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Université de Paris
Phosphorus sequestration by magnetotactic bacteria in the stratified

water column of Lake Pavin

Short Summary

Phosphorus (P) is essential for life but limited or pollutant in some environments. Few mi
croorganisms known to accumulate P as polyphosphates (PolyP) in oxic conditions, at marine
watersediment interface or in wastewater treatment plants, provide a promising strategy for P
resource management.
This thesis stems on the recent discovery of a group of magnetotactic bacteria (MTB) affiliated
to the Magnetococcaceae family (MTBc), sequestrating PolyP in the anoxic layer of the water
column of Lake Pavin. Both biological and environmental drivers of this process remain un
known. First, this thesis aimed at describing the vertical distributions of MTB populations along
chemical gradients of the lake water column and the relative abundance ofMTBc. By combining
in situ monitoring of physicochemical parameters, bulk geochemistry, optical and electron mi
croscopies and multivariate statistics, my work contributed to (i) describe a unique morphotype
capable to form intracellular calcium carbonates, (ii) develop a water sampling strategy with
high vertical resolution and (iii) identify the biogeochemical niche of MTBc whose parameters
were further used to design a promising isolation medium.
The second part of this thesis focused on MTBc heterogeneity according to their P sequestration
capabilities. My work contributed to (i) develop a cell classification scheme based on ultrastruc
tural description of their inclusions, (ii) identify a stratification of MTBc along the chemical
gradients of the water column confirming the relationship between P and S metabolisms and
(iii) optimize sample preparation and staining for specific sorting of PolyPsequestrating cells
by flow cytometry.

Keywords: magnetotactic bacteria, polyphosphates, Lake Pavin, biogeochemical niches, chem
ical gradients, electron microscopy, intracellular inclusions, biomineralization, flow cytometry.
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Séquestration du phosphore par les bactéries magnétotactiques de la

colonne d’eau stratifiée du Lac Pavin

Résumé Court

Le phosphore (P) est essentiel à la vie mais limité ou polluant dans certains environnements.
Quelques microorganismes connus pour accumuler le P sous forme de polyphosphates (PolyP)
en oxie, à l’interface marine eausédiments ou en stations d’épuration, offrent une stratégie pro
metteuse pour la gestion des ressources de P.
Cette thèse fait suite à la récente découverte de bactéries magnétotactiques (MTB) affiliées à la
famille Magnetococcaceae (MTBc) séquestrant des PolyP en zone anoxique de la colonne d’eau
du Lac Pavin. Les facteurs biologiques et environnementaux de ces processus restent inconnus.
Cette thèse a eu pour objectif de décrire les distributions verticales desMTB le long des gradients
chimiques de la colonne d’eau et l’abondance relative des MTBc. En alliant les mesures in situ
des paramètres physicochimiques, la géochimie des eaux, la microscopie optique et électronique
et des statistiques multivariées, mon travail a permis de (i) décrire un morphotype formant des
carbonates de calcium intracellulaires, (ii) développer une méthode d’échantillonnage à haute
résolution et (iii) identifier la niche biogéochimique desMTBc dont les données ont servi à créer
un milieu d’isolement prometteur.
La thèse s’est aussi centré sur l’hétérogénéité de séquestration du P des MTBc. Mon travail a
permis de (i) créer une classification cellulaire basée sur la description ultrastructurale des inclu
sions, (ii) identifier une stratification des MTBc le long des gradients chimiques de la colonne
d’eau confirmant la relation entre les métabolismes du P et du S et (iii) optimiser la préparation
et le marquage des échantillons pour le tri de cellules séquestrant du P par cytometrie en flux.

Motsclés: bactéries magnétotactiques, polyphosphates, Lac Pavin, niches biogéochimiques,
gradients chimiques, microscopie electronique, inclusions intracellulaires, biominéralisation,
cytometrie de flux.
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Séquestration du phosphore par les bactéries
magnétotactiques de la colonne d’eau stratifiée du Lac Pavin

Résumé

Introduction
Le phosphore (P) est un élément essentiel pour le vivant mais également limitant dans de nom
breux écosystèmes. Cette limitation est due à l’absence de réservoir atmosphérique et aux pro
cessus relativement lents d’altération des roches phosphatées. Ces roches, les phosphorites,
constituent le puits principal de P minéral mais aussi une ressource non renouvelable extrê
mement utilisée par l’Homme en tant qu’engrais, dont l’épuisement est prévu avant la fin du
siècle par différents modèles. Cette exploitation crée un flux unidirectionnel de P depuis ces
roches jusqu’aux systèmes aquatiques conduisant dans certaines zones à un excès de P. Cet ex
cès est susceptible d’induire la croissance incontrôlée de microorganismes conduisant à la mise
en place de conditions hypoxiques voire anoxiques délétères pour la vie locale. Ce phénomène,
appelé eutrophication, donne lieu à l’apparition de « zones mortes ». Il existe par ailleurs un
réservoir éolien de P dont la taille et le dépôt sont influencés par la combustion d’énergies fos
siles et de biomasse ainsi que par la présence d’engrais et de bétail. La taille de ce réservoir
est amplifiée avec l’industrialisation ce qui favorise d’autant plus l’apport excessif de P dans les
écosystèmes naturels. Ce déséquilibre dans le cycle du P met en avant la nécessité de développer
des stratégies durables pour la gestion des ressources.
Afin de préserver la biodiversité impactée par l’utilisation intensive du P, les microorganismes
constituent des solutions prometteuses de bioremédiation. En effet, ceuxci peuvent agir, d’une
part, en tant que réservoir du P, notamment en séquestrant le P sous la forme de polyphosphates
intracellulaires (PolyP) et, d’autre part, en tant qu’acteurs de processus transformant ces réser
voirs. Ils peuvent (i) reminéraliser les espèces organiques de P, leur permettant une incorporation
dans la biomasse sous la forme de nouvelles molécules et (ii) immobiliser le P en induisant sa
précipitation sous forme de phases minérales phosphatées (par biominéralisation) ou en rentrant
en concurrence avec les phases minérales pour l’adsorption du P.
Les PolyP sont des polymères d’orthophosphates synthétisés par toutes les formes de vie. Ces po
lymères accomplissent une multitude de fonctions au sein de la cellule et notamment en tant que
source d’énergie ou de phosphates. Leur métabolisme est particulièrement dynamique et sous
influence de paramètres environnementaux. Le paradigme actuel de formation des PolyP repose
sur quelques modèles microbiens environnementaux identifiés principalement en milieu marin,
à l’interface eausédiment au niveau des marges continentales où se forment les phosphorites
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actuelles (e.g. Thiomargarita et Beggiatoa), ou enrichis dans les boues de stations d’épuration
(e.g. Accumulibacter spp.) et permettant une dépollution du P dans les eaux usées. Pour ces dif
férents microorganismes, il a été mis en évidence que la présence d’oxygène est nécessaire à la
formation de PolyP tandis que l’anoxie constitue un facteur de leur hydrolyse.
Cette présente thèse fait suite à la découverte de bactéries magnétotactiques (MTB) de forme
sphérique, i.e. cocci magnétotactiques (MTBc), appartenant à la famille Magnetococcaceae au
sein de l’embranchement des Proteobacteria, séquestrant des PolyP en anoxie dans la colonne
d’eau du Lac Pavin. Cette découverte ainsi que celle de deux autres modèles possédant des PolyP
en conditions anoxiques dans la Mer Noire et dans la Mer Baltique remet en question le para
digme précédemment décrit. L’affiliation des bactéries de la Mer Noire auxMagnetococcaceae
suggère un impact plus global de cette famille dans le cycle biogéochimique du P. Les modèles
réagissent différemment à des conditions riches en soufre. Dans de telles conditions, les MTBc
de la Mer Noire hydrolysent leur PolyP à l’instar des Thiomargarita et Beggiatoa, tandis que
les Sulfurimonas de la Mer Baltique accumulent des PolyP intracellulaires. Ces données contra
dictoires mettent en lumière la nécessité d’étudier de nouveaux modèles d’accumulation du P et
notamment dans des environnements d’eaux douces pour lesquels il manque des données. Dans
la colonne d’eau du Lac Pavin, les facteurs biologiques et environnementaux d’accumulation
ou d’hydrolyse des PolyP par les MTBc restent inconnus. Pour cette thèse, la présence de forts
gradients chimiques (Fe2+, SO2−

4 , PO3−
4 , H2S…) et ce, sur plusieurs mètres, dans la zone d’ha

bitat des MTB nous ont permis d’étudier l’influence de ces paramètres sur la structuration des
populations de MTB et la capacité des MTBc à séquestrer du P sous forme de PolyP.
Cette thèse a eu pour objectif de décrire les distributions verticales desMTB le long des gradients
chimiques de la colonne d’eau et l’abondance relative des MTBc. Alliant les mesures in situ des
paramètres physicochimiques, la géochimie des eaux, la microscopie optique et électronique et
des statistiques multivariées, mon travail a permis de (i) décrire un morphotype formant des
carbonates de calcium intracellulaires, (ii) développer une méthode d’échantillonnage à haute
résolution et (iii) identifier la niche biogéochimique desMTBc dont les données ont servi à créer
un milieu d’isolement prometteur.
La thèse s’est aussi centrée sur l’hétérogénéité de séquestration du P des MTBc. Mon travail a
permis de (i) créer une classification cellulaire basée sur la description des inclusions, (ii) identi
fier une stratification des MTBc le long des gradients chimiques de la colonne d’eau confirmant
la relation entre les métabolismes du P et du S et (iii) optimiser la préparation et le marquage
des échantillons pour le tri de cellules séquestrant le P par cytometrie en flux.

Structure vertical des populations de bactéries magnétotactiques dans la colonne d’eau du lac
Pavin.
Les bactéries magnétotactiques (MTB) constituent un groupe de microorganismes non mono
phylétique, également divers d’un point de vue de leur morphologie et de leur physiologie. Les
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MTB vivent en milieu aquatique. La plupart de ces bactéries sont microaérophiles ou anérobes
et vivent principalement à proximité des interfaces oxiqueanoxiques. Les MTB ont toutes la ca
pacité de former des magnétosomes, organites intracellulaires composés de vésicules lipidiques
enfermant des nanocristaux magnétiques biominéralisés par les bactéries ellesmêmes. Il s’agit
de l’un des rares exemples de biominéralisation contrôlée chez les procaryotes. Selon les espèces
de MTB, ces structures varient en composition, taille, forme, nombre et organisation. Les pro
priétés magnétiques de ces cristaux permettent aux MTB de s’aligner parallèlement aux lignes
de champ magnétique et de s’orienter de façon active dans leur environnement. Les MTB pré
sentes dans la colonne d’eau du lac Pavin sont diverses, et incluent les MTBc hyperaccumulant
des PolyP. Ce chapitre vise à (i) décrire les différentes populations de MTB (définies en fonction
de leur diversité morphotypique) et leurs abondances relatives en fonction de leur habitat et (ii) à
caractériser les conditions environnementales caractérisant leurs habitats. Pour cela, l’utilisation
de techniques de microscopie, de chimie analytique et de statistiques multivariées a été mise en
œuvre.
Ces travaux ont permis la caractérisation d’un nouveau type de MTB biominéralisant de larges
granules de carbonate de calcium intracellulaires (nommée iACC MTB) au sein de la colonne
d’eau et des sédiments du Lac Pavin. CesMTB sont très abondantes et leur distribution peut donc
être statistiquement comparée à celle des MTBc. En parallèle, une nouvelle technique d’échan
tillonnage à haute résolution verticale de la colonne d’eau a été développée, combinée à des
mesures physicochimiques in situ. Nous avons ainsi découvert que la conductivité constitue un
proxy du maximum d’abondance des MTB. Cette nouvelle technique de prélèvement a égale
ment permis d’établir un profil précis de la distribution des différentes MTB de la colonne d’eau
et de différents paramètres environnementaux (géochimiques et physicochimiques). Les obser
vations en microscopie optique et électronique ont permis de distinguer et de caractériser sept
morphotypes différents de MTB, classés en fonction de leur ultrastructure ainsi que la forme,
l’organisation, la taille et le nombre de leurs magnétosomes. La microscopie optique a permis
de mettre en évidence la stratification des deux morphotypes de MTB les plus abondants, les
MTBc et les iACC MTB. Les statistiques multivariées ont permis de révéler l’appartenance des
MTBc à une niche biogéochimique et d’identifier les paramètres géochimiques correspondants.
Nous avons ainsi mis en évidence la corrélation des pourcentages massiques du carbone et de
l’azote, des concentrations du phosphore et magnésium particulaires et des sulfates dissous à
l’abondance des MTBc. Ces résultats suggèrent la colocalisation des MTBc avec la biomasse
locale et consolide l’hypothèse que les MTBc sont des microorganismes dont le métabolisme est
lié au cycle du soufre. Dans le but de pouvoir étudier ces MTBc en laboratoire, des milieux de
cultures ont été conçus sur la base de l’hypothèse d’un métabolisme d’oxydation du soufre des
MTBc. Les milieux de culture présentant un double gradient d’oxygène et de thiosulfate ou de
sulfure d’hydrogène se sont avérés prometteurs, permettant le maintien de cellules ressemblant
aux MTBc de par leur forme après trois semaines d’incubation. De plus, un des tubes de culture
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a favorisé la croissance de MTB ressemblant aux bactéries du genreMagnetospirillum.
De future analyses de métagénomique permettront de révéler l’identité des MTB de la colonne
d’eau, leur diversité fonctionnelle et potentiel métabolique. De nouvelles conditions de crois
sance pourront ainsi être testées pour la culture des MTBc.
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Les cocci magnétotactiques dans la colonne d’eau du lac Pavin: classification morphotypique et
tri des cellules séquestrant le P.
Il a été suggéré que les MTBc du Lac Pavin représenteraient un nouveau modèle de séques
tration du P sous forme de PolyP (RivasLamelo et al., 2017). Dans cette étude, les MTBc ob
servées présentaient des organisations différentes de leurs magnétosomes et des accumulations
variables de PolyP intracellulaires. Les paramètres biologiques ou environnementaux régissant
cette hétérogénéité sont pour l’instant inconnus. Dans ce contexte, ce chapitre vise à (i) classer
les différentes souspopulations de MTBc de la colonne d’eau du lac Pavin en fonction de leur
morphotype et de leur capacité à séquestrer des PolyP, (ii) estimer leur abondance relative en
fonction de la profondeur dans la colonne d’eau, (iii) caractériser les conditions environnemen
tales spécifiques de leur habitat. Pour ce faire, les données de géochimie des solutions et de la
matière en suspension présentées dans le précédent chapitre ont été complétées par des obser
vations des communautés de MTB en microscopies optique et électronique. L’ensemble de ces
données biogéochimiques a été exploité par des analyses statistiques multivariées.
La microscopie électronique a permis de révéler la présence de plusieurs morphotypes de MTBc
et de les classer en fonction, d’une part, de l’organisation de leurs magnétosomes (doubles
chaînes ou magnétosomes désorganisés  critère n°1) et, d’autre part, de leur capacité ou non
à séquestrer des PolyP (critère n°2). Le maximum d’abondance de chaque catégorie de MTBc
définie selon le critère n°1 est observé à deux profondeurs distinctes, correspondant respecti
vement au maximum d’abondance des MTB (51.3 m) pour les doubles chaines et à celui des
iACC MTB (52 m) pour les magnétosomes désorganisés. Pour chacune de ces deux catégories,
il apparaît que la proportion de cellules séquestrant des PolyP (critère n°2) est maximale à 52
m. Les conditions environnementales observées à cette profondeur (en particulier la concentra
tion minimale en sulfates dissous) semblent donc être optimales pour la séquestration de PolyP
par les MTBc indépendamment de leur morphotype. Il est cependant à noter que des MTBc à
doubles chaines avec des PolyP sont observées à toutes les profondeurs échantillonnées.
Dans le but d’identifier les MTBc séquestrant des PolyP et de caractériser leur métabolisme
par une approche génomique, un développement méthodologique permettant de trier spécifi
quement cette souspopulation de cellules a été réalisé par cytométrie en flux. Cette approche
permet, en combinaison du marquage fluorescent des PolyP, la détection et un tri cellulaire à
haut débit des hyperaccumulateurs de PolyP à partir d’un échantillon hétérogène. L’approche a
été validée par l’utilisation de modèles bactériens représentant des contrôles négatifs et positifs
d’accumulation de PolyP puis appliquée à des échantillons de la colonne d’eau du lac Pavin.
Les résultats préliminaires obtenus indiquent que le tri sur ces échantillons naturels complexes
est moins efficace que sur des systèmes modèles mais semble néanmoins prometteur.
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Conclusions et perspectives
Cette thèse a permis d’identifier des paramètres environnementaux structurant les communautés
de MTB dans la colonne d’eau du lac Pavin, tel que (i) les pourcentages massiques de C et N
liés à la biomasse locale, (ii) les concentrations particulaires de P et Mg liées au pic de phos
phatogénèse mais aussi éventuellement aux PolyP des MTBc et (iii) la concentration en sulfates
dissous suggérant un lien avec un métabolisme du soufre chez les MTBc.
La capacité de séquestration de PolyP par les MTBc ne semble pas dépendante de facteurs biolo
giques (telle que l’espèce, dont le type de magnétosomes a été considéré comme un proxy) mais
favorisée par des paramètres environnementaux spécifiques (tel que la concentration en sulfates
dissous). Le couplage entre capacité de séquestration de PolyP et métabolisme du S, suggéré par
la littérature et confirmé lors de cette thèse, reste à préciser et ce pour chaque espèce de MTBc
résidant dans la colonne d’eau du lac Pavin. Leur identification taxonomique et la description
de leur potentiel fonctionnel (génomique) fourniront des informations essentielles pour cela. La
quantité d’ADN extraite d’échantillons naturels est souvent critique et limitante, en particulier
pour des microorganismes peu abondants comme les MTB (de l’ordre de 103 cellules par mL).
Nos avancées permettant d’une part de concentrer les MTB de façon efficace (Busigny et al.,
2021) et d’autre part de trier la fraction cellulaire enrichie en PolyP (cytométrie en flux) nous
permettront de lever ce verrou.
La dynamique de ce réservoir biotique de P et l’impact de cette dynamique sur la phosphato
génèse de la colonne d’eau du Lac Pavin restent à explorer. Parmi les composantes potentielles
de cette dynamique, la migration verticale des MTBc et l’expression des gènes associés au mé
tabolisme du P et du S seraient à envisager. L’isolement des souches de MTBc et leur mise en
culture en conditions contrôlées est actuellement un verrou méthodologique. Les milieux testés
au cours de cette thèse pourraient être améliorés, selon les corrélations observées durant cette
thèse (notamment avec le soufre) ou les paramètres importants pour les MTB décrits dans la
littérature, en augmentant ou en diminuant par exemple la concentration en soufre du gradient
inverse O2 versus H2S ou en formant des gradients inverse en anoxie de nitrate ou fer versus
H2S.
Le suivi de cultures de ces MTBc dans des conditions mimant les conditions observées dans la
colonne d’eau du Lac Pavin permettrait, en utilisant des techniques de transcriptomique, micro
scopies et quantification de phosphore dissous et particulaire, d’évaluer (i) leur métabolisme,
(ii) les conditions dans lesquelles cellesci accumulent ou hydrolysent leurs PolyP et (iii) leur
impact sur le cycle biogéochimique du P dans le Lac Pavin. Ces conditions contrôlées pourraient
notamment mimer les conditions des deux profondeurs où les MTBc accumulent le moins ou
le plus les PolyP. L’étude d’autres modèles d’hyperaccumulation de PolyP, à l’aide des mêmes
techniques utilisées pendant cette thèse et d’analyses génomiques, permettraient de comparer
leurs conditions environnementales de croissance, leurs métabolismes et leur potentiel fonc
tionnel. Cette comparaison aiderait à confirmer ou infirmer chez lesMagnetococcaceae un lien
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entre le métabolisme du S et du P mais aussi la présence de gènes spécifiques à l’hyperaccumu
lation de PolyP. L’étude des MTB en forme de bâtonnet, de la famille des Magnetococcaceae,
observées dans la colonne d’eau du Lac Pavin pourrait fournir un premier élément de réponse.
La recherche et l’étude de nouveaux sites modèles, tels que d’autres lacs méromictiques, en uti
lisant toutes les méthodes mises en place durant cette thèse pourrait enrichir nos connaissances
sur l’impact des conditions environnementales sur la capacité de séquestration PolyP par les
microorganismes.
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Chapter 1. Introduction

1.1 Scientific context

1.1.1 Management of phosphorus resources: a current environmental is
sue

1.1.1.1 Phosphorus is a limited resource for life

Phosphorus (P) is essential for all living organisms. However, this element (Ruttenberg,
2003) is also limiting in many ecosystems (Paytan and McLaughlin, 2007; Pasek, 2008; Moore
et al., 2013). Indeed, the availability of the major form of P incorporated in the biomass without
transformation, i.e. inorganic orthophosphates PO3−

4 also called Pi), can be limited due to the
phosphatebinding capacities of several type of soils or minerals (Zapata and Roy, 2004; Syers
et al., 2008). Moreover, no atmospheric reservoir of P exists and the abiotic input of P in aquatic
natural environments only comes from two slow processes: terrestrial weathering and/or erosion
(Tyrrell, 1999).

Rock phosphate is often used as a fertilizer to overcome the P limitation for crop yields.
However, the mined phosphate rocks constitute a nonrenewable resource with >75 % of known
remaining reserves only located inMorocco (Schoumans et al., 2015). As human population and
demand for food increased in the latter half of the 20th century, current models predict that the P
demand will exceed the available resources by the end of the century (Gilbert, 2009; Ruttenberg,
2019).

