�Q�V�� �S�O�D�Q�F�W�R�Q�L�T�X�H�V�� �S�H�X�W�� �D�L�Q�V�L�� �r�W�U�H�� �P�L�V�H�� �H�Q�� �p�Y�L�G�H�Q�F�H�� �S�R�X�U�� �G�H��

nombreux groupes taxonomiques et fonctionnels de micro-eucaryotes.  

Questions spécifiques : �T�X�H�O�V���W�D�[�R�Q�V���S�U�p�V�H�Q�W�V���G�D�Q�V���O�D���P�D�V�V�H���G�¶�H�D�X���j�������P���G�H���S�U�R�I�R�Q�G�H�X�U���V�R�Q�W��
également retrouvés à 130 m et par conséquent quels microbes sont les plus susceptibles 
�G�¶�D�Y�R�L�U���p�W�p���F�R�Q�V�R�P�P�p�V���O�\�V�p�V���D�X���F�R�X�U�V���G�H���O�D���V�p�G�L�P�H�Q�W�D�W�L�R�Q���G�D�Q�V���O�D���F�R�O�R�Q�Q�H���G�¶�H�D�X ? Quelle est 
la proportion de taxons planctoniques retrouvés dans les archives sédimentaires ? Certains 
groupes microbiens planctoniques sont-ils sous-représentés dans les archives sédimentaires ? 
Y a t-il des taxons actifs dans les sédiments, et si oui : sont-ils dominants dans les inventaires 
moléculaires? 
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Chapitre III  : �3�U�p�V�H�U�Y�D�W�L�R�Q���G�H���O�¶�$�'�1���V�p�G�L�P�H�Q�W�D�L�U�H���D�X���F�R�X�U�V���G�H���O�¶�H�Q�I�R�X�L�V�V�H�P�H�Q�W���U�p�F�H�Q�W 

�/�¶�R�E�M�H�F�W�L�I�� �G�H�V�� �W�U�D�Y�D�X�[���S�U�p�V�H�Q�W�p�V�� �G�D�Q�V�� �O�H�� �F�K�D�S�L�W�U�H�� �,�,�,�� �H�V�W�� �G�H�� �W�H�V�W�H�U�� �O�¶�K�\�S�R�W�K�q�V�H�� �T�X�H��

�O�¶�H�Q�I�R�X�L�V�V�H�P�H�Q�W���G�D�Q�V���O�H�V���V�p�G�L�P�H�Q�W�V���D���X�Q���L�P�S�D�F�W���V�X�U���O�D���T�X�D�Q�W�L�W�p���H�W���O�D���T�X�D�O�L�W�p���G�H���O�¶�$�'�1���D�X���F�R�X�U�V��

�G�H�V���S�U�H�P�L�q�U�H�V���D�Q�Q�p�H�V���G�¶�D�U�F�K�L�Y�D�J�H�����&�H�W�W�H���K�\�S�R�W�K�q�V�H���U�p�V�X�O�W�H���G�H���O�D���P�L�V�H���H�Q���p�Y�L�G�H�Q�F�H���S�D�U��Gälman 

et al. (2008) de la chute des teneurs en carbone et azote dans des sédiments du lac 

�1�\�O�D�Q�G�V�V�M�|�Q�� �D�X�� �F�R�X�U�V�� �G�H�� ���� �D�Q�Q�p�H�V�� �G�¶�D�U�F�K�L�Y�D�J�H�� ��Gälman et al. 2008, Rydberg & Martinez-

Cortizas 2014������ �/�¶�D�S�S�U�R�F�K�H�� �F�R�Q�V�L�V�W�H�� �j�� �F�R�P�S�D�U�H�U�� �O�H�V�� �F�D�U�D�F�W�p�U�L�V�W�L�T�X�H�V�� �S�K�\�V�L�F�R-chimiques de 

strates sédimentaires de carottes prélevées à différentes années (Figure I.14). Dans ces 

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

sur la richesse et la composition des communautés microbiennes eucaryotes). Une 

�F�R�O�O�D�E�R�U�D�W�L�R�Q�� �D�Y�H�F�� �&�K�U�L�V�W�L�D�Q�� �%�L�J�O�H�U�� �H�W�� �V�H�V�� �F�R�O�O�q�J�X�H�V�� ���8�Q�L�Y�H�U�V�L�W�p�� �G�¶�8�P�H�n, équipe de 

�S�D�O�p�R�O�L�P�Q�R�O�R�J�L�H���� �D�� �S�H�U�P�L�V�� �O�¶�D�S�S�O�L�F�D�W�L�R�Q�� �G�¶�D�Q�D�O�\�V�H�V�� �P�R�O�p�F�X�O�D�L�U�H�V�� �j�� �X�Q�H�� �F�R�O�O�H�F�W�L�R�Q�� �G�H�� �F�D�U�R�W�W�H�V��

sédimentaires unique au monde (carottes du lac Nylandssjön prélevées et conservées depuis 

plusieurs années à �± 18 °C). La stratégie de ces travaux consiste à comparer les inventaires 

moléculaires de 12 strates sédimentaires (datées entre 1973 et 2006 ; issus de séquençage 

Illumina MiSeq) provenant de deux carottes prélevées en 2007 et 2013 et conservées par 

congélation jusqu'aux analyses moléculaires (en 2014-2015).  

Questions spécifiques �����O�¶�H�Q�I�R�X�L�V�V�H�P�H�Q�W���D�X���F�R�X�U�V���G�H�V���S�U�H�P�L�q�U�H�V���D�Q�Q�p�H�V�����D-t-il un impact sur la 
�T�X�D�Q�W�L�W�p�� �G�¶�$�'�1�� �D�U�F�K�L�Y�p���� �O�D�� �U�L�F�K�H�V�V�H���� �O�D�� �F�R�P�S�R�V�L�W�L�R�Q�� �H�W�� �O�D�� �V�W�U�X�F�W�X�U�H�� �G�H�V�� �F�R�P�P�X�Q�D�X�W�p�V��
microbiennes eucaryotes? Certains groupes de micro-eucaryotes sont-ils sujets à plus de 
�P�R�G�L�I�L�F�D�W�L�R�Q�V���T�X�H���G�¶�D�X�W�U�H�V ? 
 

 

Figure I.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 rapport à la masse de sédiments secs) pour chaque varve individuelle des 10 
carottes (modifiée à partir de Gälman et al. 2008). 
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�%�L�H�Q���T�X�¶�L�O reste des aspects méthod�R�O�R�J�L�T�X�H�V�� �j�� �Y�D�O�L�G�H�U���F�R�Q�F�H�U�Q�D�Q�W���O�D�� �S�U�p�V�H�U�Y�D�W�L�R�Q�� �G�H�� �O�¶�$�'�1��

�G�D�Q�V���O�H�V���V�p�G�L�P�H�Q�W�V�����O�H���Q�L�Y�H�D�X���G�¶�D�E�R�X�W�L�V�V�H�P�H�Q�W���D�W�W�H�L�Q�W���F�R�Q�F�H�U�Q�D�Q�W���O�¶�D�S�S�O�L�F�D�W�L�R�Q���G�X���V�p�T�X�H�Q�o�D�J�H��

�j�� �K�D�X�W�� �G�p�E�L�W�� �j�� �G�H�� �O�¶�$�'�1�� �V�p�G�L�P�H�Q�W�D�L�U�H�� �S�H�U�P�H�W�� �G�H�� �G�p�S�O�R�\�H�U�� �F�H�W�W�H�� �P�p�W�K�R�G�H�� �S�R�X�U�� �H�[�S�O�R�U�H�U�� �O�H�V��

changements temporels dans les communautés microbiennes eucaryotes. 

 

I.2.1.2. Axe 2 : Dynamique temporelle des communautés microbiennes en réponse aux 
forçages environnementaux  

Alors que plusieurs études moléculaires ont mis en évidence la réponse de groupes 

�V�S�p�F�L�I�L�T�X�H�V�� �P�L�F�U�R�E�L�H�Q�V�� �D�X�[�� �I�R�U�o�D�J�H�V�� �H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�X�[�� �j�� �S�D�U�W�L�U�� �G�¶�D�U�F�K�L�Y�H�V��sédimentaires 

lacustres (Coolen et al. 2004, Domaizon et al. 2013, Hou et al. 2014, Randlett et al. 2014), il 

existe �X�Q�� �P�D�Q�T�X�H�� �G�H�� �F�R�Q�Q�D�L�V�V�D�Q�F�H�V�� �F�R�Q�F�H�U�Q�D�Q�W�� �O�¶�L�P�S�D�F�W�� �G�H�V�� �I�R�U�o�D�J�H�V�� �D�X�� �Q�L�Y�H�D�X�� �G�¶�X�Q�� �U�p�V�H�D�X��

�W�U�R�S�K�L�T�X�H���p�F�R�O�R�J�L�T�X�H�� �F�R�P�S�O�H�[�H���� �$�X�� �V�H�L�Q�� �G�¶�X�Q�� �U�p�V�H�D�X�� �W�U�R�S�K�L�T�X�H�� �O�D�F�X�V�W�U�H���� �O�H�� �F�R�P�S�D�U�W�L�P�H�Q�W��

microbien eucaryote est intéressant car il intègre de nombreux liens trophiques (proie et 

prédateur, hôte et parasite, producteurs et consommateurs de matière organique). Grâce aux 

�D�Y�D�Q�F�p�H�V���G�H�V���W�H�F�K�Q�L�T�X�H�V���G�H���E�L�R�O�R�J�L�H���P�R�O�p�F�X�O�D�L�U�H�����L�O���H�V�W���D�X�M�R�X�U�G�¶�K�X�L���S�R�V�V�L�E�O�H���G�H���F�D�U�D�F�W�p�U�L�V�H�U���O�H�V��

changements temporels de richesse et composition de ces assemblages (Mangot et al. 2013, 

Debroas et al. 2015) même sur des pas de temps très longs (Coolen et al. 2013). Les travaux 

du �V�H�F�R�Q�G�� �D�[�H�� �V�¶�L�Q�V�F�U�L�Y�H�Q�W�� �G�D�Q�V cette démarche de compréhension de la dynamique 

temporelle des assemblages biologiques et de la réponse de ces communautés aux forçages 

environnementaux. Dans ces travaux, la dynamique temporelle des communautés a été 

étudiée dans deux lacs au cours des 2200 dernières années (lacs du Bourget et Igaliku, 

chapitre IV) �H�W���� �G�H�� �I�D�o�R�Q�� �S�O�X�V�� �U�p�V�R�O�X�W�L�Y�H���� �G�D�Q�V�� �O�H�V�� �O�D�F�V�� �G�¶�$�Q�Q�H�F�\�� �H�W�� �G�X�� �%�R�X�U�J�H�W�� �D�X�� �F�R�X�U�V�� �G�X��

siècle dernier (chapitre V) permettant de révéler les effets des forçages climatiques et 

anthropiques sur des pas �G�H���W�H�P�S�V���F�R�Q�W�U�D�V�W�p�V�����/�H���S�U�H�P�L�H�U���S�U�R�M�H�W���D���S�R�X�U���E�X�W���G�¶�p�W�X�G�L�H�U���O�¶�L�P�S�D�F�W��

des fluctuations climatiques au cours des derniers 2200 ans, notamment les larges oscillations 

de température marquées par des périodes chaudes (période médiévale du 9 au 13ème siècle et 

période actuelle) et des périodes froides comme le petit âge glaciaire (au cours du 16ème 

siècle) (Büntgen et al. 2011). Le second projet vise à révéler les variations temporelles dans 

les communautés microbiennes eucaryotes sur un pas de temps plus court (100 ans) en lien 

�D�Y�H�F���O�¶�D�F�F�U�Rissement du réchauffement climatique (surtout au cours des 30 dernières années, 

Auer et al. 2007) et la modification des teneurs en phosphore dans deux lacs ayant des états 

trophiques contrastés. Le chapitre V apporte, par rapport au chapitre IV, un échantillonnage 
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plus exhaustif réalisé sur des carottes sédimentaires relativement courtes correspondant aux 

100 dernières années. 

 

Chapitre IV  : Impact des forçages environnementaux au cours des 2200 dernières années sur 

les communautés microbiennes eucaryotes des lacs du Bourget (France) et Igaliku 

(Groenland) 

La stratégie appliquée dans les travaux présentés dans �O�H���F�K�D�S�L�W�U�H���,�9���D���p�W�p���G�¶�p�W�X�G�L�H�U���O�¶�L�P�S�D�F�W��

au cours des 2200 dernières années des fluctuations climatiques et des activités humaines sur 

�O�D�� �F�R�P�P�X�Q�D�X�W�p�� �E�L�R�O�R�J�L�T�X�H�� �G�H�� �G�H�X�[�� �O�D�F�V�� �G�H�� �W�\�S�R�O�R�J�L�H�V�� �H�W�� �G�¶�K�L�V�W�R�L�U�H�V�� �K�X�P�D�L�Q�H�V�� �F�R�Q�W�U�D�V�W�p�H�V����

Alors que le lac du Bourget (grand, profond et chaud, France) a été caractérisé par la présence 

�G�¶�D�F�W�L�Y�L�W�p�V�� �K�X�P�D�L�Q�H�V�� �G�X�U�D�Q�W�� �W�R�X�W�H�� �O�D�� �S�p�U�L�R�G�H�� �p�W�X�G�L�p�H�� ���Q�R�W�D�P�P�H�Q�W�� �P�D�U�T�X�p�H�� �S�D�U�� �X�Q�H��

eutrophisation dans les années 1940s), le lac Igaliku (petit, peu profond et froid, Groenland) a 

été faiblement impacté par les activités humaines (principalement entre le 9 et le 13ème siècle 

après J.C. et au cours du siècle dernier). Les données acquises sont exploratoires car bien que 

�S�O�X�V�L�H�X�U�V�� �p�W�X�G�H�V�� �D�L�H�Q�W�� �P�R�Q�W�U�p�� �T�X�H�� �O�¶�$�'�1�� �G�H�� �O�D�� �P�D�V�V�H�� �G�¶�H�D�X�� �G�X�� �O�D�F�� �G�X�� �%�R�X�U�J�H�W�� �S�H�X�W�� �r�W�U�H��

analysé dans les archives sédimentaires récentes (100 ans ; Domaizon et al. 2013, 

Savichtcheva et al. 2015), sa présence et sa persistance au cours de plusieurs millénaires 

�Q�¶�D�Y�D�Lent jamais été étudiées pour ce lac et encore moins pour le lac Igaliku qui a pourtant 

�E�p�Q�p�I�L�F�L�p���G�H���S�O�X�V�L�H�X�U�V���p�W�X�G�H�V���S�D�O�p�R�p�F�R�O�R�J�L�T�X�H�V���V�¶�D�S�S�X�\�D�Q�W��sur des proxy classiques (Gauthier 

et al. 2010, Perren et al. 2012, Millet et al. 2014). Les questions que nous avons abordées 

dans ce chapitre sont listées ci-dessous. 

Questions spécifiques ���� �4�X�H�O�O�H�� �H�V�W�� �O�¶�L�P�S�R�U�W�D�Q�F�H�� �U�H�O�D�W�L�Y�H�� �G�H�V�� �H�I�I�H�W�V�� �G�H�V�� �I�O�X�F�W�X�D�W�L�R�Q�V��
climatiques et des activités humaines sur la dynamique temporelle des communautés de 
micro-eucaryotes lacustres au cours des dernières 2200 années ? Peut-on détecter des points 
de basculement dans les communautés en lien avec ces forçages ? Existe-t-il une réponse 
commune des communautés des deux lacs étudiés aux fluctuations climatiques ? Est-ce que 
�O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q���G�X���O�D�F���G�X���%�R�X�U�J�H�W���G�D�Q�V���O�H�V���D�Q�Q�p�H�V�����������V���D���X�Q���L�P�S�D�F�W���I�R�U�W���V�X�U���O�D���V�W�U�X�F�W�X�U�H���G�H���O�D��
communauté biologique de ce lac ? Quels groupes fonctionnels de micro-eucaryotes 
répondent à ces forçages ? 
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Chapitre V : Impact des forçages environnementaux au cours des 100 dernières années sur 
les communautés microbiennes eucaryotes �G�H�V���O�D�F�V���G�¶�$�Q�Q�H�F�\���H�W���G�X���%�R�X�U�J�H�W�����)�U�D�Q�F�H�� 

Les travaux réalisés dans le chapitre IV ont montré que �O�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q���G�X���O�D�F���G�X���%�R�X�U�J�H�W���j���O�D��

moitié du 20ème siècle a été le forçage le plus fort au cours des deux derniers millénaires pour 

�O�D�� �F�R�P�P�X�Q�D�X�W�p�� �P�L�F�U�R�E�L�H�Q�Q�H�� �H�X�F�D�U�\�R�W�H���� �$�I�L�Q�� �G�¶�p�W�X�G�L�H�U�� �S�O�X�V�� �S�U�p�F�L�V�p�P�H�Q�W�� �O�D�� �U�p�S�R�Q�V�H�� �G�H�� �F�H�W�W�H��

communauté à cette pollution des eaux et aux fluctuations climatiques récentes, les travaux 

�U�p�D�O�L�V�p�V�� �G�D�Q�V�� �O�H�� �F�K�D�S�L�W�U�H�� �9�� �V�R�Q�W�� �E�D�V�p�V�� �V�X�U�� �O�¶�p�W�X�G�H�� �G�H�� �O�D�� �G�\�Q�D�P�L�T�X�H�� �W�H�P�S�R�U�H�O�O�H au cours du 

siècle dernier de la communauté microbienne eucaryote du lac du Bourget (eutrophisation 

marquée) et du lac Annecy (peu eutrophisé). La concentration en phosphore a été reconstruite 

à partir de restes de daphnies retrouvés dans les sédiments lacustres (Berthon et al. 2014). 

Concernant les variations climatiques, alors que les précipitations ont été décrites comme non 

significativement variables dans cette éc�R�U�p�J�L�R�Q�����O�H�V���D�Q�R�P�D�O�L�H�V���G�H���W�H�P�S�p�U�D�W�X�U�H���G�H���O�¶�D�L�U����Auer 

et al. 2007) ont été utilisées comme indicateur de forçages climatiques lors de ces travaux. 

Questions spécifiques : Quels sont les changements temporels dans la richesse, la 
composition et la structure des communautés au cours des 100 dernières années ? Quel est 
�O�¶�L�P�S�D�F�W�� �G�H�V�� �I�R�U�o�D�J�H�V�� �H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�D�X�[�� ���F�O�L�P�D�W�� �H�W�� �H�X�W�U�R�S�K�L�V�D�W�L�R�Q���� �V�X�U�� �F�H�V�� �F�R�Pmunautés ? 
Quels taxons contribuent aux réarrangements dans les communautés en lien avec les 
forçages ? Peut-on détecter des réponses aux forçages au niveau des réseaux écologiques 
(réseaux de cooccurrence) ? Peut-on mettre en évidence des réponses communes aux  micro-
eucaryotes des deux lacs ?  
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I.2.2. Approche méthodologique 

Ces travaux de thèse se basent sur une approche de paléoécologie moléculaire, consistant à 

�X�W�L�O�L�V�H�U���O�¶�$�'�1���S�U�p�V�H�U�Y�p���G�D�Q�V���O�H�V���V�p�G�L�P�H�Q�W�V���O�D�F�X�V�W�U�H�V���S�R�X�U���U�H�W�U�D�F�H�U���O�H�V���F�K�D�Q�J�H�P�H�Q�W�V���W�H�P�S�R�U�H�O�V��

�G�D�Q�V�� �O�H�V�� �F�R�P�P�X�Q�D�X�W�p�V�� �E�L�R�O�R�J�L�T�X�H�V�� �G�X�� �V�\�V�W�q�P�H���� �8�Q�H�� �S�D�U�W�L�H�� �G�H�� �O�¶�$�'�1���� �H�[�W�U�D�L�W�� �j�� �S�D�U�W�L�U�� �G�H�V��

sédiments lacustres, provient des communautés pélagiques et benthiques du lac et peut être 

�X�W�L�O�L�V�p�H�� �S�R�X�U�� �U�H�W�U�D�F�H�U�� �O�H�V�� �F�K�D�Q�J�H�P�H�Q�W�V�� �G�D�Q�V�� �O�D�� �U�L�F�K�H�V�V�H���� �O�¶�D�E�R�Q�G�D�Q�F�H�� �H�W�� �O�D�� �F�R�Pposition de la 

�F�R�P�P�X�Q�D�X�W�p�� �P�L�F�U�R�E�L�H�Q�Q�H�� �O�D�F�X�V�W�U�H���� �/�H�V�� �R�X�W�L�O�V�� �G�H�� �E�L�R�O�R�J�L�H�� �P�R�O�p�F�X�O�D�L�U�H�� �D�S�S�O�L�T�X�p�V�� �j�� �O�¶�$�'�1��

sédimentaire au cours des 10 dernières années ont été majoritairement utilisés pour cibler des 

groupes spécifiques de protistes et de cyanobactéries et rarement via le séquençage à haut 

�G�p�E�L�W���G�H���O�¶�$�'�1�����S�U�L�Q�F�L�S�D�O�H�P�H�Q�W���T�3�&�5�����3�&�5-DGGE ; Coolen et al. 2004, Stoof-Leichsenring 

et al. 2012, Domaizon et al. 2013, Savichtcheva et al. 2015). Bien que de plus en plus utilisé 

dans les études de diversité microbienne, notamment concernant les protistes et les 

champignons (Taïb et al. 2013, Logares et al. 2014, Adl et al. 2014, de Vargas et al. 2015, 

Filker et al. 2016�������O�H���V�p�T�X�H�Q�o�D�J�H���j���K�D�X�W���G�p�E�L�W���G�H���O�¶�$�'�1���Q�¶�D���p�W�p���S�R�X�U���O�¶�L�Q�V�W�D�Q�W���D�S�S�O�L�T�X�p���T�X�¶�X�Q�H��

�V�H�X�O�H�� �I�R�L�V�� �V�X�U�� �O�¶�$DN sédimentaire pour étudier le plancton eucaryote via une approche 

rétrospective (Coolen et al. 2013). Compte tenu du potentiel du séquençage à haut débit 

�D�S�S�O�L�T�X�p�� �j�� �O�¶�$�'�1�� �V�p�G�L�P�H�Q�W�D�L�U�H��pour retracer la dynamique temporelle des communautés 

microbiennes eucaryotes des écosystèmes aquatiques, les travaux présentés dans ce manuscrit 

�V�R�Q�W�� �E�D�V�p�V�� �S�U�L�Q�F�L�S�D�O�H�P�H�Q�W�� �V�X�U�� �O�¶�X�W�L�O�L�V�D�W�L�R�Q�� �G�H�� �F�H�W�W�H�� �P�p�W�K�R�G�H���� �'�H�V�� �F�D�U�R�W�W�H�V�� �V�p�G�L�P�H�Q�W�D�L�U�H�V��

provenant de plusieurs lacs (en France, en Suède et au Groenland) et couvrant des cadres 

temporels contrastés (de 40 ans à 2000 ans), ont été utilisées pour répondre à des questions 

portant sur des aspects méthodologiques et écologiques (Tableau I.2). Les méthodes et 

�S�U�R�W�R�F�R�O�H�V�� �P�L�V�� �H�Q�� �°�X�Y�U�H�� �V�R�Q�W�� �G�p�W�D�L�O�O�p�V�� �G�D�Q�V�� �F�K�D�T�X�H�� �F�K�D�S�L�W�U�H�� �F�R�U�U�H�V�S�R�Q�G�D�Q�W�� �D�X�[�� �Srincipaux 

�U�p�V�X�O�W�D�W�V���D�F�T�X�L�V�����/�¶�D�S�S�U�R�F�K�H���X�W�L�O�L�V�p�H���H�V�W���G�p�F�U�L�W�H���F�L-dessous et dans la Figure I.15.  