1.1.1.2 Anthropogenic pollution of phosphorus

Despite the frequent limitation of bioavailable P in natural ecosystems, local excesses of P
are also observed. This excess mostly comes from human activities and is deleterious for living
ecosystems.
The increased use of P fertilizers can trigger toxicity in some lakes and coastal areas by dis
charging a surplus of P (Stramma et al., 2008). Such excess of P induces algal blooms and
mass growth of toxic cyanobacteria (Wetzel, 2001), leading to an increase in the consumption
of oxygen and the promotion of hypoxic and anoxic conditions harmful to the local life. This
phenomenon, called eutrophication, corresponds with the formation of ”dead zones” (Diaz and
Rosenberg, 2008).
Eutrophication has been accentuated by deforestation, overcultivation, and urban and industrial
waste disposal. Overall, the human use of P has increased the riverine phosphorus flux to the
oceans by 50 to 300% (Ruttenberg, 2019) starting in the latter half of the 20th century and dou
bled the total number of dead zones every decade since the 1960s (Diaz and Rosenberg, 2008).
In freshwater habitats, the concentration of P is estimated to have increased more than 75% since
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the preindustrial period, and the fluxes of P toward the oceans to have increased from 8 to 22
million tons per year in the same time span (Bennett et al., 2001).
The eolian reservoir of P (Pan et al., 2021) is heterogeneously composed of coal combustion
particles (Weinberger et al., 2016), dust particles (Gross et al., 2013; 2016), ashes of burning
biomass (Bigio and Angert, 2019; Barkley et al., 2019), and tree pollen (Bigio and Angert,
2018). This eolian P can afterward be deposited via dry or wet processes (e.g., dust and rainfall
deposition of particles) (Tipping et al., 2014). With the increasing human population, the use
of livestock, crops with fertilizers and combustion of fossil fuels increases as well. Thus, the
anthropogenic release of P into the atmosphere has become significant (Du et al., 2016).
As phosphorus limitation or excess leads to a disequilibrium in the P cycle (Elser and Ben
nett (2011); Fig. 1.1), the elaboration of strategies for a sustainable management of P become
mandatory and urgent.

Figure 1.1: Schematic representation of the natural and anthropogenic phosphorus cycles.
The current anthropogenic use of P is represented by an unidirectional flow of P between the
natural cycle of P and the non renewable phosphate rocks, resources, and crops. The green arrow
for ”recovery & recycling” shows how important the development of P management strategies
is. Figure from Jupp et al. (2021).
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1.1.2 Life as a dynamic reservoir of phosphorus

Microorganisms have been shown to be major actors in the modern and past geochemical
cycle of P (Froelich et al., 1982; Gächter and Meyer, 1993) due to their significant contribution
to the reservoirs and fluxes of P (see Fig. 1.2).

Figure 1.2: Schematic representation of the reservoirs of P and the cell interactions be
tween these reservoirs. TDP (Total Dissolved Phosphorus) = DOP (Dissolved Organic Phos
phorus) + DIP (Dissolved Inorganic Phosphorus), TPP (Total Particulate Phosphorus) = POP
(Particulate Organic Phosphorus) + PIP (Particulate Inorganic Phosphorus).

Microorganisms are a potential bioremediation tool not only for P recovery in wastewater
treatment plants (WWTP) (Tarayre et al., 2016), but also for heavy metal sequestration such as
uranium (Newsome et al., 2014), or even mineral phosphate mobilization in agriculture (Ra
mamoorthy et al., 2020). In particular, the ability of microorganisms to efficiently sequester
P as intracellular PolyP, from around nmol.L−1 in openoceanic waters to around mmol.L−1

intracellularly (Martin et al., 2014), has been shown to be highly promising for the sustainable
management of P as demonstrated byWWTPs (Yuan et al., 2012; Tarayre et al., 2016; Stokholm
Bjerregaard et al., 2017). Moreover, in addition to the wide diversity of cellular functions PolyP
can perform, PolyP can replace phosphate rocks as fertilizers due to its inexpensiveness, non
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toxicity, and biodegradability. The negatively charged polymers can also induce complexation
of diverse metal cations from the environment, such as iron, which minimizes their toxic effects.
For these reasons PolyP are extensively studied for agricultural, industrial, medicinal and bac
terial ecological purposes (Kulakovskaya et al., 2012).

1.1.2.1 Biotic and abiotic reservoirs of P

P reservoirs are usually classified into particulate and dissolved groups, each of which con
tain organic and inorganic compounds. While the total particulate phosphorus (TPP) is com
posed of particulate inorganic phosphorus (PIP) and particulate organic phosphorus (POP) re
spectively, the total dissolved phosphorus (TDP) is composed of dissolved inorganic phospho
rus (DIP), also described as soluble reactive phosphorus (SRP), and the dissolved organic phos
phorus (DOP).

P is essential for organisms as cell components for intracellular energy, cell growth, and
metabolic functions (Ruttenberg, 2003). Both organic and inorganic molecules compose the
microbial cells. P reservoirs and their transformation induced by microbial activities are il
lustrated in Fig. 1.2. In cells, the POP is found in nucleic acids such as DNA or RNA; in
nucleosides as reservoir of biochemical energy (e.g., adenosine triphosphate (ATP); creatine
phosphate and phosphoenolpyruvate); in phospholipidic membranes; in intermediary metabo
lites involved in biochemical syntheses and degradation (Westheimer, 1987; Ruttenberg, 2003;
Paytan and McLaughlin, 2007; Labry et al., 2013; Ehrlich et al., 2015); and in phosphonates,
which are known to be produced by many primitive life forms (Quinn et al., 2007; Hilderbrand,
2018) such as cyanobacteria (Dyhrman et al., 2009). The PIP cellular fraction includes or
thophosphates, pyrophosphates, and PolyP, the latter two being polymers of orthophosphates
(Labry et al. (2013); see Fig. 1.3).

Figure 1.3: Monomeric and polymeric forms of orthophosphate constitute the intracellular
inorganic P molecules (PIP). From left to right: molecule structure of an orthophosphate, a
pyrophosphate and polyphosphate (with n central phosphate groups).

At the extracellular level, PIP includes P adsorbed to mineral phases or cells, and phosphate
minerals such as phosphorites in upwelling continental margins environments (e.g. Namibia;
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Goldhammer et al. (2010); Mänd et al. (2018)). In parallel, POP mainly represent detrital or
ganic molecules (Labry et al., 2013; Yoshimura et al., 2007).
The TDP represents the main source of P for microorganisms. DIP (i.e., Pi) is the main form of
P that microorganisms are able to uptake and directly incorporate into their biomass. The DOP is
comprised of a complex mixture of organic constituents such as monophosphate esters, diesters,
phosphonates, and PolyP. This P pool must be transformed into orthophosphate before it can
be used bymicroorganisms (Yoshimura et al., 2007; Karl and Björkman, 2015; Diaz et al., 2016).

Polyphosphates are ubiquitous molecules with diverse functions
PolyP are synthesized by all kingdoms of life (Kulaev et al., 2004). Theses polymers are com
posed of several hundreds of orthophosphates linked together by high energy phosphoanhydride
bonds (see Fig. 1.3; Kornberg et al., 1999).
PolyP can be found in many different compartments of the cell. In prokaryotes, it can be found
in the vicinity of nucleoids (Kulaev and Vagabov, 1983), in the periplasmic region (Rao and
Torriani, 1988), in the flagellar pole and the cell membrane (Bode et al., 1993), and as part of
the cell capsule (Tinsley et al., 1993; Tinsley and Gotschlich, 1995). For the eukaryotes, PolyP
can be sequestered in different compartments constituting the cell (Kulaev and Kulakovskaya,
2000) and often in acidocalcisomes (i.e., organelles rich in P and metal ions such as calcium;
Jendrossek (2020)). The PolyP, being negatively charged, usually interacts with counterions
such as Mg2+, Ca2+ or K+.

Hydrolysis of PolyP yields large amounts of energy that is used for a wide diversity of bi
ological reactions (Kulaev, 1975). Microorganisms use PolyP in a variety of ways (Albi and
Serrano, 2016), with the most common function being as a source of energy and phosphate stor
age, as it can be used as adenosine triphosphate (ATP) or a phosphorus substitute (Bonting et al.,
1991; Kornberg, 1995). This energy can be used for the upkeep of motility to leave unsuitable
growth conditions or move to a more preferable environment (Seufferheld et al., 2008; Varela
et al., 2010; Möller et al., 2019); it also provides a cellular ”safety system” in case no suitable
electron acceptor is available (Brock and SchulzVogt, 2011), and is used by microorganisms
in waste water treatment plants to sequester polyhydroxyalkanoate (PHA) (Bunce et al., 2018).
PolyP can act against stresses by providing chaperone activity (i.e., prevent protein damage from
stresses such as temperature, low pH, and oxidants; Kampinga (2014)), as a buffer system (Pick
et al., 1990), as chelator for metal ions (as a detoxifying agent for e.g. Ca2+, Mg2+, Al2+,...;
Kornberg (1995)) and as a regulator for gene activity (Blum et al., 1997). It is also linked to
colonization, pathogenicity, virulence, and antibiotic resistance (Bowlin and Gray, 2021; Wang
et al., 2018). Lechaire et al. (2002) propose that the PolyP might constitute a reservoir for oxy
gen in anoxic conditions.
Because of the many functions PolyP can perform, it is found in every type of cell and, in some
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of them, in large quantities. Therefore, PolyP provides great potential for the possible bioreme
diation of polluted areas.

1.1.2.2 Transformation of P reservoirs induced by microbial activities

Incorporation of P into the microbial biomass
Microorganisms have developed strategies involving enzymes, acids, or other compounds to
retrieve bioavailable orthophosphate from other less available pools of P (Ruttenberg, 2019).
The enzymes, used for the recycling of the organic molecules, can be phosphatase (catalyse
the hydrolysis of both esters and anhydrides of phosphoric acid), nucleases and nucleotidase
(to retrieve a phosphate molecule from nucleic acid), or phosphomono and phosphodiesterases
(to release a Pi from phosphoproteins, phospholipids,glycerol phosphates,...) (Banik and Dey,
1983; Ruttenberg, 2019). Through microbial remineralization activities, the DOP supports di
vision and growth of a large fraction of microorganisms and communities in zones depleted in
DIP (Nausch et al., 2018).
Some microorganisms can solubilize phosphates asborbed to mineral surfaces by releasing in
organic and organic acids or phosphatase into the medium (Tarafdar and Claassen, 1988; Ro
drı́guez and Fraga, 1999), and also by releasing chelators and electronshuttling compounds
which can then complex onto the cations present on the mineral, forcing its dissolution (Lov
ley et al., 2004). Another process involves indirect solubilization and sulfate reducing bacte
ria (SRB): hydrogen sulfide (H2S) can be produced by these microorganisms and reduce iron
from an ironphosphate mineral, releasing Pi and reduced iron into the local medium (Roden
and Edmonds, 1997).
The local release of phosphate in the medium provides bioavailable P that can be further incor
porated in by the cells for the various P compounds of the cells including PolyP storage.
These processes participates in the recycling of P by the biomass and may also induce some
active or passive immobilization.

Immobilization of P in mineral phases induced by microbial activities
Biomineralization of metalphosphates. Biomineralization encompasses diverse processes in
which cells trigger the precipitation of metalphosphate phases, whether it be controlled by spe
cific cellular activity or induced by the indirect modification of chemical conditions in the en
vironment through biological activity (Benzerara et al., 2011).
Phosphate biomineralization can occur upon microbial mobilization or solubilization of or
thophosphates from mineraladsorbed phosphate. Cell death can also lead to the release of
orthophosphates, resulting in higher water saturation levels with respect to phosphate miner
als and the induction of phosphatogenesis (Youssef, 1965; Piper and Codispoti, 1975).
In microorganisms accumulating intracellular PolyP, the PolyP can hydrolyze upon the death
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of the cell or specific stresses can create a flux of PO3−
4 ions and thus trigger the precipitation

of authigenic phosphorite (Gächter and Meyer, 1993; Sannigrahi and Ingall, 2005; Schulz and
Schulz, 2005; Hupfer et al., 2007; Goldhammer et al., 2010).
Another, more indirect, case of P biomineralization may occur in a Prich solution where the
presence of Fereducing bacteria can increase the concentration of reactive Fe(II), thus creat
ing conditions in which the solution is supersaturated with respect to different ironphosphate
phases or vivianite (Zachara et al., 1998; Glasauer et al., 2003; Peretyazhko et al., 2010). In
a similar Prich solution, and with low oxygen or anoxic conditions, Feoxidation can occur
through both anoxygenic photosynthesis or nitrate reduction, increasing the concentration of
Fe(III). This additional Fe(III) can then precipitate under the form of insoluble iron phases with
phosphate (Widdel et al., 1993; Weber et al., 2006).

Cell competition with mineral phases. Microorganisms can also compete with mineral surfaces
for phosphorus adsorption. This adsorption can occur in the presence of various extracellular
polymeric substances such as negatively charged polysaccharides, surface proteins, or lipids.
These compounds can promote the adsorption of different cations (e.g., Fe2+) and the nucle
ation and biomineralization of Fephosphate crystals (Ferris and Beveridge, 1985; Konhauser
et al., 1994; Konhauser, 1998; Peretyazhko et al., 2010).

PolyP metabolism and the current paradigm for P accumulation/hydrolyze
Synthesis and hydrolosis of PolyP in microorganisms is being recognized for its impact within
the different P reservoirs, and especially with respect to the formation of phosphorites in conti
nental margins (Crosby and Bailey, 2012).
Because the sequestration or the hydrolosis of PolyP are potentially excellent processes for biore
mediation strategies, it is important to understand how it is genetically controlled and in which
conditions both occur. Prokaryotes and eukaryotes do not use PolyP for the same functions:
prokaryotes use PolyP mainly as an energy source, whereas eukaryotes are using them more
for regulatory functions (Kulaev and Kulakovskaya, 2000). Genes involved in the metabolism
of PolyP (synthesis and hydrolysis) have been identified in different kingdoms. It was found
that the enzyme responsible for the synthesis of PolyP and addition of further orthophosphate
residues is the polyphosphate kinase (PPK) (Ahn and Kornberg, 1990; Zhang et al., 2002). This
enzyme uses the gamma phosphate of the ATP, which is the primary phosphate group in the
ATP molecules, that hydrolizes to produce the energy needed to drive anabolic reactions, and
to add P residue. On the contrary, the enzyme responsible for the hydrolysis of PolyP is either
exopolyphosphatase (PPX) or endopolyphosphatase (PPN) (AultRiché et al. (1998); see Fig.
1.4).

The current paradigm suggests that few bacterial genera, e.g., marine sulfoxidizers Thiomar
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Figure 1.4: Schematic representation of the PolyP PPK and PPX enzymes functions for
the PolyP synthesis and hydrolysis. Figure adapted from Bowlin and Gray (2021).

garita and Beggiatoa (Brock et al., 2012; Mußmann et al., 2007), are particularly efficient at se
questering large amounts of inorganic P from the water column as PolyP under oxic conditions.
When shifting to anoxic/sulfiderich conditions at the watersediment interface, they release or
thophosphates by actively hydrolyzing these PolyP (Brock and SchulzVogt, 2011; Jones et al.,
2016).
In parallel, few genera of polyphosphates accumulating organisms (PAO) have been described in
wastewater treatment systems, based on anaerobic/aerobic cycling at the interface between wa
ter and sewage sludge. Under carbon rich anaerobic conditions, polyhydroxyalkanoates (PHAs)
are stored intracellularly thanks to the energy provided by either glycogen or PolyP stored aer
obically. In the subsequent aerobic phase, the PHAs are used to regenerate the intracellular
glycogen and store in excess the PolyP (StokholmBjerregaard et al., 2017). As the uptake of
P in each aerobic phase exceedes the amount of P released in each anaerobic phase, the PAO
accumulate more and more PolyP through the each cycle. After several cycles, the wastewa
ter is filtrated and the particulate fraction is then enriched in P enriched cells. Among these
mixed communities, abundant bacteria were identified: Accumulibacter spp. (Martín et al.,
2006; Oyserman et al., 2016), Gemmatimonas aurentiaca (Zhang et al., 2003), Microlunatus
phosphovorus (Kawakoshi et al., 2012), Tetrasphaera isolates (Kristiansen et al., 2013), and
CandidatusHalomonas phosphatis (Nguyen et al., 2012). The genome of most of these bacteria
has been sequenced and functionally characterized, providing clues to the molecular processes
possibly involved in the accumulation vs release of PolyP: e.g., polyphosphate kinases, ex
opolyphosphatases, transport of inorganic P, transport of counter cations used to balance the
negative charge of PolyP. Comparison of gene expression profiles when Accumulibacter cells
were alternatively switched between aerobic and anaerobic phases evidenced (i) a regulation at
the transcriptional level and (ii) a coupling of metabolisms that cycle P and C storage polymers
(He and McMahon, 2011). However, the specific metabolic traits of the Phyperaccumulating
phenotype remains to be determined. CandidatusAccumulibacter phosphatis, the dominant bac
terium responsible for enhanced biological phosphorus removal in wastewater treatment plants,
was also recently detected in a natural estuary watersediment interface where large diel fluctu
ations of redox conditions and dissolved oxygen concentrations occur (Watson et al., 2019).
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Overall, only a few models of microorganisms with high P sequestration capabilities are known,
most of which have been identified at watersediment interfaces, in marine environments, or
both.

1.1.3 TheMagnetococcaceae family as a new model for polyphosphate se
questration

Recent studies on new models of bacteria accumulating P challenge the prevailing environ
mental paradigm in which the combination of anoxia and sulfidic waters are responsible for the
hydrolysis of PolyP and oxic conditions that trigger PolyP accumulation. These models were
shown to keep their PolyP in anoxic conditions or even actively accumulate them in anoxic and
richsulfur conditions proving that the oxygen does not represent a sufficient parameter to ex
plain the PolyP accumulation and hydrolysis (SchulzVogt et al., 2019; Möller et al., 2019; see
details later in this section).

Using a correlative µXray fluorescence (XRF) and SEM microscopy to identify P carri
ers, P sequestering MTB were identified in the water column of Lake Pavin around the OATZ
under the oxycline, where the maximum gradient of oxygen is detected (RivasLamelo et al.,
2017). These MTB have been shown to be affiliated with the Magnetococcaceae family in the
Candidatus Etaproteobacteria class  also proposed as the phylum Magnetococcia in the GTDB
taxonomy (Ji et al., 2017). These Magnetococcaceae are magnetotactic cocci and thus will be
qualified as MTBc for the rest of this thesis. Similarly to the marine Beggiatoa and Thiomar
garita that hyperaccumulate PolyP they can store PolyP up to 90% of their cell volume, or 10
to 30 times more than other microbes in the same environment (see Fig. 1.5; RivasLamelo
et al., 2017). Moreover, like the marine Thiomarguarita and Beggiatoa Phyperaccumulators,
the MTBc from Lake Pavin are sulfoxidizers with intracellular Sgranules. But in the contrary
to these models, these MTBc store and likely accumulate their PolyP in anoxic conditions.
RivasLamelo et al. (2017) calculated the PolyP fraction of the MTB as a function of the total
particulate P fraction. The PolyP of the MTB only accounted for ~ 1% of the total particulate
P, but constituted a Pcontent of 6 to 23fold higher than the other particles.

MTB biomineralize intracellular nanosized crystals of a magnetic iron mineral called mag
netosomes (see the electron dense chains of minerals in STEMHAADF image and in green in
the XEDS map Fig. 1.5). The magnetic properties of these magnetosomes allow MTB cells to
passively align parallel to the geomagnetic field lines and swim actively along them (Lefevre
and Bazylinski, 2013). Because of this capacity, MTB have been repeatedly suggested as inter
esting targets for bioremediation since they can be easily recovered via magnetic sorting (Bahaj
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Figure 1.5: STEMHAADF and STEMXEDS images of a MTBc accumulating P under
the form of PolyP in Lake Pavin. A/ STEMHAADF image of a Lake Pavin MTBc with two
double chains of magnetosomes, two large and one small electron dense inclusions, and two
organicdeficient vacuoles. B/ The associated XEDS chemical map shows the cartography of
the Fe, P ans S elements within the MTBc cell. C/ Two spectra (blue and orange) respectively
associated to the XEDS chemical map of P and S showing the presence of two PolyP granules
(blue) and a sulfur granule (red). The green on the XEDS chemical map represents chains
of magnetosomes characteristic of magnetotactic bacteria. Figure adapted from RivasLamelo
et al. (2017).

et al., 1993).

MTB from theMagnetococcaceae family showed an important accumulation capability for
PolyP (Cox et al., 2002; Chen et al., 2015; SchulzVogt et al., 2019; Koziaeva et al., 2019). These
data indicate a potentially more global impact of thisMTB family on P cycle beyond Lake Pavin.
This proposition was later reinforced by the discovery of MTB from the same family accumu
lating PolyP and impacting the environment in the Black Sea (SchulzVogt et al., 2019). One
explanation could be that these MTBc accumulate PolyP to the same extent as bacteria known
as Phyperaccumulators, but with a higher efficiency compared to other known MTB models.
Thus, the MTB from the Magnetococcaceae family represent a new and valuable model to the
study of the cycling of P by microorganisms, including its molecular mechanisms and how it is
impacted by environmental parameters.

Since the discovery of these MTBc, new models of bacteria have also been shown to chal
lenge the current paradigm of PolyP accumulation. One of them is the marine magnetotactic
bacteria also related to the Magnetococcaceae family which have been found to keep PolyP in
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the suboxic, i.e., anoxic and sulfidepoor, zone of the Black Sea (SchulzVogt et al., 2019). In the
water column of the Black Sea these bacteria have been shown to be responsible for the presence
of a strong phosphate gradient. Similarly to the marine sulfoxidizers Beggiatoa and Thiomar
garita, they appear to be uptaking P near the OATZ, where they create a minimum phosphate
concentration, and to be hydrolyzing their PolyP to orthophosphate upon reaching the sulphidic
zone of the water column. Another marine sulfoxidizing bacteria, the Sulfurimonas, have been
reported to accumulate PolyP in the anoxic part of the Baltic Sea water column, this time not
at the OATZ but in a zone of redox gradients with inverse gradients of nitrate and hydrogen
sulfide (Möller et al., 2019). They have been studied in situ directly and also isolated in anoxic
axenic cultures and studied in different conditions. In Möller et al. (2019), they show that the
Sulfurimonas necessitate nitrate but also the access of sulfur (thiosulfate or sulfide) in order to
accumulate PolyP.
These new data bring to light the necessity of indentifying new models of Phyperaccumulators
in new environmental areas, and especially in freshwater environments for which there is a
paucity of data. Since all of these microorganisms are located in zones of redox or oxygen gra
dients, the exploration of the microbial diversity in these zones seems especially pertinent for
the identification of new models of P sequestration.

1.1.4 Lake Pavin as amodel site for the identification of geochemical drivers
of polyphosphate sequestration by magnetotactic cocci

Lake Pavin represents a unique site for the study of these Psequestering MTB. It is the
first freshwater environment where MTB populations have been followed seasonally in the wa
ter column, over several meters in depth near the OATZ. In this section, the several chemical
gradients present in Lake Pavin water column over several meters in depth where the MTB are
observed are discussed. Lake Pavin thus allows for the study of the MTB physiology and their
Paccumulation capabilities as a function of varying chemical conditions.

1.1.4.1 General presentation

Lake Pavin is a ferruginous, i.e. sulfidepoor (< 20 µM, BuraNakić et al. (2009)) and iron
rich (up to 1200 µM, Busigny et al. (2016)), freshwater lake. This lake is a ~7000 year old
meromictic lake, i.e. permanently stratified, whose layers do not interact with each other all
year round. The lake is a crater located in the Massif Central in France at 1300 m a.s.l (Michard
et al. (1994), see Fig. 1.6), which originated from a large volcanic explosion. It appears today
almost circular in shape and 400 m in diameter, with the deepest point at 92 m. The lake was for
a long time the source of many local legends, which fostered fear among the local population
(Meybeck, 2016). After a limnic explosion event in Nyos Lake (Cameroon) in 1986 (Cotel,
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1999), provoking the death of many people, the lake became an even more studied place, this
time not only historically but also scientifically.

Figure 1.6: Geographical map of France locating Lake Pavin (red dot), in addition to an
aerial view of the lake (right) (photo credited to Pierre Soisson  ens.puydedome.fr).

The lake water balance is realized through rainfall, snowfall and groundwater springs, it also
usually gets frozen during winter for approximately 34 months and is therefore hardly accessi
ble for scientific exploration during that time (SimeNgando et al., 2016).

1.1.4.2 Chemical gradients

Twice per year the lake undergoes mixing when the waters reaches 4°C in its top oxic layer,
the mixolimnion (0 ~5060 m). The freeze scale of the lake during winter can impact the mix
ing efficiency and duration of the top layer, and thus shift the depth at which the OATZ occurs
(~5065 m; Michard et al. (1994)). The lake’s bottom part, the monimolimnion (~ 70  92 m),
however, never sees any mixing throughout the year and remains anoxic.
In most aquatic habitats, the OATZ is located at the watersediment interface, where most of
the known MTB have so far been isolated and in which most of the Psequestering MTB have
been found. This interface usually consists of a thin, ~100 µm in thick layer with overlapping
reducing and oxidizing conditions that are difficult to study. The chemical gradients, being dis
persed over several meters in the Lake Pavin water column, allow higher resolution analyses.
Thus, facilitating the study bacteria physiology and potential Paccumulation capabilities as a
function of varying chemical conditions and redox transitions.
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Oxygen in the monimolimnion of Lake Pavin is completely consumed due to the pres
ence of high organic matter fluxes coming from the surface of the lake. Dissolved substance
concentrations and conductivity are markedly greater in the monimolimnion compared to the
mixolimnion, which aids in maintaining the stratification. As a result, the mesolimnion, the
intermediate layer between the mixolimnion and the monimolimnion, is characterized by steep
chemical gradients (redox potential, conductivity, Fe, S, P,...etc.) (Michard et al., 1994; Bon
homme et al., 2016).

In this ferruginous lake, iron is the main dissolved element and its cycle is driven by redox
processes. The low concentrations of sulfide permit dissolved iron to accumulate in the mon
imolimnion and its distribution in the water column is explained by the ”iron wheel” system
(Busigny et al., 2016). The ”iron wheel” is a term illustrating the Fe dissolution and precipita
tion cycle between the redox boundary, called the redoxcline, and the anoxic part of the water
column. Dissolved Fe, diffusing from the deeper anoxic part of the water column or from the
sediments, gets oxidized upon reaching the redoxcline, either by oxygen or other oxidized com
ponents such as Mn(IV) and nitrate. The Fe(III) phase then precipitate into insoluble ferriciron
particles, which then sink back into the anoxic and more reduced monimolimnion. These parti
cles get reduced along the water column into soluble iron again by either reductive dissolution
or by organic matter upon reaching the sediments. This soluble fraction then diffuse again to
ward the redoxcline and get reoxidized. This perpetual cycle particularly involves not only the
P cycle, but also the C, S and Mn cycles (Hongve (1997); Busigny et al. (2016); see Fig. 1.7 for
these elements gradients along the water column).

Fe and P cycles are tightly linked, as shown by Cosmidis et al. (2014) and Busigny et al.
(2016). Dissolved iron and orthophosphate concentrations in the anoxic bottom layer of the lake
gradually decrease from high concentrations (Fe < 1,2mM and P < 300 µM) near the sediments
to very low values at the OATZ (see Fig. 1.7). Moreover, P and Fe particulate concentrations at
and below the redoxcline are linearly correlated suggesting direct interaction between the two
element cycles at the redoxcline and in the monimolimnion (Busigny et al., 2016). Fe and P
dissolved fraction gradients show their diffusion from the bottom of the lake toward the OATZ.
At the redox boundary, phosphogenesis occurs, iron is oxidized and phosphorus is either ab
sorbed on Feoxyhydroxides, incorporated in Prich hydrous ferric oxides (HFO), or forming
Fe(II)Fe(III)phosphate or Fe(III)phosphate minerals (Cosmidis et al., 2014). This dissolved
P scavenging process thus limits the escape of PO3−

4 to the mixolimnion.

The turbidity profile, between the OATZ and the bottom part of the water column, is mainly
explained by the iron precipitated particles and phosphogenesis (Cosmidis et al., 2014; Busigny
et al., 2016). Turbidity shows a peak at the redox boundary, and then a gradual increase toward
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Figure 1.7: Concentration profiles of dissolved O2, SO2−
4 , Mn2+, H2S, Fe2+ and SRP

chemical species (a and b) in Lake Pavin water samples and collected in July 2007. At
the exception of O2 and SO2−

4 the water column shows an increase of these dissolved species
with depth in anoxic water. The redox transition zone occurs between 50 and 60 m and the water
column is in fully anoxic conditions below 60 m. The bottom of the lake reaches 92 m depth.
Figure from Busigny et al. (2016).

the bottom of the monimolimnion. This gradual increase is explained by the precipitation of
further Febearing phases (i.e. vivianite  Fe3(PO4)2.8H2O(s)) when reductive dissolution of
the insoluble ironminerals from the redox boundary provoke a local supersaturation of dissolved
Fe and P. In the sediments the Febearing minerals are mainly represented by vivianite, and in
lesser amount by pyrite (FeS2) and siderite (FeCO3) (Cosmidis et al., 2014).

As a result of its chemical conditions and enduring stratification, Lake Pavin became amodel
site for the exploration of the OATZ (Bonhomme et al., 2016), the iron, phosphorus and sulfur
cycles (BuraNakić et al., 2009; Cosmidis et al., 2014; Busigny et al., 2016), archaebacteria com
munities (Lehours et al., 2005; BiderrePetit et al., 2011;Miot et al., 2016; Berg et al., 2019), and
as an ocean analogue during the Archean (i.e. anoxic, sulfate poor and ferruginous) (Busigny
et al., 2014).

1.1.4.3 Potential relationships between microbial activities and phosphogenesis

In the water column of Lake Pavin, a rich diversity of bacteria, archea (Lehours et al., 2005;
2007) and even unicellular eukaryotes (Lepère et al., 2016) exist. In the anoxic zone of the lake,
iron and sulfur reducing or oxidizing bacteria, as well as amoniumoxidizing, nitrate reducing
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and methaneoxidizing and reducing bacteria populations could be found along the water col
umn and the sediments (BiderrePetit et al., 2011; Berg et al., 2019; BiderrePetit et al., 2019).
They were shown to be stratified as a function of the depth with a bigger fraction of sulfur oxi
dizing bacteria (SOB), ammoniumoxidizing, iron and nitratereducing bacteria, methanogens
andmethanotrophs congregating in suboxic conditions and a bigger fraction of SRB being found
deeper in the water column in more sulfidic conditions (BiderrePetit et al., 2019; Berg et al.,
2019). The diffusion of large amounts of methane produced in the anoxic zone and the de
posited sediments of the lake generally ceases in water column as it is instead consumed by
methanogens. The sulfurreducing and the ironreducing bacteria show interaction with each
other and strong influence on the iron mineralogy. For example, at the redox gradient, dissolved
iron can interact with H2S when SO2−

4 is reduced into sulfide by sulfatereducing bacteria and
form into FeS particles (Berg et al., 2019).

As mentioned in the previous section (see part 1.1.4.2), phosphogenesis is occurring around
the redoxcline. Some studies propose that microbial biomineralization is involved in this pro
cess (Cosmidis et al., 2014; Miot et al., 2016). In these studies, several samples collected near
the redoxcline observed under an electronic microscope are shown to contain ironphosphate
particles shaped with morphologies similar to bacteria, suggesting part of their formation onto
the surfaces of microorganisms. Moreover, to support this hypothesis, in Cosmidis et al. (2014)
STXM analyses at the C K and Fe L2,3edges showed Fe distributed around potential bacterial
cells suggesting Febearing phases nucleation on the cell membranes. And finally, in Miot et al.
(2016), they could not only found the same cellshaped ironphosphate particles but also the
presence of nanoparticles of ironphosphate scattered at the surface of numerous cells.
Several ways in which the cells interact with their local environment and lead to biomineraliza
tion have been described in this chapter (see part 1.1.2). Few of them being metabolic activities
which can increase PO3−

4 concentrations to reach the critical saturation state for ironphosphate
minerals. In this case, the situation may arise when microorganisms release PO3−

4 , hydrolyz
ing intracellular storage of PolyP. Several cells in the water column of Lake Pavin have been
identified accumulating PolyP (Cosmidis et al., 2014; Miot et al., 2016), but these bacteria were
only seen in the mixomolimnion and are only capable of accumulating P in small amounts of
PolyP. The Psequestering MTBc thus constitute good candidates as actors of phosphogenesis
occurring in the water column. In terms of quantity, the MTB may not account for a lot of the
total particulate P, but their potential capabilities to release or store it in short amount of time
might favor the precipitation of the phosphate mineral phases. One hypothesis is that the MTBc
are an important reservoir of P in Lake Pavin by size (compared to other microbes), turnover rate
(i.e., the influx or outflux from this microbial reservoir to the dissolved inorganic P reservoir),
or both. The release of P by these MTB could take place in the water column or in the sedi
ments following cell sedimentation. It is also possible that the chemical variations such as those
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encountered in the water column of Lake Pavin could impact the storage/hydrolysis balance of
PolyP by these MTBc.
In Lake Pavin, both the MTB and the chemical gradients, including the OATZ, span several
meters, allowing us to study the MTB physiology and their Paccumulation capabilities as a
function of varying chemical conditions and redox transitions at unprecedented resolution. The
MTBc from the Magnetococcaceae family, and in particular in the context of Lake Pavin, pro
vide an excellent model of study with which to improve our understanding of the metabolic
processes associated with PolyP.

1.2 Thesis objectives and strategy
Phosphorus, which is ubiquitous in living organisms, is also a limiting and pollutant element

in several environments due to the slow geochemical processes controlling its bioavailability
and the extreme use of phosphate sedimentary rocks leading to the eutrophication of numerous
aquatic systems. Microorganisms can have a predominant impact on their local environment by
either actively or passively mobilizing phosphates into or out of their cells and immobilizing P
into phosphate minerals. In this context, PolyP accumulators constitute major actors and their
characterization represent a current challenge for the elaboration of bioremediation strategies.
The recent discovery of newmodels Psequestering and challenging the prevailing paradigm for
PolyP accumulation and hydrolyze make the need to understand the biogeochemical and genetic
determinants an even more important issue.

The goal of my thesis is to describe the biological and environmental parameters related to
the P accumulation process for the newly observed model of P sequestration in the stratified
freshwater Lake Pavin. A major challenge of this thesis is to quantify the relative proportions
of the MTBc sequestering P among the other MTB, and thus to describe the MTB diversity
throughout the water column. This challenge also includes identifying the MTBc distribution,
their habitat, and the chemical gradients with depth in the water column, as well as isolating
the bacteria in an appropriate growth media. Another issue is to determine the environmental
conditions favoring or not the MTBc P accumulation and to isolate them with respect to their P
accumulation capabilities thanks to flow cytometry.

In this thesis, I combined multiple in situ (physicochemical measurements, bulk geochem
istry, optical and electronmicroscopy), in vitro (MTB growth cultures) and in silico (multivariate
statistics) methods. The source of our data mostly focused on in situ sampling and measures in
Lake Pavin and the data were further processed and analyzed in the laboratory.
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In the first part of my thesis, I present my contribution on the characterization of a new
abundant MTB species from Lake Pavin forming CaCO3, and similarly to the MTBc located in
the zone of steep geochemical gradients right under the OATZ. A new technique of sampling
for which I contributed as well was developed to increase the volume and the vertical sampling
resolution in the water column. The improved sampling allowed us to precisely compare certain
physicochemical parameters to the bulk MTB distribution and a thin profile of the MTB and its
different morphotypes as a function of the magnetosomes organisation, shape and abundance
was done. This profile was compared to a wide range of geochemical and physicochemical pa
rameters, and correlation tests were performed using multivariate statistics to determine if any
environmental drivers could be found for the distribution of the MTB and the Psequestering
MTBc. Then, preliminary tests were made to create a specific medium for the isolation of the
MTBc using semisolid media culture techniques with inverse gradients to mimic the environ
ment in which MTB live.

In the second part of this thesis, I present a detailed characterisation of theMTBcwith respect
to their magnetosome organisation and Paccumulation capabilities. All of the MTBc morpho
types encountered along the water column were then compared to the different environmental
parameters present along the water column. This work is followed by preliminary tests using
flow cytometry, with the goal of analyzing and sorting the cocci MTBc based on their accumu
lation of PolyP.
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2.1 Introduction

2.1.1 Known diversity and biogeography of magnetotactic bacteria

MTB are highly diverse microorganisms which can be found in every types of aquatic envi
ronments (freshwater, marine,...). They favor gradients and thus present specific requirement in
terms of oxygen levels. Moreover, their diversity can be impacted by environmental parameters.

MTB constitute a group ofmicroorganisms showing a broad phylogenetic, physiologic, mor
phologic and metabolic diversity (Lefevre and Bazylinski, 2013).
Most of them have been described in various classes of the Proteobacteria and Nitrospirae
phyla, but recent studies seem to indicate that bacteria from other phyla such as the Nitro
spinota, Bdellovibrionota, Fibrobacterota, and Riflebacteria phyla could produce magneto
somes (Amann et al., 2007; Lin et al., 2020). They present a wide morphological and phys
iological diversity, they occur in the form of a spirilla, rodshaped, vibrio, coccoidtoovoid
cells, and they can even be multicellular bacteria (Keim et al., 2006; Lefevre and Bazylinski,
2013; Qian et al., 2020).

MTB are ubiquitous, they are found in awide range of environments, from freshwater, brack
ish, marine, hypersaline habitats (Bazylinski and Frankel, 2004) to cold or high temperature
(respectively Abreu et al., 2016, Lefevre et al., 2010) and strongly alkaline conditions (Lefèvre
et al., 2011a).
MTB are generally considered to be gradientseekers as they are found in the vicinity of the
oxicanoxic interface or in anoxic conditions in a context of redox gradients. They can be mi
croaerophiles (Spring et al., 1993), anoerobes or both (Petermann and Bleil, 1993) and therefore
require specific and strict conditions to grow (Bazylinski et al., 2013a). For example, most
cultured species from the Alpha and Gammaproteobacteria classes are microaerophiles using
reduced sulfur compounds for autotrophic growth and organic acids for heterotrophic growth
(Bazylinski and Williams, 2007).

A wide diversity of MTB can be found in most environmental samples (Kolinko et al., 2013;
Chen et al., 2015; Lin et al., 2017; Koziaeva et al., 2020; Liu et al., 2020), but this diversity and
global distribution can be impacted by environmental parameters (chemical or physical) but also
spatial differences (i.e. geographic distance between two sampling site) as reported by Lin et al.
(2013). It was shown that salinity is one of the strongest driver of global distribution for the
MTB by influencing their phylogenetic distribution across the world, and a separation in the
phylogenetic tree between MTB from freshwater and saline water was evidenced (Spring et al.,
1998; Zhang et al., 2010). MTB communities can change as a function of total iron concentra
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tion (Lin et al., 2013) and MTB phylogenetic lineages are suggested to be influenced by nitrate
concentrations (Lin and Pan, 2010). Southseeking MTB have also been shown to be positively
correlated with redox potential, being even more concentrated when redox potential increases
(Simmons et al., 2006). Postec et al. (2012) have shown that sulfate concentrations was posi
tively correlated to the concentration of MTB and suggested a link with the presence of SRB.
Another parameter that have been shown to impact MTB diversity is the strength of the Earth’s
magnetic field. It was shown by Wang et al. (2008); Pan et al. (2009); Lin et al. (2012a) that
the magnetic field’s variation could change the velocity or the cell metabolism of some MTB.
MTB communities can also change with high temperature as shown by Lin et al. (2012b; 2013).
Overall, several parameters can impact the MTB diversity and distribution in the environment,
but until now no correlation between a MTB taxon and a biotope has been found.

One of the most common MTB morphotype to be observed in the environment, sediments
and stratified water columns, is the MTBc (Lefevre and Bazylinski, 2013; Liu et al., 2020), with
a coccoid to ovoidshaped cell and two flagellar bundles on one side of its cell (Frankel et al.,
1997). Based on 16S rRNA phylogenetic analyses it was first thought that these MTBc were
affiliated to the Alphaproteobacteria class. But recent studies proposed a novel class, the Can
didatus Etaproteobacteria, to classify the MTBc (Ji et al., 2017). A lot of the uncultured MTBc
accumulate sulfur granules suggesting an autotrophic or mixotrophic metabolism involved in
the oxidation of reduced sulfur compounds (Lefevre and Bazylinski, 2013).

2.1.2 Magnetosomes diversity can be a proxy of environments, taxonomy
or metabolism

The biomineralization of magnetosomes byMTB is unique and genetically controlled. Mag
netosomes can show different compositions, shape, numbers, organization or axis ratio and some
of these characteristics can constitute proxies for bacteria class, phylum or species and even for
metabolism.

Magnetosomes formation is an emblematic biomineralization as it represents the only ev
idenced case of controlled intracellular biomineralization of crystalline phases in prokaryotic
cells (Lefevre and Bazylinski, 2013). Magnetosome formation is a genetically controlled pro
cess by a gene cluster encoding for proteins involved in magnetosome formation and arrange
ment (Schüler, 2008; Murat et al., 2010; Komeili, 2012). Many magnetosome genes could be
found in all characterized MTB (Nakazawa et al., 2009; Lefèvre et al., 2013b) but the content
and organization of the magnetosome genes is distinct from one group ofMTB to another. These
differences might then explain the differences in magnetosome compositions, number, shapes,
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and organizations found in the different MTB species.

Magnetosomes can contain magnetite (Fe3O4) or greigite (Fe3S4) crystals enveloped by a
bilayer membrane (Blakemore, 1975; Bazylinski and Frankel, 2004; Jogler et al., 2011). MTB
producing magnetite are found in all known taxa of MTB, whereas MTB producing greigite
are affiliated to the Deltaproteobacteria (Wenter et al., 2009; Abreu et al., 2011; Lefevre et al.,
2011). Some MTB from the Deltaproteobacteria class have also been detected to form simul
taneously magnetite and greigite (Lefevre et al., 2011; Wang et al., 2013). Magnetite forming
MTB have been described to usually have either a heterotrophic but facultatively chemolithoau
totrophic metabolism (Bazylinski et al., 2004; Williams et al., 2006; Geelhoed et al., 2010) or
obligatory chemilithoautotrophic metabolism (Lefèvre et al., 2012).
Most of the magnetosomes belong to three main morphological groups: cuboctahedral, elon
gated prismatic or bulletshaped (Bazylinski and Frankel, 2004; Isambert et al., 2007; Lefèvre
et al., 2011b) with the hypothesis that bulletshaped magnetite magnetosomes constitute the
most primitive type (Lefèvre et al., 2013a). Cuboctahedral and elongated prismatic magneto
somes only occur in MTB phylogenetically affiliated to the Alpha and Gammaproteobacteria,
whereas the bulletshaped magnetosomes were only found in MTB affiliated to the Nitrospirae
and the Deltaproteobacteria (Lefèvre et al., 2011b).
Magnetosomes can also present diverse organization: one chain, two chains, two double chains
and even multiple chains of magnetosomes, or disorganized magnetosomes (Jogler et al., 2011;
Li et al., 2015; Lefevre and Bazylinski, 2013; Liu et al., 2020). For example, the multiple chains
occur in the Candidatus Magnetobacterium bavaricum within the Nitrospirae phylum. These
diverse organizations have been observed in MTBc as well, and their different magnetosome
morphologies were shown to be speciesspecific (Liu et al., 2020).