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

Nom des carottes Lacs 

Année 
de 

prélève
ment 

Période 
temporelle 
(années) 

Questions 

LDB13-I 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/méthodologie 

Nylandssjön-2007 Nylandssjön (Suède) 2007 40 méthodologie 
Nylandssjön-2013 Nylandssjön (Suède) 2013 40 méthodologie 
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Figure I.15. Approche méthodologique appliquée dans ces travaux de thèse. 
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�&�H�� �W�U�D�Y�D�L�O�� �V�¶�D�S�S�X�L�H�� �V�X�U�� �X�Q�H�� �G�p�P�D�U�F�K�H�� �S�O�X�U�L�G�L�V�F�L�S�O�L�Q�D�L�U�H�� �P�R�E�L�O�L�V�D�Q�W�� �G�H�V�� �F�R�P�S�p�W�H�Q�F�H�V��

complémentaires notamment pour les aspects concernant les analyses sédimentologiques 

réalisées sur des carottes de références (mesure des concentrations en éléments minéraux et 

matière organique,  reconstruction des teneurs en phosphore basée sur le comptage de restes 

de diatomées ou de daphnies) et les datations (par détection de marqueurs lithologiques, 

comptage des varves quand possible et mesure des activités radionucléides). Ces analyses ont 

été réalisées au cours de la période 2009-2014 par plusieurs scientifiques des laboratoires 

EDYTEM (Bourget-du-lac), CARRTEL, Chrono-�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�����%�H�V�D�Q�o�R�Q�����H�W���G�H���O�¶�p�T�X�L�S�H���G�H��

�S�D�O�p�R�O�L�P�Q�R�O�R�J�L�H���G�H���O�¶�8�Q�L�Y�H�U�V�L�W�p���G�¶�8�P�H�n�����H�Q���6�X�q�G�H���� 

�/�H�� �F�°�X�U�� �G�H�� �F�H�V�� �W�U�D�Y�D�X�[�� �G�H�� �W�K�q�V�H�� �U�H�S�R�V�H�� �V�X�U�� �O�H�V�� �D�Q�D�O�\�V�H�V�� �P�R�O�p�F�X�O�D�L�U�H�V�� �j�� �S�D�U�W�L�U�� �G�H�V�� �D�U�F�K�L�Y�H�V 

�V�p�G�L�P�H�Q�W�D�L�U�H�V�� �H�Q�� �F�R�P�S�O�p�P�H�Q�W�� �G�X�� �F�R�U�S�X�V�� �G�¶�p�W�X�G�H�V�� �U�p�D�O�L�V�p�H�V�� �j�� �O�¶�D�L�G�H�� �G�¶�D�X�W�U�H�V�� �R�X�W�L�O�V�� �G�H��

paléoécologie (comptages des restes �G�¶�R�U�J�D�Q�L�V�P�H�V���� �O�L�S�L�G�H�V���� �Y�R�L�U��Perga et al. 2015 pour 

synthèse). Chacune des carottes sédimentaires dédiée aux analyses moléculaires est découpée 

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 moléculaires afin �G�¶éviter toute 

contamination externe (pendant le prélèvement, le stockage de la carotte à 4 °C ou la prise en 

�P�D�L�Q���G�H���O�D���F�D�U�R�W�W�H�������/�¶�$�'�1���S�U�p�V�H�Q�W���G�D�Q�V���F�K�D�T�X�H���F�R�X�F�K�H���V�p�G�L�P�H�Q�W�D�L�U�H���H�V�W���H�[�W�U�D�L�W���j���S�D�U�W�L�U���G�H����������

�J���G�H���V�p�G�L�P�H�Q�W�V���j���O�¶�D�L�G�H���G�¶�X�Q�H���P�p�W�K�R�G�H���S�H�U�P�H�W�W�D�Q�W���O�¶�H�[�W�U�D�F�W�L�R�Q���G�¶�$�'�1��intra et extra cellulaire 

(kit Macherey-Nagel, Düren, Germany). Afin de cibler les micro-eucaryotes (protistes et 

�F�K�D�P�S�L�J�Q�R�Q�V������ �O�¶amplification par PCR est réalisée sur des portions géniques retrouvées 

�G�D�Q�V�� �O�H�� �J�p�Q�R�P�H�� �G�H�� �W�R�X�V�� �O�H�V�� �H�X�F�D�U�\�R�W�H�V�� �H�W�� �G�R�Q�W�� �O�¶�D�Q�D�O�\�V�H�� �S�H�U�P�H�W�� �O�D�� �G�L�V�F�U�L�P�L�Q�D�W�L�R�Q�� �H�W��

�O�¶�D�I�I�L�O�L�D�W�L�R�Q�� �W�D�[�R�Q�R�P�L�T�X�H���� �'�D�Q�V�� �F�H�V�� �W�U�D�Y�D�X�[�� �G�H�� �W�K�q�V�H���� �O�H�V��analyses du chapitre II sont basées 

sur le séquençage à haut débit  ���P�p�W�K�R�G�H���G�H���S�\�U�R�V�p�T�X�H�Q�o�D�J�H�������������G�¶�X�Q�H���S�R�U�W�L�R�Q���J�p�Q�L�T�X�H���G�H��

���������S�E�����U�p�J�L�R�Q���9�����G�X���J�q�Q�H���F�R�G�D�Q�W���S�R�X�U���O�¶�$�5�1�U�������6�����F�D�U���O�H�V���G�R�Q�Q�p�H�V���S�U�R�Y�H�Q�D�Q�W���G�H���O�D���P�D�V�V�H��

�G�¶�H�D�X�� �R�Q�W�� �p�W�p�� �D�F�T�X�L�V�H�V�� �G�D�Q�V�� �O�H�� �F�D�G�U�H�� �G�H�� �O�¶�R�E�V�H�U�Y�D�W�R�L�U�H�� �G�H�V�� �O�D�F�V�� �S�R�X�U�� �O�H�� �V�X�L�Y�L�� �P�H�Q�V�X�H�O�� �G�H�� �O�D��

communauté microbienne eucaryote. Tous les autres travaux présentés dans cette thèse 

(chapitres III, IV et V) ont été réalisés �S�D�U���O�H�� �V�p�T�X�H�Q�o�D�J�H�� �K�D�X�W�� �G�p�E�L�W�����0�L�6�H�T�� �,�O�O�X�P�L�Q�D���� �G�¶�X�Q�H��

�S�D�U�W�L�H���G�H���O�D���U�p�J�L�R�Q���9�����G�X���J�q�Q�H���F�R�G�D�Q�W���O�¶�$�5�1�U�������6�������������S�E�������/�H���I�U�D�J�P�H�Q�W���F�L�E�O�p est plus court 

ce qui permet de retracer de �O�¶�$�'�1���S�O�X�V���D�Q�F�L�H�Q�����S�U�R�P�S�W���j���O�D���I�U�D�J�P�H�Q�W�D�W�L�R�Q���D�X���F�R�X�U�V���G�X���W�H�P�S�V��

par des processus diagénétiques dans les sédiments (voir description partie I.1.1.4). 

�/�¶�D�P�S�O�L�I�L�F�D�W�L�R�Q�� �G�H�� �O�¶�$�'�1�� �H�[�W�U�D�L�W�� �G�H�� �V�p�G�L�P�H�Q�W�V�� �G�X�� �O�D�F�� �G�X�� �%�R�X�U�J�H�W�� ���F�D�U�R�W�W�H�� �/�'�%����-1) a été 

testée sur des fragments V4 et V7 ; alors que la portion génique correspondant au fragment 
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court (260 pb) a été amplifiée à partir de sédiments correspondant à toute la période ciblée 

���H�Q�Y�L�U�R�Q�������������D�Q�V�������D�S�U�q�V�������������D�Q�V�����D�X�F�X�Q�H���D�P�S�O�L�I�L�F�D�W�L�R�Q���Q�¶�D���p�Wé détectée pour les fragments 

�O�R�Q�J�V���� �3�R�X�U�� �O�H�V�� �W�U�D�Y�D�X�[�� �S�R�U�W�D�Q�W�� �V�X�U�� �O�¶�p�F�R�O�R�J�L�H�� �G�H�V�� �O�D�F�V�� ���F�K�D�S�L�W�U�H�V�� �,�9�� �H�W�� �9���� �H�W�� �O�D�� �T�X�H�V�W�L�R�Q�� �G�H��

�O�¶�H�Q�I�R�X�L�V�V�H�P�H�Q�W�� �G�H�� �O�¶�$�'�1�� �D�X�� �F�R�X�U�V�� �G�X�� �W�H�P�S�V�� �G�D�Q�V�� �O�H�V�� �p�F�K�D�Q�W�L�O�O�R�Q�V�� �G�X�� �O�D�F�� �1�\�O�D�Q�G�V�V�M�|�Q��

���F�K�D�S�L�W�U�H�� �,�,�,������ �Q�R�X�V�� �D�Y�R�Q�V�� �F�K�R�L�V�L�� �G�¶�X�W�L�O�L�V�H�U�� �O�H��fragment court (région V7, 260 pb) pour 

�V�¶�D�V�V�X�U�H�U���G�¶�R�E�W�H�Q�L�U���X�Q�H���L�P�D�J�H��plus représentative de la communauté biologique du lac. Tout 

�D�X�� �O�R�Q�J�� �G�H�� �O�D�� �S�U�R�F�p�G�X�U�H�� �S�H�U�P�H�W�W�D�Q�W�� �G�¶�R�E�W�H�Q�L�U�� �G�H�V�� �W�D�E�O�H�V�� �G�¶�D�E�R�Q�G�D�Q�F�H�� �G�¶�2�7�8�V�� �j�� �S�D�U�W�L�U�� �G�H��

sédiments, des précautions sont mises �H�Q�� �S�O�D�F�H�� �S�R�X�U�� �V�¶�D�V�V�X�U�H�U�� �G�H�� �O�D�� �I�L�D�E�L�O�L�W�p�� �G�H�V�� �L�Q�Y�H�Q�W�D�L�U�H�V��

moléculaires obtenus notamment via �O�¶�X�W�L�O�L�V�D�W�L�R�Q���G�H���E�O�R�X�V�H�V���H�W���J�D�Q�W�V���V�W�p�U�L�O�H�V�����'�H���S�O�X�V�����O�H���V�R�X�V��

�p�F�K�D�Q�W�L�O�O�R�Q�Q�D�J�H���G�H�V���F�R�X�F�K�H�V���V�p�G�L�P�H�Q�W�D�L�U�H�V�����O�¶�H�[�W�U�D�F�W�L�R�Q���G�H���O�¶�$�'�1���H�W���O�¶�D�P�S�O�L�I�L�F�D�W�L�R�Q���3�&�5���V�R�Q�W��

des étapes réalisées dans 3 pièces différentes dédiées à chaque tâche et sous hôte à flux 

laminaire. A chaque étape, des contrôles négatifs (des tubes Eppendorf de 1.5 mL contenant 

���������—�/���G�¶�H�D�X���X�O�W�U�D���S�X�U�H�����S�H�U�P�H�W�W�H�Q�W���G�H���Y�p�U�L�I�L�H�U���O�D���S�U�p�V�H�Q�F�H���G�H���F�R�Q�W�D�P�L�Q�D�W�L�R�Q���G�H�V���p�F�K�D�Qtillons. 

En complément, deux inventaires moléculaires sont séquencés pour chaque couche 

�V�p�G�L�P�H�Q�W�D�L�U�H���F�R�U�U�H�V�S�R�Q�G�D�Q�W���j���G�H�X�[���H�[�W�U�D�F�W�L�R�Q�V���G�¶�$�'�1����Seuls les OTU présents dans les deux 

inventaires sont gardés pour les travaux portant sur les analyses écologiques �D�I�L�Q���G�¶�p�Y�L�W�H�U���X�Q��

�S�R�W�H�Q�W�L�H�O�� �E�L�D�L�V�� �O�L�p�� �j�� �O�¶�K�p�W�p�U�R�J�p�Q�p�L�W�p�� �G�H�� �O�D�� �U�p�S�D�U�W�L�W�L�R�Q�� �G�H�� �O�¶�$�'�1�� �D�X�� �V�H�L�Q�� �G�H�V�� �F�R�X�F�K�H�V��

sédimentaires (chapitres IV et V���� �H�W�� �G�H�V�� �E�L�D�L�V�� �G�¶�D�P�S�O�L�I�L�F�D�W�L�R�Q�� �S�D�U PCR. Par la suite, le 

traitement bioinformatique des données issues du séquençage à hau�W�� �G�p�E�L�W�� �S�H�U�P�H�W�� �G�¶�R�E�W�H�Q�L�U����

�S�R�X�U���F�K�D�T�X�H���F�R�X�F�K�H���V�p�G�L�P�H�Q�W�D�L�U�H���G�H�V���W�D�E�O�H�V���G�¶�D�E�R�Q�G�D�Q�F�H���G�¶�2�7�8�V�����&�H�W�W�H���p�W�D�S�H�����G�p�W�D�L�O�O�p�H���G�D�Q�V��

les chapitres correspondant aux travaux, a été réalisée par Didier Debroas au sein du 

laboratoire LMGE (Aubière). 

�'�D�Q�V�� �O�H�V�� �G�R�P�D�L�Q�H�V�� �G�H�� �O�¶�p�F�R�O�R�J�L�H�� �P�L�F�U�R�E�L�H�Q�Q�H���� �O�¶�p�F�R�O�R�J�L�H�� �W�H�P�S�R�U�H�O�O�H�� �H�W�� �O�D�� �S�D�O�p�R�p�F�R�O�R�J�L�H����

plusieurs outils/méthodes analytiques et statistiques sont utilisées pour étudier la dynamique 

des communautés et leurs réponses aux forçages environnementaux (Ramette 2007, Legendre 

& Legendre 2012, Dornelas et al. 2012, Buttigieg & Ramette 2014). Les outils utilisés dans 

�F�H�V���W�U�D�Y�D�X�[�����S�U�L�Q�F�L�S�D�O�H�P�H�Q�W���D�S�S�O�L�T�X�p�V���Y�L�D���O�H���O�R�J�L�F�L�H�O���5�����S�H�U�P�H�W�W�H�Q�W���G�¶�p�W�X�G�L�H�U :  

(i) les variations temporelles et points de basculements des indices de diversité de la 

communauté (estimateur de richesse Chao1, indice de diversité de Shannon et indice de 

�6�L�P�S�V�R�Q�����L�Q�G�L�F�H���G�¶�p�T�X�L�W�D�E�L�O�L�W�p���G�H���3�L�H�O�R�X�������&�H�V���L�Q�G�L�F�H�V���R�Q�W��été transformés pour être exprimés 

sous la forme des nombres de Hill dans les travaux du chapitre IV (Jost 2007, Gotelli & Chao 

2013, Chao et al. 2014, Hsieh et al. 2016) qui permettent une appréhension plus intuitive de la 

notion de biodiversité (�Q�R�P�E�U�H�V�� �p�T�X�L�Y�D�O�H�Q�W���G�¶�H�V�S�q�F�H�V�� �H�I�I�H�F�W�L�Y�H�V).  La  présence de points de 
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�F�K�D�Q�J�H�P�H�Q�W�V���G�D�Q�V���O�D���G�\�Q�D�P�L�T�X�H���W�H�P�S�R�U�H�O�O�H���G�H���F�H�V���L�Q�G�L�F�H�V���H�V�W���p�W�X�G�L�p�H���Y�L�D���O�¶�D�Q�D�O�\�V�H��bayesian 

change point (bcp ; Erdman & Emerson 2007������ �/�¶�D�Q�D�O�\�V�H��bcp calcule une valeur de 

probabilité de changements pour chaque paire de dates consécutives (valeurs entre 0 et 1) 

�S�H�U�P�H�W�W�D�Q�W���G�¶�H�V�W�L�P�H�U���O�D���S�U�p�V�H�Q�F�H���G�H���S�R�L�Q�W�V���G�H���F�Kangements dans la série temporelle. 

 (ii) la modification temporelle dans la structure de la communauté : dans ces travaux de 

�W�K�q�V�H���� �G�H�X�[�� �P�p�W�K�R�G�H�V�� �V�R�Q�W�� �X�W�L�O�L�V�p�H�V���� �/�D�� �S�U�H�P�L�q�U�H�� �P�p�W�K�R�G�H�� �Q�¶�L�P�S�O�L�T�X�H�� �S�D�V�� �G�H�� �F�R�Q�W�U�D�L�Q�W�H��

temporelle comme variable et se base sur le �F�D�O�F�X�O���G�H���O�¶�L�Q�G�L�F�H���G�H���G�L�V�V�L�P�L�O�D�U�L�W�p��Bray-Curtis à 

�S�D�U�W�L�U�� �G�H�V�� �G�R�Q�Q�p�H�V�� �G�¶�D�E�R�Q�G�D�Q�F�H�� �G�H�V�� �2�7�8�V�� �G�D�Q�V�� �F�K�D�T�X�H�� �p�F�K�D�Q�W�L�O�O�R�Q�� ���R�X�� �G�¶�L�Q�G�L�F�H�� �G�H��

dissimilarité de Jacard basé sur les présences/absences des OTUs). Les matrices de 

dissimilarité obtenues peuvent être visualiser sous forme de graphique à 2 axes (analyse 

nMDS) ou �V�R�X�V�� �I�R�U�P�H�� �G�¶�D�U�E�U�H�� �K�L�p�U�D�U�F�K�L�T�X�H�� �F�O�X�V�W�p�U�L�V�D�Q�W�� �O�H�V�� �p�F�K�D�Q�W�L�O�O�R�Q�V�� ��hierarchical 

clustering tree) (Oksanen et al. 2015������ �'�H�V�� �J�U�R�X�S�H�V�� �G�¶�p�F�K�Dntillons (suivant une trajectoire 

temporelle ou non) peuvent ainsi être déterminés (et confirmés par analyse statistique de type 

ANOSIM) et mettre en évidence les changements temporels abrupts dans la structure de la 

communauté. La deuxième méthode dite multivariate tree regression (MRT; �'�H�¶�D�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 des �G�R�Q�Q�p�H�V�� �G�¶�D�E�R�Q�G�D�Q�F�H�� �H�W�� �V�X�U�� �O�D�� �F�U�R�V�V-validation des résultats 

(Borcard et al. 2011). 

(iii) les réarrangements au sein de la communauté : grâce à la méthode SIMPER, il est 

possible de mettre �H�Q���p�Y�L�G�H�Q�F�H���O�D���F�R�Q�W�U�L�E�X�W�L�R�Q���G�H�V���F�K�D�Q�J�H�P�H�Q�W�V���G�¶�D�E�R�Q�G�D�Q�F�H���G�H�V���2�7�8�V���G�D�Q�V��

les réarrangements temporels de la communauté. Les réarrangements au sein de la rare 

biosphère, suspectée �G�¶�D�Y�R�L�U un rôle important dans la réponse de la communauté aux 

perturbations, sont étudiés �G�D�Q�V���F�H�V���W�U�D�Y�D�X�[���G�H���W�K�q�V�H���S�D�U���O�¶�p�W�X�G�H���G�¶�2�7�8�V���F�D�U�D�F�W�p�U�L�V�p�H�V���S�D�U���G�H��

larges oscillations au cours du temps entre des états rares et abondants (oscillating OTUs). 

(iv) les effets de forçages environnementaux sur les communautés au cours du temps  via 

�O�¶�D�Q�D�O�\�V�H�� �*�$�0�� ��generalized additive models; Hastie & Tibshirani 1986, Simpson & 

Anderson 2009, Wood 2015). Le GAM est une méthode de régression non linéaire permettant 

�G�H�� �P�R�Q�W�U�H�U�� �T�X�D�Q�G�� �O�H�� �S�U�p�G�L�F�W�H�X�U�� ���F�R�P�S�R�V�p�� �G�¶�X�Q�H�� �V�R�P�P�H�� �G�H�� �I�R�Q�F�W�L�R�Q�V��pas forcément 

paramétriques), affecte une variable réponse. Cette méthode permet de mettre en évidence la 

contribution de plusieurs facteurs de forçage à la variation temporelle dans les paramètres de 

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

spécifiques ou même de modules constituant les réseaux de cooccurrence). La figure ci-
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dessous présente le graphique illustrant la contribution de deux facteurs de forçages 

(predicteurs�����j���X�Q�H���Y�D�U�L�D�E�O�H���U�p�S�R�Q�V�H�����S�D�U���H�[�H�P�S�O�H���O�D���U�L�F�K�H�V�V�H���G�¶�X�Q�H���F�R�P�P�X�Q�D�X�W�p�������/�H�V�������W�\�S�H�V��

de contributions mis en évidence par cette figure mon�W�U�H�� �Q�R�W�D�P�P�H�Q�W�� �T�X�¶�L�O�� �H�V�W�� �S�R�V�V�L�E�O�H�� �G�H��

�K�L�p�U�D�U�F�K�L�V�H�U�� �O�¶�L�P�S�R�U�W�D�Q�F�H�� �U�H�O�D�W�L�Y�H�� �G�H�� �F�K�D�T�X�H�� �I�R�U�o�D�J�H�� �D�X�[�� �F�K�D�Q�J�H�P�H�Q�W�V�� �G�D�Q�V�� �O�D�� �U�p�S�R�Q�V�H��

variable (Figure I.16). 

 

Figure I.16. Analyses GAMs. Figure illustrant la contribution relative de deux predicteurs aux 
changements dans une variable réponse. 

 

 (v) la structuration des assemblages en réseaux de cooccurrence. Ces analyses permettent de 

�P�H�W�W�U�H���H�Q���p�Y�L�G�H�Q�F�H���G�H�V���J�U�R�X�S�H�V���G�¶�2�7�8�V���L�Q�W�H�U�F�R�Q�Q�H�F�W�p�V�����P�R�G�X�O�H�V���� �T�X�L���V�H�P�E�O�H�Q�W���r�W�U�H���F�R�U�U�p�O�ps 

au cours du temps (synchronie dans leur abondance relative), de rechercher des modules 

communs inter-écosystèmes 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 réseaux de �F�R�R�F�F�X�U�U�H�Q�F�H���j���S�D�U�W�L�U���G�H���G�R�Q�Q�p�H�V���G�¶�D�E�R�Q�G�D�Q�F�H���G�¶�2�7�8�V��

(voir synthèse de Faust & Raes 2012 et Faust et al. 2015). Dans ces travaux de thèse, la 

méthode dite WGCNA (Langfelder & Horvath 2008), est utilisé pour créer des réseaux de 

cooccurrence à partir de données temporelles comme précédemment appliquées dans 

plusieurs études �G�¶�H�F�R�O�R�J�L�H�� �P�L�F�U�R�E�L�H�Q�Q�H basées sur des données spatiales (Aylward et al. 

2015, Guidi et al. 2016, Bryant et al. 2016).   



 

47 
 

I.2.3. Structure de la thèse 

�(�Q���F�R�P�S�O�p�P�H�Q�W���G�H�V���F�K�D�S�L�W�U�H�V���G�¶�L�Q�W�U�R�G�X�F�W�L�R�Q��et de discussion (chapitres I et VI), le manuscrit 

de thèse est composé de 4 chapitres correspondant chacun à une publication scientifique 

acceptée, soumise ou en préparation. Pour les chapitres IV et V, des analyses non incorporées 

aux travaux soumis pour publication ont été ajoutées dans ce manuscrit de thèse. En 

complément, un article de synthèse �S�R�U�W�D�Q�W�� �V�X�U�� �O�¶�D�S�S�O�L�F�D�W�L�R�Q�� �G�H�V�� �P�p�W�K�R�G�H�V�� �P�R�O�p�F�X�O�D�L�U�H�V�� �H�Q��

paléolimnologie, de nouvelles opportunités pour étudier la dynamique à long terme de la 

biodiversité lacustre à été ajouté en Annexe. Ce papier est actuellement en révision dans le 

Journal of Paleolimnology (Domaizon et al. in rev). 