2.1.3 Magnetotactic bacteria: a life at the interfaces

MTB are organisms with the aptitude to use magnetoreception. Magnetoreception define the
capacity of organisms to detect and navigate along the Earth’s geomagnetic field lines (Monteil
and Lefevre, 2020). Magnetoreception has been for a long time thought to be only characteristic
of MTB. Some recent studies have brought into light that this is not the case and that magne
toreception not only is present in prokaryotes but also in eukaryotes. The current knowledge
shows that eukaryotes can acquire magnetoreception by either: (i) preying on MTB, (ii) form
ing an holobiont by being in mutual symbiosis with ectosymbiotic MTB, or (iii) forming their
own magnetosomes (Monteil et al., 2019; Monteil and Lefevre, 2020; Leão et al., 2020).

It has been found that the majority of MTB, located either on the southern or northern hemi
sphere, do not seek the same geomagnetic pole, respectively seeking the South and the North
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pole (Blakemore et al., 1980). Doing so, given the direction of the geomagnetic field lines,
MTB of each hemisphere can then swim downward toward microaerobic/anaerobic zones and
potentially away from toxic conditions such as high oxygen concentrations. Even if this MTB
distribution of north and southseeking is in majority true, it is also possible to find significant
amount of southseeking MTB in the Northen hemisphere (Simmons et al., 2006; Shapiro et al.,
2011). For this reason, it has been suggested that MTB might have other mechanisms to over
come vertical variations of the geochemical conditions and high oxygen concentrations. These
other mechanisms can be chemotaxis or redoxtaxis working in coordination with magnetotaxis
that MTB use. Chemotaxis or redoxtaxis are respectively mechanisms biasing the organism’s
movements toward preferred chemical or less toxic zones, or favoured redox potential. The
involvement of chemotaxis or redoxtaxis is supported by the studies of the MTB isolate Mag
netococcus marinus and Magnetospirillum magnetotacticum for which it has been shown that
an aerotaxis behaviour is used in addition to magnetotaxis (Frankel et al., 1997). Both MTB
strains prefer to be located near the oxicanoxic interface (OAI) rather than to swim downward
and grow in the bottom of the culture tubes as they would have done if they were only influ
enced by their magnetotaxis behaviour. Moreover, Mao et al. (2014) showed for a Candidatus
Magnetobacterium bavaricum (MBV) and an unspecified MTBc that they relied both on mag
netotaxis for their survival but using it for different mobility requirements. MBV was shown to
migrate over macroscopic distances relying only on chemotaxis, thus usingmagnetotaxis only as
a mean to efficiently shuttle between different chemical layers of the sediments. In the contrary,
MTBc were shown to only use chemotaxis as a mean to detect the specific chemical properties
in which they thrive and use magnetotaxis to overcome sediment perturbations. In zero field
with sediment perturbations, MBV can thus survive at the expanse of a population decrease but
not MTBc.
Phototaxis is also another mechanism that can supplant magnetotaxis and help MTB to move
toward a zone with a lower exposition to light. For example, some multicellular magnetotactic
prokaryotes (MMPs) use phototaxis to move away from white light and wavelength ranging
below 480 nm (Shapiro et al., 2011; Almeida et al., 2013). Another example isMagnetococcus
marinus which is also sensitive to light and swim toward zones where light below 500 nm do
not reach. This process thus makes them swim downward similarly to aerotaxis upon oxygen
diffusion (Frankel et al., 1997).
All these mechanisms can act similarly to magnetotaxis by making the MTB swim in a vertical
search for optimal conditions in chemical, redox or even light gradients rather than at a three
dimensional search.
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2.1.4 Magnetotactic bacteria sorting, isolation and methods of study

The study of most microorganisms is tributary to how easy they can be isolated and identi
fied in their natural habitat. Thanks to their magnetosomes MTB can be quickly enriched from
environmental samples and thus can be more easily studied than other microorganisms in the
same environment. However, MTB common magnetic enrichment is not always enough for
some specific analyses. As a consequence, other methods have been developed for bulk obser
vations of high MTB biomass or more specifically for singlecell observations. The success at
isolating a MTB in an axenic culture can help study them specifically without the complexity
inherent to an environmental sample.

The presence of magnetosomes is what makes theMTB so easy to enrich from a natural sam
ple by using different magnetic sorting techniques such as the hanging drop technique (Bazylin
ski et al., 2013a), the orientationmagnetic separation or the channel separator (Bahaj et al., 2002;
Wang et al., 2020). Their repulsion to complete oxic conditions and their swimming abilities
can also help concentrating them, for example by aerotactic concentration and the diffusion of
oxygen in a recipient from which the surface water is retrieved regularly while the MTB move
downward and concentrate at the bottom (Busigny et al., 2021).

An axenic culture enables the study of the MTB in a controlled environment without the in
terference of any other microorganism, therefore simplifying the interpretations of experimental
results. A controlled environment means being able to control the medium and the conditions
in which the microorganisms evolve, allowing the description of the organism metabolism, or
of the genes expressed at a given time or for specific conditions. The processes observed in
the culture medium are either abiotic processes or processes linked to the bacteria of interest.
The ambiguity of the source of a certain phenomenon or compound, inherent from the presence
of multiple microorganisms in the same sample in the environment, is thus avoided. Overall,
increasing the number of axenic cultures contribute to a better understanding of the biomineral
ization, biochemistry and physiology of MTB.
MTB isolation in a culture media is difficult and not a lot of them have been isolated in an ax
enic culture so far (Lefevre and Bazylinski, 2013), with only a tenth of successes of isolation in
the last decade (Lefèvre et al., 2009; 2011a; Morillo et al., 2014; Shimoshige et al., 2021). The
difficulties come from the need of a specific oxygen gradient medium, necessity due to their
unique life in gradientconditions. Moreover, they possess long celldividing times and they
are therefore prone to be outcompeted by other fast growing microorganisms (Bazylinski et al.,
2013a).
Isolating MTBc from Lake Pavin would greatly help better understand their physiology and
their taxonomy, but despite the ubiquity of the MTBc in the environment, only three MTBc
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have been isolated in a growth medium so far and only from marine environments. Two are
coming from the northern hemisphere, the first isolated is the Magnetococcus marinus strain
MC1 Meldrum et al. (1993), and the other one is the magnetoovoid MO1 both from the Pet
taquamscutt Estuary in Rhode Island, USA Lefèvre et al. (2009). The third cultivated MTBc is
Magnetofaba australis strain IT1 from the southern hemisphere in the Itaipu Lagoon in Rio de
Janeiro in Brazil (Morillo et al., 2014). They are obligately microaerophilic and can grow au
totrophically on sulfide or thiosulfate and also heterotrophically for MC1 and IT1 while using
acetate or succinate. These isolated MTBc all show only one magnetosome chain of magnetite,
but it is known that the MTBc can be very diverse in terms of magnetosome organisation, size,
number and axial axis (Liu et al., 2020). In parallel, none freshwater MTBc have been isolated,
even with the already important amount of phylogenetic and genomic information gathered on
them and their phylogenetic relatedness with their marine counterparts (Lefevre and Bazylinski,
2013).

Since MTB are not easily cultivable, sampling methods need to be efficient in terms of
volume and/or enrichment. Usually MTB present in a water column are collected using a
GeopumpTM peristaltic pump (Simmons et al., 2004; Moskowitz et al., 2008), a Niskin bottle
(RivasLamelo et al., 2017), or a freeflow bottle or automatic flow injection sampler (Schulz
Vogt et al., 2019). These sampling methods are followed by a magnetic sorting to enrich the
MTB, but it usually does not yield the high MTB density necessary for certain approaches. A
recent study presented different approaches in order to alleviate this problem and help gather a
large number of MTB (see part 2.3 of this chapter for details; Busigny et al. (2021)).

In general, numerous different cell morphotypes can be present in relatively large number in
a single environmental sample (Lefevre and Bazylinski, 2013; Lin et al., 2017), thus the analyze
of a specific morphotype of MTB taxon can be difficult. Along the years, different approaches
have been set up to be able to characterize the MTB at the single cell level. If a specific MTB is
distinguishable from the other by its morphology, a micromanipulator associated with an opti
cal microscope can be used for a singlecell sorting and further genomic analyses (Jogler et al.,
2011; Kolinko et al., 2012; Monteil et al., 2021). A taxonomic identification of MTB cells, con
firmed by fluorescence in situ hybridization (FISH) with rRNAtargeted oligonucleotide probes,
can also be used in association with an electron microscope (SEM or TEM) to characterize the
MTB specific structural features and to reveal the MTB affiliations (Li et al., 2017; Zhang et al.,
2017; Liu et al., 2020). Moreover, the association of synchrotron based synchrotronbased scan
ning transmission Xray microscopy (STXM) and electron microscopy can also helps the joint
analyses of the MTB chemistry and structural features (e.g. magnetosomes, intracellular inclu
sions;Leão et al. (2020); Li et al. (2020a)).
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2.1.5 Objectives and strategy of the chapter

The majority of MTB and MTBc have been studied at watersediment interfaces, where
their distribution spreads on a few hundred micrometers, limiting our understanding of the pre
cise ecological niche in which they live and which potentially impact their metabolism.
In this chapter, I present the first study of the MTB diversity along varying chemical conditions
on several meters in the water column of a freshwater and ferruginous environment. This study
aims to describe the different MTB populations (i.e. the morphotypic MTB diversity), their rel
ative abundance as a function of their habitats, and at characterizing the specific environmental
conditions in which the MTBc are found by using microscopic, chemical and statistical analy
ses. Comparing the different MTB in the water column of Lake Pavin will help determine if the
MTBc harbor a specific ecological niche, or if their ecological niche is common to all MTB in
the water column of Lake Pavin.

The first part of this chapter introduces my contribution to the recent discovery of an abun
dant population of rodshaped MTB with intracellular inclusions of amorphous calcium carbon
ates (hereafter described as iACCforming rods) in the sediment and the water column of Lake
Pavin. I coauthored this studywhichwas published in The ISME Journal (Monteil et al. (2021)).
This study extends the known biomineralization capabilities of MTB but also the known diver
sity of MTB present in the water column of Lake Pavin.
The second part of this chapter is the object of a published article I also coauthored (Busigny
et al., 2021) and in which the development of a technique for themass collection ofMTB popula
tions in Lake Pavin is the main focus. During the optimization of the mass collection techniques
a new sampling method was elaborated for a better vertical resolution, and some physicochem
ical parameters were associated with the MTB peak of abundance.
The results presented in these articles later allowed in the third part of this chapter a precise
characterization of the MTB profile and that of their diversity as a function of the environmen
tal parameters with multivariate statistics. In the fourth and final part, I present preliminary tests
carried out during this thesis to elaborate a growth medium for the Lake Pavin MTBc.
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2.2 Discovery of a magnetotactic bacteria group capable of
sequestrating intracellularly amorphous calcium carbon
ate in the water column of Lake Pavin  Monteil et al.
(2021)

In the context of PolyP sequestration by microorganisms, the OATZ is of great interest.
While studying the bacterial populations present in the vicinity of the oxycline of Lake Pavin wa
ter column, RivasLamelo et al. (2017) discovered the MTBc hyperaccumulating PolyP. Later
on, the study of the water column MTB where the MTBc are located lead to the discovery of a
unique new morphotype of rodshaped MTB accumulating large amounts of iACC, further on
called iACCforming rods. This discovery lead to the publication of an article that I coauthored
and for which an overview is following:

In parallel to their unique capability to biomineralize magnetosomes, MTB may also show
the capacity to sequester diverse intracellular elements such as sulfur, phosphorus, magnesium,
calcium and potassium under the form of sulfur granules (Liu et al., 2020) or PolyP (Bazylinski
et al., 2004; Cox et al., 2002; RivasLamelo et al., 2017). In (Monteil et al., 2021) the MTB
capabilities were extended to the formation of iACC granules in both the sediments and the
water column of Lake Pavin. The number of microbial groups capable of sequestering cal
cium carbonate were increased from two to three, with formerly the Achromatium species in
the Gammaproteobacteria class (Schewiakoff, 1893; Head et al., 1996) and several species of
the Cyanobacteria phylum (Couradeau et al., 2012). Such intracellular biomineralization being
found in only few microorganisms, these inclusions occurrences, functions, ultrastructures and
genetic determinants remain poorly constrained.
In Monteil et al. (2021), the iACCforming rods were shown to be affiliated to the Alphapro
teobacteria class using singlecell, molecular typing and FISH/SEM correlative approaches. The
ultrastructure and composition of these inclusions was described as well thanks to TEM, cryo
electron microscopy of vitreous sections (CEMOVIS) and synchrotronbased STXM. It showed
that the inclusions are amorphous and form in a membraneenclosed compartment in which cal
cium is probably greatly concentrated compared to the extracellular undersaturated medium
with respect to calcium carbonate precipitation. This indicates an active process of sequestra
tion which costs energy to the cell. A possible function of these inclusion is their use as ballasts
to adjust their vertical position in chemical vertical gradients.

For this study, my contribution consisted in participating in the field trips for the recovery of
the sediments and water column samples, in the preparation of the MTB samples for CEMOVIS
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analyses, and in providing a large amount of TEM images of the iACCforming rods for the elab
oration of different hypotheses for cellular division mechanisms.
This work allowed me to learn how to observe and sort the MTB in both the sediments and the
water column and use TEM and XEDS.

See next the Monteil et al. (2021) article and in appendices the supplementary information.
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Abstract
Bacteria synthesize a wide range of intracellular submicrometer-sized inorganic precipitates of diverse chemical
compositions and structures, called biominerals. Their occurrences, functions and ultrastructures are not yet fully described
despite great advances in our knowledge of microbial diversity. Here, we report bacteria inhabiting the sediments and water
column of the permanently stratified ferruginous Lake Pavin, that have the peculiarity to biomineralize both intracellular
magnetic particles and calcium carbonate granules. Based on an ultrastructural characterization using transmission electron
microscopy (TEM) and synchrotron-based scanning transmission X-ray microscopy (STXM), we showed that the calcium
carbonate granules are amorphous and contained within membrane-delimited vesicles. Single-cell sorting, correlative
fluorescent in situ hybridization (FISH), scanning electron microscopy (SEM) and molecular typing of populations
inhabiting sediments affiliated these bacteria to a new genus of the Alphaproteobacteria. The partially assembled genome
sequence of a representative isolate revealed an atypical structure of the magnetosome gene cluster while geochemical
analyses indicate that calcium carbonate production is an active process that costs energy to the cell to maintain an
environment suitable for their formation. This discovery further expands the diversity of organisms capable of intracellular
Ca-carbonate biomineralization. If the role of such biomineralization is still unclear, cell behaviour suggests that it may
participate to cell motility in aquatic habitats as magnetite biomineralization does.

Introduction

Biomineralization is a process whereby organisms trigger the
formation of minerals by sequestering diverse chemical ele-
ments such as Fe, Mn, Ca, As, O, S or P into relatively stable
solid phases [1, 2]. Produced minerals are chemically diverse
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including oxides, oxy-hydroxides, carbonates, phosphates,
sulphates and sulphides, some of which involve metals and
metalloids [2]. This process can have a significant impact on
the geochemical cycles of these diverse chemical species.
Two types of biomineralization pathways are distinguished:
(i) biologically-induced mineralization, which refers to all
cases where mineral precipitation results from chemical shifts
in the environment of the organisms induced by their meta-
bolic activity, and (ii) biologically controlled mineralization,
for which specific genes and cell structures are involved [3].

Biomineralization is not restricted to eukaryotes; many
prokaryotes developed mechanisms to nucleate and grow
diverse minerals as well. However, only few cases of
controlled biomineralization are reported in prokaryotes.
The most emblematic case of prokaryotic controlled
biomineralization is that of magnetotactic bacteria
(MTB), which produce intracellular magnetic crystals
enclosed within compartments delimitated by a lipid
bilayer and called magnetosomes [4]. The underlying
genetic determinism, molecular machinery, ecologic role
and evolution of this biomineralization pathway have
been the focus of interdisciplinary investigations and
represent the most documented case of biomineralization
in prokaryotes [5, 6].

A much less documented case is provided by bacteria
biomineralizing intracellular calcium carbonate inclusions.
Two phylogenetically distinct groups have been shown to
be capable of this biomineralization: (i) several species of
the Cyanobacteria phylum, and (ii) some Achromatium
species in the Gammaproteobacteria class. The large sul-
phur bacterium Achromatium oxaliferum was first described
by Schewiakoff in 1893 [7]. It accumulates numerous cal-
cium carbonate inclusions filling most of the cell volume
[8–11]. This group of Proteobacteria was observed world-
wide in the microoxic-anoxic zone of the sediment-water
interface of both freshwater and marine environments.
Population densities can be as high as 105 cells/mL and
account for over 90% of the total local bacterial volume
[9, 10, 12]. Despite the large biomass represented by
Achromatium populations, their impact on biogeochemical
cycles is not well understood. However, it has been shown
that calcium carbonates accumulating within Achromatium
cells can represent most of the solid calcium in some
sediments, especially when (extracellular) pore waters are
undersaturated with calcium carbonate phases [12–14]. No
cultured representative strain is available, which limits the
physiological characterization of cells to culture-
independent field and microcosm analyses. Only some
Achromatium populations have been shown to be able to fix
inorganic carbon, while others are not able to do so. Since
all Achromatium populations can form intracellular Ca-
carbonates, this suggests that inorganic C fixation is not key
to intracellular Ca-carbonate biomineralization. Moreover,

they gain energy from sulphur oxidation and may use
oxygen or nitrate as potential electron acceptors [15–19].
Transmission electron microscopy (TEM) analyses sug-
gested the presence of membranes surrounding the calcium
carbonate inclusions of Achromatium [12, 13].

The biomineralization of intracellular amorphous cal-
cium carbonate (ACC) by phylogenetically and geo-
graphically widespread cyanobacteria species, has been
discovered more recently [19]. They include deep-
branching species, suggesting the possibility that intra-
cellularly calcifying cyanobacteria may have thrived on the
early Earth. Similarly to Achromatium, it was shown that
they can form intracellular ACC even in extracellular
solutions undersaturated with respect to ACC, again
demonstrating some energy cost which has been attributed
to active uptake of Ca [20]. Also similar with Achromatium,
ACC biomineralization in cyanobacteria occurs within a
microcompartment but in this case, it is delimited by an
envelope that is not composed of a lipid bilayer but of a yet-
to-be-determined nature [21]. Two distinct patterns of ACC
distribution were described within the cyanobacterial cells:
one with ACC inclusions scattered throughout the cell
cytoplasm and another one in which inclusions start form-
ing at the septum and lie at the cell poles after cell division
[22, 23]. In contrast to Achromatium, ACC-producing
cyanobacteria were shown to live in oxic environments
where they perform oxygenic photosynthesis [23]. These
cyanobacteria can be abundant in some habitats. For
example, they reach up to 10% of all the operational
taxonomic units (OTUs) identified in a geothermal pool at
Little Hot Creek in California [24]. Due to its ability to
sequester abundant alkaline earth elements within ACC, the
cyanobacterium Gloeomargarita lithophora [19, 25], was
shown to be particularly interesting for the remediation of
radionuclides such as 90Sr and Ra [20, 26]. Moreover,
this cyanobacterium is the closest modern relative of plas-
tids, questioning the possibility that this capability to
sequester Ca was transferred to the first photosynthetic
eukaryotes [27].

The biological role of intracellular calcium carbonate
biomineralization is still unclear, but some functions have
been hypothesized: intracellular carbonates may be
involved in (i) the buffering of intracellular pH [10, 28], (ii)
a buoyancy-regulating mechanism [13, 17, 19, 29] or (iii)
the storage of inorganic carbon that may serve in some
cases as an electron acceptor in carbonate respiration
[13, 17]. However, in both Cyanobacteria and Achroma-
tium, the biochemical pathways and the genetic determi-
nants involved in calcium carbonate formation remain
unknown. Moreover, the evolutionary history of this pro-
cess has yet to be determined to test whether it appeared
independently in distinct phyla by convergent evolution, or
derived from a common ancestor, and/or spread by transfer.

C. L. Monteil et al.



For this purpose, a better assessment of the biology and
ecology of intracellular calcium carbonate biomineralizing
bacteria as well as the phylogenetic distribution of this
capability is crucial. Considering that this process was
detected only very recently in cyanobacteria, it is likely that
we do not have an exhaustive view of the phylogenetic
distribution of intracellular calcium carbonate biominer-
alization, and much less of the ecological niches where such
a biomineralization is performed.

Recent observations in the ferruginous and perma-
nently stratified (meromictic) Lake Pavin, Massif Central,
France [30], support this assumption by revealing intra-
cellular calcium carbonates biomineralizing microorgan-
isms within a broad uncharacterized diversity of
biomineralizing microorganisms. Here, we report a
magnetotactic bacterium in the water column and sedi-
ments of Lake Pavin that biomineralizes both intracellular
magnetite and calcium carbonate. Molecular typing of
single cells sorted from sediments revealed that the
double biomineralization is performed by members of an
undescribed genus within Alphaproteobacteria with no
close MTB relatives. Hereafter, we characterize the
ultrastructure and intracellular mineral phases biominer-
alized by these bacteria to finally give some insight into
magnetite biomineralization using a partial genome
sequence.

Materials and methods

Site description and sample collection

Sediment samples were collected from the shore of Lake
Pavin. This was done by fully filling 1 L glass bottles with
300–400 mL of sediments and 600–700 mL of water over-
laiding the sediments. Air bubbles were excluded. Once in
the laboratory, bottles were stored with their cap closed,
under dim light and at room temperature (ca. 25 °C). Two
locations were sampled at Lake Pavin during the different
sampling campaigns that took place between May 2015 and
October 2019: (i) 45.499107°N, 2.886273°E and (ii)
45.499101°N, 2.889239°E.

Water column samples were collected in October 2018
at depths ranging between 45 and 65 m from a platform
located near the centre of Lake Pavin (45.495792°N,
2.888117°E). Water was collected using a Niskin bottle at
the targeted depths and was then transferred in 1 L glass
bottles filled to their capacity and tightly closed. Bacteria
of interest collected from the water column could be
conserved for a few days only when stored at 4 °C,
whereas those from sediments could be observed and
magnetically sorted up to 5 years after their sampling and
storage in the laboratory, at room temperature. This is the

reason why the majority of our study focused on bacteria
from sediments.

Solution chemistry analyses

Solutions in the sampling bottles were filtered at 0.22 µm
before analyses. The pH was measured with a CyberScan
pH 5500 pH-metre (Eutech instruments) using a combined
pH microelectrode (Fisherbrand) calibrated with Hanna pH
standard buffer solutions (4.010, 7.010, 10.010) and an
uncertainty of 0.01 pH unit. Elemental analyses of [Ca2+]
were performed on samples acidified with HNO3 (2%) by
ICP-AES (iCAP6200 Thermofisher) with an uncertainty of
0.7%. All measurements were far above the quantification
limit (ca. 0.1 ppb).

Dissolved orthophosphate concentration and
alkalinity of sediment pore water

Alkalinity measurements were carried out according to the
protocol previously described [31, 32]. The standard range
was tested with Evian® water before sample alkalinity
measurements. Here, alkalinity was approximately equiva-
lent to the concentration of HCO3

- under the present con-
ditions [33].

The saturation index was defined as: SI= log (IAP/
Ksp), where IAP corresponds to the ion activity product
and Ksp to the thermodynamic solubility product for a
mineral phase. A solution was supersaturated with respect
to a mineral phase when SI > 0. Here Ca2+ and HCO3

-

activities were approximated to the measured concentra-
tions. The solubility constant (pKsp) at 25°C of amorphous
Ca carbonate (ACC) used in the present study was 6.278,
as determined by Purgstaller et al. [34].

Magnetic enrichment and light microscope
observation

North-seeking magnetic cells were concentrated by placing
the south pole of a neodymium-iron-boron magnet (disc
magnet with a diameter of 5 mm and a height of 5 mm) for
3 h next to the bottles, above the sediment-water interface
(for the sediment samples) or at mid-height against the
bottle (for water column samples). Examination of magne-
tically concentrated cells was carried out using the hanging
drop technique [35] under a Zeiss Primo Star light micro-
scope equipped with phase-contrast and differential inter-
ference contrast optics. Magnetotaxis was evidenced by
rotating a stirring bar magnet at 180° on the microscope
stage to reverse the local magnetic field. Motility and the
magnetotactic behaviour were also observed and recorded
under a Leica LMD6000 light microscope equipped with a
Leica DMC 4500 camera.

Intracellular amorphous Ca-carbonate and magnetite biomineralization by a magnetotactic bacterium. . .



In situ and in microcosms measurements of
chemical and cell count profiles

Dissolved oxygen profiles were measured in the sediments,
using a fibre-optic oxygen sensor (50-µm tip diameter, REF
OXR50) and a FireStingO2 metre, both from Pyroscience.
High-resolution profiles (100 µm steps, from 10 mm above
the sediment to −25 mm below the sediment) were
achieved with a Pyroscience MU1 motorized micro-
manipulator. Sensor calibration was made against saturated
humid air (O2 sat.=100%) and a water solution flushed with
N2. Magnetotactic cells were highly concentrated and
diverse in sediment samples, those with large refractive
granules could be easily distinguishable from other bacteria
and sediment particles; they were counted using a Malassez
counting chamber. Measurements were systematically car-
ried out on three replicates of three different samples. For
each replicate, the number of cells was counted at three
different locations in the sediment sample. Cell counts were
reported as the means of triplicate counts for each sample.

In the water column, dissolved oxygen and redox
potential were measured in situ using a CTD O2-pH-redox
probe (YSI 6600). Three 1 L bottles of water were collected
every metre above and below the oxycline in order to
determine the depth distribution of magnetotactic bacteria.
For each depth, three drops of 40 μL were observed using
the hanging drop technique [35]. Magnetotactic cells
accumulating at the edge of the drops when a magnetic field
was applied from one side of the drop were counted under a
ZEISS Primo Star light microscope. The number of cells
counted in each drop was multiplied by a factor of 25 to
obtain the concentration of cells per millilitre. Cell counts
were reported as the means of triplicate counts for
each depth.

Cell sorting and whole-genome amplification (WGA)

Cell sorting was carried out on sediment samples collected
in Lake Pavin with an InjectMan® NI2 micromanipulator
and a CellTram® vario, hydraulic, manual microinjector
from Eppendorf mounted on a Leica DM IL LED micro-
scope equipped with a 63×/0.70 PH objective. The micro-
scope and micromanipulator were placed inside a clean
chamber, sterilized beforehand by 1 h germicidal irradiation
with ultraviolet (wavelength of the lamp: 254 nm). A 10-µL
drop containing magnetically concentrated cells was gently
added to a 30-µL drop of filtered Lake Pavin water on a
hydrophobic coverslip in order to magnetically transfer
magnetotactic cells toward the filtered water. One to ten
cells with bright granules were transferred with a sterile
microcapillary (TransferTip® (ES), 4 µm inner diameter, Fig.
S1) into a 4 µL drop of phosphate buffer saline (PBS). This
drop was stored at −20 °C before WGA. To obtain

sufficient gDNA for 16S rRNA gene and shotgun metage-
nomic sequencing, WGA was carried out using the multiple
displacement amplification (MDA) technique with the
REPLI-g Single Cell Kit (QIAGEN) following the manu-
facturer’s instructions. The concentration of double strand
gDNA was measured using a QuBitTM 4 fluorimeter
(ThermoFisher Scientific).

Cloning and sequencing of the 16 S rRNA gene of
magnetically concentrated and sorted cells

The 16S rRNA gene of all processed DNA samples was
amplified using the Phusion® Hot Start Flex DNA Poly-
merase following the manufacturer’s recommendations, a
DNA template of 50–70 ng/µL and the 27 F 5′-AGAGT
TTGATCMTGGCTCAG-3′ and 1492 R 5′-TACGGHTA
CCTTGTTACGACTT-3′ primers [36]. Blunt-end frag-
ments of 16S rRNA gene sequences were cloned using a
Zero Blunt® TOPO® PCR Cloning Kit with One Shot®

TOP10 chemically competent E. coli cells. The inserts of
the resulting clones were digested using the restriction
enzyme EcoRI to select five operational taxonomic units
(OTUs) representative of the sediment-sorted-cell popula-
tions and were sent for sequencing (Eurofins Genomics
Germany GmbH). Sequences were compared to data from
the NCBI nucleotide database with Basic Local Alignment
Search Tool [37]. The 16S rRNA gene sequences of the
sorted MTB OTUs were checked using the UCHIME2
chimera detection algorithm [38] and deposited in GenBank
under accession numbers MT021453 to MT021457.

Phylogenetic analyses

All the 16S rRNA gene sequences of Rhodospirillaceae and
Acetobacteraceae type strains (NCBI taxonomy) available
in the public databases NCBI in January 2020 were
downloaded and completed with the five OTUs obtained in
this study. This database was reduced to one species per
genus keeping the highest quality sequences to draw a first
tree with the BioNJ software [39] after sequences were
aligned using MAFFT 7 [40] and trimmed with the relaxed
parameters of Gblocks (Fig. S2) [41]. This tree was used to
remove genetic redundancy by randomly selecting few
representative species only per cluster to get a final database
of 45 sequences including 7 Acetobacteraceae type strains
as an external group. All sequences were aligned and
trimmed following the same method to get a final alignment
of 1381 bp. A maximum-likelihood tree was built using IQ-
TREE [42] and a TIM3+ F+ R4 model for describing
nucleotide evolution selected by Modelfinder [43] using the
Bayesian Information Criterion (BIC). Robustness of tree
topology was tested using a non-parametric bootstrap
approach and 500 replicates.
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Correlative fluorescent in situ hybridization (FISH)
and scanning electron microscopy (SEM)

FISH was performed according to the procedure described
by Pernthaler et al. [44]. First, an ATTO488-labelled probe
was designed, specific to the bacteria producing refractive
inclusions that were sorted from sediment samples (CCPp,
5′- GTCATTATCGTCGCGTGCGAAAGAGCTTTACAA
CCCG -3′, complementary to nucleotides 383 to 419 of the
16S rRNA molecule of OTU1, one mismatch with OTU5 at
position 414). This was based on the alignment of the most
similar 16S rRNA gene sequences of the Rhodospirillaceae
family found in GenBank in August 2018. Probe specificity
was evaluated by using the PROBE_MATCH programme
in the RDP-II [45]. The nearest non-target hits contain at
least one mismatch with the specific probe CCPp. Oligo-
nucleotide probes used in this study were purchased from
Eurofins Genomics (Ebersberg, Germany).

Then, a 20 µL drop of magnetically concentrated cells
was deposited on an 18 mm × 18 mm coverslip covered
with poly-L-lysine. After 10 min, the drop was removed
and the cells adsorbed on the coverslip were fixed over-
night with 30 µL of a 4% paraformaldehyde solution.
Fixed cells were dehydrated by serial incubations in 50%,
80% and 100% ethanol during 5 min each. The hybridi-
zation solution contained 10 ng/mL of the probe, 0.9 M
NaCl, 20 mM Tris-HCl (pH 7.4), 1 mM Na2EDTA, and
0.01% sodium dodecyl sulphate (SDS), using the hybri-
dization and washing stringencies recommended for each
probe (30% for CCPp). Hybridization was performed at
46 °C for 2 h. For some samples, 10 µL of a solution of 1
µg/mL of 4,6-diamidino-2-phenyl- indole (DAPI) was
added to the coverslip, incubated 10 min at 4 °C and
rinsed with water. Coverslips were stored at 4 °C in a
humidity chamber before observation.

Finally, hybridization assays were analysed using a
Zeiss LSM780 confocal microscope available on the
ZooM platform at the Institute of Biosciences and Bio-
technologies of Aix-Marseille. Correlative fluorescence
light and electron microscopy, combining the specificity
of fluorescence labelling with the high spatial resolution
of scanning electron microscopy (SEM), was carried out
with a Zeiss LSM710 confocal laser scanning microscopy
at the Institut de Minéralogie, de Physique des Matériaux
et de Cosmochimie in Paris. Correlation with SEM was
performed using the KorrMik Life Sciences sample
holder and the correlative Shuttle and Find software
implemented in ZEN as previously described [46]. Ima-
ges were collected in the backscattered and secondary
electron modes using a Zeiss Ultra 55 FEG-SEM oper-
ating at 10 kV, a working distance of 5 mm and an
aperture of 30 μm.

Transmission electron microscopy (TEM)

The ultrastructure of CaCO3-producing MTB was observed
by developing an alternative protocol to fix cells on a TEM
carbon-coated grid. Indeed, only few or no cell at all of
CaCO3-producing MTB were fixed on TEM grids when
using the standard protocol consisting simply in drying a
droplet containing the bacteria. Here, we pipetted 2 µL of
liquid from the edge of the northern side of a hanging drop,
at the bottom of the drop, where magnetic cells aggregated
and settled down due to their magnetotactic behaviour and
their density. Then, we slowly deposited these cells at the
centre of the TEM grid. The grid and the drop were kept in
place during the fixation of the cells. Indeed, if the grid was
moved upside down as it is usually done for other MTB,
cells with CaCO3 granules did not adsorb onto the carbon
film of the TEM grid and instead settled down at the bottom
of the drop likely because of their high density. Once the
drop started to dry, the grid was washed with filtered
deionized water. Although most of the CaCO3-producing
bacteria formed large aggregates of cells, this technique
facilitated their observation and enabled optimal adsorption
of the MTB onto the carbon film.

Electron micrographs were recorded with a Tecnai G2

BioTWIN (FEI Company) equipped with a CCD camera
(Megaview III, Olympus Soft imaging Solutions GmbH)
using an accelerating voltage of 100 kV. High-resolution
transmission microscopy (HRTEM), z-contrast imaging in
the high-angle annular dark field (STEM-HAADF) mode,
and elemental mapping by X-ray energy-dispersive spec-
trometry (XEDS) were carried out using a JEOL 2100 F
microscope. This machine, operating at 200 kV, was
equipped with a Schottky emission gun, an ultrahigh reso-
lution pole piece, and an ultrathin window JEOL XEDS
detector. HRTEM images were obtained with a Gatan
US4000 charge-coupled-device (CCD) camera.

The sizes of magnetosomes and other mineral inclusions
as well as the estimation of the area occupied by these
inclusions were measured from TEM images using the
ImageJ software (1.48 v).

Cryo-electron microscopy of vitreous sections
(CEMOVIS)

For CEMOVIS, a pellet of cells magnetically enriched from
a Lake Pavin sediment sample was harvested. The pellet
was carefully mixed with an equal volume of 40% PBS.
The suspension was transferred in a gold coated cupper
sample holder type A with a 200-μm diameter cavity and
closed with a flat sample holder type B (Wohlwend GmbH,
Sennwald, Switzerland) before vitrification with a HPM 100
(Leica microsystems, Vienna, Austria). Vitrified samples

Intracellular amorphous Ca-carbonate and magnetite biomineralization by a magnetotactic bacterium. . .



were placed in the cryo-chamber of a Leica cryo-
ultramicrotome at −150 °C. Ultrathin cryo-sections with a
nominal feed of 40 nm were obtained using a 35° cryo-
diamond knife and were collected on quantifoil grids cov-
ered with a carbon film. Grids were stored in liquid nitrogen
before observations by cryo-TEM in the low dose mode
with a Tecnai G2 microscope equipped with a Gatan US
4000 CCD camera.

Shotgun genomic sequencing, assembly and
functional annotation

One single-cell of CaCO3-producing MTB, named CCP1
(Calcium Carbonate Producing bacterium #1), was sorted
using a micromanipulator (as described above) from a
sample collected on the shore of Lake Pavin in May 2015.
After WGA of this cell, gDNA was quantified using a
QuBit Fluorimeter (ThermoFisher Scientific) and quality
was evaluated on a 1% TAE agarose gel.

The genome of CCP1 was sequenced on an Illumina
MiSeq platform with a MiSeq® Reagent Kit v2 (300 cycles,
Illumina Inc.) using a Nextera® XT kit for the library pre-
paration. A total of 1.9 × 106 paired-end reads was obtained,
trimmed and filtered using Trimmomatic [47] and the
default settings. A draft assembly of 2.5 Mbp was assem-
bled using SPAdes v.3.12.0 (with -k 21,33,55,77,99,127 —

only-assembler —sc options) into 3365 contigs longer than
250 bp and annotated using the fast method implemented in
Prokka 1.14.0 [48]. The genome completeness was assessed
using CheckM v1.1.2 [49].

Scanning transmission X-ray microscopy (STXM)

STXM analyses were performed on the HERMES beamline
at the SOLEIL synchrotron (St. Aubin, France) [50, 51].
Details on the STXM technique and its application to bio-
mineralization can be found in e.g., [52, 53]. This micro-
scopy uses X-rays in the soft X-ray energy domain to
provide images with a ∼25 nm spatial resolution and
spatially-resolved speciation information of light elements
such as C based on X-ray absorption near edge structure
(XANES) spectroscopy. For this purpose, monochromated
X-rays are focused to a ∼25 nm spot by a Fresnel zone
plate. An image is obtained by positioning the sample at the
focal point of the lens and raster scanning it in x and y,
while recording the intensity of the transmitted X-rays.
After localizing cells of interest by optical microscopy
beforehand, we could easily localize them by STXM. A
stack of STXM images of the cells at a sequence of photon
energies was acquired at the C K-edge. The step size was
75 nm and images were obtained at 140 energy steps
varying between 270 and 345 eV with an increment of 0.12
eV in the 282–291.5 eV energy range, where most of the

narrowest XANES peaks were present. The imaged area
also contained a sub-area free of cells to measure the inci-
dent flux (I0). This allowed to convert images from trans-
mitted intensity units to optical density units (OD). The
XANES spectra at the C K-edge of the CaCO3 inclusions
and the cells were extracted and mapped using the aXis
2000 software (McMaster University, http://unicorn.mcma
ster.ca/axis/aXis2000-IDLVM.html).

Results

Observation of bacteria with electron dense
granules and an unusual magnetotactic behaviour

Over the different sampling campaigns performed since
2015 at Lake Pavin, a large diversity of MTB morpho-
types, mostly represented by cocci, was observed close to
the oxic-anoxic boundary of the water column (45–60 m
depth) [46]. MTB were also very diverse in the sediments
collected from the shore down to a water depth of 40 m
[54]. In most collected samples, one MTB morphotype
escaped our first light and electron microscopy observa-
tions because of its atypical magnetotactic behaviour.
Indeed, some slightly-curved rod-shaped MTB with large
inclusions were only weakly magnetic, i.e., their rotation
was slow compared to other MTB when the applied
magnetic field was switched 180° to the initial direction.
They did not, for the majority, accumulate at the edge of
the hanging drop. Instead, they aligned along the mag-
netic field and slowly swam back and forth at the bottom
of the drop without reaching the edge of the drop where
light microscopy observations of MTB usually focus
(Fig. 1a). Overall, these particular MTB cells were more
efficiently concentrated by increasing the duration of the
magnetic enrichment from 30 min to 3 h and applying a
stronger magnetic field (neodymium, iron and boron
magnet of 400 mT). As most of the other members of the
MTB community, these bacteria were located in oxygen-
depleted areas, i.e. below the oxycline [46]. The cell
density of this new MTB morphotype in the water column
was generally higher in autumn and its maximum was
observed during the October 2018 campaign at a depth of
58 m, reaching 4.0 × 102 cells/mL (Fig. 1b). However,
this cell density was probably underestimated since the
used hanging drop technique likely biased the counting of
such MTB downward. This new MTB morphotype was
always observed in the hanging drop assay without pre-
vious magnetic enrichment in autumn. During the other
seasons (spring and summer), they were observed after
magnetic enrichment only (i.e., abundance <25 cells/mL).
In sediment samples, these bacteria generally represented
the dominant magnetotactic population and reached up to
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5.8 × 105 cells/mL of porewater. In the sediments, the
majority of the cells were detected below the oxic-anoxic
interface as in the water column (Fig. 1c). After magnetic
enrichment of sediment samples, aggregated cells formed
a thin irregular whitish pellet measuring up to 4 cm in
diameter and located against the magnet. The pellet was
wider below the magnet, suggesting that the population
was sensitive to gravity (Fig. 1d). In most samples col-
lected on the shore, MTB pellets aggregated after 3 h

against magnets were of similar size whenever the north
or the south poles of the magnets were directed toward
the sampling bottle. This suggests that there was an equal
proportion of north- and south-seeking cells.

Bacteria with this atypical magnetotactic behaviour
contained 2 to 4 characteristic large refractive inclusions
measuring 856 ± 95 nm in width (n= 147, Fig. 2). They
also showed poor adsorption onto the carbon film covering
TEM grids and a specific protocol had to be developed for
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their fixation on the grids (see Materials and Methods).
Most of the cells formed large aggregates on the TEM
grids. Analysis of the cells ultrastructure revealed the
presence of a single polar flagellum (Fig. 2a). Inclusions
were very dense to the electron beam and occupied the
majority of the cytoplasm, which significantly complicated
the observation of the magnetosomes using conventional
TEM bright field mode (Fig. 2b, c). Magnetosomes over-
lapping with the inclusions were only observed when
using the HAADF mode in STEM (Fig. 2d, e). Some
inclusions were observed to form at the septum of dividing
cells (Figs. 2f and S3). Shortly after cell division, each
daughter cell contained two inclusions of different sizes: a
large one located at the flagellum pole and a small one at
the other pole (Figs. 2a, d, e and S3). When observed
under the light microscope with an applied magnetic field,
recently divided cells always showed their smallest
inclusion in the front and their largest one in the back, at
the flagellum pole (Fig. 2g). Based on the observation of
186 STEM-HAADF images of cells from a water column
sample, two scenarios linking cell division and the for-
mation of the inclusions could be proposed (Supplemen-
tary Information on cell division). However, we cannot
exclude the possibility that different species or sub-species
of calcium carbonate-producing MTB have different
number and/or organization of inclusions.

Chemical analyses indicate the presence of both
calcium carbonate and magnetite inclusions
forming in environmental conditions
undersaturated with Ca-carbonate phases

The majority of cells, from sediment samples, producing the
large electron-dense inclusions contained a single chain of
14 ± 4 (n= 35) prismatic magnetite particles measuring 58
± 4 nm in length and 40 ± 3 nm in width (n= 223) (Fig. 3a,
c). Similar cells were also observed with cuboctahedral
magnetite particles in the sediments (Fig. 3d, f). Moreover,
cells producing such large inclusions in the water column
were always observed with cuboctahedral particles. TEM
image analysis revealed that these large electron-dense
inclusions represent 73 ± 9% (n= 134) of the cell area.
Usually, extrapolation from 2D TEM images to 3D volumes
is not straightforward. Here, we assumed that both cell and
electron-dense inclusions exhibited an ellipsoidal mor-
phology, which is fairly supported by the numerous images
of randomly oriented cells. Based on this assumption, the
volume of the large electron-dense inclusions could be
roughly estimated to 65% of the total cell volume. X-ray
energy-dispersive spectrometry (XEDS) and elemental
mapping in the STEM-XEDS mode indicated that the large
inclusions contained mostly calcium, carbon and oxygen
(Fig. 3b, e, Fig. S3 and Supplementary Information), with
weak peaks assigned to strontium and barium (Fig. 4).
Phosphorus-rich granules were also observed in some cells
(Figs. 3b and 4b). Selected-area electron diffraction patterns
obtained on these inclusions showed that they were amor-
phous (Fig. S4).