- le chapitre II  ���� �(�I�I�L�F�D�F�L�W�p�� �G�¶�D�U�F�K�L�Y�D�J�H�� �G�H�� �O�¶�$�'�1�� �G�H�V�� �P�L�F�U�R�R�U�J�D�Q�L�V�P�H�V�� �H�X�F�D�U�\�R�W�H�V�� �G�H�� �O�D��

�P�D�V�V�H�� �G�¶�H�D�X�� �Y�H�U�V�� �O�H�V�� �V�p�G�L�P�H�Q�W�V�� �G�X�� �O�D�F�� �G�X�� �%�R�X�U�J�H�W ; Papier accepté en 2015 dans Microbial 

Ecology 

- le chapitre III  : �3�U�p�V�H�U�Y�D�W�L�R�Q�� �G�H�� �O�¶�$�'�1�� �V�p�G�L�P�H�Q�W�D�L�U�H�� �D�X�� �F�R�X�U�V�� �G�H�� �O�¶�H�Q�I�R�X�L�V�V�H�P�H�Qt ; Papier 

en préparation ; Papier en préparation pour soumission dans Journal of Paleolimnology 

- le chapitre IV  : Impact des forçages environnementaux au cours des 2200 dernières années 

sur les communautés microbiennes eucaryotes des lacs Bourget (France) et Igaliku 

(Groenland) ; Papier  accepté dans Molecular Ecology 

- le chapitre V : Impact des forçages environnementaux au cours des 100 dernières années 

sur les communautés microbiennes eucary�R�W�H�V���G�H�V���O�D�F�V���G�¶�$�Q�Q�H�F�\���H�W���%�R�X�U�J�H�W�����)�U�D�Q�F�H�� ; Papier 

en préparation pour soumission dans Environmental Microbiology �D�X���F�R�X�U�V���G�X���P�R�L�V���G�¶�R�F�W�R�E�U�H��

2016 
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Resumé  
Les travaux présentés dans ce chapitre sont basé�V�� �V�X�U�� �O�D�� �F�R�P�S�D�U�D�L�V�R�Q�� �G�¶�L�Q�Y�H�Q�W�D�L�U�H�V��

�P�R�O�p�F�X�O�D�L�U�H�V�����S�U�R�Y�H�Q�D�Q�W���G�H���O�D���P�D�V�V�H���G�¶�H�D�X���������P���H�W�����������P�����H�W���G�H�V���V�p�G�L�P�H�Q�W�V���U�p�F�H�Q�W�V����âgés de 

moins de 60 ans) du lac du Bourget. Ces inventaires moléculaires, obtenus par le séquençage 

454 de la région V4 du gène codan�W�� �O�¶�$�5�1�U�� �����6, ont permis de révéler la bonne efficacité 

�G�¶�D�U�F�K�L�Y�D�J�H�� �G�H�� �O�¶�$�'�1�� �S�O�D�Q�F�W�R�Q�L�T�X�H�� �G�D�Q�V�� �O�H�V�� �V�p�G�L�P�H�Q�W�V�� �S�R�X�U�� �O�D�� �P�D�M�R�U�L�W�p�� �G�H�V�� �J�U�R�X�S�H�V��

�P�L�F�U�R�E�L�H�Q�V�� �H�X�F�D�U�\�R�W�H�V���� �(�Q�� �H�I�I�H�W���� �S�O�X�V�� �G�H�� ������ ���� �G�H�V�� �W�D�[�R�Q�V�� �S�U�p�V�H�Q�W�V�� �G�D�Q�V�� �O�D�� �P�D�V�V�H�� �G�¶�H�D�X�� �R�Q�W��

également été retrouvés dans les sédiments, notamment au sein de groupes photosynthétiques 

(Chlorophytes, Dinophycées, Chrysophycées), parasites (Apicomplexés, Chytrides) et 

saprotrophes (Cryptomycota). Seuls les Haptophytes et les Cryptophytes ont été identifiés 

comme des groupes moins bien archivés dans les sédiments. En complément des analyses 

�$�'�1���� �X�Q�H�� �D�Q�D�O�\�V�H�� �W�U�D�Q�V�F�U�L�S�W�R�P�L�T�X�H�� ���E�D�V�p�H�� �V�X�U�� �O�¶�$�5�1�U���� �D�� �p�W�p�� �P�H�Q�p�H ; aucune amplification 

PCR de rétro-�W�U�D�Q�V�F�U�L�W�V���G�¶�$�5�1���Q�¶�D���p�W�p���R�E�W�H�Q�X�H���G�D�Q�V���O�H�V���V�p�G�L�P�H�Q�W�V���D�X-delà des deux premiers 

cm suggérant que �O�H���V�L�J�Q�D�O���$�'�1�� �D�U�F�K�L�Y�p���G�D�Q�V���O�H�V���V�p�G�L�P�H�Q�W�V���Q�¶�H�V�W���S�D�V���E�L�D�L�V�p���S�D�U���O�D���S�U�p�V�H�Q�F�H��

�G�¶�X�Q�H���E�L�R�V�S�K�q�U�H���D�F�W�L�Y�H���H�X�F�D�U�\�R�W�H���G�D�Q�V���O�H�V���V�p�G�L�P�H�Q�W�V���G�X���O�D�F���G�X���%�R�X�U�J�H�W�� 
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II .1. Abstract 

Studies based on the coupling of a paleolimnological approach and molecular tools (e.g., 

sequencing of sedimentary DNA) present a promising opportunity to obtain long-term data on 

past lacustrine biodiversity. However, certain validations are still required, such as the 

evaluation of DNA preservation in sediments for various planktonic taxa that do not 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 (high-throughput sequencing of 18S ribosomal DNA) 

obtained from monitoring the water column with those obtained for DNA archived in the first 

30 cm of sediment. Seventy-one percent of taxonomic units found in the water samples were 

detected in sediment samples, including pigmented taxa, 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) transcripts revealed 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 inactive 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 reconstruct past diversity for numerous planktonic eukaryotic groups. 
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II. 2. Introduction  

Unicellular eukaryotes (i.e., protists) are key components of aquatic systems, mainly as 

contributors to plankton biomass and nutrient cycling (Caron et al. 2009b). 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 phagotrophic) (Richards et al. 2005, Lepère et al. 2008, Mangot et al. 2009). 

Next-generation sequencing technologies (NGS) now offer the opportunity to deeply 

investigate protist diversity in marine and freshwater environments (Amaral-Zettler et al. 

2009, Lepère et al. 2013, Mangot et al. 2013, Logares et al. 2014, Debroas et al. 2015). 

However, field surveys based on NGS tools are still rare, and when they exist, they are 

generally used for short-term studies. Such DNA surveys should be used to acquire long-term 

data to consider the dynamics of planktonic diversity on time scales that are consistent 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 long-time scales 

comes from paleolimnological approaches. Morphological remains or cysts/spores preserved 

in sediments are used as classical biomarkers to track changes in diatoms, chironomids, or 

cladocerans assemblages (Battarbee et 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, sedimentary DNA can 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 on the dynamics and diversity of various microbial 

taxa, including protistan groups (Coolen et al. 2004, Boere et al. 2009, Corinaldelsi et al. 

2011, Stoof-Leichsenring et al. 2012), cyanobacteria (Fernandez-Carazo et al. 2013, 

Savichtcheva et al. 2015), and bacteria (Coolen et al. 2008), even enabling the evaluation of 

the relative importance of global warming and eutrophication as drivers of changes in 

microbial community composition (Domaizon et al. 2013, Savichtcheva et al. 2015). 

Until now, most of these molecular paleoecological studies focused on specific taxonomic 

groups. The challenge is now to investigate a wider scope of diversity, such as protistan 

diversity, which includes a large variety of taxa and functions (Pawlowski et al. 2012). In 
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2013, Coolen et al. (2013) applied high-throughput sequencing to sedimentary DNA (454-

sequencing on 18S ribosomal RNA (rRNA) 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 diversity related to the freshwater-marine 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 

lit tle 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 archived in the sediment or the 

taxon was not present in the water column. The outcomes of the DNA-paleolimnological 

studies are likely to be impaired by variable DNA preservation among different species, as 

shown by Boere et al. (2011b) for three marine microbial groups (dinoflagellates, diatoms, 

and green-sulfur bacteria). Thus, some validations and calibrations are necessary to 

investigate the congruence between sedimentary DNA and planktonic DNA signals, 

especially since modifications or even degradation could affect planktonic DNA during 

sedimentation along the water column and/or during burial in sediments due to diagenetic 

�S�U�R�F�H�V�V�H�V�� ���'�H�O�O�¶�$�Q�Q�R��et al. 2002, Corinaldelsi et al. 2008, Boere et al. 2011a). Such 

validations require specific experimentations and in situ surveys, e.g., the use of sediment 

traps to follow the DNA signatures of planktonic taxa 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 protistan diversity detected in the water column 

(epilimnion and hypolimnion) during a 1 ½ year survey and protistan diversity retrieved from 

sediments (uppermost 30 cm of the core). This work was conducted in a deep peri-alpine lake, 

Lake Bourget. Both planktonic and sedimentary 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 are classically used as proxies of ecological 

species (Sogin et al. 2006, Shade et al. 2013 and Logares et al. 2014); however, the thresholds 

used to delineate OTUs are still under debate, and the presence of a nucleotide polymorphism 
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that could artificially increase the number of OTUs cannot be excluded. An alternative is to 

use phylogenetic trees to define PUs instead of OTUs (Taïb et al. 2013, Dunthorn et al. 2014); 

this can be performed even using NGS data (Debroas et al. 2015, Vergin et al. 2013). PUs are 

monophyletic units gathering OTUs that are 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 of the number 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 initial knowledge 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 water column tends to favor the archiving of DNA 

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

DNA to analyze long-term protistan diversity from sedimentary archives in lakes. 

 

II.3. Materials and Methods 

III.3.1. Study site 

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

147 m and is currently classified as an oligo-mesotrophic lake (Long-term Observatory of 

Alpine Lakes, INRA Thonon; http://www6.inra.fr/soere-ola). 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). 

 

II.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 depth) and 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 column. A subsample of water (2 L) was collected on 0.2-

��m pore polycarbonate filters (Millipore, Merck Millipore, Billerica, MA, USA), following 

the protocol described by Mangot et al. (2013); the filters were stored at �í80 °C 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 sedimentation (Domaizon et al. 

2013, Jenny et al. 2013). Only the center of each slice of sediment was kept for molecular 

analysis because it was preserved from any contamination due to contact with the plastic liner 

at the periphery. For each sediment stratum, an aliquot of 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 samples 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 kept at �í80 °C 

until nucleic acid extraction was performed.  

The detailed protocol for dating is available in Domaizon et al. (2013) and Jenny et al. (2013). 

The analyzed sediment core was precisely dated, both by counting visible annual layers and 

by careful correlation with a reference core that had been dated using radionuclide-based 

chronologies (210Pb and 137Cs) 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 lamina are present (i.e., since 1933 AD) (Jenny et al. 

2013, Giguet-Covex et al. 2010, Savichtcheva et al. 2015). 

 

II.3.3. Molecular Analysis 

DNA Extraction, PCR, and Pyrosequencing 

For water samples (n=30), the nucleic acid extraction method was modified from Hugoni 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 each sediment 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 period of 1 ½years) 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 lake, in recent and older periods (i.e., 2008�±2009 and 1951�±

1952); four other sediment layers were selected in between those two oligo-mesotrophic 

periods and corresponded to contrasted conditions in terms of trophic status in the lake (i.e., 

eutrophic conditions for the strata 1972�±1973 and 1969�±1970, mesotrophic to meso-eutrophic 

conditions for the strata 2003�±2004 and 2000�±2001; see Table II.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 al. (2013). Each DNA sample was individually 

PCR amplified, in duplicate 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 final 7-min extension at 72 °C. The PCR 

products were purified (UltraClean®PCR Clean-Up Kit, Mobio, Carlsbad, CA, USA) and 

quantified 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 submitted to stringent cleaning procedures: all of 

the sequences were checked against the following quality criteria: (i) no undefined bases (Ns), 

(ii) quality score �• 23 according to the PANGEA process (Giongo et al., 2010), (iii) a 

minimum sequence length of 200 bp, and (iv) no sequencing error in the forward primer. 

Putative chimeras were detected by UCHIME (Edgar et al. 2011). After the cleaning step, 

448,287 reads remained.   
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Table II.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 of the trophic state of the lake: long-
term changes in lake total phosphorus concentrations were reconstructed from a diatom-
inferred transfer function (Berthon et al., 2013) based on the identification and quantification 
of diatoms�¶��frustules preserved in sediment (all values with asterisks); total phosphorus 
concentrations for recent periods were also verified from direct measurement 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 percentages of PUs 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 with UCLUST (Edgar 2010) in order to define 

OTUs. By using FastTree (Price 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 database (Pruesse et al. 

2007) according to the following criteria: length >1200 bp, quality score > 75 %, and a pintail 

value > 50. In addition, this reference database was modified to account for 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 group that gathered close OTUs affiliated 

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

supplemental material Figure II.S1). This bioinformatics process was implemented in the 

PANAM pipeline (http://code.google.com/p/panam-phylogeneticannotation/downloads/list) 

and described in greater detail in the related paper (Taïb et al., 2013). 

RNA Preparation of DNA-Free RNA from Sediments, cDNA Synthesis, and Sequencing 
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For each sediment layer (n=30), RNA was extracted using TRI Reagent Solution (Ambion), 

according to the manufacturer�¶s instructions. All extracted RNA samples were treated with 1 

U DNase (Invitrogen) to eliminate any traces of DNA. Before PCR, DNA-free RNA samples 

were randomly transcribed into complementary DNA (cDNA) using the SuperScript III First-

Strand Synthesis System (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 min at 50 °C, and 5 min at 85 °C, followed by an RNA-removal 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 according to 

the manufacturer�¶s 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 

(Thompson et al. 1994) with the BioEdit Sequence Alignment Editor (version 7.0.5.3). The 

18S rRNA alignments were analyzed using DOTUR software (Schloss & Handelsman 2005) 

(http://schloss.micro.umass.edu/software) to determine the operational taxonomic units with a 

cutoff equal to 95 %. The taxonomic affiliation was obtained by comparison with sequences 

available in databases using the alignment search tool BLASTN (Altschul et al. 1990) from 

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

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

 

II.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 GenBank database. The assigned 

accession numbers are: KP059150 to KP059246. 
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II.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 the effect of PU relative 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 II.1. Richness (number of PUs) distribution within the different phyla in water samples 
at 2 and 130 m depth and in sediment samples 

 

Table II.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.  
 

  Phylum   
cDNA  

% reads 

unicellular eukaryotes 

Alveolata   2.0 

Ciliophora 
 

66.2 

Perkinsea 
 

1.4 

Fungi 
 

4.0 

Rhizaria 
 

0.7 

Cercozoa 
 

2.0 

Biliphyte 
 

0.7 

Chlorophyta 
 

4.8 

Eukaryota   2.0 
metazoans Copepod   16.2 
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II. 4. Results 

II.4.1. Richness and Taxonomic Composition of Unicellular Eukaryotes in Water and 
Sediments  

DNA extracted from the thirty water samples and six sediment strata was successfully 

amplified. After DNA-sequence 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) were defined (185 to 478 PUs per 

sample) (Table II.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 sediment samples (Figure 

II.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 reads (Table II.S2). The most diverse groups 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 Chao1 indices varied from 1112 to 11,762 for 

water samples and from 5441 to 8177 for sediment samples, showing the high diversity that 

could be retrieved from sediment (Table II.S1). However, the number of PUs retrieved from 

sediment, 798 PUs (4020 OTUs), was the lowest compared with the total richness found in 

water samples, 954 PUs (9972 OTUs) (Table II.1 , Table II.S1). 

Concerning RNA analysis, 18S rRNA transcripts were only recovered from the top 2 cm of 

sediment. The obtained sequences belonged mainly to Ciliophora (66 % of the sequences). 

Some reads belonging to Fungi, Chlorophyta, Perkinsea, and others were also retrieved (Table 

II.2 ). Thirty seven percent of the sequences affiliated with protistan taxa were represented by 

metopid ciliates. These dominant RNA sequences matched 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 the genera Stokesia and 

Perisincirra and were also detected in water and sediment DNA samples at low abundances 

in terms of reads number (< 0.15 % of DNA reads obtained for these two sediment layers). 

Some pigmented taxa were identified within RNA sequences, in particular a Scenedesmaceae 

taxa matching one PU detected in water and sedimentary DNA (PU_473 Scenedesmaceae 

sp.). 
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Figure II.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 
Haptophyta PUs. The graph was prepared with iTOL (Letunic & Bork 2011). Five ranges of 
abundance of reads are represented according to the bar height: 1�±10, 11�±100, 101�±1000, 
1001�±10,000, and 10,000�±100,001 reads. The colored PUs bar indicates sediment samples in 
brown�±red, and water samples in blue (2 m depth) and green (130 m depth). 
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II.4.2. Phylogenetic Diversity Archived in Sediment 

Number of Planktonic PUs Archived 

Seventy-one percent of the PUs detected in the water column was found in sedimentary DNA 

(Table II.1 ). Our results suggest that a major part of the PUs detected in the sediment 

originated from taxa living in the water column. When considering each sediment layer 

separately, the percentage of common PUs between water and sediment varied from 36 to 48 

% (Table II.1 ). A higher percentage of shared PUs was observed for both the upper sediment 

layer and the deepest of the six analyzed sediment strata (corresponding to sediment deposited 

in 2008�±2009 and 1951�±1952, respectively). Only 123 PUs found in the analyzed sediment 

layers were not detected in water samples; the taxa retrieved specifically from sediment 

belonged to various protistan groups, including photosynthetic phyla such as Viridiplantae 

(mainly represented by Chlorophyta) (Figure II.2 ). 

 
Taxonomic Groups Archived Well in Sediment 

The planktonic PUs retrieved from the sediment belonged to 71 sub-phyla. We observed high 

archiving for 50 of these subphyla because at least 60 % of their constitutive PUs was 

retrieved from the sediment. Some constituted a moderate number of PUs (less than 25 PUs in 

the water column), such as Fungi groups (Cryptomycota and Glomeromycota), Oomycetes, 

Perkinsea, and Streptophyta, and appeared to be particularly well archived in sediment (more 

than 80 % of the PUs were in sediment and the water column) (Figure II.2 , Table II.S3). 

Others were major contributors to the overall diversity in the water column (i.e., each 

subphyla comprising more than 25 PUs) and were also well preserved in sediment. This is the 

case for nine subphyla, which represented 479 PUs out of the 675 PUs shared between water 

and sediment (Table II.S3). For instance, for Cercozoa, Chlorophyta, and Dinophyceae, we 

observed that 80 % of their constitutive PUs was retrieved from sediment. The percentages for 

Apicomplexa, Bacillariophyta, Chrysophyceae, Ciliophora, and Fungi groups 

(Chytridiomycota and Dikarya) were slightly lower, with 60 to 80 % of the PUs shared 

between water and sediment (Table II.S3). 
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Figure II.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 with 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 in the water column) had a low 

number of PUs retrieved from sediment. For example, less than 25 % of the Cryptophyta and 

Haptophyta PUs from the water was detected in sediment samples. Of the 21 Cryptophyta 

PUs detected in the water column (~1.30 % of the total reads obtained for water samples), 

only 5 PUs were retrieved from sediment samples (representing 0.1 % of total reads from 

sediment samples). Among the 16 non archived PUs, 11 were well represented in terms of 

recurrence and number of reads in the water samples analyzed; for instance, PU_590 

Cryptophyta_4 was found in 22 water samples (with 887 reads) but was not retrieved from 

any of the sediment samples (Figure II.2b , Table II.S3). Only 2 of the 12 Haptophyta PUs 

found in water samples were retrieved from the analyzed sediment layers (Haptophyta PUs 

represented 0.04 and 2.28% of the total reads from sediment and water samples, respectively). 

Some Haptophyta were found with high recurrence or number of reads in water samples but 

were not detected in sediment, as for instance the Prymnesiophyte PU_1066 represented by 

3798 reads in the water samples (i.e., 1.73 % of the total reads) (Figure II.2c, Table II.S3). 

 



 

63 
 

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

High recurrence over the year and predominance, in terms of number of reads, in the water 

column are factors that could favor the archiving of PUs in sediment. We considered the 

recurrence of each PU at 2 and 130 m depth. In both cases, we observed a significantly 

positive effect of the recurrence of PUs in water on the archiving rate of PUs (i.e., presence in 

sediment and recurrence in the 6 sediment samples) (Figure II.3 ). We also detected a 

significant effect of the relative abundance of reads in water layers on their presence and 

recurrence in the sediment samples, especially for PUs originating from the 2-m water layer 

(Figure II. 3 ). 

 

II.5.  Discussion 

The present work does not attempt to precisely study sedimentation processes but rather to 

provide original results regarding common taxa (PUs) between water layers and sediment 

with the aim of providing some clues about the preservation of protistan DNA in sedimentary 

archives. For the first time, high-throughput sequencing (454-sequencing) was used to 

investigate how protistan DNA detected in the water column is preserved in sediment and, in 

particular, which planktonic PUs are represented in the sediment. 

 

I I.5.1. Overall Diversity of Protistan Taxa in Water and Sediment 

The richness distribution (numbers of PUs) in the various phyla highlights the large diversity 

of unicellular eukaryotes in analyzed samples (both water and sediment). Over the last 

decade, several papers showed that unicellular eukaryotes represent a diverse and abundant 

fraction of lacustrine plankton (Richards et al. 2005, Mangot et al. 2009, Lepère et al. 2013, 

Taïb et al. 2013). For instance, Taïb et al. (2013) showed that the Fungi, Alveolata, and 

Stramenopiles taxa were the most diverse phylogenetic groups of planktonic protists in the 

epilimnion of eight lakes (including Lake Bourget). However, the available studies have 

generally used unique sampling, while we performed repeated sampling over 15 months. The 

distribution patterns of protistan richness observed from this temporal survey were quite 

similar to those obtained by Taïb et al. (2013), including the same dominant phylogenetic 

groups for the 1077 identified PUs. In addition, our results showed that the taxonomic 

diversity found from sedimentary DNA was globally similar to those found in the water 
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samples, with a large part of the diversity associated with Alveolata, Fungi, Stramenopiles, 

Viridiplantae, and Rhizaria. 

A major part of the diversity is composed by rare PUs (778 PUs, representing less than 

0.1%of the total reads in the water column). Debates about the true nature of this rare 

biosphere are still numerous (effects of PCR artifacts, dormant cells, etc.), but recent studies 

showed that the rare OTUs and PUs actually represent a significant part of the active taxa in 

freshwater (Wilhelm et al. 2014, Debroas et al. 2015) and marine ecosystems (Logares et al. 

2014). There is no doubt that additional NGS molecular inventories based on DNA and RNA 

are still needed to provide an in-depth analysis of complex protistan assemblages, and 

multiple temporal-scale 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 most years) within the context of lake monitoring 

(Mangot et al. 2013, Nolte et al. 2010). Therefore, no direct evidence exists for changes in 

protistan assemblages occurring over longer time scales (decades, centuries). The coupling 

between paleolimnology and high-throughput sequencing should provide a key advancement 

in describing the long-term temporal dynamics of protistan diversity. 

However, some protistan taxa may live in sediments (Coolen et al. 2009), therefore the 

potential presence of an active eukaryotic biosphere in the sediment has to be considered. The 

risk of overrepresentation of DNA assigned to active taxa has to be assessed more 

particularly, because this may induce a bias in the �³�'�1�$���S�D�O�H�R�V�L�J�Q�D�O�´�� 

 

II.5.2. Active Protists Do Not Bias the Paleosignal 

We performed a parallel RNA-based 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 the absence of other methodologies to identify active microbial groups in 

molecular inventories, the use of rRNA is the best solution (e.g., Logares et al. 2014). 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 deep-sea subsurface sediments down to 37 m below the 

sea floor (Edgcomb et al. 2011, Orsi et al. 2013, Nolte et al. 2010). Here, we showed that 

active protistan taxa were retrieved only in the uppermost strata of the sediment core. While 

active bacterial and archaeal rRNA were amplified and sequenced for all the sediment 

samples in the first 30 cm (data not shown), PCR amplification of eukaryotic DNA was 
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unsuccessful in the deeper strata, suggesting that there was no or negligible eukaryotic 

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

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

Cercozoa, and Perkinsea taxa. Recently, Chambouvet et al. (2014) also reported the presence 

of ribosomally active Perkinsea in superficial marine sediments, suggesting that these taxa 

either exhibited parasitic activity in marine sediments o�U���Z�H�U�H���S�U�H�V�H�Q�W���D�V���D���³�V�H�H�G���E�D�Q�N�´���� 

In our study, the RNA signal associated with putative parasites was low, and among the 

dominant active taxa, we detected the presence of metopid ciliates, which are known to live in 

oxygen-depleted sediments (Fenchel & Finlay 1991). Other ciliates (Stokesia and 

Perisincirra) and pigmented taxa, such as Scenedesmaceae, for which RNA reads were 

detected are likely planktonic and were probably in sediment as dormant cells still producing 

RNA (Blazewicz et al. 2013). Orsi et al. (2013) suggested that rRNA associated with 

photosynthetic groups can be protected within dehydrated cellular forms, such as spores, 

cysts, and pollen, which are dormant cellular forms in lake sediments. For instance, viable 

resting cysts of dinoflagellates have been found in one-century-old sediments (Miyazono et 

al. 2012). 

From our data, we verified that the active taxa were not overrepresented in NGS data obtained 

from sedimentary DNA, confirming that these active taxa will not mask past inactive taxa in 

sedimentary DNA inventories. 

 

II.5.3. Efficiency of Planktonic DNA Archiving in Recent Sedimentary Deposits 

We found that 71 % of the PUs from the water column were detected in the sediments, 

showing great potential for the application of molecular tools to DNA archived in lake 

sediments for the reconstruction of the past protistan diversity. 

The highest similarity between the water and sediment DNA signatures was obtained from the 

oldest sediment samples analyzed (deposits from 1950 to 1951). This is consistent with what 

we know about the trophic status of the lake; the lake is currently oligo-mesotrophic, as it was 

in the early 1950s (Berthon et al. 2013, Savichtcheva et al. 2015). However, not all of the PUs 

detected in the water column were retrieved in the sediment. Indeed, we observed that the 

diversity of Cryptophyta and Haptophyta was poorly preserved. Cryptophyta were relatively 

diverse (21 PUs) and recurrent in water layers, while only 5 of those PUs were retrieved from 

sediment. Similarly, out of the 12 PUs of Haptophyta recorded in water samples, only 2 PUs 

were archived in sediment. 
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The following two main factors can explain the low efficiency of preservation: (i) degradation 

that occurs during sedimentation along the water column, due to grazing or cells�¶ lyses 

(released DNA is more easily fragmented and the short fragments were not efficiently 

amplified in our PCR reactions) and (ii) sedimentary DNA is degraded during burial in the 

�V�H�G�L�P�H�Q�W�����'�H�O�O�¶�$�Q�Q�R��et al. 2002, Corinaldelsi et al. 2008,  2011, Boere et al. 2011a). 

For both Cryptophyta and Haptophyta, we verified that the loss of diversity in archived DNA 

did not occur during sedimentation along the water column. Indeed, all Cryptophyta and 

Haptophyta PUs occurring at 2 m depth were also retrieved at 130 m depth, showing that the 

loss of diversity primarily occurred at the sediment interface and during burial (after 

deposition on sediment). 

The way DNA arrives on sediments directly influences the efficiency of preservation during 

burial; DNA can be protected in intact cells or, in contrast, can be rapidly released as 

extracellular DNA, which is more prone to fragmentation/degradation (Corinaldelsi et al. 

2011). A key parameter of the preservation of cells and DNA during burial in sediment is 

linked to the morphological 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 (Boere et al. 2009). 

From our data, we could not efficiently study the link between preservation rates in sediment 

and the morphological features of the PUs because a large number of PUs were not precisely 

characterized (morphology, ability to produce cysts, etc.). We can, however, mention that 

Cryptophyta cells are known to be quite fragile because their simple membranes may be 

easily disrupted, and this may influence the level of preservation of their DNA in sediment. 

As for Haptophyta, since DNA sequences were recovered in very ancient sediments (Lake 

Ace from Antarctica, up to 10,450 years old; Lake Van from Turkey, over 270,000 years) 

(Coolen et al. 2004, Randlett et al. 2014), it is rather clear that Haptophyta DNA can be 

preserved in the paleosignal, as already shown by Coolen et al. (2013); however, our data 

suggest that some taxa within Haptophyta may be less well preserved, inducing a potential 

bias in the estimation of their taxonomic richness. 

The conclusions regarding these missing taxa must be tempered in view of the depth of the 

sequencing effort we applied. Our observations suggest that high recurrence and abundance of 

protistan taxa in the water column could represent favorable factors for archiving in sediment. 

We detected a positive link between the recurrence and abundance of PUs in the water and 

their presence in sedimentary DNA, implying that rare taxa are not easily found in 

sedimentary DNA; this is probably particularly true when the sequencing effort is moderate. 
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We assume that a larger proportion of the rare taxa (rare in water) could have been detected in 

the sediments if the sequencing depth was higher; this includes Haptophyta and Cryptophyta, 

which were not dominant in the water column. The 71 % recovery of PUs may have been 

higher if ultra high-throughput sequencing (Illumina MiSeq, for instance) had been used 

instead of 454 pyrosequencing. In addition the limited amount of sediment used in our study 

(3 replicates of 1 g for each sediment layer, with pooled DNA extracts) could also explain that 

the rarest taxa were incompletely detected, we cannot exclude that a larger amount of 

sediment or separated analyses of replicated DNA extractions may have improved the 

detection of rarest taxa as suggested by Billard et al. (2015). 

This work provides some clues regarding 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 studies 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 as Chytridiomycota, etc.) opens up new avenues of research in paleolimnology. A view 

of such large biodiversity offers, for instance, opportunities to analyze ecological networks as 

it was recently done for modern microbial assemblages (Barberán et al. 2012, Chow et al. 

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

environmental forcing factors (Coolen et al. 2013). 
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II.6 . Supporting information  

Figure II.S1. Supporting information presenting the flow chart for bioinformatic analyses 
using PANAM pipeline (Taïb et al., 2013), figure modified from Debroas et al. (2015). 1- Cleaning 
procedure as described in material and methods section (reference for PANGEA: Giongo et al. 2010). 2- 
Clustering reads into OTUs with a cut-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, containing the reads and their 5 best hits, assigned to one of the 25 specific monophyletic groups 
among the Eukaryota. 4- After reads have been assigned to phyletic groups, they are aligned to the reference 
sequences of the corresponding profile alignment for that group using hmmalign from the HMMER package 
(Edgar 2010). 5- Using FastTree (Price et al. 2010), a bootstrapped phylogenetic tree (100 iterations) is built for 
each phyletic profile, including OTUs associated with their 5 best hits and the reference sequences in the profile. 
6- Two methods for taxonomy assessment are implemented: lowest common ancestor (LCA) and nearest 
neighbor (NN) (Paradis et al. 2004; Kembel et al. 2010). 7- Simplified representation of 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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Table II.S1. Number of sequences, OTUs, PUs, and values of Chao index associated to each 
sample.  

Water samples Sampling Date Depth (m) #Sequences #OTUs #PUs Chao1 
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 
I2m 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 
O2m 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 
I130m 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 
O130m September 2012 130 10299 1575 329 4996 

       
Sediment  samples Dated strata Depth (cm) #Sequences #OTUs #PUs Chao1 

S2009 2008-2009 1 15903 2536 476 7035 
S2003 2003-2004 3 16141 2509 426 7738 
S2000 2000-2001 4 12188 1754 349 5441 
S1972 1972-1973 20 18001 2493 355 8110 
S1969 1969-1970 21 19132 2465 413 7892 
S1951 1951-1952 27 22226 2801 478 8177 
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Table II.S2. Number of reads obtained for the different phyla in water at 2 m and 130 m depth 
and in sediment samples. 

Phylum Water 
2m depth 

Water 
130m depth 

Sediments 
 

Alveolata 35841 68668 34639 
Amoebozoa 1753 15020 246 
Cryptophyta 1085 1776 70 
Euglenozoa 420 121 67 
Fornicata 690 1523 502 

Haptophyceae 3858 1143 29 
Heterolobosea 17 23 17 
Opisthokonta 14295 18661 15545 
Parabasalia 38 40 29 

Rhizaria 5281 5127 4117 
Rhodophytes 16 4 2 
Stramenopiles 14559 12168 6947 
Viridiplantae 12580 4847 11149 

Sum 90433 129121 73359 
 

Table II.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, (D- E) 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 
������ �V�S�H�F�L�I�L�F�� �3�8�V������ �D�Q�G�� �W�K�H�� �S�H�U�F�H�Q�W�D�J�H�� �R�I�� �W�K�H�V�H�� �µ�S�H�U�L�R�G-�V�S�H�F�L�I�L�F�¶�� �3�8�V�� �� �W�K�D�W�� �L�V�� �U�H�W�U�L�H�Y�H�G�� �L�Q��
sediment. Uncult: uncultured ES: environmental samples  
 

Taxonomic 
groups  

(A) 
All 

samples 
#PUs 

(B) 
Sediments 
all #PUs 

(C) Water all (D) 2m depth ( E)130m depth 

#PUs 

% PUs 
retrieved 

in 
sediments 

#PUs specific 
#PUs   

% PUs 
retrieved 

in 
sediments 

#PUs specific 
#PUs   

% PUs 
retrieved in 
sediments 

Alveolata 303 232 270 74 223 36 69 234 47 53 
Amoebozoa 19 12 17 59 13 0 Ø 17 4 25 
Cryptophyta 22 6 21 24 19 0 Ø 21 2 50 
Euglenozoa 5 4 5 80 4 0 Ø 5 1 0 
Fornicata 3 3 3 100 3 0 Ø 3 0 Ø 

Haptophyceae 12 2 12 17 9 1 0 11 3 0 
Heterolobosea 3 2 3 67 1 0 Ø 3 2 50 
Opisthokonta 337 246 302 70 236 55 79 274 127 56 
Parabasalia 3 3 3 100 2 0 Ø 3 1 100 

Rhizaria 59 50 53 83 43 2 50 51 10 50 
Rhodophytes 2 2 2 100 2 0 Ø 2 0 Ø 
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 

 �/�¶�R�E�M�H�F�W�L�I���G�H���F�H�V���W�U�D�Y�D�X�[���H�V�W���G�¶�H�V�W�L�P�H�U���O�¶�L�P�S�D�F�W���G�H���O�D���G�L�D�J�p�Q�q�V�H���S�U�p�F�R�F�H���V�X�U���O�D���T�X�D�Q�W�L�W�p���H�W���O�D��

qualité du signal ADN et plus particulièrement sur la richesse, la composition et la structure 

des communautés microbiennes eucaryotes. �/�D�� �V�W�U�D�W�p�J�L�H�� �G�¶�p�W�X�G�H�� �D�� �p�W�p�� �G�H comparer les 

inventaires moléculaires de 12 strates sédimentaires (datées entre 1973 et 2006) provenant de 

deux carottes annuellement varvées qui ont été prélevées dans le lac Nylandssjön à 6 années 

�G�¶�L�Q�W�H�U�Y�D�O�O�H����2007 et 2013). Les principaux résultats issus du séquençage de la région V7 du 

�J�q�Q�H���F�R�G�D�Q�W���O�¶�$�5�1�U�������6 �R�Q�W���P�R�Q�W�U�p���T�X�H���O�D���T�X�D�Q�W�L�W�p���G�¶�$�'�1���H�[�W�U�D�L�W���G�H�V���Y�D�U�Y�H�V���V�p�G�L�P�H�Q�W�D�L�U�H�V����

la richesse totale et la diversité (indices de Shannon, Simpson, équitabilité) de la communauté 

microbienne eucaryote �Q�¶�R�Q�W�� �S�D�V�� �p�W�p�� �V�L�J�Q�L�I�L�F�D�W�L�Y�H�P�H�Q�W�� �P�R�G�L�I�L�p�H�V au cours des 6 années 

�G�¶�H�Q�I�R�X�L�V�V�H�P�H�Q�W���� �3�D�U�� �D�L�O�O�H�X�U�V����les dynamiques temporelles des communautés de micro-

eucaryotes obtenues à partir des inventaires moléculaires des 2 carottes sédimentaires sont 

�F�R�Q�J�U�X�H�Q�W�H�V���� �/�¶�D�Q�D�O�\�V�H���P�H�Q�p�H���V�X�U���O�H�V���G�L�I�I�p�U�H�Q�W�V���G�H���P�L�F�U�R�E�H�V���H�X�F�D�U�\�R�W�H�V���D���P�R�Q�W�U�p���T�X�H���V�H�X�O���O�H��

groupe des Champignons présente des différences significatives entre les 2 carottes, avec une 

modification significative à la fois de leur proportion en nombre de séquences ADN et de leur 
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richesse. Ces variations peuvent être liées à des processus diagénétiques, la variabilité spatiale 

entre les deux carottes et également à la p�U�p�V�H�Q�F�H�� �G�¶�X�Q�H�� �E�L�R�V�S�K�q�U�H�� �I�R�Q�J�L�T�X�H�� �D�F�W�L�Y�H�� �Gans ces 

sédiments superficiels. Les Champignons représentant un part mineure de la communauté 

eucaryote (en proportion relative et richesse), ces variations sont peu impactantes au niveau 

de la communauté eucaryote �J�O�R�E�D�O�H���� �(�Q�I�L�Q���� �O�¶�D�Q�D�O�\�V�H�� �G�H�� �G�L�V�V�L�P�L�O�D�U�L�W�p�� �E�D�V�p�H�� �V�X�U�� �O�H�V��

proportions relatives des OTUs montre que le signal ADN obtenu pour les deux carottes est 

très comparable et semble stabilisé pour toutes les strates âgées de plus de 15 ans ; toutefois 

on détecte une variation dans les proportions relatives de certains OTUs (Chlorophyta, 

unclassified Stramenopiles et Alveolata, Champignons) pour les strates les plus récentes. Ce 

résultat suggère un potentiel effet des processus diagénétiques dans les 7 premiers cm de ces 

sédiments.  
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III.1. Abstract 

 
Paleogenetics provides a powerful framework to reconstruct the long-term temporal dynamics 

of various biological groups from aquatic sediments. However, validations are still required to 

ensure the authenticity of the molecular signal obtained from sedimentary DNA. In this 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 spatial heterogeneity 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 archiving. No significant 

difference was detected between the molecular inventories obtained for the two cores both for 

total richness (number of OTUS, Chao estimator), diversity indices (Shannon and Simpson 

indices) and evenness values (Pielou index). Moreover, the temporal dynamics of 

communities (as revealed by nMDS analysis) obtained for the two cores were congruent, 

showing no distorted picture of the community from one core to another.  Though most of the 

eukaryotic groups showed no significant difference in terms of richness and relative 

proportion according to the core, only fungi were 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 sediment 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 Stramenopiles and Alveolata, Fungi). This suggests that 

diagenetic processes might affect molecular inventories more particularly in the uppermost 

sediment layers.  

 

III.2. Introduction  

Paleogenetics studies have recently revealed the potential of the DNA preserved in lacustrine 

sediments to reconstruct the temporal dynamics of biological communities at long time scales 

(centennial to millennial) (e.g. Domaizon et al. 2013, Savichtcheva et al. 2014, Epp et al. 

2011, 2015, Stoof-Leichsenring et al. 2012, 2015, Kyle et al. 2015a, 2015b, Capo et al. 2015, 
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in press). The expansion of paleolimnology to include DNA-based approaches on a more 

routine basis has the potential to challenge existing limits within this scientific field. In 

particular the ability to reconstruct a large variety of past eukaryotic groups such as 

Chlorophyta, Haptophyceae, Ciliophora, Cercozoa that were not previously considered in 

lacustrine sediment record analyses, opens up many new opportunities for the reconstruction 

of taxa that do not leave distinct morphological fossils. For instance more than 10 thousands 

of OTUs distributed within 50 phylogenetic groups were found from dated sediment of lakes 

Bourget (France) and Igaliku (Greenland) (Capo et al. in press). These results allowed 

illustrating long-term 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, and parasites. 

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 extent to which DNA is preserved 

in sediment and the factors and the conditions that control its preservation (e.g. �'�H�O�O�¶�$�Q�Q�R��et 

al. 2002). Anoxic conditions, absence of bioturbation, and low temperature are among the 

most crucial factors promoting DNA preservation (Coolen & Gibson 2009, Boere et al. 

2011a). Despite these advances in understanding, there is no systematic study that has 

quantified the degree to which DNA preservation is optimized in sediment (either in the field 

or in the lab) especially considering the diverse origins 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) during sedimentation in the 

water column, (ii) after deposition at the sediment interface and during burying in the 

�V�H�G�L�P�H�Q�W�V�� ���'�H�O�O�¶�$�Q�Q�R��et al. 2002, �'�H�O�O�¶�$�Q�Q�R�� �	�� �&�R�U�L�Q�D�O�G�H�V�L�� ��������, Corinaldelsi et al. 2008, 

2011, Torti et al. 2015). Most of studies about the DNA preservation in sediments were 

focused on the degradation of extracellular DNA, these studies showed that the decays of 

DNA in sediments (degradation of nucleotidic acids and fragmentation of DNA sequences) 

occurred at long �±term time scale (Torti et al. 2015). A high fragmentation of microbial 

eukaryotic DNA was for instance detected in 2700 years-old marine sediments Boere et al. 

(2011a) and Kirkpatrick et al. (2016) reported that chloroplastic DNA declines after 100 000 

years in marine sediments. 
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However, there is still a lack of knowledge about the effect of early diagenetic processes (first 

years of archiving) on the DNA signal, in particular regarding the potential differential 

preservation of the large diversity of eukaryotic taxa and the subsequent impact on the 

relevance of molecular inventories produced from sedimentary DNA. Early sedimentary 

diagenesis has been studied in laboratory incubation experiments and in situ using sediment 

traps, but never targeting DNA. Laboratory experiments applied to estimate the decay of algal 

(eukaryotic) material have reported high variability in organic matter decay rates according to 

the algal material, incubation temperatures and the decay models used (Lehmann et al. 2002). 

A few studies have also compared lake sediment cores taken on different dates, in this case 

between-core differences were used to estimate declines in carbon and nitrogen rates during 

the first years of burying in the sediment of shallow lakes (Nylandssjön, Sweden; Gälman et 

al. 2008, Rydberg & Martinez-Cortizas �������������� �7�K�L�V���µ�µ�U�H�S�H�D�W-�F�R�U�L�Q�J�¶�¶���D�S�S�Uoach demonstrated 

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 period (Gälman et al. 2006, 2008, 2009a, 2009b, 

Rydberg et al. 2008, Maier et 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 (Nylandssjön, Sweden, 

Gälman et al. 2008). In the same lake, Maier et al (2013) confirmed that compaction rate was 

greatest during the first few years after deposition, with varve thickness decreasing by 60 % 

after 5 years (sediment depth 5 cm). Diagenetic organic matter transformations at the 

oxic/anoxic interface in aquatic sediments are indeed known to occur within the first cm of 

sediment where organic compounds and associated nutrients are mineralized through 

heterotrophic decomposition. Depending on the environmental characteristics of each lake, 

the active zone of microbial decomposition varied (notably in relation with oxygen 

penetration depths in sediments, from millimeters in productive hypoxic systems to cm or dm 

scales in oligotrophic oxygenated systems, Kristensen 2000) and have serious implications for 

the rates of organic matter diagenesis in sediments. 

In the present study, we used 2 cores collected from Nylandssjön, which has distinctly 

annually laminated sediments (Renberg 1986). The cores were sampled with a time lag of 6 

years, in 2007 and 2013, and stored intact in a freezer room from coring until they were sub-

sampled and analysed. The collection cores from this lake was previously used to test the 

stability of various elements during sediment diagenesis: total carbon and nitrogen and their 
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stable isotopes (Gälman et al. 2008, 2009a), iron and sulfur (Gälman et al. 2009b), mercury 

and methyl-mercury (Rydberg et al. 2008), and sediment compaction (Maier et al. 2013). The 

aim was here to study the effect of early diagenesis on DNA and how this impacts the 

molecular inventory obtained for microbial eukaryotes. The influence of diagenetic processes, 

occurring during this 6 years time lag, were followed on 12 sediment strata which were 

selected in a time window of 40 years. The comparison between the 2 cores allowed us to 

determine (i) if  the DNA quantity of individual varves changed with time (6 years apart) (ii) if 

the richness, the composition and the structure of microbial eukaryotes communities varied 

under the effect of early diagenesis (iii) if the response to diagenesis was group dependent, i.e. 

differential preservation according to the taxonomic groups.   

 

III.3. Material s & Methods 

III.3.1. Study site and sediment sampling  

Nylandssjön (62_570N, 18_170E) is a circum-neutral, mesotrophic, and dimictic lake that 

preserves distinct annual sediment laminations, or varves (Renberg 1986, Gälman et al. 2006, 

Maier et al. 2013). It is a headwater lake located 34 m above sea level, with an area of 0.28 

km2 and a catchment of 0.95 km2. At 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 late winter in 2007 (core C) and 2013 

(core C+6) using a freeze corer (Renberg 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 sampling. Unlike 

common lake sediments, which are mixed and require dating by radiometric methods that 

involve a degree of uncertainty, the varves provide an accurate timescale. The two sediment 

cores were manually sub-sectioned into annual samples along the black winter layer using a 

steel scalpel and a magnifying lamp (Renberg 1981) and following the required 

methodological precautions to ensure the non-contamination by modern DNA (sterile 

disposable labware, at -18°C). For each core (C and C+6), 12 varves dated in 1973, 1976, 

1979, 1982, 1985, 1988, 2000, 2003 and 2006 were then selected for further analyzes. 
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III.3.2. Molecular data  

For each sample (12 from core C and 12 from core C+6), two DNA extractions were 

performed on 0.5 g of wet sediment by using the NucleoSpin® Soil kit according to the 

manufacturer instructions (Macherey-Nagel, Düren, Germany). The concentration of bulk 

DNA was estimated using a Nanodrop ND-1000 Spectrophotometer (Thermo Scientific, 

Wilmington, DE, USA). The V7 region of 18S rRNA gene was PCR amplified by targeting a 

260 bp long fragment, from c.a. 25 ng of environmental DNA extract for each sample and 

�X�V�L�Q�J���W�K�H���J�H�Q�H�U�D�O���H�X�N�D�U�\�R�W�L�F���S�U�L�P�H�U�V���������I�������¶-GGCTTAATTTGACTCAACRCG-���¶�������*�D�V�W��et 

al. ������������ �D�Q�G�� �1�6�5���������� �����¶-GGGCATCACAGACCTGTTAT-���¶���� ���9�D�Q�� �G�H�� �3�H�H�U��et al. 2000). 

Each PCR was performed in duplicate in a total volume of 25 ��l containing 3µl of 10X NH4 

reaction buffer, 1.2 µl of 50 mM MgCl2 solution, 0.25 µl of BioTaq (Bioline), 0.24 µl of 10 

mM dNTP, 0.36 µl of 0.5 µg/µl BSA and 1 µl 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 final 10-

min extension at 72 °C. The two PCR products obtained for a given DNA extract were pooled 

and purified using IllustraTM GFXTM PCR DNA and Gel Band Purification Kit (GE 

Healthcare Life Sciences, Velizy Villacoublay, France) and quantified using Quant-it 

PicoGreen kit (Invitrogen, Carlsbad, CA, USA) on a �)�O�X�R�U�R�V�N�D�Q�� �$�V�F�H�Q�W�Œ�� �)�/��

(ThermoLabsystems, Beverly, MA, USA). Finally, the 48 purified amplicons (12 samples per 

core, each treated in duplicates) were pooled at equimolar concentrations and sent to Fasteris 

SA (Geneva, Switzerland) for library preparation and paired-end (2 x 250 bp) sequencing on a 

MiSeq Illumina instrument (San Diego, CA, USA).  

All laboratory procedures (sub-sampling, DNA extraction, PCR amplifications) were carried 

out in a dedicated laboratory, following strict precautions to ensure the authenticity of the 

results including the work in sterile conditions the use of blanks during the sub-sampling step 

(opened tube containing ultrapure water in order to detect any aerial contamination, DNA 

extraction and PCR amplification (tube with ultrapure water). 

 

III.3.3. Bioinformatics and statistical analysis 

The paired-end reads were merged together using UPARSE tools (option -fastq_mergepairs 

with a minimal overlap equal to 150 and no mismatch allowed) (Edgar, 2013) allowing to 

obtain 4 496 749 raw sequences. These sequences were then submitted to three cleaning 

procedures: (i) no undefined bases (Ns), (ii) a minimum sequence length of 200 bp, and (iii) 
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no sequencing error in the forward and reverse primers. Putative chimeras were detected by 

UCHIME (Edgar et 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 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 (Edgar 2013) to obtain the seed OTUs (option -

cluster_fast). The delineating of the similarity threshold was chosen following the 

recommendations from Mangot et al. (2013) who estimated the errors during PCR and 

sequencing by introducing an internal 18S standard (a unique alien DNA sequence) and 

demonstrated that 95 % was a relevant cut-off threshold for OTUs delineation allowing to 

limit the artificial inflation of OTUs number.  In addition, this threshold was verified by 

sequencing a mock community in the same experimental conditions (primers, sequencing 

platform and bioinformatics pipelines); as reported in Capo et al. (in press), we obtained 16 

OTUs from the 16 species of the mock community when applying the 95% threshold . The 

taxonomic 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 lacustrine DNA 

sequences originating from various studies on lacustrine systems (Lefranc et al. 2005, Lepère 

et al. 2006, 2008, Mangot et al. 2013). The taxonomy of an OTU corresponded to the best hit 

given by the similarity search. 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 

(Lefranc et al. 2005, Lepère et al. 2006, 2008, Mangot 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 the basis of trophic networks). After these different steps 

(cleaning, clustering and taxonomic affiliation), 2 119 423 DNA sequences were clustered in 

17 428 OTUs classified as microbial eukaryotes. For the further analyzes, the 48 molecular 

inventories were normalized at 5,497 reads. The data (demultiplexed sequences) will be 

deposited in the Dryad Digital Repository (http://datadryad.org/). 

 



 

79 
 

III.3.4. Data treatment and statistical analyses 

Richness (Chao1), diversity (Shannon, Simpson) and evenness (Pielou) indices were 

computed from the OTUs table separately for each sediment layer using the R package 

�³�Y�H�J�D�Q�´�� ���2�N�V�D�Q�H�Q��et al. 2015). ANOVA analysis and t-test were used to test the difference 

between the two cores in terms of 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 each taxonomic groups (ii) and at the OTU level, 

on the values of dissimilarity obtained for Bray-Curtis index (considering the relative 

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

A hierarchical clustering tree was realized based on the dissimilarity matrices using the hclust 

�I�X�Q�F�W�L�R�Q�� �I�U�R�P�� �W�K�H�� �5�� �S�D�F�N�D�J�H�� �³�Y�H�J�D�Q�´�� ���2�N�V�D�Q�H�Q��et al., 2015). To identify the OTUs that 

contributed to the dissimilarity between the molecular inventories obtained for the two cores 

(dissimilarity betw�H�H�Q���µ�&�¶���V�D�P�S�O�H�V���D�Q�G���µ�&�����¶���V�D�P�S�O�H�V���� �L���H�����L�Q�W�H�U-core comparison), SIMPER 

analyzes were conducted using PAST v.2.11 (Hammer et al. 2001).  