STXM analyses were carried out on MTB cells collected
in the water column and the sediments to further char-
acterize these amorphous Ca-, O- and C-containing inclu-
sions. XANES spectra at the C K-edge extracted from the
cells showed peaks at 285.2, 286.6, 288.2 and 290.3 eV
which were interpreted as carbon 1 s→π* electron transi-
tions in aromatic, ketonic/phenolic, amide carbonyl and
carbonate functional groups, respectively [55]. Spectra
measured on large inclusions were very similar to those of
reference amorphous calcium carbonate (ACC) particles
and showed a pronounced 1 s→π* carbonate-C peak at
290.3 eV together with broader peaks at 296.2 and 301.6 eV
that were attributed to a 1 s→σ* electron transitions in
carbonate C. Overall, this allowed to unambiguously
determine that inclusions in the MTB were composed of
ACC [55] (Fig. 5).

In parallel, we measured the alkalinity (approximated to
[HCO3

-]), pH, and [Ca2+] in 10 sampling bottles of onshore
sediments to better understand the environmental conditions
that led to the formation of such inclusions. The pH of the
pore water was between 6.88 and 7.64 ± 0.01, the [Ca2+]
between 83.9 ± 0.7 and 634 ± 3.7 μM and the alkalinity

Fig. 1 Observation of the refractive magnetotactic bacterium from
Lake Pavin. a Light microscope images of north-seeking magneto-
tactic bacteria (MTB) sampled in the sediment of Lake Pavin. The
microscope was focused at the edge of the water drop closest to the
south pole of the bar magnet, producing a local field direction indi-
cated by the black arrow (left panel). The microscope was focused at
200 µm (middle panel) and 400 µm (right panel) from the edge of the
water drop showing the presence of MTB cells (seen as grey dots in
the images) aligned with the magnetic field but not aggregated at the
edge of the hanging drop. b Vertical concentration profiles of oxygen
(grey dashed line), redox potential (black dotted line) and rods with
large refractive inclusions (histogram) through the water column of
samples collected in Lake Pavin in October 17th, 2018. Note that the
measurements extend through the oxic-anoxic interface and the deeper
regions of the anaerobic zone of the water column. Cell counts are
reported as the mean of triplicate measurements and line extensions
represent the positive standard deviation of the total number of MTB.
Rods with refractive inclusions were also observed above 52 m and
below 60 m but at densities < 25 cells/mL and thus escaped our
counting assay. c Vertical concentration profiles of O2 (grey dashed
line) and cell density of rods with large refractive inclusions (histo-
gram) in a sediment sample collected from the shore of Lake Pavin.
Cell counts are reported as the mean of triplicate measurements and
line extensions represent the positive standard deviation. d Image of a
one-litre sample collected from the shore of Lake Pavin. The bottle
was filled to about 1/3 of its volume with sediment (Sdt) and the
remainder of the bottle is filled to its capacity with water (Wtr) that
overlaid the sediment. A large whitish pellet (black arrows) of mag-
netotactic cells clustered against the magnet (Mgt) 2 h after magnetic
enrichment. Note the presence of black particles, in the centre of the
pellet, composed of magnetic sediments.
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between 725 and 3824 μM. Overall, the ion activity product
(IAP), (Ca2+) × (CO3

2-), varied between 3.32 × 10−11 and
1.23 × 10−9 and was therefore systematically lower than the
solubility products at 25°C of ACC (5.27 × 10−7, [34]) and
calcite (3.31 × 10−9). As a result, we could conclude that all
solutions in contact with the sediments and MTB were
undersaturated with ACC, at least at the bulk scale. Avail-
able water chemistry data indicate that ACC produced by
MTB present in the water column also form in a solution
undersaturated with ACC [56].

ACC-producing MTB represent a new genus within
the Alphaproteobacteria and harbour an atypical
magnetosome gene cluster

The identity of ACC-producing MTB isolated from the
Lake Pavin sediments was investigated by sequencing the
16S rRNA genes amplified from magnetically purified
populations and sorted single-cells (Fig. S1). We obtained
18 sequences (between 1450 and 1492 bp) composed of 5
operational taxonomic units (OTUs) defined at a 99%
identity level. These 5 OTUs shared 92.8–98.3% identity
indicating that this morphotype of ACC-producing MTB

was composed of several species, likely belonging to at
least two genera based on a 95% sequence identity
threshold [57]. Based on BLASTN hits, the closest cul-
tured species belonged to the Azospirillum and Skerma-
nella genera of the Rhodospirillaceae family of the
Alphaproteobacteria class (following the current NCBI
taxonomy). However, sequence identities with these gen-
era were low (between 91.7 and 93.8%) suggesting that
ACC-producing MTB belonged to at least two genomic
undescribed genera. As a result, based on the phylogeny
inferred from the 16S rRNA gene sequences, these bio-
mineralizing MTB formed a distinct new monophyletic
clade within Rhodospirillaceae, related to a group com-
posed of the Niveispirillum, Rhodocista, Nitrospirillum,
Azospirillum, Desertibacter and Skermanella genera
(Fig. 6a). However, the tree topology was not well statis-
tically supported and could not entirely resolve the evo-
lutionary relationships between Lake Pavin MTB and the
closest Rhodospirillaceae genera. Indeed, the 16S rRNA
sequences harboured too much interspecific polymorphism
with important genetic saturation effects suggesting that
the current Rhodospirillaceae family (NCBI taxonomy)
may actually gather very divergent organisms.

Fig. 2 Microscopy images of
magnetotactic bacteria with
electron-dense inclusions
isolated from Lake Pavin
sediment samples.
a Transmission electron
microscopy (TEM) image of a
cell stained with 1% uranyl
acetate, showing the presence
of one single polar flagellum.
b, c Bright-field TEM images of
cells showing the electron-dense
granules that make the
observation of the
magnetosomes difficult.
d–f Scanning TEM-high-angle
annular dark field (HAADF)
images showing the
magnetosome chain partially
overlapping the electron-dense
inclusions in the cytoplasm of
the cells. f The formation of
small inclusions at the septum of
a dividing cell. g Light
microscopy image of cells
magnetically orientated in the
same direction (north direction
pointed by the black arrow)
showing that the smaller
inclusions are always at the front
of the cells. Scale bars represent
1 µm (a–f) and 2 µm (g).
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Fluorescent in situ hybridization (FISH) using specific
fluorescently-labelled oligonucleotide probes and combin-
ing confocal microscopy with scanning electron microscopy
observations further validated the ACC-producing MTB
identity (Fig. 7). As expected from similar observations on
ACC in cyanobacteria [22], the MTB ACC inclusions dis-
solved during the preparation of the FISH samples because
of the detrimental impact of fixation followed by incubation
in buffers undersaturated with ACC (Fig. 7e). A similar loss
of ACC inclusions was observed in these bacteria when
preparing ultrathin TEM sections following conventional
ultramicrotomy protocols (Fig. S5a-c). In contrast, ACC
inclusions were preserved by cryo-electron microscopy of
vitreous sections (CEMOVIS) and showed the existence of
a lipid bilayer-delimited intracellular compartment enclos-
ing ACC (Fig. S5d–f).

The genome of the representative ACC-producing MTB
clone CCP-1 was tentatively assembled. Single-cell sorting
coupled with whole-genome amplification and sequencing
allowed to assemble a partial genome sequence of 2.5 Mb,
in which a single 16S rRNA gene copy identical to the
OTU1 sequence was detected. Completeness was estimated
to be lower than 22%, which was not satisfactory enough to
get a reliable phylogeny reconstruction based on ribosomal
proteins or to reconstruct full metabolic pathways. This

result indicates that ACC-producing MTB may have an
atypical large genome over 10 Mbp, compared to its closest
relatives whose genomes size range between approximately
3 and 8Mb in average. Despite this low genome coverage, a
full magnetosome gene cluster was retrieved from the
longest contig of 72.5 kbp using the BLASTP algorithm
and the bank of mam sequences publicly available for all
Alphaproteobacteria (RefSeq non-redundant proteins data-
base). Its sequence was deposited in Genbank under the
accession number MT411893. Indeed, up to 30 genes were
unambiguously identified with a high sequence similarity
with known magnetosome genes (See Table S1 and
Fig. 6b). Comparative analysis of the magnetosome gene
cluster (MGC) from representative magnetotactic Rhodos-
pirillaceae showed the presence of the main operons
described in Magnetospirillum species but with an atypical
organization compared to both marine and freshwater
strains (Fig. 6c). For example, the mamAB operon was
complete with the exception of mamJ, which is a gene
involved in ultrastructural organisation of the magnetosome
chain specific to the Magnetospirillum genus. However,
gene synteny was not conserved in the mamAB operon, just
as for the mamXZ operon in which no mamY was detected.
Finally, the canonical form of the mamGFDC operon was
not present.

Fig. 3 Chemical identification of the mineral phase in the mag-
netosomes and the large inclusions of bacteria isolated from
sediment samples. a STEM-HAADF image of two cells producing
four (left cell) and three (right cell) large inclusions (indicated by white
arrows). b Composite XEDS elemental mapping of calcium, iron and
phosphorus. c High-resolution TEM image of a prismatic magneto-
some (shown by a red arrow in panel a) elongated along the [111] axis.

d STEM-HAADF image of three cells producing large and small
inclusions). e composite XEDS elemental mapping of calcium and
iron. f HR-TEM image of a cuboctahedral magnetosome (shown by a
red arrow in panel d), an ideal model of a cuboctahedron with small
{110} faces is superimposed. Detailed information on the chemical
and shape identification of the mineral phases present in these bacteria
is given in Supplementary Information.
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Discussion

The ability to mineralize calcium carbonates has been
described in very few prokaryotic taxa so far and despite the
tremendous importance that such a function may have had
in the Earth’s history, very little is known about its dis-
tribution in the tree of Bacteria, its genetic basis and its
ecological role. This gap may be partially reduced by
describing new organisms producing calcium carbonates in
very divergent phyla with different ecological niches. Here,
we not only described a bacterium able to perform two
different types of biomineralization, but we also extended
the record of microorganisms able to perform intracellular
Ca-carbonate biomineralization from two to three far-
related groups of Bacteria: Gammaproteobacteria, Cyano-
bacteria and Alphaproteobacteria. The MTB performing
both magnetic iron oxide and calcium carbonate biominer-
alization in the ferruginous Lake Pavin undoubtedly form a
monophyletic group composed at least of one or two genera
that are distinct from those currently described within the

Alphaproteobacteria. The majority of the phylogenetically
closest genera, i.e. Niveispirillum, Rhodocista, Nitrospir-
illum, Azospirillum and Skermanella, includes species iso-
lated from the rhizosphere or freshwater environments.
None of the species from these genera has been reported to
biomineralize ACC [58–62]. Most of these species are
chemoorganoheterotrophic and aerobic, but some can also
be anaerobically phototrophic. Future culture assays and
genome sequencing will determine if ACC-accumulating
MTB have similar metabolisms and will help resolving the
ancestry of both biomineralization processes in
Alphaproteobacteria.

MTB have often been used to illustrate how the cell
functioning and compartmentalization can be complex in
prokaryotes through the description of numerous morpho-
types with diverse cell ultrastructures and physiologies in
very chemically contrasted environments [63, 64]. Besides
magnetosomes, other large inclusion bodies storing ele-
mental sulphur, polyphosphates, or polyhydroxybutyrates
(PHB) have been regularly observed in MTB [46, 65–73].

Fig. 4 Evidence of strontium
and barium in the calcium-
rich inclusions. a STEM-
HAADF image of cells with
calcium-rich inclusions, isolated
from the sediment of Lake
Pavin. b Composite XEDS
elemental mapping of calcium,
iron and phosphorus. c XEDS
elemental spectrum of an
inclusion showing the presence
of calcium as well as traces of
strontium and barium. Note that
the coordinate axis is in
logarithmic scale.
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Here, we extend the range of inclusions that MTB may form
and give insights into the ultrastructure, chemistry and
formation of ACC inclusions during the cell cycle. TEM
analyses showed that the inclusions were amorphous and
CEMOVIS confirmed the presence of a surrounding mem-
brane. Interestingly, XEDS analyses showed the presence of
Sr and Ba in the ACC granules. The accumulation of the
alkaline earth elements such as Ca, Sr and Ba at a high level
has been demonstrated for the ACC-biomineralizing cya-
nobacterium Gloeomargarita lithophora [74]. For this rea-
son, it has been suggested that these prokaryotes could be
used to remediate pollutions by alkaline earth elements [26].
If such high accumulation abilities were proven for these
ACC-producing MTB, they may similarly be suitable for
designing new remediation strategies or other applications
under physicochemical conditions different from those
allowing the use of cyanobacteria [75]. In the light of our
data, it is still unclear how ACC-containing vesicles form
and how cytosolic conditions initiate the formation of ACC.
However, similarly to what has been shown for three strains
of cyanobacteria [76] and for Achromatium [12], we
showed that Alphaproteobacteria MTB also form Ca-
carbonates intracellularly in solutions undersaturated with
respect to ACC phases. In other words, these extracellular
conditions are thermodynamically unfavourable to mineral
precipitation, which indicates that ACC formation in MTB

is an active process and costs energy to the cell to maintain
an intracellular environment supersaturated with ACC, most
likely within the membrane-enclosed compartment
observed by CEMOVIS.

TEM observations provided additional information on
the biogenesis of these inclusions. During cell division,
each daughter cell systematically harboured one sig-
nificantly smaller ACC inclusion in the vicinity of the
septum, that remained at one cell pole once cells detached.
Interestingly, a similar connection between ACC biomi-
neralization and cell division was observed in cyanobacteria
species belonging to the Thermosynechococcus elongatus
BP-1 clade [23]. These observations raise questions about
the formation, inheritance and maintenance of the polarity
of the cells, that of the the magnetosome chain and ACC
inclusions over generations. Indeed, it is known that mag-
netosomes formation is a complex process where chains of
magnetosome particles are concatenated, positioned and
segregated by a multi-partite cytoskeletal network, called
the magnetoskeleton [77, 78]. The atypical MGC found in
the genome of ACC-producing MTB could be an indication
of a specific adaptation of these bacteria to produce straight
magnetosome chains in such a crowded cytoplasm. Mono-
trichously flagellated MTB developed specific dividing
strategies or sensory apparatus to keep a sustainable mag-
netotaxis and produce two daughter cells with a similar

Fig. 5 STXM analyses
measured at the C K-edge on
intracellular inclusions of
magnetotactic bacteria
isolated from Lake Pavin.
a Bacterial cell isolated from the
water column. From left to right:
STXM image at 320 eV; Map of
two spectroscopically different
compounds derived from the
analysis of a hyperspectral
image: an ACC-like compound
(red) and an organic, cell-like
compound (blue); XANES
spectrum at the C K-edge of the
ACC-like compound and of a
reference synthetic ACC sample.
Y-axis shows optical density
(OD) values. Peaks 1, 2 and
3 seen in both reference and
MTB inclusions are located at
290.3, 296.2 and 301.6 eV.
b Bacterial cell isolated from the
sediment. From left to right:
same as in panel a.
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magnetic polarity, i.e. swimming in the same direction
along magnetic field lines [79]. Here, in ACC-producing
Alphaproteobacteria, the flagellum was always observed at
the oldest pole where the largest and likely oldest ACC
inclusion stands. This suggests that similarly to Magneto-
vibrio blakemorei strain MV-1, they divide according to a

scheme whereby the newly synthesized flagellum emerges
from the mother pole initially devoid of a flagellum [79].
This represents a most common dividing scheme similar to
that observed in Caulobacter crescentus [80]. In strain MV-
1, all daughter cells swim in the same direction (north-
seeking), so it was suggested that the flagellum pushes the
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cell body for one half of the population while pulling it for
the other half of the population. In contrast, magnetic
enrichments of ACC-producing MTB populations collected
from the shore of Lake Pavin revealed a similar fraction of
south-seeking and north-seeking cells. This observation
suggests that for these MTB, two daughter cells swim in
opposite direction along magnetic field lines: the cell
inheriting the ancient flagellum will keep swimming in the
same direction than the mother cell, while the cell inheriting
the newly synthetized flagellum will swim toward the
opposite direction. This observation is of ecological sig-
nificance since it means that these population of MTB use
the magnetic field only as an axis of motility. Their che-
motactic machinery is then responsible for their stabilization
in their optimal habitat [81].

Magnetotaxis is not the only strategy developed by
microorganisms to facilitate their vertical motility in the
water column. For instance, some microorganisms living in
anoxic environments developed a negative phototactic
response to the shorter wavelengths of visible light that
penetrate the deepest in the water column [82]. This beha-
viour, allowed by specific photoreceptors, drives these
microorganisms toward and into the anaerobic zone of
aquatic habitats where they are found at their highest
abundance. Similarly, gas vesicles formed by some organ-
isms are used as positive or negative buoyant to perform

vertical migrations in the water column [83]. For some
cyanobacteria, gas vesicles increase their residence time in
the euphotic zone and are responsible for surface water-
blooms [84]. May ACC inclusions contribute to the vertical
motility of these MTB in the water column? The role of Ca-
carbonate inclusions in the vertical motility of bacteria has
been postulated for Achromatium as well as cyanobacteria
[13, 17, 19, 29]. Interestingly, the ACC-producing MTB
described here had a magnetotactic behaviour different from
that usually observed for environmental magnetically-
responsive microorganisms. Indeed, they did not aggre-
gate at the edge of hanging drops after their magnetic
enrichment from aquatic samples. Instead, cells settled
down at the bottom of the drops, swimming along the
magnetic field lines applied and displaying a back and
reverse motility. Similarly, when deposited between a
microscope slide and a coverslip, cells were systematically
observed swimming in the deepest part of the preparation.
We showed that ACC inclusions could occupy up to two-
thirds of the cytoplasm, representing a considerable increase
of cell negative buoyancy. This indicates the potential of
ACC to serve as ballasts and could represent an adaptation
to a benthic lifestyle, cells adjusting their vertical posi-
tioning using their flagellum. It is possible that this process
functions in coordination with magnetotaxis where the axis
of motility and orientation of the cell would be directed by
the magnetosomes chain while the direction of motility
would be given by gravitaxis associated with ACC
inclusions.

This unique behaviour, the potential ACC loss upon
standard TEM sample preparation and the difficulty to
observe their magnetosomes due to the electron dense ACC
inclusions filling the cytoplasm, could explain why these
microorganisms have been overlooked so far. In some
samples, these bacteria could reach a cell density above 105

cells/mL but yet remained invisible when standard protocols
were used to quantify MTB [63]. Recently, it was shown
that the adaptation of new protocols for the sampling,
magnetic enrichment and observation allowed the discovery
of new magnetically-responsive microorganisms [85–87]. It
is thus important to permanently reassess how to observe
magnetotactic organisms to unravel their whole diversity.
Here, the new ACC-accumulating microorganisms were
discovered owing to the observation of an unusual mag-
netotactic behaviour that gives the opportunity to con-
centrate rare organisms from complex communities. This
double biomineralization may be more widespread than we
currently think. Indeed, some Ba- and Ca-rich inclusions
were observed in environmental MTB collected in the Seine
River (France) [88] and another study reported the presence
of Ca-rich granules occupying most of the intracellular
volume of the giant freshwater magnetotactic rod-shaped
strain GRS-1, affiliated with the Gammaproteobacteria [89],

Fig. 6 Phylogenetic and magnetosome gene cluster (MGC) ana-
lyses of ACC-producing MTB isolated from sediment samples of
Lake Pavin. a Maximum-likelihood tree of the Rhodospirillaceae
family (NCBI taxonomy) based on the 16S rRNA gene and rooted
with representative members of the Acetobacteraceae (grey group).
Branch length represents the number of substitutions per site. Boot-
strap values were estimated with a non-parametric bootstrap approach
and 500 replicates. Representative MTB species and ACC producing
MTB are in bold. The OTU to which the clone CCP-1 was affiliated is
in dark blue. b MGC organization of the ACC-producing MTB clone
CCP-1 representing OTU1. All genes homologous to any known
magnetosome gene are coloured in black. Any gene with unknown
function conserved in the vicinity of other MGCs is highlighted in
light blue. The map of the contig was drawn to scale and its sequences
can be retrieved under the Genbank accession number MT411893.
Main operons organisation described in Magnetospirillum species [5]
are symbolized with arrows above the map. c Comparative analysis of
the MGCs from the ACC producing clone CCP-1 and different
representative magnetotactic Rhodospirillaceae strains previously
reviewed in detail in Monteil et al. [90]. (AMB-1: Magnetospirillum
magneticum, MSR-1: Magnetospirillum gryphiswaldense, LM-1: Ca.
Magneticavibrio boulderlitore, MV-1: Magnetovibrio blakemorei, PR-
1: Ca. Terasakiella magnetica, QH-2: Ca. Magnetospira sp.). MGCs
were organized according to the phylogeny based on MTB 16S rRNA
gene sequences, rooted with the sequence of Magnetococcus marinus
strain MC-1 (NR_074371.1). The arrows symbolize operons described
by Uebe and Schüler [5]; they were drawn to scale and the direction
symbolizes the relative position of genes within the operons in respect
to that described in species of the Magnetospirillum genus. Dotted
lines symbolize continuous genomic regions and were not drawn to
scale, while slashes represent contigs edges.
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although none of these studies confirmed or infirmed that
these inclusions are made of amorphous or crystalline car-
bonates. Presuming that the above-mentioned inclusions
were amorphous carbonate phases, all these observations
suggest the phylogenetic diversity of ACC-producing MTB
may be even higher than what is reported here. Indeed,
although strain GRS-1 and Achromatium belong to the same
order, i.e. Thiotrichales, both strains remain phylogeneti-
cally distant [89]. Besides finding the origin of such pro-
cesses, future comparative genomics and molecular
phylogenies will infer the ancestry and evolutionary forces
associated to their diversification.
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2.3. Improvement of the magnetotactic bacteria collection with a higher vertical
resolution sampling and a proxy to detect their abundance  Busigny et al. (2021)

2.3 Improvement of themagnetotactic bacteria collectionwith
a higher vertical resolution sampling and a proxy to de
tect their abundance  Busigny et al. (2021)

In the water column, MTB are localized in the vicinity of sharp chemical gradients. In order
to describe the precise MTB distribution as a function of different chemical conditions in these
gradients, a high resolution sampling method has to be used. In Busigny et al. (2021), a study
mainly focused on the development of sampling methods for the recovery of high amount of
MTB, such a method was developed and consisted of an online pumping system with a high
spatial resolution along the water column. This study also lead to the development of a tech
nique allowing in situ physicochemical measurements and the highlight of the conductivity as
proxy for the detection of the MTB maximum abundance in the water column.
Following is an overview of the article problematic and different methods for an efficient re
covery of the MTB in Lake Pavin:

In the frame of the ANR project SIGMAG (Signature of magnetite produced by magnetotac
tic bacteria: chemical and isotopic perspectives), a high amount of MTB was required to inves
tigate the magnetic, chemical and isotopic features of environmental magnetosomes. Therefore,
efforts weremade to gather and compare different methods to accumulate high amounts ofMTB,
either in the water column or sediments of Lake Pavin.
Several methods were elaborated by using the magnetotactic and aerotactic behaviors of the
MTB. The sediments harbor a really diverse and concentrated pool of MTB but a great amount
of magnetic particles is present and can be magnetically concentrated alongside the MTB. A
migration track device was elaborated allowing the separation of the magnetic particles from
the northseeking MTB with an average efficiency of 72 %.
In the water column, one of the issues involve the commonly used sampling technique (i.e.
Niskin bottle) which take a long time to gather large volume of water and which possesses a
low sampling resolution. In addition, vertical perturbations of the chemical gradients with time
can shift the MTB peak of abundance, and thus represents another problematic encountered in
the water column. An online pumping system helped increase both the water collection speed
rate (x12) and the vertical resolution sampling (up to x10). The water recovered from the water
column was contained in 20 L Nalgene, and thanks to the aerotactic behavior of theMTB, a con
centration method was developed with an averageMTB recovery efficiency of 80 %. In order to
deal with the problem of vertical perturbations, some tests were made to find physicochemical
parameters, directly measurable in situ, correlated with the MTB peak of abundance. The MTB
peak of abundance was found to not occur at oxygen concentrations superior than 2 µmol.L−1,
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of Lake Pavin

and in addition the conductivity was found to be a good proxy to track this peak with average
values of 65.8 µS.cm−1.
Using several vertical MTB profiles over different seasons, the study also highlighted the sys
tematic observation of the MTB under the oxygen detection limit but also their abundance peak
near the maximum decrease of the redox potential and the peak of turbidity (mainly iron phos
phate precipitates).