Finally the community structures obtained respectively for the cores C and C+6 were 

compared using the Procrustean analysis (PROTEST software package - PROcrustean 

randomization test). Procrustean analyses superimpose, scale and rotate one data matrix upon 

the other until an optimal fit is found (Jackson & Harvey 1993, Peres-Neto & Jackson 2001). 

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

significance of the Procrustean fit between the two matrices (Peres-Neto & Jackson 2001). 
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Figure III.1. Experimental procedure used in the present study. 
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III.4. Results 

Two DNA extractions were performed from each sediment sample (the replicates are named 

R1 and R2 for the core C, and R3 and R4 for the core C+6). Consequently, 48 molecular 

inventories were obtained (2 replicates * 12 varves * 2 cores; Figure III.1 ). Replicates from 

each sediment layer were analysed as separated samples to estimate the intra-core variability 

in comparison to inter-core variability (C versus C+6). 

 

III.4.1. DNA quantities 

DNA varied from 21 to 82 µg/g wet sediment (Figure III.2 , Figure III.S1) . No significant 

difference was detected comparing the samples from the core C and C+6 (t-test p = 0.368).  

 

 

Figure III.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) 

 

III.4.2. Richness and diversity  

The 5717 OTUs detected here were distributed within 46 eukaryotic phylogenetic groups 

(Table III.S 1). Most of those OTUs belonged to Chlorophyta (2455 OTUs), Fungi, 

Chrysophyceae, Ciliophora and Dinophyceae (more than 250 OTUs for each group). A 

similar number of OTUs was retrieved from the two cores: in total 4078 and 4476 OTUs in 

the molecular inventories obtained for core C and core C+6, respectively. The number of 

OTUs retrieved in each sediment layer varied from 425 to 735 OTUs per sample (mean 581 ± 

96) and from 426 to 990 OTUs (653 ± 155), in C and C+6 cores respectively.  
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Table III.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 metrics for C and C+6; differences 
were considered significant when p-values were inferior or equal to 0.01 (*: significant p 
value ; NS: not significant p value). 

 

Taxonomic groups 
Richness Relative abundance 

#OTUs 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 III.3. Barplots of diversity indices: number of OTUs, Chao1 estimator, Shannon 
diversity, Simpson diversity, Pielou evenness obtained for the 48 samples. ANOVA p-values 
were calculated for each metric by comparing the values from the cores C and C+6. 

 

Considering the whole dataset, no significant difference was detected between the molecular 

inventories obtained for the two cores (C and C+6) both for total richness (number of OTUS, 

Chao estimator), diversity indices (Shannon and Simpson indices) and evenness values 

(Pielou index) (p > 0.1; Figure III.3 ). This was also verified considering separately the 

richness of the different taxonomic groups. The comparison of the molecular inventories from 

the two cores showed no significant difference as regards the richness of the 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 cores (Table III.1 , Figure III.S2 ). The highest richness of Fungi in core C+6 was 

associated to the richness increase of several fungal groups including Chytridiomycota, 

Cryptomycota and Glomeromycota (Figure III.S2 ). 
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III.4.3. Community structure  

Bray-Curtis dissimilarity (based relative abundance of OTUs) and Jaccard distance (based on 

presence/absence of OTUs) were used to compare the intra-core variability against the inter-

core variability. As illustrated by the hierarchical clustering trees, the highest similarities were 

obtained for the two replicates originating from the same sediment layer (R1 & R2 in core C 

and R3 & R4 in core C+6) (Figure III.4 ). For samples originating from to the 6 most ancient 

deposits (strata 1973, 1976, 1979, 1982, 1985 and 1988) the inter-core variability was in the 

same range as intra-core, 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 molecular inventories obtained for C 

and C+6 (Figure III.4 ). The highest dissimilarities between C and C+6 molecular inventories 

were detected from Bray-Curtis indices, while the values obtained for Jaccard indices were 

less contrasted (between C and C+6). This indicates 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 III.4. Hierarchical clustering tree computed using Bray-Curtis 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 difference of Bray-Curtis dissimilarity values obtained 

for the 6 most recent deposits (C versus C+6 comparison: p < 0.0001) (Figure III.5 ). The 

modifications in the relative proportions of OTUs thus occurred during the first 15 years of 

burying (i.e. strata 1991 was aged of 15 years when the core C+6 was sampled in 2013). 

 

 

 

Figure III.5. Values of Bray-Curtis dissimilarity (A) and Jaccard distance (B) obtained for 
each couple of replicates for the 12 analysed strata. Intra-core comparison is represented by 
the dissimilarity of R1-R2 (for C core) and R3-R4 (for C+6 core); inter-core comparison is 
represented by the dissimilarity of R1-R3, R1-R4, R2-R3, R2-R4). 
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Figure III.6. Relative abundance (number of DNA sequences) of 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 varves. Percentages of contribution superior to 5 % 
were illustrated by the following legend: 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 to detect 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 that only 39 OTUs (out of the 5717 OTUs) 

explained more ~70 % of the dissimilarity between the composition of microbial eukaryotes 

communities from the 2 cores (Table III.S2 ). Among these 39 OTUs, the major contributors 

to dissimilarity belonged to the groups of Chlorophyta, Alveolata (Ciliophora and unclassified 

OTUs) and Stramenopiles (Table III.S2, Figure III.6 ). 

The unclassified Stramenopiles OTU (OTU14437) was found in lower amounts (in terms of 

% of DNA reads) in the core C+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 the case for the highest contributor OTUs, i.e. 

several chlorophytan OTUs, an unclassified Alveolata OTU and ciliophoran OTU 

(Condylostoma sp.) (Figure III.6 ).  

These changes detected at the OTUs level did not affect significantly the relative abundance 

of their respective phylogenetic groups (Figure III.7 , Table III.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 non-negligible increase of their relative 

abundance in the core C+6 (Table III.1 , Figure III.S2 ).  

Finally, despite these variations in the relative abundance of contributors OTUs, the 

procrustean analysis showed significant levels of concordance between community structures 

obtained from the two cores (Figure III. 8, P = 0.001), showing that both cores provided 

congruent DNA signal as regards the global structure of the eukaryotic community. 
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Figure III.7. Distribution of DNA sequences in the molecular inventories with the main 
microbial eukaryotes groups. 
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Figure III.8. Plot of procrustean rotation analysis illustrated the potential differences in 
community structure for molecular inventories from core C and core C+6. Statistics revealed 
significant levels of concordance between community structures obtained from the two cores. 
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III.5. Discussion 

 
Over the last decade, DNA from sediments has been successfully employed to study the 

succession of various lacustrine and marine photosynthetic microorganisms at long time 

scales (from 100 years to 270 k years) (Coolen et al. 2004, 2013, Boere et al. 2011a, 

Domaizon et al. 2013, Hou et al. 2014, Randlett et al. 2014, Epp et al. 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 considered yet. While, as reported by (Behrensmeyer et al. 2000), 

notable advances have been obtained in the domain of taphonomy (for instance as regards 

microbial and biogeochemical controls on the preservation of different biological tissue 

types), to date few studies have quantified the influence of environmental factors in regulating 

final composition of total sedimentary DNA assemblage (Vuillemin et al. 2016).   

The potential limits of ancient DNA related to the known modifications of the DNA signal 

�Z�K�H�Q���D�J�L�Q�J�����Q�X�F�O�H�R�W�L�G�L�F�� �P�X�W�D�W�L�R�Q�V���� �'�1�$���I�U�D�J�P�H�Q�W�D�W�L�R�Q���� �«�����D�U�H���G�H�V�F�U�L�E�H�G���H�V�S�H�F�L�D�O�O�\�� �I�R�U���W�K�H��

case of very ancient DNA (> thousand years old) for applications in archaeology, 

anthropology, paleontology, evolutionary biology and conservation (Willerslev & Cooper 

2005, Hebsgaard et al. 2005, Rizzi et al. 2012, Hagelberg et al. 2015). Here we considered 

more particularly the potential problem of degradation processes acting at the sediment�±water 

interface and during the early burial. The early diagenesis occurring when organic material 

(among which DNA) is buried in sediments is indeed known to be a critical step for archiving 

as it was illustrated for some microfossils (e.g. foraminifers; Berkeley et al. 2007), pigments 

(Leavitt & Hodgson 2002) or for carbon and nitrogen amounts (e.g. Gälman et al. 2008) 

which are modified during the first years of archiving. Moreover, as previously reported by 

Behrensmeyer et al. (2000), one of taphonomy's most promising new frontiers is comparative 

analysis applied to different taxonomic groups within biological assemblages. Here we 

simultaneously explore the effect of early diagenesis on DNA of more than 40 micro-

eukaryotic groups.  

  

III.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 difference showing that a comparable temporal 

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 verif ied that DNA quantities did not change after 6 additional years of archiving. 

This result was not really expected since we could hypothesize that, especially for 

extracellular DNA, exposure to bacterial degradation processes should have resulted in a 

decrease of DNA quantities after 6 years of burying, as previously observed for C and N 

losses rates in the same lake (Gälman et al. 2008). Stability was also observed in the total 

micro-eukaryotic richness; no significant differences were indeed detected between 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 

patterns 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 (Argentina) (Vuillemin et al. 

2015). In this oxic lake, the authors indeed showed, based on the comparison of sedimentary 

DNA composition and fossil pigments, that post-depositional diagenesis resulted in a rapid 

change in the initial nucleic acid composition. However, because prokaryotic sedimentary 

DNA partly originates from active taxa living in the sediments (with vertical living 

distribution that may change temporally, between 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. Capo et al (2015) reported that eukaryotic sedimentary DNA 

mostly represented DNA from past and inactive communities in Lake Bourget sediments; 

based on RNA analyses of sedimentary DNA. The authors showed that active eukaryotes 

were detected only in the top 2 cm of sediment, and were mainly represented by one benthic 

ciliate and to a lesser extent by fungi and chlorophyta. The rare available literature shows that 

the presence of active eukaryotic taxa in lake sediment was mostly attributed to fungal taxa. 

Wurzbacher et al. (2010) suggested for instance a possible heterotrophic fungal activity in the 

upper sediment layers, while Fungi are generally thought to be aerophilic, several species 

from all fungal groups can withstand or remain active under anoxic conditions (Scupham et 

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 examined although fungal species may participate to 

transformation of organic matter decomposition at the water�±sediment interface (Zhang et al. 

2015). 

 

III.5.2. Only one taxonomic group varied according to the core: focus on Fungi  

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 significantly the number of taxa 

detected in 12 sedimentary varves analysed here, 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 consideration that a potential contamination 

during sampling, storing and molecular analysis could have induced this change; however this 

seems to be unlikely because of the methodological precautions used during these steps 

following the known recommendations (e.g. Rizzi et al. 2012) and above all because blanks 

used to verify the absence if contaminant DNA during sampling, DNA extraction and PCR 

amplifications, were found to be negative , showing the absence of amplifiable contaminant 

DNA. 

We hypothesize that the presence of active Fungi, including Chytridiomycota, Cryptomycota 

and Glomeromycota taxa 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 cores was more favorable to the activity of these saprotrophic Fungi 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. RNA-based analyses could be used to verify the presence and 

identity of active Fungi in Nylandssjön sediments. Among the fungal taxa we pointed out in 

this study, most of them could be either saprotrophs or parasites and we cannot 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 (Wurzbacher et 

al. 2010). For instance, Rhizophidium sp. 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 2013) and parasite of various algae (Jones et al. 2014), with more than 220 

described species (Zhang et al. 2015). The presence of putative fungal parasites have already 

been reported in lakes and marine systems (Coolen & Shtereva 2009, Wurzbacher et al. 2010, 

Edgcomb et al. 2011, Orsi et al. 2013, Chambouvet et al. 2014); fungal parasites 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 of Fungi richness in C+6 core could be that diagenetic 

process induced modifications and genetic polymorphism in DNA sequences that therefore 

led to an increase in the number of false OTUs. In this case one can wonder why only Fungi 

are affected, since no other group was found to present the same trend. In any case, our results 

suggest that, for reconstruction of past eukaryotic diversity based on sedimentary DNA 

sequencing, the interpretation of Fungi data have to be considered carefully in the absence of 

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

 

III.5.3. Varia tions in relative abundance of some OTUs in the uppermost strata  

Considering the OTUs level, inter-core variability was detected for molecular inventories 

from the 6 most recent strata (ages: 7 to 15 years), revealing changes in the relative abundance 

of few specific OTUs. These OTUs belonged to Chlorophyta, Ciliophora and related 

unclassified Alveolata and unclassified Stramenopile. One 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 organic matrices is known to partly protect extracellular DNA from nuclease action. Here, 

no link could be detected between variations of the relative abundance of OTUs (between C 

and C+6) and their putative level of DNA protection by cells architecture (including the 

�F�D�S�D�F�L�W�\���R�I���W�D�[�D���W�R���I�R�U�P���U�H�V�L�V�W�D�Q�W���F�H�O�O�V�����V�S�R�U�H�V�����F�\�V�W�V���«��.   

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 followed no clear trend 

that could reveal degradation under the effect of early diagenesis. According to the strata, they 

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

Based on the comparison of quantity decline with time of DNA originating from 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. However, this 

issue is still to be further explored; among the tests to perform to gain knowledge in this topic, 

we assume that the analysis of extracellular DNA could be of interest. When working with 

standardized commercial DNA extraction kits (as we and many other authors, including Boere 

et al (2011a), did), it can be questioned whether amplified DNA came mainly from DNA 
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originating from resting cells or from extracellular genetic material (both types of DNA are 

theoretically extracted the commercial kits we used). Whatever its origin, extracted DNA 

could be exploitable to study past communities from Sed-DNA sequencing, however resulting 

molecular inventories may vary. Methods allowing to extract specifically extracellular DNA 

or to remove extracellular DNA in order to keep only intracellular DNA are available 

(Corinaldesi et al. 2005; Taberlet et al. 2012, Lever et 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 from intracellular and particle-complexed DNA pools may enable new insights into 

the preservation of DNA in sediments (Lever et al. 2015). Overall we did not observe any 

differential degradation (i.e. preferential loss of certain taxa) for eukaryotic groups in 

Nylandssjön sediments. This might result from rather quick sedimentation processes in an 

environment undisturbed by sediment resuspension and transportation. Moreover, the lake 

bottom of Nylandssjön is known to be anoxic, a condition known to be favor DNA 

preservation (Coolen & Gibson 2009).   

For the varves older than 15 years (dated before 1991, ~ 7 cm depth in sediment), the 

structure of microbial eukaryotes communities was found to be stable and very similar 

between the two cores. This suggests that, when possible, avoiding the uppermost sediment 

layers should allow to produce more reliable reconstructions of past microbial eukaryotic 

communities inferred from sedimentary DNA.  
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III.6. Conclusion 

Gälman et al. (2008) revealed the temporal changes in C and N contents of the Nylandssjön 

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 the lake at 7 cm of 

depth in the sediment. The modifications detected for the uppermost sediment 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 eukaryote assemblage or on the 

way the different deposits (dated strata) are discriminated in a given core. Clearly, 

biogeochemical sedimentary profiles (bacterial and archaeal activity, redox gradients with 

sediment depth) would allow to consolidate the results obtained here. Moreover, because 

those results were obtained from one shallow and cold lake, such results cannot be directly 

extrapolated to very different systems ���G�H�H�S���Z�D�U�P���O�D�N�H�V�����V�K�D�O�O�R�Z���O�D�N�H���Z�L�W�K���R�[�L�F���E�R�W�W�R�P�«�����L�Q��

which environmental conditions prevailing for DNA preservation during early diagenesis 

could largely differ.  

Overall, the present study suggest that precautions should be taken more particularly for the 

Fungi group that could vary in terms of richness and relative abundance from one core to 

another.. Clearly, all paleogenetics studies using lacustrine sediments would benefit of 

systematic study of DNA preservation during burying into sediments; this research will 

contribute to a better understanding of the fossil record in lacustrine systems. 
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III.7. Supporting information  

Figure III.S1. Quantities of DNA extracted for each sample (in µg.g-1 of wet sediment). 

 

Figure III.S2. Distribution of the richness and relative abundance of fungal groups in the 48 
molecular inventories. 
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Table III.S1. Distribution of reads and OTUs numbers in the 48 molecular inventories within 
the main microbial eukaryotic groups. 
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Table III.S2. Results obtained from SIMPER analysis comparing the molecular inventories of 
the two cores considering the 6 most recent strata. The table presents the percentage of 
contribution of the 39 OTUs to the dissimilarity between the two cores; only OTUs that 
contributed to more than 0.2 % of the total dissimilarity are presented. The mean number of 
DNA sequences obtained for each of these OTUs in C and C+6 cores are presented as well as 
their taxonomic affiliation. 
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Résumé 

 La dynamique temporelle des communautés de micro-eucaryotes lacustres a été étudiée au 

cours des 2200 dernières années �H�Q�� �D�S�S�O�L�T�X�D�Q�W�� �O�H�� �V�p�T�X�H�Q�o�D�J�H�� �P�D�V�V�L�I�� ���0�L�6�H�T���� �j�� �O�¶�$�'�1��

sédimentaire de 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 16 000 OTUs distribuées dans 50 groupes de micro-eucaryotes. De nombreux groupes 

jusque là rarement étudiés dans les archives sédimentaires lacustres notamment les 
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Chlorophytes, les Dinophycées, et les Ciliés semblent apparaitre comme des biomarqueurs 

�L�Q�W�p�U�H�V�V�D�Q�W�V�� �G�H�V�� �F�K�D�Q�J�H�P�H�Q�W�V�� �G�¶�p�W�D�W�� �W�U�R�S�K�L�T�X�H���� �/�H�V�� �G�R�Q�Q�p�H�V�� �R�E�W�H�Q�X�H�V�� �V�X�J�J�q�U�H�Q�W�� �T�X�H��

�O�¶�Hutrophisation du lac du Bourget dans les années 1940s est le forçage le plus fort pour la 

communauté de micro-eucaryote et ses effets ont surpassé ceux liés aux fluctuations 

climatiques. Dans le cas du lac Igaliku, les changements dans la structure de la communauté 

du lac Igaliku (moins exposé aux forçages anthropiques locaux) ont été détectés de manière 

concomitante avec les fluctuations climatiques majeures de ces 2 derniers millénaires 

(réchauffement médiéval, petit âge glaciaire, réchauffement récent). Cette analyse met par 

ailleurs en évidence le rôle joué par la biosphère rare dans les réarrangements temporels de la 

communauté micro-�H�X�F�D�U�\�R�W�H���� �&�H�V�� �G�R�Q�Q�p�H�V�� �R�Q�W�� �P�L�V�� �H�Q�� �p�Y�L�G�H�Q�F�H�� �O�H�� �S�R�W�H�Q�W�L�H�O�� �G�H�� �O�¶�$�'�1��

sédimentaire pour décrire la diversité des micro-eucaryotes lacustres sur plusieurs millénaires. 

 

 

  



 

103 
 

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 time-series data encompassing over 2200 years of 

microbial eukaryotes (protists and Fungi)  diversity changes from the sedimentary DNA 

record of 2 lakes (Lake Bourget in French Alps and Lake Igaliku in Greenland). From 176 

samples, we sequenced a large diversity of microbial eukaryotes, with a total 16 386 

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 

potential 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 changes. Community structure 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 the eutrophicated 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 eukaryotes (i.e. protists and Fungi) are key components of aquatic systems, as they 

largely contribute to biogeochemical processes and ecosystems functioning (e.g. Falkowski et 

al. 2008). They represent a diverse and abundant fraction of planktonic assemblages in 

freshwater and marine environments where they play various ecological roles (e.g., primary 

producers, phagotrophs, saprotrophs, and parasites) (Lefranc et al. 2005, Oikonomou et al. 

2015, Massana et al. 2015, de Vargas et al. 2015). Hence, their responses to environmental 

fluctuations may directly affect aquatic ecosystems functioning (Caron & Hutchins 2013). 

However, there are knowledge gaps about how microbial eukaryotes communities change 

over time and at which time scales, and 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 between these two forcing factors (e.g. Gallina et al. 2013, Rigosi et 

al. 2014). Up to now, such long-term environmental monitoring studies rarely investigated the 

whole diversity of microbial eukaryotes. As introduced by Caron & Hutchins (2013), the 

effects of climate change on these microbial eukaryotes communities remains poorly known, 

which is most probably due to the lack of long-term time-series that are a prerequisite for 

understanding naturally- and anthropogenically- induced modifications in biological 

communities. The paleolimnological approach is ideal to study the long-term dynamics of 

lacustrine populations, and allows studying the effects of disturbances due to climate change 

and eutrophication (e.g. Smol 1992, Battarbee et al. 2001). However, the proxies traditionally 

studied, mainly based on the morphological remains of 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 survey of the whole 

spectrum of the diversity of planktonic eukaryotes (de Vargas et al. 2015, Massana et al. 

2015, Debroas et al. 2015). Based on this approach, sedimentary DNA (Sed-DNA) can be 

used to reach a more complete reconstruction of planktonic biodiversity, including taxa with 

no visible diagnostic features. Up to now, paleolimnological studies involving the analysis of 

preserved DNA focused on specific microbial groups, such as cyanobacteria (Domaizon et al. 

2013), diatoms (Stoof-Leichsenring et al. 2012, 2015) or haptophytes (Coolen et al. 2004, 

Randlett et al. 2014). Recently it was demonstrated that lacustrine Sed-DNA constitutes an 

appropriate material for paleo-reconstruction of the huge diversity of planktonic microbial 

eukaryotes since DNA derives from all taxa and reflects mostly past communities (Capo et al. 

2015).  

 The potential limits of paleo-reconstruction based on sedimentary DNA are mainly linked to 

the fate of DNA in the environment, with potential risks of biotic degradation, abiotic decay 

leading to DNA fragmentation, and potential differential preservation according to 

environmental conditions and taxa ���'�H�O�O�¶�$�Q�Q�R��& Corinaldesi 2004, Corinaldesi et al. 2005, 

2008, Boere et al. 2011, Willerslev & Cooper 2005, Torti et al. 2015). However, aquatic 

sediments have proven to be rich in DNA with preservation being favored by cold and anoxic 

conditions (Boere et al. 2011a, Thomsen & Willerslev 2015), and the analysis of sedimentary 

DNA to reconstruct past aquatic biological assemblages has already been applied successfully 

(Domaizon et al. 2013, Lejzerowicz et al. 2013, Hou et al. 2014, Stoof-Leichsenring et al. 

2015). One study recently investigated the whole diversity of aquatic eukaryotes to document 
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their response in terms of community composition to freshwater/marine transitions over the 

last 10 000 years of Black Sea history (Coolen et al. 2013). Clearly, fundamental questions in 

microbial ecology would benefit from the integration of DNA-based paleo-reconstructions. 

More specifically, targeting eukaryotic DNA would allow addressing the challenging question 

of the effect of environmental changes 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 dynamics (Shade & Gilbert 2015, Logares et 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.g. Lynch & Neufeld 2015, Coveley et al. 2015). 

In the present study, we investigate the temporal dynamics of microbial eukaryotes 

communities of two lakes based on the high-throughput sequencing (HTS) of Sed-DNA. 

These two lakes present contrasted settings; one located in continental Europe (Lake Bourget) 

is submitted to intensive land-use and catchment area urbanization (Giguet-Covex et al. 2010, 

Millet et al. 2010), whereas the other one (Lake Igaliku) is located in Greenland and only 

faced episodic human forcing (local agriculture activities; Guillemot 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 fluctuations induced 

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 are (i) to 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 photosynthetic 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 pressure 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 

�/�D�N�H�� �%�R�X�U�J�H�W���������ƒ�����¶�1�� ���ƒ�����¶�(�� �������� �P���D���V���O������ �P�D�[�L�P�X�P���G�H�S�W�K���� �������� �P���� �L�V���D���G�H�H�S���P�R�Q�R�P�L�F�W�L�F��

lake located in European Alps and currently classified as oligo-mesotrophic (Jacquet et al. 

2014). A marked eutrophication, described from both water column monitoring (long-term 

observatory on alpine lakes http://www6.inra.fr/soere-ola_eng) and paleolimnological studies 

(Giguet-Covex et al. 2010, Alric et al. 2013, Jenny et al. 2013, Berthon et al. 2014, Perga et 

al. 2015) was reported for this lake. The early eutrophication was observed from the mid 

1940s followed by a marked eutrophication in the 1960s-1980s with the highest phosphorus 

concentrations (> 100 µg.L-1). This lake has undergone a restoration leading to a progressive 

re-oligotrophication from the 2010s (Jacquet et al. 2014). 

�/�D�N�H�� �,�J�D�O�L�N�X�� �������ƒ�����¶�1�� �����ƒ�����¶�:�� ������ �P�� �D���V���O���� �P�D�[�L�P�X�P�� �G�H�S�W�K���� ������ �P���� �L�V�� �D�� �V�P�D�O�O�� �Dnd dimictic 

lake located in southern Greenland and currently oligotrophic. This lake has been preserved 

from the marked eutrophication. In Greenland, only two periods of agropastoral activities 

were inventoried (i) the Norse settlement period between AD 986 and the middle of the 15th 

century (Arneborg et al. 2011, Massa et al. 2012, Guillemot et al. 2015) (ii) the recent 

occupation, since the 1920s, marked by moderate eutrophication around the 1980s (Austrheim 

et al. 2008, Perren et 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 periods is used here, in accordance with 

common practice in paleoclimatic studies (Sicre et al. 2008, Büntgen et al. 2011, McKay & 

Kaufman 2014): (i) the pre-medieval period (< 700 AD), the Medieval Warming Period 

(MWP; ca. AD 700- ca. AD 1300), the Little Ice Age (LIA; ca. AD 1300- ca. AD 1900) and 

the Current Warming Period (CWP; during the last century). 

 

IV.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:IEFRA00C0, www.geosamples.org) and Igaliku (core Iga-2013) using 

UWITEC piston and 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. Forty-five and 43 sediment slices of 0.5 to 1 cm in 

thickness were sub-sampled 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, only the center of each slice was 

kept for DNA analysis to avoid any extraneous or cross-contamination due to contact with the 

plastic liner at the periphery. Then, the samples were immediately placed at - 20 °C and kept 

frozen until further molecular analyses (within the following month). All laboratory 

procedures were carried out in a dedicated laboratory, following strict precautions to ensure 

the authenticity of the results; in addition, blanks were introduced during the sub-sampling 

step (opened tube containing ultrapure water) in order to detect any aerial contamination. 

 

IV.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 reference cores (Figure 

IV.S1, Supporting information). Sediment core from Lake Bourget is a composite sequence 

(i.e. made of 3 sections; LDB13-I-01A, LDB13-I-02A, LDB13-I-02B). It was dated by 

chemical wiggle matching by comparison with a set of 2 previously well-dated 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. An age-depth model 

developed on 2 cores sampled in 2001 (LDB01-01, IGSN: EDYLDB001; LDB01-02, IGSN: 

EDYLDB002) and 2004 (LDB04-I, IGSN: IEFRA003S) by Arnaud et al. (2012) was used as 

a reference. The age-depth model was based on 7 clearly-identified chronological tie points 

and using (i) varve counting from 2013 back to 1930 (ii) 210Pb measurements back to 1900 

AD and (iii) 14C ages back to 250 BC. This age-depth model was applied to LDB13-I by 

correlating the ratio K/Ti (measured by XRF core scanning) with LDB04 (Table IV.S1 & 

Figure IV.S1, Supporting information). The age-uncertainty is less than 3 years and 5 years 

for varve counting and 210Pb dating respectively (Giguet-Covex et al. 2010, Jenny et al. 2014), 

and about +/- 100 years for the 14C-based age model (Arnaud et al. 2012; Figure IV.S1). 

Sediment core from Lake Igaliku is a unique sequence (Iga-2013). An age-depth model was 

developed on a core retrieved in 2007 (Iga-2007) by Massa et al. (2012). It was based on 16 

accelerator mass spectrometry (AMS) radiocarbon dates and on 210Pb measurements coupled 

with 137Cs to precisely date the last century. According to Massa et al. (2012), the Iga-2007 
210Pb model has a mean error between ± 25 to 1.5 years during the 20th century whereas the 

Iga-2007 14C revealed a mean age error of ± 25 years during the Middle-Age. Iga-2007 and 

Iga-2013 were correlated thanks to magnetic susceptibility data, measured with a Geotek 
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Multi Sensor Core Logger (Chrono-Environnement laboratory, University of 

Bourgogne/Franche-Comté; Table IV.S1). Around 50 tie-points were identified between the 

two cores in order to perform stratigraphic alignment. For reasons of clarity, only ten are 

shown in Figure IV.S1.   

 

IV.3.4. Molecular analysis 

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

using the NucleoSpin® Soil kit according to the manufacturer instructions (Macherey-Nagel, 

Düren, Germany). The concentration of bulk DNA ranged from 5 to 125 ng.µL-1 (mean 24 

ng.µL-1). The V7 region of 18S rRNA gene was PCR amplified on a 260 bp long fragment, 

from ca. 25 ng of environmental DNA extract for each sample and using the general 

�H�X�N�D�U�\�R�W�L�F�� �S�U�L�P�H�U�V�� �������)�� �����¶-GGCTTAATTTGACTCAACRCG-���¶���� ���*�D�V�W��et al. 2004) and 

�1�6�5���������� �����¶-GGGCATCACAGACCTGTTAT-���¶���� ���9�D�Q�� �G�H�� �3�H�H�U��et al. 2000). The 

combinations of tagged primers were designed to balance primers usage frequencies, and 

therefore to reduce the frequency of mistagging events that result in cross-contaminations 

(Esling et al. 2015). We multiplexed 176 samples using 176 out of the 400 possible 

combinations with 20 forward and 20 reverse tagged primers. Each PCR was performed in 

duplicate in a total volume of 25 ��l containing 3 µl of 10X NH4 reaction buffer, 1.2 µl of 50 

mM MgCl2, 0.25 µl of BioTaq (Bioline), 0.24 µl of 10 mM dNTP, 0.36 µl of 0.5 µg/µl BSA 

and 1 µl 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 final 10-min extension at 72 °C. The two PCR 

products obtained for a given DNA extract were pooled and purified using IllustraTM GFXTM 

PCR DNA and Gel Band Purification Kit (GE Healthcare Life Sciences, Velizy Villacoublay, 

France) and quantified using Quant-it PicoGreen kit (Invitrogen, Carlsbad, CA, USA) on a 

�)�O�X�R�U�R�V�N�D�Q�� �$�V�F�H�Q�W�Œ�� �)�/�� ���7�K�H�U�P�R�/�D�E�V�\�V�W�H�P�V���� �%�H�Y�H�U�O�\���� �0�$���� �8�6�$������ �)�L�Q�D�O�O�\���� �W�K�H�� �S�X�U�L�I�L�H�G��

amplicons corresponding to each sample were pooled at equimolar concentrations and sent to 

Fasteris SA (Geneva, Switzerland) for library preparation and paired-end (2 x 250 bp) 

sequencing on a MiSeq Illumina 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 (i) separate stations for sampling, DNA extractions and PCR, 

(ii) the use of sterile disposable labware, (iii) the introduction of blanks (negative 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 thor�R�X�J�K���V�W�X�G�\���R�I���W�K�H���F�R�Y�H�U�D�J�H���E�\���W�K�H���³�X�Q�L�Y�H�U�V�D�O�´���S�U�R�E�H�V���I�R�X�Q�G��

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 

considered:  from our samples, we verified the ability to amplify the V4 and V7 regions for all 

DNA extracts. For the longer fragment (V4 ; ~350 bp) we detected a loss of amplification in 

the sediment cores for sediment older than 900 yrs most 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 quality of taxonomic identification with 

the bioinformatics tools used. (iii) the simulation performed by Taïb et al. (2013) showed that 

there were no statistical significant differences for the taxonomic identification of amplicons 

(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. 

 

IV.3.5. Bioinformatics processing 

The paired-end reads were merged together using UPARSE tools (option -fastq_mergepairs 

with a minimal overlap equal to 150 and no mismatch 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), (ii) a minimum sequence length of 200 bp, 

and (iii) no sequencing error in the forward and reverse primers. Putative chimeras were 

detected by UCHIME (Edgar et 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 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 (Edgar 2013) to obtain the seed 

OTUs (option -cluster_fast). The delineating of the similarity threshold was chosen following 
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the recommendations from Mangot et al. (2013) who estimated the errors during PCR and 

sequencing by introducing an internal 18S standard (a unique alien DNA sequence) and 

demonstrated that 95 % was a relevant cut-off threshold for OTUs delineation allowing to 

limit the artificial inflation of OTUs number. This 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% threshold (data deposited in the Dryad Digital Repository). 

The taxonomic 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 lacustrine 

DNA sequences originating from various studies (Lefranc et al. 2005, Lepère et al. 2006, 

2008, Mangot et al. 2013). The taxonomy of an OTU corresponded to the best hit given by 

the similarity search. 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 (Lefranc et 

al. 2005, Lepère et al. 2006, 2008, Mangot 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 (protist and 

Fungi at the basis of trophic networks). After these different steps (cleaning, clustering and 

taxonomic affiliation), 13 044 506 quality-filter DNA sequences were clustered in 80 081 

OTUs classified as microbial eukaryotes. For each sample, the OTUs which were detected 

only in one of the two duplicates were removed from the analysis; 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 pointed out by Lange et al. (2015) and Egge et al. 

(2015). For each remaining OTU, the numbers of DNA sequences obtained for each duplicate 

�Z�H�U�H�� �W�K�H�Q�� �V�X�P�P�H�G���� �)�R�U�� �D�O�O�� �V�D�P�S�O�H�V���� �W�K�H�� �D�O�S�K�D�� �G�L�Y�H�U�V�L�W�\�� �Z�D�V�� �H�V�W�L�P�D�W�H�G�� �X�V�L�Q�J�� �+�L�O�O�¶�V�� �Q�X�P�E�H�U�V��

(i.e. estimation of the effective number of species; Hill 1973, Jost 2007, Chao et al. 2014). 

Different Hill numbers qD are �G�H�I�L�Q�H�G���E�\���W�K�H�L�U���µ�µ�R�U�G�H�U�¶�¶�T��(Hill 1973), the parameter q controls 

the sensitivity of the measure to species relative abundance. 0D equals species richness (q=0), 

1D is the exponential form of Shannon entropy (q=1) and 2D is a transformation of Gini�±

Simpson measures (q=2) (Gotelli & Chao 2013). These metrics were computed using the 

functions from the R package iNEXT (Chao et al. 2014, Hsieh et al. 2016). In order to 

perform comparisons 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 sequences of 3 165 624 (13.1 % 

and 24.2 % of the raw and quality-filtered sequencing dataset, respectively). From these data, 

the final dataset (i.e. rarefied OTU table with 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 sequences) are deposited in the Dryad Digital 

Repository (http://datadryad.org/). 

 

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 categories of rarity 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 abundant states (and inversely from abundant to rare) were 

recorded. 

 

Ecological inference: We performed a basic functional annotation in order to discriminate 

OTUs corresponding to non-pigmented and pigmented taxa. Ecological inferences were based 

on the literature available about the presence/absence of chloroplasts in microbial eukaryotes 

cell. Some microbial groups include only phototrophs (mainly represented by Bacillariophyta, 

Chlorophyta, Haptophyta) and their OTUs were logically assigned to pigmented taxa. OTUs 

distributed within groups of free-living heterotrophs (mainly represented by phagotrophic 

Ciliophora, Choanoflagellida, Cercozoa, Amoebozoa, osmotrophic Fungi) and parasites 

(Apicomplexa, Perkinsea, Oomycetes) were reliably assigned to non-pigmented groups. 

When OTUs belonging to Chrysophyceae, Dinophyceae and Cryptophyta, which gather both 

pigmented and non-pigmented taxa, were not precisely identified (i.e. at least at the genus 

�O�H�Y�H�O�����W�K�H�\���Z�H�U�H���W�K�H�Q���D�V�V�L�J�Q�H�G���W�R���³�8�Q�N�Q�R�Z�Q�´���H�F�R�O�R�J�L�F�D�O���U�R�O�H�� 

 

Change points in diversity (Hill�¶s numbers): Bayesian change points (bcp) analysis was used 

to reveal timing changes in the diversity metrics (0D = OTU richness, 1D = transformed 

Shannon and 2D = transformed Gini-Simpson indices). The bcp analysis provides estimates of 

posterior probabilities for the presence of a change point between consecutive dates and of 
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�S�R�V�W�H�U�L�R�U�� �P�H�D�Q�� �Y�D�O�X�H�V�� �R�I�� �H�D�F�K�� �L�Q�G�H�[���� �7�K�H�� �5�� �S�D�F�N�D�J�H�� �³�E�F�S�´�� ���(�U�G�P�D�Q��& Emerson 2007) was 

used for this analysis. 

 

Community structure modifications: A chronological clustering was used to detect the timing 

and hierarchy of marked breakpoints in the community structure. For this purpose, a 

Multivariate Regression Tree (MRT) analysis was performed considering the overall OTUs 

table or using separately the non-pigmented and the pigmented OTUs tables. This time-

constrained analysis was performed according to the instructions of Borcard et al. (2011), the 

size of each tree was selected using the graphs of the relative error (Figure IV.S2). The R 

�S�D�F�N�D�J�H�� �³�P�Y�S�D�U�W�´�� ���'�H�¶�D�W�K�� ������������ �Z�D�V�� �X�V�H�G�� �I�R�U�� �W�K�L�V�� �D�Q�D�O�\�V�L�V���� �,�Q�� �D�G�G�L�W�L�R�Q���� �Q�R�Q-metric 

multidimensional scaling (NMDS) analysis was used to summarize the main dimensions of 

modifications observed in the community structure. For each lake, a Bray-Curtis dissimilarity 

matrix and a Jaccard dissimilarity matrix were then built from the OTUs table and the NMDS 

�J�U�D�S�K�L�F���Y�L�V�X�D�O�L�]�D�W�L�R�Q�V���Z�H�U�H���W�K�H�Q���S�O�R�W�W�H�G���X�V�L�Q�J���W�K�H���5���S�D�F�N�D�J�H���³�Y�H�J�D�Q�´�����2�N�V�D�Q�H�Q��et al. 2015). 

To identify the OTUs that contributed to the dissimilarity over time, SIMPER analyzes were 

conducted using PAST v.2.11 (Hammer et al. 2001) considering groups of samples 

significantly discriminated by ANOSIM analyzes (p-values < 0.0001). 
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Table IV.1. The table presents (i) for each lake, the numbers of DNA sequences, 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.  

Taxonomic groups 

Lake Bourget Lake Igaliku  
Common 

OTUs 
Core 
OTUs #DNA 

sequences 
#OTUs 

#Oscillating 
OTUs 

#DNA 
sequences 

#OTUs 
#Oscillating 

OTUs 

Alveolata 

Apicomplexa 15464 144 4 7582 110 1 77  
Ciliophora 241068 1185 27 194702 1157 32 723 9 

Colpodellidae 25 3  1 1  1  
Dinophyceae 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   

Cryptophyta 

Cryptomonadales 91 5  187 4  3  
Cryptophyta  3 14 2  3 1  1  
Cryptophyta  4 346 12  21 5  4  

Pyrenomonadales 240 6  14 4  3  
unclassified  Cryptophyta 153 9   36 6   4   

Euglenozoa Kinetoplastida 109 11   8307 40 5 10   

Haptophyta 

Coccolithales    1 1    
Isochrysidales    22 3    
Phaeocystales 18619 26 2 716 6  5  
Prymnesiales 302 8  131 7  5  
Zygodiscales 1 1  4 2    

unclassified  Haptophyceae 74601 43 2 15329 37 4 22 2 
Heterolobosea Schizopyrenida 1849 82   48606 328 10 74   
Nucleariidae 
& Fonticula 

group 

Nucleariidae 206 3   3 1   1   

Opisthokonta Choanoflagellida 211 9  24 8  4  
Fungi 403422 3611 63 156225 2570 45 1644 10 

Opisthokonta  incertae  sedis 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 Bangiophyceae 418 11  2878 12 1 3  

Florideophyceae 30 2   7 1   1   

Stramenopiles 

Bacillariophyta 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 
 

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  Stramenopiles 24444 325 6 84358 477 13 243 4 

Viridiplantae 

  

Chlorophyta 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 and 11 344 for 

Lake Bourget and Lake Igaliku, respectively), which have in common 40 % of the OTUs 

(Table IV.S2). The OTU richness distribution within each phylogenetic group is very similar 

for the two lakes (Table IV.1, Figure IV.S3). The non-pigmented groups (mainly Fungi, 

Ciliophora and Cercozoa) dominate the OTU richness in both lakes, with 60 % and 58 % of 

the OTUs found in lakes Bourget and Igaliku, respectively. Conversely, pigmented taxa 

account for only 18 % and 17 % of the OTUs found in lakes Bourget and Igaliku, 

respectively. Among pigmented taxa, Chlorophyta, Dinophyceae and Bacillariophyta (i.e. 

diatoms) exhibit the highest OTUs richness (Table IV.1). Less than 1 % of the OTUs are 

persistent throughout the entire time-series dataset (94 and 107 OTUs in lakes 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 abundance profiles differ 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 Igaliku they are affiliated to 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 

Bourget is placed during the 1940s by the MRT analysis (Figure IV.1), which corresponds to 

when eutrophication started (Figure IV.S4). This change is concomitant with a significant 

increase of diversity metrics (0D, 1D and 2D), as reported by the Bayesian change point (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 indices (Figures IV.1 and 

IV.2).  
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Figure IV.1. For Lake Bourget (A) and Lake Igaliku (B) : 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 separately non-pigmented OTUs (NPI) 
and pigmented OTUs (PI). The breakpoints of first, second and third importance are 
respectively represented by the numbers 1, 2 and 3.  
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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 LIA (Figure IV.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 cooling (Figure IV.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 lakes (Figure IV.1). 

 

 

 

 

 

 

 



 

117 
 

 
 

Figure IV.2. �7�L�P�H���V�H�U�L�H�V���R�I���+�L�O�O�¶�V���Q�X�P�E�H�U�V�����2�7�8���U�L�F�K�Q�H�V�V�����W�U�D�Q�V�I�R�U�P�H�G���6�K�D�Q�Q�R�Q���D�Q�G���6�L�P�S�V�R�Q��
indices) for Lake Bourget (A) and Lake Igaliku (B). In 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 change point 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: 
Pre-medieval Period (preMP), Medieval Warming Period (MWP), Little Ice Age (LIA) and 
Current 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) and Bray-Curtis 

(relative abundances of OTUs) indices were considered. Using non-metric multidimensional 

scaling (nMDS), similar patterns of samples dissimilarity were visualized for Jaccard and 

Bray-Curtis indices (Figure IV.S5). Further exploration of dissimilarity data was therefore 

continued by considering only relative abundances (Bray Curtis indices).  

Three groups of samples are discriminated for the Lake Bourget time series (Figure IV.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 over time (Figure IV.4). 

Altogether, they explain 63 % of the total dissimilarity between these 3 sample groups. The 

main non-pigmented contributors to the 1940s rearrangements are the Ciliophora OTU3409 

and 2 Fungi OTUs assigned to Cryptomycota (OTU39169) and Chytridiomycetes 

(OTU8852). Two of these OTUs are also determinants to the 1960s rearrangement, but then 

exhibit opposite dynamics (increase versus decrease in terms of relative DNA sequences 

abundance; Figure 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 assigned to Chlamydomonas sp. 

(OTU42983) characterized by a marked increase since the 1960s (Figure IV.4).  

In Lake Igaliku time series, 4 groups of samples are defined: before AD 700, from AD 700 to 

1350, from AD 1450 to 1880 and after 1880 AD (Figure IV.3) consistently with the climatic 

periods previously described (MWP, LIA and CWP). The main contributors to the 

rearrangements are non-pigmented taxa with mainly 5 OTUs belonging to Cercozoa and to 

unclassified Rhizaria; these 5 OTUS are particularly abundant during the period AD 700-1300 

(Figure IV.4).  The Table IV.S3 presents the list of the 97 and 118 OTUs identified as the main 

contributors to dissimilarity in Lake Bourget and Lake Igaliku, respectively. 

  



 

119 
 

 

 

Figure IV.3. Non-metric multidimensional scaling analysis of microbial eukaryotes 
communities based on Bray-Curtis 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 non-pigmented, 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 Bourget (A) and Lake Igaliku (B).The 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 an increase of the relative abundance of the OTU between the 2 
compared periods, while the sign "-" means a decrease of this relative abundance.  
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The permanently rare OTUs, representing 10 545 and 10 442 OTUs in Lake Bourget and 

Lake Igaliku respectively, contribute 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 contribute to 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 (Lake Bourget) or 

Trebouxiophyceae (Lake Igaliku) to Chlorophyceae OTUs is observed (Figure IV.6, Table 

IV.S3). 

 

Figure IV.5. Temporal dynamics of oscillating OTUs in Lake Bourget and Lake Igaliku. 
Oscillating OTUs shifted between abundant (> 0.1 %) 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 pie-charts showing the proportion of non-pigmented (orange), 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 Igaliku (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 using paleo-environmental 

DNA, some of which can be integrated rather easily in paleo-reconstruction studies (like 

controls of non-contamination, optimization 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 and biological parameters (e.g. Boere et al. 

2011a, Jørgensen et al. 2012, Lejzerowicz et al. 2013, Torti et al. 2015). 

In this study, in addition to the strict clean-lab 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 amplification. 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, 10% of unclassified Ciliophora and 39 

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

inventory obtained for our environmental samples.  

We also considered the potential limitations due to the level of DNA preservation and to the 

�W�D�U�J�H�W�H�G�� �E�D�U�F�R�G�H�V�¶�� �O�H�Q�J�W�K����The preservation of DNA is indeed a key issue in paleogenetics 

���H���J���� �'�H�O�O�¶�$�Q�Q�R��et al. 2002, Corinaldesi et al. 2008, Boere et al. 2011a). The diagenetic 

processes can degrade sedimentary DNA into shorts fragments thus preventing 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 fragment, we 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 bp-long DNA fragment was successfully amplified over the entire sediment 

cores (up to ~ 100 BCE) and was thus used for reconstructing 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. Debroas et al. 2015). Additionally, we 

did not observe 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 differential 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 DNA versus  taxa that leave their DNA 

with a limited protection (simple cell membrane easily lysed) or release DNA in the 

environment (extracellular DNA adsorbed on mineral and organic particles) (Corinaldesi et al. 

2005, 2008, Pedersen et al. 2015). We carefully considered the changes in the 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 cells. The 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 (especially Chlamydomonas OTUS) were largely represented in upper layers and had a 

decreasing relative abundance from the 1960s. Chlorophyceae are known to exhibit resistant 

rigid cell wall and zygospore (Imam et al. 1985, VanWinkle-Swift & 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 the group of 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 Capo et al. (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 allowing to minimize 

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) compared to lower 

latitude systems, which is mainly due to environmental constraints and remoteness (Vincent et 

al. 2013). In our data we could not detect any significant difference in terms of OTU richness 

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 our time-series datasets as 

well as the OTU distribution within taxonomic groups were within the expectations of 

previous HTS inventories performed on lake water columns, with Fungi, Ciliophora and 

Chlorophyta being the most diverse groups (Charvet et al. 2014, Oikonomou et al. 2015, 

Kammerlander et al. 2015, Debroas et al. 2015). Only the study reported by Coolen et al. 

(2013) about the reconstruction of temporal changes within aquatic eukaryotes communities 

over the Holocene in the Black Sea, is rather comparable to this study. A thorough 

comparison between these 2 studies would however by tricky due to the numerous 

�P�H�W�K�R�G�R�O�R�J�L�F�D�O�� �G�L�I�I�H�U�H�Q�F�H�V�� ���V�H�T�X�H�Q�F�L�Q�J�� �W�H�F�K�Q�R�O�R�J�\���� �W�D�U�J�H�W�H�G�� �E�D�U�F�R�G�H�� �U�H�J�L�R�Q�V�� �«������ �)�U�R�P�� �W�K�H��

dominant groups of microbial eukaryotes retrieved in the two studied lakes, we identified a 

pool of core/persistent taxa, which included OTUs affiliated to Cercozoa, Fungi, Ciliophora, 

Haptophyceae and Chlorophyta. There is little evidence for the existence of persistent, core 

microbiomes based on time-series environmental diversity data, especially for microbial 

eukaryotes (Shade & Gilbert 2015). Our results support recent observations showing the 

existence of persistent bacterial taxa being mostly represented by abundant OTUs (Gibbons et 

al. 2013). More particularly we show that changes in the dominant OTUs (from one lake to 

another or 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 showing the dominance (in terms of number 

of DNA reads) of few OTUs, i. e. hyperdominance concept as reported de Vargas et al. (2015) 

in oceans. However, we revealed that the relative abundance of more than half of these 

persistent OTUs displayed oscillating patterns and were even rare during long time periods. 