My contribution in this study mainly consisted in my participation to the field trips and in
measurements of chemical vertical profiles in the water column.
The development in the water column of this improved sampling technique is of great impor
tance for the detection and the precise analysis of the MTB population distribution in the water
column as a function of the different environmental parameters. This MTB population analysis
is at the base of the main work of my thesis presented below.

See next the Busigny et al. (2021) article and in appendices the supplementary information.
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Summary

Obtaining high biomass yields of specific microor-
ganisms for culture-independent approaches is a
challenge faced by scientists studying organism’s
recalcitrant to laboratory conditions and culture.
This difficulty is highly decreased when studying
magnetotactic bacteria (MTB) since their unique
behaviour allows their enrichment and purification
from other microorganisms present in aquatic envi-
ronments. Here, we use Lake Pavin, a permanently
stratified lake in the French Massif Central, as a natu-
ral laboratory to optimize collection and concentra-
tion of MTB that thrive in the water column and
sediments. A method is presented to separate MTB
from highly abundant abiotic magnetic particles in
the sediment of this crater lake. For the water col-
umn, different sampling approaches are compared
such as in situ collection using a Niskin bottle and
online pumping. By monitoring several physicochem-
ical parameters of the water column, we identify the

ecological niche where MTB live. Then, by focusing
our sampling at the peak of MTB abundance, we
show that the online pumping system is the most effi-
cient for fast recovering of large volumes of water at
a high spatial resolution, which is necessary consid-
ering the sharp physicochemical gradients observed
in the water column. Taking advantage of aerotactic
and magnetic MTB properties, we present an efficient
method for MTB concentration from large volumes of
water. Our methodology represents a first step for
further multidisciplinary investigations of the diver-
sity, metagenomic and ecology of MTB populations
in Lake Pavin and elsewhere, as well as chemical and
isotopic analyses of their magnetosomes.

Introduction

The recent technological advances are increasingly all-
owing the study of microorganisms using culture-
independent approaches in many fields of research.
These advances include the development of tools to
analyse genomes at the single cell scale, as well as
the ultrastructure and/or chemistry of microorganisms
(Blainey, 2013). However, some analytical approaches
still require high biomass and thus often rely on cultured
microorganisms or natural enrichment (e.g. bloom).
Magnetotactic bacteria (MTB) represent one example of
microorganisms at the origin of numerous interdisciplin-
ary studies using culture-independent approaches over
the last decades mainly because most strains are recalci-
trant to growth (Abreu et al., 2007; Lefèvre and
Bazylinski, 2013; Lin et al., 2017). For instance, signifi-
cant progress has been achieved on MTB diversity,
chemistry and magnetosome biomineralization based on
culture-independent approaches such as single-cell anal-
ysis (Jogler et al., 2010; Kolinko et al., 2016), coupled
FISH-SEM/TEM (Li et al., 2017, 2019; Koziaeva
et al., 2020; Liu et al., 2020; Qian et al., 2020), compre-
hensive TEM (Li et al., 2015; Zhang et al., 2017; Li
et al., 2020a; Li et al., 2020b) and the combination of
TEM and synchrotron-based STXM (Li et al., 2020c).
MTB can be concentrated and purified magnetically
from natural aquatic environments thanks to their
magnetosome chain at the origin of their magnetotactic
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behaviour (Bazylinski and Frankel, 2004). Magneto-
somes are membrane-enveloped ferrimagnetic nano-
crystals, which serve as magnetic field sensors
(Blakemore, 1975). Their alignment in linear chains
imposes a magnetic moment to the bacteria, which
ensures navigation in the weak geomagnetic field along
vertical redox gradients (Bazylinski and Frankel, 2004).
This behaviour, named magnetotaxis, is based on MTB
chemo-aerotactic capability and active swimming motility.
It likely represents a selective fitness advantage in their
natural habitat, which is the oxic–anoxic transition zone
(OATZ) of aquatic ecosystems. Most cultured MTB are
micro-aerophilic (Lefèvre et al., 2014). Consequently,
sampling for MTB is generally based on the collection of
sediment or water samples that comprise the OATZ.
MTB present in sediments can be sampled from the
shore (Liu et al., 2018), by free diving (Lefèvre
et al., 2009), or using a bottom sampler (Kolinko
et al., 2013). In contrast, MTB present in the water col-
umn of stratified ecosystems have previously been col-
lected using Geopump peristaltic pump (Simmons
et al., 2004; Moskowitz et al., 2008), Niskin bottle (Rivas-
Lamelo et al., 2017), free-flow bottle or automatic flow
injection sampler (Schulz-Vogt et al., 2019).
Their detection in environmental water and sediment

samples is relatively easy due to their magnetotactic
behaviour. Indeed, MTB can be enriched magnetically by
placing a bar magnet adjacent to the outer wall of a bottle
filled with environmental sample. If MTB are abundant in
the sample, a brownish or greyish-to-white spot con-
taining mainly MTB will form next to the inside of the
glass wall closest to the bar magnet. Cells can be easily
harvested from the bottle and examined using light
microscopy. Few improvements of the magnetic concen-
tration of MTB have been proposed such as (i) a glass
apparatus containing a capillary end allowing the concen-
tration of MTB from a large volume of sediment when the
apparatus is introduced in a coiled tube that generates a
homogenous magnetic field (Lins et al., 2003), (ii) an
apparatus containing a separating chamber for an initial
enrichment of MTB and a sampling chamber where
MTB are further concentrated and harvested (Xiao
et al., 2007), (iii) a ‘MTB trap’ where south- and north-
seeking MTB are magnetically directed towards the tips
of collection tubes, from which they can be conveniently
collected for further analyses (Jogler et al., 2009b) and
(iv) a MTB column separation, the MTB-CoSe method,
that allows collection of magnetotactic cells directly from
sediment samples (Koziaeva et al., 2020). The modifica-
tion of the techniques commonly used for sampling and
observation of environmental magnetotactic microorgan-
isms recently allowed to extend our knowledge of the
diversity and ecology of magnetotaxis in bacteria (Lin
et al., 2018; Monteil et al., 2019, 2021; Monteil and

Lefevre, 2019; Koziaeva et al., 2020). Even if all these
techniques allow to get biological material in sufficient
concentrations for biodiversity studies, the abundance of
bacterial populations recovered is not high enough to
properly investigate some important magnetic, chemical
and isotopic features of the magnetic minerals they form.
These aspects are yet essential to understand the molec-
ular and geochemical biomineralization processes.
Indeed, the separation of magnetite from MTB in the lab-
oratory for subsequent Fe isotope analyses requires a
minimum of 0.1 mg of magnetite (Amor et al., 2016,
2018). This represents a total amount of MTB of �1010

cells, assuming typically 30 magnetosomes per cell and
a magnetosome length of 50 nm. To improve our ability
to harvest large amount of MTB from natural environment
for multidisciplinary studies, including biological, mineral-
ogical and geochemical analyses, we tested and
optimized several approaches to collect and concen-
trate MTB.

Lake Pavin (Massif Central, France) was selected as a
natural laboratory for the following reasons: (i) it is a fer-
ruginous meromictic lake, i.e. permanently stratified with
an OATZ located in the water column instead of the
sediment (Michard et al., 1994; Aeschbach-Hertig et al.,
1999, 2002); (ii) the physicochemical conditions of the
lake and associated sediments have been studied exten-
sively, and geochemical cycles are well constrained
(Michard et al., 1994; Viollier et al., 1995; Albéric
et al., 2000; Schettler et al., 2007; Assayag et al., 2008;
Busigny et al., 2014; Cosmidis et al., 2014) and
(iii) recent exploratory field trips at Lake Pavin demon-
strated that MTB are exceptionally abundant in concen-
tration and biodiversity in the water column and
sediments and may contribute to the geochemical cycles
of P, Ca and C (Miot et al., 2016; Rivas-Lamelo
et al., 2017; Monteil et al., 2021).

Lake Pavin is the youngest crater lake of the Massif
Central volcanic area (about 7000 years cal BP; Chapron
et al., 2010). It is redox-stratified, with anoxic and ferrugi-
nous deep waters extending between 50–55 and 92 m in
depth (monimolimnion), and topped by oxic waters
(mixolimnion; Cosmidis et al., 2014; Rivas-Lamelo
et al., 2017; Berg et al., 2019). The position of the OATZ
varies slightly with time in a depth range comprised
between 50 and 60 m (Michard et al., 1994; Cosmidis
et al., 2014; Rivas-Lamelo et al., 2017; Berg et al., 2019).
In the deep waters, ferrous iron (Fe(II)aq) along with
NH4

+, are the main dissolved cations, with concentrations
up to 1 mM (Michard et al., 1994; Viollier et al., 1995;
Busigny et al., 2014, 2016). Iron is efficiently confined
below the oxic-anoxic boundary due to the formation of
insoluble ferric iron species, Fe(III)s, by oxidation with O2

and other oxidants in the mixolimnion (e.g., NO3
−, Mn4+;

Lopes et al., 2011). The Fe(III)s particles settle down and
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are reduced to soluble Fe(II)aq in the anoxic waters and
at the lake bottom by reaction with organic matter. Dis-
solved Fe(II)aq then diffuses upward in the water column
and is finally re-oxidized to Fe(III) at the redox boundary.
This process, known as the ‘iron wheel’ has been
described in details from available data for dissolved and
particulate matter in the water column, settling particles
collected by sediment traps and sediment cores
(Cosmidis et al., 2014; Busigny et al., 2016). Additionally,
the lake’s water column has remarkably low sulfate con-
centrations (< 20 μM), which also keep low level of sul-
fides (Bura-Nakic et al., 2009). The redox boundary fed
by a downward flux of dissolved O2 and other oxidants,
and an upward flux of dissolved Fe(II) represents ideal
conditions for magnetosome formation by MTB, as
observed in similar stratified aquatic environments
(Simmons et al., 2004; Schulz-Vogt et al., 2019).

This contribution first presents a method for sampling
MTB from the sediments, with particular emphasis on the
separation between MTB and abiotic (volcanic) magnetic
particles. Then, the global distribution of MTB in the water
column of Lake Pavin is presented. The results of several
tests for harvesting MTB from the water column are
described and compared, including water sampling using
Niskin bottles and online pumping system. Finally, a tech-
nique for the concentration and isolation of MTB from a
large environmental water volume based on magneto-
taxis and chemotaxis is presented. Our results allow the
identification of optimal physicochemical parameters for
the presence of MTB in the water column. This work is
paving the way for future multidisciplinary studies of MTB
in Lake Pavin and others natural sites.

Results and discussion

Magnetotactic bacteria are abundant and diverse in the
sediments of Lake Pavin

Over the different sampling campaigns performed since
2016 on Lake Pavin, a large abundance (up to 5.8 × 105

cells ml−1 of porewater; Monteil et al., 2021) and diversity
of MTB morphotypes has been observed in the sediments
collected from the shore (Fig. 1). MTB abundance deter-
mined in sediments of other aquatic systems generally
falls in a range from 105 to 106 cells ml−1 (Spring
et al., 1993; Jogler et al., 2009a) with some studies
reporting up to 107 cells ml−1 (Flies et al., 2005),
magnetotactic cocci being in most aquatic habitats the
dominant population of MTB. Although only future studies
using molecular typing methods will be able to specify the
phylogenetic affiliation of these MTB morphotypes, the
unique ultrastructure of some of these MTB allows
speculations on their taxonomy. First, the recently publi-
shed calcium-carbonate producing MTB were easy to

distinguish thanks to their refractive inclusions, their slow
motility and their unique magnetotactic behaviour when
observed under the light microscope (Figs. 1A and S1A;
Monteil et al., 2021). This MTB morphotype was among
the most abundant in sediment samples along with MTB
with an ultrastructure typical of the Magnetococcaceae
family (e.g. coccoid cells, helical motion, two flagella bun-
dles; Fig. 1B–E; Bazylinski et al., 2013). Cell’s shapes sim-
ilar to that of Magnetospirillum bacteria (e.g. thin,
i.e. < 500 nm, and long, i.e. > 5 μm, helical-shaped with
one chain of cuboctahedral magnetosomes; Fig. 1F) could
also be recognized based on TEM observations (Lefèvre
et al., 2012). Rod-shaped MTB producing polyphosphate
inclusions very similar to previously described MTB affili-
ated to the Magnetococcaceae family were also observed
(Figs 1G and H and S1B; Spring et al., 1994; Oestreicher
et al., 2011; Kolinko et al., 2013). Magnetotactic spirilla
very similar (e.g. large, i.e. between 0.5 and 1 μm, and
short, i.e. < 3 μm, helical-shaped cells with one chain of
prismatic magnetosomes) to described species of the
Magnetospira genus were also present in sediments of
Lake Pavin (Fig. 1I). Then, cells resembling previously
described MTB of the Nitrospirae phylum (e.g. large rod or
ovoid cells with electron dense inclusions and several
chain bundles of bullet-shaped magnetosomes) such as
Candidatus Magnetoovum sp. (Fig. 1J; Lefèvre et al.,
2011; Lin et al., 2012) and Ca. Magnetobacterium
bavaricum (Fig. 1K; Spring et al., 1993; Jogler et al., 2010;
Li et al., 2020b) could also be observed (Lefèvre, 2016).
Finally, various rods to curved rods producing bullet-
shaped magnetosomes were observed and could be ten-
tatively affiliated to the Deltaproteobacteria since their
ultrastructure was similar to described magnetotactic spe-
cies of the Desulfovibrio and Desulfamplus genera
(Fig. 1L–O; Lefèvre et al., 2016; Descamps et al., 2017;
Pan et al., 2019).

Lake Pavin sediments appeared as a natural environ-
ment particularly suitable to obtain high MTB biomass.
Indeed, after magnetic enrichment of sediment samples
using neodymium–iron–boron magnets for 2–3 h, aggre-
gated cells formed a thin irregular whitish pellet measur-
ing up to 5 cm in diameter, containing an estimated
number of up to 108 magnetotactic cells located against
the magnet. However, abiotic magnetic particles were
also very abundant in the sediments of this lake and were
generally trapped in the pellets during MTB concentra-
tion. These abiotic particles were predominantly identified
as ilmenite (i.e. titanium–iron oxide, FeTiO3) by scanning
electron microscopy (SEM) analyses (Fig. S2). Ilmenite is
a slightly magnetic, black and steel-grey mineral. It is a
paramagnetic mineral, explaining its attraction during
magnetic concentration of Lake Pavin sediments. At the
macroscopic scale, it can easily be mistaken with
magnetite.
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We attempted at purifying a maximum proportion of
MTB after their magnetic concentration. Our system,
named ‘migration track’, is similar to the racetrack method
developed in previous studies (Wolfe et al., 1987; Li
et al., 2010). It improved the purification of north seeking
MTB and was used directly on the field (Figs 2 and S3).
The pellets containing abiotic particles, MTB and other
microorganisms, were collected with a 1 ml micropipette
on the inner wall of the bottles and placed next to the north
pole of a strong bar magnet (15 mT at the edge of the
drop). Magnetic particles were retained at this extremity
while most north-seeking MTB were repulsed and swam
in the opposite direction where the south pole of another
magnet was placed (3 mT at the edge of the drop). A
folded parafilm sheet was used to create a channel filled
with a 0.22-μm-filtered drop of Lake Pavin water overlying
the sediments in the sample. Such a protocol avoids the
formation of chemical gradients and thus facilitates the
northern migration of MTB. The migration time was
adjusted in order to obtain a maximum proportion of MTB
purified at the extremity of the device. As the majority of
MTB were fast swimming bacteria such as magnetotactic

cocci with a motility above 200 μm s−1, the drop was
spread (i.e. 4–4.5 cm length) in order to optimize the trans-
fer of magnetotactic cells in the filtered water. Up to 88.0%
(71.9% in average) of MTB were efficiently purified and
concentrated after 60 min of migration in the channel
(Fig. 2). A whitish/greyish spot appeared close to the south
pole of the magnet where MTB were harvested. A majority
of magnetotactic cocci along with other rod-shaped
magnetotactic cells composed this pellet containing more
than 107 cells. This approach combining the standard
method for magnetic concentration of sediment samples
and our migration track technique allowed us harvesting
an important quantity of MTB free of abiotic magnetic parti-
cles. These MTB were composed by different populations
with proportions likely not representative of their propor-
tions in the environment, as the protocols used for mag-
netic enrichment and purification do not have the same
efficiency for all MTB (e.g. Lin et al., 2008). Purified MTB
from dozens of migration track devices were pulled
together and concentrated by centrifugation, thus rep-
resenting a large pellet of purified MTB available for further
analyses.

Fig. 1. Transmission electron microscope images of different magnetotactic bacteria morphotypes observed in Lake Pavin sediments. See main
text for morphotypes description. Scale bars represent 0.5 μm.
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Magnetotactic bacteria are distributed below the oxygen
detection limit in the water column of Lake Pavin

Over the different field works in Lake Pavin, the abun-
dance and proportion of the different MTB morphotypes
observed in the water column greatly varied depending
on the season. Eight MTB morphotypes could be distin-
guished based on microscopy observations. Among
these morphotypes, the most abundant (up to 5.0 × 103

cells ml−1) were cells affiliated to the Magnetococcaceae
family that produced polyphosphate inclusions of various
sizes along with various organizations of magnetosomes
(Figs 3A–C and S1C; Rivas-Lamelo et al., 2017; Liu
et al., 2020). MTB producing calcium carbonate inclu-
sions were observed at a lower abundance but could
reach a cell density of 4.0 × 102 cells ml−1 (Fig. 3D; Mon-
teil et al., 2021). Two rod-shaped MTB, one producing a
single chain of octahedral magnetosomes along with
polyphosphate (Figs 3E and S1C) and the other one pro-
ducing a single chain of bullet-shaped magnetosomes
(Fig. 3F) were also always present in our samples but at
a low cell density (< 8 cells ml−1, the lower limit of the
technique used to count MTB density using the hanging
drop assay). A small vibrio producing one chain of bullet-
shaped magnetosomes (Fig. 3G) and some helical MTB
resembling cells of the Magnetospirillum genus (Fig. 3H)
were occasionally observed in samples collected in the
water column of Lake Pavin. Other studies on MTB
populations living in the water column of stratified aquatic

environments also revealed the presence of a majority of
magnetotactic cocci affiliated to the Magnetococcaceae
family (Simmons et al., 2007; Schulz-Vogt et al., 2019)
with abundance up to 3.5 × 106 cells ml−1 at the top of
the oxycline in Salt Pond, Massachusetts (Simmons
et al., 2004, 2007).