This implies that a formal hyperdominance concept should incorporate knowledge on the 

temporal dynamics of microbial eukaryotes communities. Shade & Gilbert (2015) recently 

emphasized the importance of temporal investigations into microbial dynamics in order to 

determine the role of the rare taxa in ecosystem resilience and stability. The highly diversified 

rare biosphere is considered either as a pool of active taxa living at low abundance, and/or a 

reservoir of dormant taxa that provide ecosystems with a biological buffering capacity to 

withstand environmental changes, and hence is generally associated to the idea of functional 
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redundancy (Lynch & Neufeld 2015, Logares et al. 2014). The rare biosphere represents a 

dynamic but overlooked fraction of lacustrine diversity. It has been demonstrated, from 18S 

rRNA, that dominance patterns among microbial eukaryotes could change at short or 

intermediate time scales ranging from day to seasons or years (Nolte et al. 2010, Jones et al. 

2013, Mangot et al. 2013, Egge et al. 2015). This suggests that rare taxa take active part into 

the rearrangements of community, especially when these are subject to disturbance (Sjöstedt 

et al. 2012, Shade et al. 2014, Baltar et al. 2015, Shade & Gilbert 2015). Our analyses suggest 

that the eukaryotic rare biosphere participate in the ecosystemic response to disturbances 

linked to both anthropogenic and climatic changes, illustrating the potential of the 

paleolimnological approach to detect which rare taxa exhibit a deterministic behavior. Further 

paleogenetics studies should 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 climatic fluctuations 

Recent paleoecological studies investigated the effects of climate (i.e. mainly temperature) on 

biological taxa but generally focused on specific photosynthetic groups such as 

Cyanobacteria, Haptophyta or Chlorophyta (Domaizon et al. 2013, Hou et al. 2014, 

Savichtcheva et al. 2015). The whole community of microbial eukaryotes (including 

heterotrophs) play key roles in food webs, they are seldom accounted for in studies dealing 

with climate impacts (Caron & Hutchins 2013, Coolen et al. 2013). In the case of Lake 

Bourget, we detect no marked effect of climatic fluctuations on community dynamics. 

However, it is noteworthy that, by excluding the data obtained for the last century, we detect 

changes concomitant with climatic modifications in this lake. Indeed, excluding the recent 

eutrophication period and considering data for the period -100/1900 AD, we verify the 

existence of a shift in the eukaryotic community structure at the end of the medieval warming 

(around 1350 AD, when temperatures started 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 Lake Igaliku community structure that could be 

related to main climatic periods. We identified a major change point during the 17th century, 

which corresponds to the coolest period of the last 2200 years (between AD 1640 and 1780; 

Millet et al. 2014). Moreover, the microbial eukaryotes community appeared to be structured 



 

127 
 

according to the main climatic periods (MWP, LIA, CWP; McKay & Kaufman, 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 watershed �D�Q�G�� �O�D�N�H�¶�V�� �W�U�L�E�X�W�D�U�L�H�V���� The 

previous studies based on the morphological remains (Perren et al. 2012, Millet et al. 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 climatic fluctuations. 

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. The shift 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 on the trophic state of the Lake Igaliku, except subtle changes of its flora 

and fauna (Perren et al. 2012, Millet et al. 2014). Here, we highlight profound changes in the 

dominant taxa between the 3 consecutive climatic periods, this paleolimnological view 

provides new material for generating hypotheses regarding the impact of climate on 

eukaryotic taxa. More particularly, 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 transition 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 micro-algae in planktonic and benthic ecosystems, but may 

also parasite large phytoplanktonic taxa (Tilmann et al. 1999). The positive response of 

Cercozoa to the increase of temperature was also recently reported in arctic peat (Tveit et al. 

2015) but extrapolating to various lake systems requires 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 constitutes a strong disturbance for fish, zooplankton 

and phytoplankton assemblages (e.g. Jeppesen et al. 2000, Paerl 2006, Schindler 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 eukaryotes community. In 

Lake Bourget, its effect seems to override that of climatic fluctuations as measured by the 
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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; Figure IV.S4) and when the phosphorus concentration peaked (in the 

1960s; Figure IV.S4), while no significant change was detected before. Other studies based 

on various biological proxies highlighted the effect of eutrophication in Lake Bourget since 

the 1940s (Millet et al. 2010, Berthon et al. 2013, Alric et al. 2013, Perga et al. 2015). This 

eutrophication indeed was reported as  the dominant driver of the relative abundance 

cyanobacterial species (Domaizon et al. 2013, Savichtcheva et al. 2015) but also of the 

composition and size structure of Daphnia sp. population (Alric et 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 structure. While the first shift observed in the 1940s can be attributed to the 

eutrophication (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 excluded (increase of 

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

anthropogenic pressure and global climatic conditions is still uncertain. 

 

IV.5.6. �7�R�Z�D�U�G���µ�Q�H�Z�¶���E�L�R�O�R�J�L�F�D�O���P�D�U�N�H�U�V���I�U�R�P���V�H�G�L�P�H�Q�W�D�U�\���'�1�$ 

Sed-DNA provides a huge amount of information about past and diverse communities, 

including potential biological markers that have never been explored before. For instance we 

reveal that the genus Chlamydomonas was 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 indicator of recent increase in trophic 

status and temperature conditions. Indeed, Chlamydomonas is ubiquitous and abundant in 

numerous lakes, but seems particularly successful in eutrophic conditions (Naselli-Flores & 

Barone 2000, Lepère et al. 2008, Chen et al. 2008). Algal remains preserved in subsurface 

lake sediments have been previously analyzed to reconstruct Chlorophyta abundance profiles, 

showing their increase during the eutrophication period (60s-70s) in Lake Biwa (Tsugeki et 

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 Lake Bourget in the 1940s. The sensitivity of this group to 
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eutrophication is consistent with previous knowledge about their preference for oligotrophic 

conditions (Hou et al. 2014, Unrein et al. 2014). 

Additionally, based on the assignation of OTUs to basic trophic modes (i.e. pigmented and 

non-pigmented), we show that the changes observed since the 1960s were detected not only 

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 widespread force shaping the structure of phytoplankton 

communities. This interpretation is in line with that of Taranu et al. (2015), based on pigment 

analyses of 108 sedimentary time series from north temperate-subarctic 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 (Beaver & Crisman 1989, Kisand & 

Zingel 2000, Pawlowski et al. 2016) and has already been used for saprobic index (Foissner 

1988, Madoni 2005). Here we detected more particularly the response of Epispathidium sp., 

but to our knowledge, this genus was not particularly described as an indicator of trophy 

modification. The application of ciliates metabarcoding for bioindication is still to be 

developed (Pawlowski et al. 2016), most probably the optimization of such HTS 

biomonitoring would represent an interesting potential in paleolimnology. 

For some other non-pigmented taxa responding to environmental changes over 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 instance for several OTUs within 

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

The on-going characterization of undescribed microbial eukaryotes should provide a more 

complete view of the ecological roles of these taxa and thus improve the accuracy and 

broaden the scope of microbial DNA inventories (Zinger et al. 2012, del Campo et al. 2014, 

de Vargas et al. 2015), with application both in limnology and paleolimnology. 
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Figure IV.7. Co-occurrence networks for Lake Bourget (A) and Lake Igaliku (B). The nodes 
represented each one OTU. The colors of nodes represented their taxonomic affiliation. 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 found to include significant 
common clusters between the two networks were surrounded by dotted lines and graph 
presenting their relative abundance over time were plotted. 
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IV.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 independently, co-occurrence networks were built from the relative abundance 

datasets of OTUs. The construction of weighted correlation networks was performed 

following Langfelder & Horvath (2008) using the R package WGCNA. In order to reduce the 

complexity of the 2 datasets, all the permanently rare OTUs (OTUs that never reached more 

than 36 DNA sequences i.e., 0.1 % of the number of DNA sequences per sample) were 

removed. The relative abundance datasets were standardized (using Hellinger transformation 

calculated by decostand function from the vegan R package; Oksanen et al. 2015) for further 

analyzes. The thresholding power values of 6 were chosen for both networks. The adjacency 

matrices, obtained 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 networks, only the OTUs (i.e., the nodes) linked by correlations 

(i.e., the edges) superior to 0.5 were kept for the visualisation and the calculation of network 

topological indices (average degree, diameter, density, weighted modularity, clustering 

coefficient and average path length) realized using the Gephi software (Bastian et al. 2009). 

In order to detect clusters of highly-connected OTUs present in both networks, we used a 

procedure from the WGCNA package based on the construction of a consensus network from 

the adjacency matrices of 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 found (Figure 

IV.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 considered as modules; 20 

modules were retrieved in both network. In the consensus network, 133 OTUs (out of the total 

1566 OTUs) were retrieved within 7 clusters of highly-connected OTUs (called consensus 

modules; Figure IV.8). The consensus modules #turquoise and the module #green exhibit the 

highest number of OTUs. 
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Figure IV.8. Consensus network. (A) Only the OTUs retrieved within the 7 consensus 
modules were represented. Correspondence of the (B) Annecy set-specific and (C) Bourget 
set-specific with the consensus modules. Each row of the table corresponds to one module 
from the individual networks, 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 encores �±�O�R�J���S�������Z�L�W�K���S���E�H�L�Q�J���W�K�H���)�L�V�K�H�U�¶�V���H�[�D�F�W���W�H�V�W���S-value for 
the overlap of the two modules. The stronger the red color, the more significant the overlap is. 
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The module #turquoise was mainly composed by Chlorophyta OTUs found to be highly 

abundant in the recent period from both lake time series. We hypothesize that the increase in 

the recent period of Chlorophyta could originate from the eutrophication in Lake Bourget 

from the 1940s to the 1970s (Giguet-Covex et al. 2010, Alric et al. 2013) and the moderate 

eutrophication in Lake Igaliku around the 1980s (Austrheim et al. 2008, Perren et al. 2012, 

Millet et al. 2014). The module #blue 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 lack of data 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 be 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 or high-throughput 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. 
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IV.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 LDB13-I (a). The pink area represents the part of the 
sequence which suffers of chronological uncertainties and has to be considered with caution. 
Chemical matching using downcore variations of K/Ti ratio in LDB04-I (Arnaud et al., 2012) 
and LDB13-I (b). The seven tie points identified are noted A to G. Lake Igaliku (B): Age 
depth model for Iga-2007 and correlation between Iga-2007 and Iga-2011 cores based on 
14C, 210Pb and 137CS data (dots) according to Massa et al.,(2012) (a). The correlation is 
based on magnetic susceptibility data (b). 
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Figure IV.S2. Figure showing from the MRT analysis, the relative error RE and the cross-
validated relative error CVRE for the 3 studied datasets (all OTUs, non-pigmented OTUs, 
pigmented OTUs) in Lake Bourget (A) and Lake Igaliku (B). The 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 the cross-validation 
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 10-1 °C) ; Data from Auer et al. 2007 (B) Daphnia-inferred total 
phosphorus concentrations (annual mean concentrations over the 0-20 m water depths ± 95 
confidence intervals) in µg P.L-1 ; Data from Alric et al. 2013; Berthon et al. 2014. 
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Figure IV.S5. Non-metric multidimensional scaling analysis based on Bray-Curtis (relative 
abundance of OTUs) and Jaccard (presence/absence of OTUs) indices. Plots are presented for 
Lake Bourget and Lake Igaliku time series. The colors correspond to the groups of samples 
identified by ANOSIM analysis (p < 0.05).  

 

 

 

Table IV.S1. (A) Chronology and XRF results from LDB13-I core (B) Chronology and 
magnetic susceptibility from Iga-2013 core.  

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

Lake Sample 
Composite_d

epth (cm) 

Dating 
/ Time 
(AD) 

# 
Quality
-filter 
DNA 

sequen
ces 

# Clean 
DNA 

sequen
ces 

# all 
OTUs 

# 
Pigmen

ted-
OTUs 

# Non-
pigment

ed-
OTUs 

estimat
ed 

OTU 
richnes

s 

Transfor
med 

Shannon  
diversity 

Transfor
med 

Simpson 
diversity 

Bourg
et 

BourgetAC0
135 

1-2 2010-
2012 

67422 35973 2327 474 1224 2871 373.92 99.10 
86429 

BourgetAC0
139 

9-10 1993-
1995 

65278 35973 2110 473 1193 2393 174.61 13.45 
66824 

BourgetAC0
141 

13-14 1987-
1989 

93600 35973 1967 475 1140 2444 140.14 22.19 
87332 

BourgetAC0
143 

17-18 1979-
1981 

105600 35973 1865 390 1080 2393 132.84 18.94 
93144 

BourgetAC0
146 

24-25 1968-
1970 

75410 35973 2120 411 1310 2615 129.99 13.98 
81283 

BourgetAC0
148 

28-29 1959-
1961 

71932 35973 2213 369 1413 2392 394.93 103.21 
56817 

BourgetAC0
151 

33-34 1949-
1951 

74332 35973 2583 415 1662 2861 540.48 104.57 
56725 

BourgetAC0
11 

39-40 1938-
1940 

78846 35973 2196 289 1344 2610 265.15 61.96 
97686 

BourgetAC0
13 

45-46 1927-
1929 

52083 35973 1796 312 1044 1897 265.45 65.94 
50840 

BourgetAC0
15 

51-52 1914-
1916 

49599 35973 1643 248 1011 1774 211.92 58.41 
58571 

BourgetAC0
17 

57-58 1901-
1903 

52580 35973 1847 284 1102 2100 225.09 34.39 
79086 

BourgetAC0
21 

69-70 1871-
1873 

71354 35973 1405 230 784 1673 136.23 36.14 
80966 

BourgetAC0
23 

75-76 1854-
1857 

23975 35973 1201 197 684 1219 163.49 58.79 
74427 

BourgetAC0
25 

81-82 1837-
1840 

52360 35973 1503 253 876 1739 119.27 20.37 
96285 

BourgetAC0
27 

87-88 1819-
1822 

61264 35973 1613 290 918 1813 206.98 59.22 
75026 

BourgetAC0
29 

92-93 1805-
1810 

90034 35973 1829 321 1090 2175 145.32 21.97 
74289 

BourgetAC0
33 

104-105 1760-
1765 

65030 35973 1494 231 887 1691 124.72 24.21 
74086 

BourgetAC0
37 

117-118 1700-
1705 

73964 35973 1408 217 858 1585 133.01 31.35 
74414 

BourgetAC0
40 

132-133 1595-
1605 

83010 35973 1716 253 1085 2014 145.03 29.63 
72875 

BourgetAC0
42 

138-139 1545-
1555 

34502 35973 1511 223 909 1638 155.54 35.95 
86948 

BourgetAC0
48 

156-157 1385-
1395 

103497 35973 1827 308 1056 2277 166.00 36.90 
75353 

BourgetAC0
52 

168-169 1290-
1295 

81173 35973 1709 295 947 2038 167.78 39.70 
74142 

BourgetAC0
56 

180-181 1205-
1210 

72316 35973 1599 285 823 1901 145.59 41.44 
76505 

BourgetAC0
60 

192-193 1135-
1140 

98907 35973 1590 271 892 1992 122.53 29.46 
83517 

BourgetAC0
64 

205-206 1070-
1075 

70369 35973 1817 334 997 2149 194.90 50.33 
65940 

BourgetAC0
68 

217-218 1020-
1025 

30095 35973 1550 267 846 1722 134.39 31.36 
68295 

BourgetAC0
72 

226-227 980-985 53683 35973 1334 228 687 1388 97.79 19.40 
37907 

BourgetAC0
80 

250-251 880-885 71817 35973 1378 231 718 1576 131.63 36.48 
58721 
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BourgetAC0
82 

256-257 850-855 68781 35973 1792 271 1041 2048 187.73 48.22 
54219 

BourgetAC0
84 

262-263 820-825 67604 35973 1848 285 1087 2169 167.68 46.20 
75581 

BourgetAC0
86 

268-269 790-795 70824 35973 1663 257 926 1913 182.55 51.99 
57945 

BourgetAC0
88 

274-275 755-760 73337 35973 1452 243 793 1710 117.21 33.49 
68370 

BourgetAC0
90 

280-281 715-720 103656 35973 1172 164 697 1268 126.59 39.31 
45908 

BourgetAC0
92 

286-287 670-680 78124 35973 1648 259 888 1973 124.70 26.69 
88932 

BourgetAC0
96 

298-299 570-580 71304 35973 1745 267 968 2090 138.37 28.36 
77757 

BourgetAC0
98 

304-305 515-525 85389 35973 1717 258 958 2109 103.01 22.92 
83423 

BourgetAC0
100 

310-311 455-465 51344 35973 1412 202 765 1545 111.70 25.88 
53778 

BourgetAC0
102 

316-317 390-400 58575 35973 1403 216 708 1555 112.47 23.33 
50686 

BourgetAC0
104 

322-323 325-335 68072 35973 1262 188 651 1321 129.27 31.74 
20820 

BourgetAC0
106 

328-329 255-265 54690 35973 1718 269 938 1989 152.33 40.25 
78841 

BourgetAC0
109 

338-339 135-145 71295 35973 1723 274 980 2027 130.95 30.86 
74394 

BourgetAC0
111 

343-344 80-90 66374 35973 1608 260 874 1878 152.33 36.96 
74899 

BourgetAC0
113 

349-350 15-25 57599 35973 1573 257 839 1789 139.56 33.19 
71752 

BourgetAC0
115 

355-356 -45/-35 83385 35973 1394 245 715 1612 96.75 23.88 
57689 

BourgetAC0
117 

361-362 -95/-85 100680 35973 1691 271 921 2006 141.59 31.08 
67388 

Igalik
u 

IgalikuAC0I
2 

0.5-1 2009-
2010 

51935 35973 2219 510 1171 2300 494.95 132.74 
64872 

IgalikuAC0I
4 

1.5-2 2003-
2005 

72110 35973 2266 486 1189 2482 390.05 99.46 
76788 

IgalikuAC0I
6 

2.5-3 1988-
1997 

69699 35973 2003 372 1074 2325 221.95 46.92 
65154 

IgalikuAC0I
8 

3.5-4 1966-
1974 

67563 35973 2027 365 1087 2156 293.87 66.00 
54544 

IgalikuAC0I
10 

4.5-5 1961-
1963 

72377 35973 2186 417 1158 2499 289.03 47.05 
72894 

IgalikuAC0I
12 

5.5-6 1939-
1954 

54399 35973 1988 275 1158 2144 229.17 46.76 
66223 

IgalikuAC0I
14 

6.5-7 1900-
1920 

83385 35973 2258 347 1279 2705 315.55 93.74 
80309 

IgalikuAC0I
16 

7.5-8 1865-
1880 

61191 35973 2133 292 1172 2491 271.17 66.07 
77180 

IgalikuAC0I
18 

8.5-9 1835-
1850 

67694 35973 2334 312 1351 2823 246.57 41.74 
65261 

IgalikuAC0I
20 

9.5-10.5 1790-
1820 

76119 35973 2643 480 1465 3064 422.69 92.52 
58735 

IgalikuAC0I
24 

13.5-14.5 1680-
1725 

97760 35973 2425 440 1300 3174 209.54 17.42 
72618 

IgalikuAC0I
28 

17.5-18.5 1595-
1605 

86505 35973 2009 264 1104 2436 231.56 56.16 
72809 

IgalikuAC0I
32 

21.5-22.5 1450-
1490 

68297 35973 1755 240 1035 2125 74.72 10.12 
81142 

IgalikuAC0I
36 

25.5-26.5 1320-
1345 

64168 35973 1821 221 1061 2184 157.31 41.70 
66478 
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IgalikuAC0I
38 

27-27.5 1305-
1315 

68018 35973 2029 309 1132 2501 168.83 38.73 
75059 

IgalikuAC0I
40 

28-28.5 1260-
1290 

79413 35973 1600 210 899 2049 76.49 15.31 
76546 

IgalikuAC0I
42 

29-29.5 1230-
1240 

59583 35973 1920 306 1075 2406 154.65 39.63 
111070 

IgalikuAC0I
44 

30-30.5 1210-
1220 

68345 35973 1917 284 1025 2270 133.00 30.22 
55300 

IgalikuAC0I
46 

31-31.5 1200-
1205 

56010 35973 1912 295 1067 2204 117.28 24.00 
50282 

IgalikuAC0I
48 

32-32.5 1190-
1195 

67578 35973 1754 286 937 2204 65.44 11.40 
67090 

IgalikuAC0I
50 

33-33.5 1185-
1190 

78612 35973 2004 320 1121 2615 106.13 23.21 
86017 

IgalikuAC0I
52 

34-34.5 1170-
1180 

58366 35973 2163 316 1201 2552 156.89 20.59 
83506 

IgalikuAC0I
54 

35-35.5 1155-
1165 

64819 35973 1875 227 1058 2195 98.50 18.63 
49786 

IgalikuAC0I
56 

36-36.5 1140-
1150 

56322 35973 2125 320 1203 2375 183.80 43.35 
51378 

IgalikuAC0I
58 

37-37.5 1130-
1135 

83734 35973 1977 254 1231 2517 92.75 11.03 
59954 

IgalikuAC0I
60 

38-38.5 1110-
1120 

75710 35973 1995 272 1213 2424 143.95 17.98 
53776 

IgalikuAC0I
62 

39-39.5 1080-
1095 

48225 35973 1721 204 1070 1964 142.50 32.27 
56848 

IgalikuAC0I
64 

40-40.5 1045-
1055 

63083 35973 1561 197 955 1866 102.63 27.92 
61289 

IgalikuAC0I
66 

41-41.5 1030-
1035 

55355 35973 1730 226 1042 2046 159.79 40.72 
71825 

IgalikuAC0I
68 

42-42.5 1023-
1026 

39037 35973 1534 187 912 1812 120.94 26.40 
78357 

IgalikuAC0I
70 

43-43.5 1018-
1021 

53625 35973 1618 195 945 1905 110.58 25.08 
75381 

IgalikuAC0I
72 

44-44.5 1010-
1015 

66907 35973 1693 219 946 2144 93.69 17.19 
96865 

IgalikuAC0I
74 

45-45.5 990-
1000 

94816 35973 1649 180 997 2057 102.46 28.42 
52746 

IgalikuAC0I
76 

46-46.6 960-975 76025 35973 1663 202 1037 2050 113.29 30.18 
74946 

IgalikuAC0I
78 

47-47.5 925-940 68792 35973 1619 222 940 1879 98.59 18.00 
54198 

IgalikuAC0I
80 

48-48.5 900-910 65799 35973 1565 193 906 1813 104.27 22.64 
47185 

IgalikuAC0I
82 

49-49.5 890-895 51825 35973 1407 158 828 1736 71.85 18.32 
77678 

IgalikuAC0I
84 

50-50.5 875-880 60876 35973 1652 240 881 1962 117.13 31.46 
69023 

IgalikuAC0I
92 

57.5-58.5 685-700 59119 35973 1277 158 707 1297 142.85 35.21 
51157 

IgalikuAC0I
100 

65.5-66.5 360-370 73358 35973 1317 247 706 1378 82.02 13.37 
76605 

IgalikuAC0I
108 

73.5-74.5 80-95 48005 35973 1208 198 654 1208 224.96 73.68 
111961 

IgalikuAC0I
116 

81.5-82.5 -50/-40 58389 35973 1346 267 685 1357 202.28 54.98 
51221 

IgalikuAC0I
124 

89.5-90.5 -195/-
180 

85378 35973 1789 342 963 1996 305.45 77.71 
75823 
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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 analysis. The 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 their taxonomic resolution of each OTU with the 
percentage of identity to the best hit. The sign (+) represents an increase and the sign (-) 
represents a decrease of the relative abundance of the OTU between the 2 compared periods.   

(A) Lake Bourget 

OTUs 
% of contribution to the 

rearrangements Oscillating pattern 
Ecological 
inference Taxonomic group Best Taxonomic resolution 

% 
identity   

before 
1940s vs  
1940-60s 

1940-60s 
vs  after 
1960s  OTU3409 2.63 (-) 7.93 (+) 

 
Npi Ciliophora Epispathidium sp. 89.9 

OTU52956 0.33 (+) 3.67 (+) 
 

Unk unclassified Stramenopiles unclassified Stramenopiles 91.3 
OTU42983 0.24 (+) 2.58 (+) 

 
Pi Chlorophyta Chlamydomonas sp. 98.5 

OTU39169 2.43 (+) 1.87 (-) 
 

Npi Fungi Cryptomycota_CM1 92.7 
OTU5230 1.38 (+) 1.56 (-) 

 
Unk unclassified_Alveolata unclassified_Rhizaria 79.7 

OTU58202 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 
OTU35618 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 
OTU23762 < 0.20  0.90 (+) yes Pi Chrysophyceae Chrysosaccus sp. 90.3 
OTU4897 0.85 (+) 0.81 (-) yes Npi Fungi unclassified_Cryptomycota 94.3 
OTU12810 0.79 (-) 0.80 (-) yes Npi Ciliophora Alveolate_1 94.3 
OTU9807 < 0.20  0.77 (+) yes Npi Fungi unclassified_Fungi 95.5 
OTU72919 1.21 (-) 0.68 (-) 

 
Npi Ciliophora Arcuospathidium sp. 97.0 

OTU37932 1.11 (-) 0.66 (-) 
 

Npi Ciliophora Spathidium sp. 95.1 
OTU12403 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 
OTU14646 0.61 (+) 0.60 (-) 

 
Pi Chlorophyta Trebouxiophyceae 98.5 

OTU71469 0.35 (+) 0.59 (-) yes Npi Fungi Penicillium sp. 94.0 
OTU62642 < 0.20  0.58 (+) yes Unk unclassified_Stramenopiles unclassified_Stramenopiles 94.0 
OTU62261 0.53 (+) 0.58 (-) yes Npi Ciliophora Alveolate_1 95.4 
OTU45249 0.52 (+) 0.55 (-) yes Npi Ciliophora Alveolate_1 93.9 
OTU59827 0.51 (+) 0.51 (-) yes Pi Chlorophyta Lagerheimia sp. 98.5 
OTU76908 0.57 (+) 0.51 (-) 

 
Npi Apicomplexa Apicomplexa 97.4 

OTU19500 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 

OTU6992 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 

OTU39097 0.30 (-) 0.43 (-) yes Npi Fungi unclassified_Pleosporales 97.3 
OTU9270 0.23 (+) 0.40 (+) yes Pi Chlorophyta unclassified_Chlamydomonadaceae 95.1 
OTU62873 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 
OTU32080 0.08 0.38 (+) yes Pi Bacillariophyta unclassified_Fragilariaceae 97.8 
OTU49494 < 0.20  0.35 (+) yes Unk unclassified_Alveolata unclassified_Alveolata 97.0 
OTU43283 0.68 (-) 0.35 (-) 

 
Npi Ciliophora unclassified_Polycostidae 95.4 

OTU76634 0.29 (+) 0.35 (-) yes Npi Fungi unclassified_Blastocladiales 94.0 
OTU72274 0.21 (+) 0.34 (+) yes Pi Chlorophyta unclassified_Chlamydomonadaceae 95.5 
OTU920 1.03 (-) 0.33 (-) yes Npi Cercozoa Plasmodiophora  sp. 80.7 

OTU17747 < 0.20  0.33 (+) yes Npi Fungi unclassified_Chytridiomycota 83.5 
OTU16279 < 0.20  0.32 (+) yes Pi Chlorophyta Mychonastes sp. 97.0 
OTU721 0.32 (+) 0.31 (-) 

 
Npi Fungi Cryptomycota_CM1 96.6 

OTU44626 0.30 (+) 0.30 (-) 
 

Npi Fungi unclassified_Fungi 87.2 
OTU14098 0.29 (+) 0.29 (-) yes Npi Fungi Cryptomycota_CM1 91.6 
OTU34798 < 0.20  0.29 (+) yes Pi Bacillariophyta unclassified_Thalassiosiraceae 95.1 
OTU29821 0.26 (+) 0.28 (-) yes Npi Apicomplexa Apicomplexa 94.9 
OTU27689 < 0.20  0.26 (+) yes Pi Chlorophyta unclassified_Chlamydomonadaceae 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 
OTU53281 < 0.20  0.26 (+) yes Npi Ciliophora unclassified_Ciliophora 96.6 
OTU52551 < 0.20  0.25 (+) yes Npi Fungi unclassified_Chytridiomycota 90.1 
OTU18150 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_Nephroselmidophyceae 91.8 

OTU28684 0.21 (-) 0.23 (-) yes Npi Fungi unclassified_Cordycipitaceae 97.7 
OTU44653 < 0.20  0.23 (+) yes Pi Chlorophyta unclassified_Scenedesmaceae 97.4 
OTU10926 < 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 
OTU45224 0.29 (+) 0.22 (-) 

 
Pi Chlorophyta unclassified_Scenedesmaceae 97.0 

OTU65365 0.21 (+) 0.21 (-) 
 

Npi Fungi Cryptomycota 92.5 
OTU11888 < 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 

OTU62983 < 0.20  0.20 (+) yes Npi Fungi unclassified_Fungi 90.2 
OTU58568 0.25 (+) 0.20 (-) yes Npi Cercozoa Gymnophrys sp. 80.4 
OTU41369 < 0.20  0.20 (+) yes Pi Eustigmatophyceae Nannochloropsis sp. 97.7 
OTU79385 < 0.20  0.20 (+) yes Npi Fungi unclassified_Fungi 89.2 
OTU16608 < 0.20  0.20 (+) yes Npi Fungi unclassified_Chytridiomycota 93.2 
OTU69102 < 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 

OTU21266 0.21 (-) < 0.20  yes Npi Fungi unclassified_Pleosporales 97.3 
OTU51341 0.87 (-) < 0.20  yes Pi Chlorophyta Pseudendoclonium sp. 62.5 
OTU21720 0.51 (-) < 0.20  yes Npi Fungi Metarhizium sp. 97.3 
OTU68720 0.30 (-) < 0.20  yes Unk unclassified_Alveolata unclassified_Alveolata 90.7 
OTU38660 0.20 (-) < 0.20  yes Npi Bicosoecida Bicosoecida_clade 78.8 
OTU51404 0.30 (-) < 0.20  yes Npi Cercozoa Plasmodiophora 79.4 
OTU35209 1.02 (-) < 0.20  yes Npi Fungi Polyporales 98.5 
OTU18217 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 
OTU21649 0.72 (-) < 0.20  yes Pi Phaeocystales Phaeocystis sp. 63.0 
OTU77985 0.23 (-) < 0.20  yes Npi Fungi unclassified_Chytridiomycota 79.9 
OTU22472 0.40 (-) < 0.20  yes Pi Haptophyceae unclassified_Haptophyceae 61.9 

 
(B) Lake Igaliku 

OTUs 
ù of contribution to the 

rearrangements Oscillating OTUs 
Ecological 
inference Taxonomic group Best Taxonomic resolution 

% 
identity   

before 
700 AD 
vs   700-
1350 AD 

(%)  

700-1350 
AD vs 
1450-
1880  

AD (%)  

1450-
1880  

AD vs   
after 

1880 AD 
(%)  

OTU52956 < 0.20  0.50 (+) 3.64 (+) yes Unk unclassified_Stramenopiles unclassified Stramenopiles 91.3 
OTU41720 2.31 (+) 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 < 0.20  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 

OTU69865 < 0.20  1.30 (+) 1.23 (-) yes Npi Cercozoa Cercozoa_1 85.1 
OTU5758 < 0.20  < 0.20  1.21 (+) yes Npi Schizopyrenida Naegleria sp. 91.1 
OTU42178 < 0.20  1.4 (+) 1.19 (-) yes Npi Ciliophora Dexiostoma sp. 98.1 
OTU44926 < 0.20  0.20 (+) 1.13 (+) yes Npi Cercozoa Cercozoa_1 84.1 
OTU57824 1.35 (-) 0.22 (-) 1.12 (+) yes Unk unclassified_Stramenopiles unclassified_Stramenopiles 98.1 
OTU25969 1.62 (-) 0.29 (-) 1.11 (+) yes Unk unclassified_Stramenopiles unclassified_Stramenopiles 95.9 
OTU28768 < 0.20  0.36 (+) 0.980 (+) yes Npi Fungi unclassified_Fungi 94.7 
OTU31016 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_Chlamydomonadaceae 95.1 
OTU74258 0.48 (+) 0.75 (+) 0.73 (-) yes Npi Ciliophora Paradiophrys sp. 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 
OTU44063 0.73 (-) < 0.20  0.67 (+) yes Unk unclassified_Stramenopiles unclassified_Stramenopiles 96.7 
OTU20865 < 0.20  0.56 (+) 0.66 (+) yes Unk Chrysophyceae Chrysophyceae 96.3 
OTU72274 < 0.20  < 0.20  0.65 (+) yes Pi Chlorophyta unclassified_Chlamydomonadaceae 95.5 
OTU14600 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 
OTU49044 < 0.20  < 0.20  0.59 (+) yes Unk unclassified_Rhizaria unclassified_Rhizaria 97.8 
OTU58202 0.24 (-) 0.54 (+) 0.57 (-) yes Unk unclassified_Alveolata unclassified_Alveolata 93.4 
OTU76121 < 0.20  0.53 (+) 0.55 (-) 

 
Npi Cercozoa Cercozoa_1 95.1 

OTU8239 < 0.20  0.53 (+) 0.54 (-) 
 

Npi Ciliophora Spathidium sp. 95.1 
OTU72919 < 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  0.44 (+) 0.53 (-) yes Npi Fungi unclassified_Chytridiomycota 97.4 
OTU37932 < 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 
OTU14646 0.92 (+) 0.90 (-) 0.46 (-) yes Pi Chlorophyta unclassified_Trebouxiophyceae 98.5 
OTU44090 < 0.20  0.34 (+) 0.45 (+) yes Npi Fungi unclassified_Chytridiomycota 96.2 
OTU27689 < 0.20  < 0.20  0.45 (+) yes Pi Chlorophyta unclassified_Chlamydomonadaceae 95.8 
OTU78496 < 0.20  < 0.20  0.45 (+) yes Pi Chlorophyta Wislouchiella sp. 98.1 
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OTU30205 < 0.20  0.47 (+) 0.45 (-) 
 

Npi Perkinsea Perkinsea_1 97.4 
OTU47951 0.94 (+) 0.93 (-) 0.43 (-) yes Npi Bicosoecida Bicosoecida_clade 93.5 
OTU73785 2.45 (+) 2.14 (-) 0.41 (-) yes Npi Ciliophora Dexiostoma sp. 89.3 
OTU50060 3.40 (+) 3.59 (-) 0.39 (-) yes Npi Cercozoa Cercozoa_1 93.7 
OTU4556 < 0.20  0.21 (+) 0.38 (+) yes Npi Schizopyrenida Naegleria sp. 83.6 
OTU23374 < 0.20  < 0.20  0.37 (+) yes Pi Chlorophyta unclassified_Chlorophyta 92.9 
OTU52816 < 0.20  < 0.20  0.37 (+) yes Npi Ciliophora Alveolate_1 91.3 
OTU50100 < 0.20  < 0.20  0.36 (+) yes Npi Ciliophora unclassified_Stichotrichia 97.8 
OTU21170 < 0.20  < 0.20  0.35 (+) yes Pi Chlorophyta unclassified_Chlorophyta 95.9 
OTU49516 < 0.20  < 0.20  0.35 (+) yes Npi Fungi Pilaira sp. 69.2 
OTU28155 < 0.20  0.34 (+) 0.34 (-) 

 
Npi Cercozoa Cercozoa_1 96.2 

OTU78367 0.24 (+) 0.35 (+) 0.32 (-) 
 

Npi Fungi Paraglomus sp. 68.1 
OTU70723 < 0.20  < 0.20  0.31 (+) yes Unk unclassified_Stramenopiles unclassified_Stramenopiles 95.9 
OTU57856 0.70 (+) 0.70 (-) 0.31 (-) yes Npi Bicosoecida Bicosoecida_clade 90.7 
OTU6992 0.52 (-) < 0.20  0.30 (+) yes Unk unclassified_Alveolata unclassified_Alveolata 95.5 
OTU37640 < 0.20  < 0.20  0.30 (+) yes Npi Fungi unclassified_Fungi 96.2 
OTU51285 < 0.20  0.29 (+) 0.29 (-) 

 
Unk unclassified_Rhizaria unclassified_Rhizaria 92.2 

OTU57038 0.76 (-) < 0.20  0.27 (+) yes Unk unclassified_Alveolata unclassified_Alveolata 96.3 
OTU1825 < 0.20  0.28 (+) 0.27 (-) 

 
Pi Synurophyceae Mallomonas sp. 64.4 

OTU4212 < 0.20  < 0.20  0.26 (+) yes Unk unclassified_Rhizaria unclassified_Rhizaria 91.8 
OTU51304 0.27 (+) 0.36 (-) 0.26 (-) yes Npi Schizopyrenida unclassified_Naegleria  93.6 
OTU18335 0.58 (-) 0.21 (+) 0.25 (+) yes Unk Chrysophyceae unclassified_Chromulinaceae 98.5 
OTU16011 < 0.20  0.26 (+) 0.25 (-) 

 
Npi Perkinsea Perkinsea_1 97.7 

OTU59774 < 0.20  < 0.20  0.24 (+) 
 

Unk Dinophyceae unclassified_Dinophyceae 94.1 
OTU29548 < 0.20  0.24 (+) 0.24 (-) 

 
Npi Fungi Sphenospora sp. 64.8 

OTU76103 < 0.20  0.24 (+) 0.24 (-) 
 

Npi Cercozoa Cercozoa_1 93.5 
OTU14786 < 0.20  < 0.20  0.23 (+) yes Pi Synurophyceae Chrysosphaerella sp. 95.1 
OTU501 < 0.20  0.23 (+) 0.23 (-) yes Npi Cercozoa Cercozoa_1 93.1 

OTU44342 < 0.20  < 0.20  0.22 (+) yes Npi Ciliophora Alveolate_1 93.9 
OTU48827 < 0.20  < 0.20  0.22 (+) yes Pi Chlorophyta Chlamydomonadaceae 98.9 
OTU7733 < 0.20  0.23 (+) 0.22 (-) 

 
Npi Fungi Pluteus sp. 67.6 

OTU48783 < 0.20  < 0.20  0.22 (-) yes Pi Bacillariophyta Aulacoseira sp.  97.0 
OTU3409 0.45 (-) < 0.20  0.21 (+) yes Npi Fungi Candida sp. 90.2 
OTU12810 < 0.20  < 0.20  0.20 (+) yes Npi Ciliophora Alveolate_1 94.3 
OTU65886 < 0.20  < 0.20  0.20 (+) 

 
Npi Apicomplexa Sarcocystidae 90.9 

OTU10338 1.87 (+) 1.98 (-) < 0.20  yes Npi Cercozoa Cercozoa_1 93.3 
OTU30069 4.97 (-) 1.78 (-) < 0.20  yes Npi Ciliophora Cyclidium sp. 91.5 
OTU33699 1.18 (+) 1.35 (-) < 0.20  yes Unk unclassified_Rhizaria unclassified_Rhizaria 94.9 
OTU49566 1.20 (+) 1.27 (-) < 0.20  

 
Unk unclassified_Rhizaria unclassified_Rhizaria 92.9 

OTU8603 0.87 (+) 0.93 (-) < 0.20  
 

Npi Perkinsea Perkinsea_1 89.3 
OTU51842 0.78 (+) 0.87 (-) < 0.20  yes Unk unclassified_Rhizaria unclassified_Rhizaria 89.2 
OTU42111 0.69 (+) 0.80 (-) < 0.20  yes Pi unclassified_Haptophyceae unclassified_Haptophyceae,  91.6 
OTU37586 0.44 (+) 0.56 (-) < 0.20  yes Unk unclassified_Rhizaria unclassified_Rhizaria 91.2 
OTU20991 0.46 (+) 0.53 (-) < 0.20  yes Npi Fungi Hygrocybe sp. 63.1 
OTU16885 0.40 (+) 0.46 (-) < 0.20  

 
Unk unclassified_Rhizaria unclassified_Rhizaria 90.2 

OTU74554 0.97 (-) 0.36 (-) < 0.20  yes Npi Ciliophora Cyclidium sp. 93.9 
OTU14892 0.28 (+) 0.32 (-) < 0.20  

 
Npi Fungi Polychytrium sp. 88.6 

OTU50456 2.38 (-) 0.29 (-) < 0.20  yes Unk Dinophyceae Kofoidinium sp. 89.9 
OTU35799 0.24 (+) 0.27 (-) < 0.20  yes Npi Fungi Hygrocybe sp. 63.8 
OTU66436 0.20 (+) 0.26 (-) < 0.20  

 
Npi Ciliophora unclassified_Stichotrichia 97.4 

OTU28653 < 0.20  0.22 (-) < 0.20  
 

Unk unclassified_Rhizaria unclassified_Rhizaria,  88.7 
OTU56375 0.64 (-) 0.21 (+) < 0.20  yes Npi Cercozoa Cercozoa_1 93.3 
OTU70059 < 0.20  0.2 (-) < 0.20  

 
Npi Cercozoa Cercozoa_1 93.7 

OTU77864 1.20 (-) < 0.20  < 0.20  yes Unk Dinophyceae Kofoidinium sp. 88.3 
OTU13159 0.95 (-) < 0.20  < 0.20  

 
Pi Chrysophyceae Dinobryon sp. 97.4 

OTU1716 0.88 (-) < 0.20  < 0.20  yes Npi Kinetoplastida Trypanosoma sp.  80.3 
OTU19424 0.83 (-) < 0.20  < 0.20  yes Pi Chlorophyta unclassified_Chlorophyta 95.1 
OTU49699 0.78 (-) < 0.20  < 0.20  

 
Pi Synurophyceae Mallomonas sp. 97.7 

OTU59454 0.68 (-) < 0.20  < 0.20  yes Pi Bangiophyceae Porphyra sp. 51.6 
OTU20579 0.57 (-) < 0.20  < 0.20  yes Pi Chlorophyta unclassified_Chlorophyta 95.6 
OTU8852 0.46 (-) < 0.20  < 0.20  yes Npi Fungi unclassified_Chytridiomycota 76.6 
OTU26778 0.42 (-) < 0.20  < 0.20  yes Npi Cercozoa Massisteria sp. 85.4 
OTU4623 0.40 (-) < 0.20  < 0.20  yes Npi Kinetoplastida Bodo sp. 91.3 
OTU15701 0.36 (-) < 0.20  < 0.20  yes Npi Bicosoecida Bicosoecida_clade 79.6 
OTU18217 0.36 (-) < 0.20  < 0.20  yes Pi unclassified_Haptophyceae unclassified_Haptophyceae 59.3 
OTU9425 0.36 (-) < 0.20  < 0.20  

 
Npi Apicomplexa unclassified_Apicomplexa 98.9 

OTU47050 0.33 (-) < 0.20  < 0.20  yes Npi Cercozoa Massisteria sp. 87.3 
OTU33951 0.32 (-) < 0.20  < 0.20  yes Npi Cercozoa unclassified_Cercozoa 86.2 
OTU62873 0.31 (-) < 0.20  < 0.20  yes Npi Bicosoecida Bicosoecida_clade 79.9 
OTU31695 0.27 (-) < 0.20  < 0.20  yes Npi Cercozoa Cercozoa_1 61.9 
OTU49198 0.26 (-) < 0.20  < 0.20  yes Unk unclassified_Stramenopiles unclassified_Stramenopiles 90.3 
OTU55316 0.26 (-) < 0.20  < 0.20  yes Npi Kinetoplastida Bodo sp. 93.9 
OTU53146 0.25 (-) < 0.20  < 0.20  yes Pi Chlorophyta unclassified_Chlamydomonadales 95.5 
OTU6418 0.25 (-) < 0.20  < 0.20  yes Npi Fungi Dekkera sp. 91.0 
OTU21309 0.24 (-) < 0.20  < 0.20  yes Npi Cercozoa unclassified_Cercozoa 88.1 
OTU26093 0.24 (-) < 0.20  < 0.20  yes Npi Fungi Dissophora sp. 98.9 
OTU4505 0.23 (-) < 0.20  < 0.20  yes Pi Chlorophyta Scherffelia sp. 95.8 
OTU47814 0.22 (-) < 0.20  < 0.20  yes Npi Ciliophora Condylostoma sp. 61.3 
OTU16518 0.21 (-) < 0.20  < 0.20    Pi Dinophyceae Symbiodinium sp. 92.3 
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Resumé 

�$�I�L�Q�� �G�¶�p�Y�D�O�X�H�U�� �O�H�V�� �H�I�I�H�W�V�� �G�H�V�� �I�R�U�o�D�J�H�V�� �D�Q�W�K�U�R�S�L�T�X�H�V locaux (ici modification des teneurs en 

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

eucaryotes lacustres au cours du siècle dernier, nous avons appliqué le séquençage massif à 

�O�¶�$�'�1�� �V�p�G�L�P�H�Q�W�D�L�U�H�� �G�H�� �G�H�X�[�� �O�D�F�V�� ���O�D�F�� �G�¶�$�Q�Q�H�F�\��et lac du Bourget). Ces deux lacs ont été 

exposés au cours du siècle dernier au même forçage climatique mais à des niveaux 

�G�¶�H�X�W�U�R�S�K�L�V�D�W�L�R�Q���G�L�I�I�p�U�H�Q�W�V�����H�X�W�U�R�S�K�L�V�D�W�L�R�Q���P�D�U�T�X�p�H���G�D�Q�V���O�H���O�D�F���G�X���%�R�X�U�J�H�W���H�W���I�D�L�E�O�H���G�D�Q�V���O�H���O�D�F��

�G�¶�$�Q�Q�H�F�\������ �/�H�V�� �G�R�Q�Q�p�H�V�� �D�F�T�X�L�V�H�V�� �P�R�Q�Wrent que dans les deux lacs, plusieurs groupes 
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eucaryotes (Apicomplexés, Cercozoaires, Chrysophycées, Ciliés, Chlorophytes and 

Dinoflagellés) �R�Q�W���p�W�p���L�P�S�D�F�W�p�V���S�D�U���O�¶�H�Q�U�L�F�K�L�V�V�H�P�H�Q�W���H�Q���S�K�R�V�S�K�R�U�H�����D�Y�H�F���G�H�V���H�I�I�H�W�V���S�R�V�L�W�L�I�V���R�X��

négatifs sur leur richesse et abondance 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-

delà des année�V�������V�����O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q���G�H�V���W�H�P�S�p�U�D�W�X�U�H�V���H�V�W���L�G�H�Q�W�L�I�L�p�H���F�R�P�P�H���X�Q���S�U�p�G�L�F�W�H�X�U���G�H���O�D��

�G�\�Q�D�P�L�T�X�H�� �G�H�� �S�O�X�V�L�H�X�U�V�� �J�U�R�X�S�H�V�� �H�X�F�D�U�\�R�W�H�V���� �/�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H�V�� �W�H�P�S�p�U�D�W�X�U�H�V�� �F�R�Q�F�R�P�L�W�D�Q�W�H��

avec la re-�R�O�L�J�R�W�U�R�S�K�L�V�D�W�L�R�Q�� �G�H�V�� �G�H�X�[�� �O�D�F�V�� �H�V�W�� �Q�R�W�D�P�P�H�Q�W�� �P�D�U�T�X�p�H�� �S�D�U�� �O�¶�p�P�H�U�J�H�Q�F�H�� �G�¶�2�7�8�V��

�G�H���'�L�Q�R�S�K�\�F�p�H�V�����H�Q���W�H�U�P�H�V���G�H���U�L�F�K�H�V�V�H���H�W���G�¶�D�E�R�Q�G�D�Q�F�H���U�H�O�D�W�L�Y�H�������/�¶�D�S�S�O�L�F�D�W�L�R�Q���G�H�V���D�Q�D�O�\�V�H�V���G�H��

réseaux de co-occurrence à ces données temporelles a permis de montrer que la réponse des 

assemblages eucaryotes est également détectable au travers de la dynamique des modules 

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

High-throughput sequencing of sedimentary DNA (sed-DNA) was utilized to reconstruct the 

temporal dynamics of microbial eukaryote communities (MECs) at a centennial scale in two 

re-oligotrophicated lakes that were exposed to different levels of phosphorus enrichment. The 

temporal changes within the MECs were expressed in terms of richness, composition and 

community structure to investigate their relationships with two key forcing factors (i.e., 

nutrient enrichment and climate warming). Various groups, including Apicomplexa, 

Cercozoa, Chrysophyceae, Ciliophora, Chlorophyceae and Dinophyceae, responded to [P] 

enrichment levels with either positive or negative impacts on their richness and relative 

abundance. For both lakes, statistical modelling demonstrated that [P] was a dominant 

contributor to MECs modifications before the 1980s; after the mid-80s, the contribution of air 

temperature increased and potentially surpassed the contribution of [P]. Co-occurrence 

network analysis revealed that some clusters of taxa (i.e., modules) composed mainly of 

Dinophyceae and unclassified Alveolata were strongly correlated to air temperature in both 

lakes. Overall, our data showed that sed-DNA constitutes a precious archive of information on 

past biodiversity changes, allowing the study of the dynamics of numerous eukaryotic groups 

that were not traditionally considered in paleo-reconstructions. 

 

 
  


























































































































































































































































































