From April 2016 to October 2019, 10 vertical profiles of
MTB distribution along with several physicochemical
parameters were obtained across the OATZ of the water
column using a Niskin bottle for water collection (Figs 4
and S4). These profiles could bring important information
concerning the MTB distribution in the water column of
Lake Pavin. For instance, although there are important
variations of the oxygen and redox gradients over the
seasons and years, MTB were always distributed below
the oxygen detection limit (Figs 4 and S4). The maximum
abundance of MTB in the water column was systemati-
cally detected near the maximum decrease of the redox
potential, i.e. between 51.0 and 57.2 m depth depending
on seasons/years (Fig. 4). The peak of turbidity,
corresponding mainly to the precipitation of iron phos-
phate and (oxy)hydroxide (Cosmidis et al., 2014; Busigny
et al., 2016), was either at the same depth level as the
peak of MTB abundance or just below. In most cases,
their depths evolved similarly depending on the season
(Figs 4 and S4). However, it should be noted that the
intensities of the turbidity and MTB peaks did not corre-
late with each other. For instance, in October 2017, a

Fig. 2. Magnetic purification of MTB
from Lake Pavin sediments using the
migration track device, developed in
the present work. The pellet of magnet-
ically enriched cells is deposited on the
left side of the system (i.e., position 1)
and magnetic particles (represented by
the black dots) and south seeking
MTB are trapped by the left magnetic
bar. North seeking MTB swim towards
the right magnetic bar with the majority
accumulating at position 4. Histograms
on the lower part of the figure repre-
sent the proportion of cells counted at
each position (1, 2, 3 and 4) after 20 or
60 min of magnetic purification, illus-
trating the efficiency of our migration
track device. Cell counts are reported
as the mean of triplicate measure-
ments, with vertical lines indicating 2σ
uncertainties. The zone 4 after 60 min
of magnetic purification is the only con-
dition that concentrates significantly
MTB relative to others. This is
supported by a pairwise student t-test
(P < 0.034).
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high MTB concentration of 7.4 × 103 cells ml−1 was
observed at 51.0 m depth while the peak of turbidity was
very weak. Reciprocally, in April 2016, a strong peak of

turbidity was observed at 54.6 m depth while the number
of MTB reached only 1.4 × 103 cells ml−1. Accordingly,
the contribution of MTB populations to the turbidity of the

Fig. 3. Transmission electron microscope images of different magnetotactic bacteria morphotypes from Lake Pavin water column. See main text
for morphotypes description. Scale bars represent 0.5 μm.

(A) (B)

Fig. 4. A. Depth variations of the MTB and turbidity peaks, as well as conductivity, oxygen and redox potential transitions upper boundary
(i.e. depth where the maximum gradient starts) over time.
B. Box plots showing the distribution of these depths as a function of the sampling season for the variables with the most significant mean differ-
ences according to a pairwise Student’s t-test (P < 0.1). [Color figure can be viewed at wileyonlinelibrary.com]
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water column is insignificant and the turbidity value can-
not be used unequivocally as a proxy for MTB. The peak
of MTB was always observed at the level of or below the
break of conductivity at value of 78.9 ± 13.0 μS cm−1

(n = 10 sampling campaigns using Niskin bottles) which
corresponds to the region where iron concentration starts
to increase (Cosmidis et al., 2014; Busigny et al., 2016).

In spring and summer, the maximum number of MTB
counted in the water column was located between 54.3
and 57.2 m depth, while in autumn, the maximum number
of MTB was generally located at a lower depth in the
water column, between 51.0 and 53.0 m (Figs 4B and
S5). This zonation can be explained by the dynamics of
the upper water column. In winter, shallow waters
(0–10 m) cool down and eventually become denser than
deeper waters (10 to c. 50–55 m) thus creating an insta-
bility and a mixing of the upper water column
(i.e. mixolimnion). This brings dissolved O2 to the deep
part and slightly deepens the OATZ, turbidity peak and
the maximum MTB abundance zone. In contrast, during
summer and autumn, shallow waters are warmer and the
water column is strongly stratified by the thermocline
(c. 8–12 m depth) that limits O2 renewal in the hypolim-
nion, inducing an upward shift of chemocline, turbidity

and MTB peaks to shallower depth (due to upward
Fe(II) diffusion from deep anoxic waters).

Sampling with a Niskin bottle is thus an efficient
method to decipher the global distribution of MTB in the
water column. Nevertheless, the use of Niskin bottles is
associated with several drawbacks. First, the bottles are,
in general, vertical and, in our case, with a height of
�50 cm for the 5.7-L bottle and � 100 cm for the 20-L
bottle (Fig. 5). As a result, this method provides a limited
depth resolution for the assessment of MTB distribution
in the water column, not better than 50–100 cm. How-
ever, near the OATZ of Lake Pavin, the strong stratifica-
tion at relatively small scale, as measured by in situ
probes, requires a better depth resolution for water col-
lection. Moreover, water collection takes a long time,
especially at a 60 m depth: about 30 min in total are
required for bottle opening, descent, closing, ascent, and
emptying on the platform. Then, when a water sample is
collected, the only direct control over the depth is a meter
counter connected to the pulley of the winch, which pro-
vides a poor precision. The depth is precisely known
thanks to a depth gauge fixed to the Niskin bottle only
when the bottle is pulled out from the water. Thus, there
is no direct indication that the bottle is located at the peak

Fig. 5. Schematic representation of the
methods used to sample the water col-
umn of Lake Pavin using a Niskin bottle
(left side) and online pumping (right
side). DM refers to the depthmeter
used to control the pipe depth. The
oxic-anoxic transition zone (OATZ) rep-
resents the region where oxygen con-
centrations are at the micromolar to
sub-micromolar levels and where
populations of magnetotactic cells are
present.
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of MTB abundance. Therefore, the method of water col-
lection using Niskin bottle is adapted for a study of global
MTB distribution in the water column but (i) can hardly
target the peak of MTB abundance reproducibly and
(ii) cannot be used to establish a precise distribution pro-
file of MTB at high depth resolution.

Online pumping allows a sampling at high depth
resolution, showing that MTB distribution is correlated
with conductivity and oxygen

We developed an alternative method for water sampling
using a vertical graduated pipe settled at depth and con-
nected at the other side of the pipe to a submersible
pump (Fig. 5). The water transfer from depth to surface
can be rapid and efficient but depends on the pump flow
capacity. In the present work, the maximum pump flow
reached 8 L min−1 (BLDC Pump, model DC50E-1250),
filling a 20-L Nalgene bottle in c. 150 s. This is much
faster compared to the 30 min required to collect 20 l with
a Niskin bottle. A clear advantage of our online sampling
system is that several Nalgene bottles could be filled
from the same depth on a time scale where evolution of
the water physico-chemistry and MTB abundance are
insignificant. We compared MTB abundances in several
Nalgene bottles successively filled and found them statis-
tically identical (data not shown). Moreover, the abun-
dance of cells collected at the same depth using a Niskin
bottle was similar or lower compared to our pipe system
showing that the flow generated by the pump has no
impact on MTB motility and integrity. Indeed, electron
microscopy analyses of cells sampled with the two
approaches show similar MTB morphology and mag-
netosomes organization. For sampling another depth in
the water column, the graduated pipe can simply be
shifted to a shallower or deeper position. A waiting time
is required to flush the water contained in the 60-m-long
pipe, corresponding roughly to 150 s. Another benefit of
our online sampling system is that it allows the collection
of water at relatively high depth resolution of approxi-
mately 10–20 cm.
In Lake Pavin, although MTB-rich waters can be effi-

ciently collected at a specific depth using our online sam-
pling system, imprecisions persist because the depth of
the MTB abundance peak can change over days, and
even hours, due to slight variation of the redox boundary
and internal waves of the lake (Bonhomme, 2008;
Bonhomme et al., 2011). In order to overcome this prob-
lem, we evaluated whether physicochemical parameters
of the water could be used as a proxy for MTB abundance
in the water column. Over several days in July 2019, we
monitored MTB cell density around the peak of MTB abun-
dance identified beforehand, as well as temperature, con-
ductivity at 25�C (i.e. C25), dissolved oxygen concentration

and pH of the water samples (measured in situ directly at
the extremity of the pipe). The results indicate that MTB
cell density ranged from 13 to 1.18 × 104 cells ml−1, tem-
perature from 6.3 to 7.0�C, C25 from 63.3 to 78 μS cm−1

and pH from 6.1 to 6.3. Figure 6 illustrates that MTB cell
density is not correlated with pH and temperature, but dis-
plays specific distribution with C25 and dissolved O2 con-
centration. MTB cell density tends to increase with
decreasing O2 level, and MTB > 4.0 × 103 cells ml−1 are
only found when dissolved O2 is lower than 2 μmol L−1.
However, low MTB cell densities are also observed in
some water samples with low O2 (i.e. around 2 μmol L−1;
Fig. 6A) showing that O2 concentration is an important
parameter controlling MTB distribution but is not sufficient
to monitor online MTB abundance. The conductivity is also
a relevant parameter since the peak of MTB abundance
was systematically found in a restrictive range of C25

values, between 64.7 and 67.1 μS cm−1 (Fig. 6B). Consid-
ering the 12 richest samples with MTB > 4.0 × 103 cells
ml−1, the average C25 value is 65.8 ± 1.4 μS cm−1 (2σ).
The conductivity represents the concentration of dissolved
ionic species, including iron. Thus, the peak of MTB abun-
dance in the water column of Lake Pavin occurs at an
ideal set of conditions including an oxygen concentration
below 2 μmol L−1 and a conductivity around 65.8 μS cm−1.
The conductivity can be instantaneously measured in the
water collected by our online system and was further used
as a proxy for MTB abundance.

The MTB abundance, O2 concentrations and specific
conductivity measured along three depth profiles in Lake
Pavin water column are reported in Fig. 7. While C25

showed a progressive increase with depth for the differ-
ent sampling days, MTB cell density and O2 concentra-
tion showed stronger variabilities and scattering. Oxygen
concentration typically decreased with depth but dis-
played unexpected bursts at depths of 51.5 m (14 July
2019) and 52.0 m (15 July 2019). This O2 increase was
not observed in 17 July 2019 although there might be
subtle variations at low level. The presence of O2 anoma-
lies (i.e. concentration burst in anoxic waters) may reflect
an inflow of a sub-lacustrine intermittent spring, as
described previously in Lake Pavin at a depth ranging
between 50 and 55 m (Bonhomme et al., 2011). Interest-
ingly, the MTB concentration is anticorrelated with these
O2 burst, with no MTB in elevated O2 regions (Fig. 7).

Using the online pumping system, we noticed that the
MTB abundance exhibited several peaks at different
depths in the water column. Two peaks were observed on
July 14th and 15th, and three peaks on July 17th (Fig. 7).
This was not the case on July 9th and during the other
sampling campaigns while performing the MTB abun-
dance profiles with the Niskin bottle. Although MTB are
distributed along several meters in the water column, a
high depth resolution is thus required to study precisely
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MTB distribution in the water column of Lake Pavin. The
origin of multiple MTB peaks is still poorly constrained.
Future studies will have to examine the potential link
between physico-chemical conditions and associated MTB
populations by monitoring in detail physico-chemical prop-
erties of the water, MTB morphotypes and molecular typ-
ing methods.

Finally, two important questions must be discussed con-
cerning our online pumping system. First, when the pipe is
left at depth for relatively long time (e.g. several minutes or
more), where is the water collected at the pipe mouth com-
ing from? It is unknown if the water collected for a long
time is derived from a roughly constant depth level, all
around, below or above the pipe mouth. Because of strong
vertical density gradient in the vicinity of the OATZ in Lake
Pavin, we can reasonably assume that the zone of water
collection around the pipe mouth is similar at each sam-
pling depth (regardless of the water flow direction). This is
supported for instance by the progressive increase in

conductivity with depth on the different profiles of July
2019 (Fig. 7, in particular the smooth shape of the profiles
in July 14th and 15th). The second important question to
address is whether the physico-chemical conditions of
water are preserved or not during transfer through the pipe
from depth to surface. Again, the smooth shape of the
conductivity profile suggests that the water was well pre-
served during ascension. In addition, we noted a clear
oxic-anoxic transition of the water samples (even though
the oxic zone was not monitored and reported here due to
the absence of MTB). The anoxic conditions (i.e. below
probe detection limit) measured at depth > 52.5 m (Fig. 7)
indicate that O2 diffusion through the pipe did not occur or
was negligible during water ascension. The only parame-
ter significantly modified was temperature due to high
exchange surface with ambient water around the pipe.
The water temperature measured on the platform was
between 6.3 and 7�C (Fig. 6), while in situ measurement
provided values near 4�C. Overall our online pumping

Fig. 6. Relations between MTB cell abundance and various physicochemical parameters from Lake Pavin water column in the vicinity of the
redox boundary, during the July 2019 sampling campaign.
A, Dissolved oxygen concentration (μmol L−1); B, specific conductivity at 25�C (μS cm−1); C, temperature (�C); and D, pH. All samples were col-
lected with our online pumping system (Fig. 5 left panel). Note that the temperature measured on the platform could slightly differ from the tem-
perature at depth (i.e. approximately 4�C (Michard et al., 1994; Bonhomme et al., 2011)) due to thermal exchange in the 60-m long pipe.
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system allows to achieve a high spatial resolution together
with consistent water conditions and associated MTB
abundance.

Chemotaxis and magnetotaxis allow an efficient MTB
concentration from large water samples

Most previous studies of environmental MTB focused on
water-saturated sediment samples (Jogler et al., 2010;
Lefèvre et al., 2011; Lin et al., 2013, 2018) and a few
explored the stratified water column of freshwater or
saline lakes (Simmons et al., 2004; Rivas-Lamelo
et al., 2017; Schulz-Vogt et al., 2019). In all of these stud-
ies, MTB were isolated using magnetic enrichment
(Jogler and Schüler, 2009; Lefèvre and Bazylinski, 2013;
Lin et al., 2017). This magnetotaxis-based procedure is
well adapted for samples of small volume (i.e. below 1 L)
but is not efficient for large volumes such as 10 or 20 L,
which are needed for studies that require high MTB bio-
mass, for instance, to combine mineralogical, biological
and geochemical analyses of magnetosomes.

In order to concentrate MTB cells from a 20-L volume
to 1 L and subsequently perform magnetic enrichment,
we explored the possibility to concentrate them using
their aerotaxis. Indeed, MTB are known to display strong
microaerophilic, aerophilic or -phobic response (Frankel
et al., 1997; Lefèvre et al., 2014; Popp et al., 2014).
Using our online pumping system, we collected water
samples from Lake Pavin (near the peak of MTB abun-
dance) and filled six Nalgene bottles of 20 L each. After
sampling, the bottles were left open to air so that O2

could diffuse into the water (Fig. 8). MTB were expected
to swim downwards to the bottom of the bottle. Because
O2 diffusion in water was extremely slow, the experiment
was speeded up by gently removing water from the upper
part of the bottle by pumping 4 L every 30 or 60 min, so
that O2 could diffuse deeper in the bottle while aerotactic
cells were swimming downward. Among the six bottles,
three of them were pumped every 30 min and the three
others every 60 min. This provided a triplicate of each
condition (30 or 60 min idle time between pumping). For
every volume interval, water was collected and MTB

Fig. 7. Magnetotactic cell abundance (cell ml−1), dissolved oxygen concentration (μmol L−1) and specific conductivity (μS cm−1) profiles from
Lake Pavin water column, on 14th, 15th and 17th July 2019. The high-spatial resolution of water collection was reached using online collecting
system. [Color figure can be viewed at wileyonlinelibrary.com]
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concentration was quantified in triplicate under a light
microscope. The distribution of MTB concentration was
very consistent and reproducible between triplicates (see
error bars on Fig. 8). The results of the experiment with
30 min idle time between pumping showed that MTB
swam and concentrated in the bottom water. However,
only 42.3 ± 4.1% of the total MTB cells were found in the
bottom water (1 L), while �60% were lost in the upper
oxygenated waters. In contrast, the experiment with
60 min idle time gave a higher concentration yield with
80.7 (±0.8) % of the total MTB cells present in the bottom
water. Overall, this shows that downwards MTB migration
imposed by O2 diffusion in the bottle is an efficient pre-
concentration procedure. These data allowed to estimate
the motion speed of the slowest MTB from Lake Pavin
water column. The vertically travelled distance in the 20 L
Nalgene bottle was 10 cm in 60 min. This corresponds to
MTB motion speed c. 28 μm s−1, which is in the speed
range to that previously described for MTB (Lefèvre
et al., 2014) and in agreement with light microscope
observation where we could distinguish highly motile
magnetotactic cocci and some slow motile magnetotactic
large rods. A further magnetic enrichment of the chemo-
tactically enriched samples allowed the formation of a
large pellet against the magnet that could be easily
harvested and used for further analyses of magnetotactic
cells or their magnetosomes. For a 20 L bottle sampled
at the peak of MTB abundance in Lake Pavin water col-
umn, more than 108 cells could be collected. Similarly to

the magnetic concentration carried out in the sediments,
coupling aerotactic and magnetic concentration allows to
obtain large pellets of cells composed by several
populations of MTB in proportions likely different from the
natural ones as the sensitivity to oxygen probably differs
between the different MTB present in our samples.

Conclusion

The present work on Lake Pavin provides several analyti-
cal methods for optimizing MTB collection in sediments
and the water column. In sediments, MTB were efficiently
separated from magnetic abiotic particles (i.e. volcanic
ilmenite) using a ‘migration track’ system, where MTB
are left swimming towards a magnet. In the water col-
umn, a comparison of sampling protocols based on
Niskin bottle and online pumping system demonstrates a
stronger potential of online technique, with fast collection
of large volumes (20 L in 150 s) and at high depth resolu-
tion (about 10–20 cm). Another strong advantage of the
online pumping technique is the capacity to evaluate the
zone of maximum MTB abundance using empirical cali-
bration coupling dissolved oxygen and conductivity mea-
surements. While only one peak of MTB was identified
on depth profile performed using Niskin bottles, high res-
olution profile using online pumping system indicates that
two to three peaks of MTB are present. Likewise, we
anticipate a stratification of MTB morphotypes and a

Fig. 8. Schematic representation (left panel) of the aerotactic concentration of magnetotactic bacteria after collection from the water column with
the online pumping system and transferred in a 20-L Nalgene bottle. Histograms (right panel) represent the percentage of MTB cells recovered in
each water layer after 30 or 60 min of idle time between pumping, showing the efficiency of our device. The percentage of MTB recovered is
reported as the mean of triplicate counts and line extensions represent the positive and negative standard deviations. The thickness of each
water layer in the Nalgene bottle was about 10 cm.
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potential link to geochemical parameters in the water col-
umn. This aspect will need to be explored in future stud-
ies and may help to decipher the ecological niche
specific of the different MTB populations present in the
water column.
After collection of large volumes of water at depth,

MTB can now be efficiently recovered by coupling their
aerotactic and magnetic behaviours. This opens a new
avenue for chemical and isotopic studies that require
large amount of MTB and are usually limited to laboratory
cultures. In the case of Lake Pavin, MTB present at the
OATZ of the water column show a maximum concentra-
tion slightly higher than 104 cells ml−1. Therefore, the
mass requirement for Fe isotope analysis (�0.1 mg of
magnetite, i.e. 1010 cells) implies that about 1000 L of
water will have to be collected and treated. Although this
represents a large volume of water, this can reasonably
be achieved by the present protocols. The application of
these methods to others chemically stratified aquatic
environments such as Salt Pond, Massachusetts
(Simmons et al., 2004) or the Black Sea (Schulz-Vogt
et al., 2019) could be of high interest to carry out a com-
parative study of MTB ecology, diversity and isotope
characteristics from different ecosystems.

Experimental procedures

Sample collection and in situ physicochemical
measurements

Sampling in the water column was carried out at 10 differ-
ent dates between April 2016 and October 2019. Sam-
ples were collected from a platform located near the
centre of Lake Pavin (45.495792�N, 2.888117�E) using a
5.7 L or 20 L Niskin bottle (General Oceanics, USA) con-
nected to a winch or by pumping directly the water using
a speed-adjustable 12 V brushless pump (see details in
the Results section). For initial MTB counting, water col-
lected at the targeted depths was transferred in one-litre
glass bottles filled to their capacity and tightly closed. In
situ environmental parameters of the water column were
acquired with different profiler probes: YSI 6600 (CTD-
O2-pH-ORP), EXO2 (CTD-O2-pH-ORP-turbidity-chloro-
phyll-phycocyanine-fDOM), SDOT 300 nke (O2-T),
AQUAlogger 210TYPT Aquatec (turbidity-T-depth), STBD
300 nke (turbidity-T-depth), where CTD stands for
conductivity-temperature-depth, ORP for oxidation reduc-
tion potential and fDOM for fluorescent dissolved organic
matter. Detection limit for dissolved O2 is c. 0.1% or
about 0.3 ± 0.2 μM.
Sediments were sampled along the edge of the dock,

near the main access road to Lake Pavin (45.499162�N,
2.886399�E). They were recovered onshore with a
scooper by fully filling one-litre glass bottles with

300–400 mL of sediments and overlying 600–700 mL
water. During sampling, air bubbles were avoided. Once in
the laboratory, bottles were stored with their cap closed,
under dim light and at room temperature (�25�C).

Magnetic enrichment and light microscope observation

North-seeking magnetic cells were concentrated by plac-
ing the south pole of a magnetic stirring bar or
neodymium-iron-boron magnet (disc magnet with a diam-
eter of 5 mm and a height of 5 mm) for 1–3 h next to the
bottle wall, above the sediment–water interface or at mid-
height of the water bottle. Examination of magnetically
concentrated cells was carried out using the hanging
drop technique (Schüler, 2002) under a Zeiss Primo Star
light microscope equipped with phase-contrast, differen-
tial interference contrast optics and a camera Axiocam
105. Magnetotaxis was evidenced by rotating a stirring
bar magnet at 180� on the microscope stage to reverse
the local magnetic field.

Cell count profiles

For counting MTB cells in the water column, two 1-L bot-
tles of water were collected at the different investigated
depths. For each bottle, three 40-μl drops were immedi-
ately observed using the hanging drop technique.
Magnetotactic cells accumulated at the edge of the drops
when a magnetic field was applied at one side of the drop
and were subsequently counted under the light micro-
scope. The counting occurred 2 min after the cells in the
hanging drop were exposed to the magnetic field. The
number of cells counted in each drop was multiplied by a
factor of 25 to obtain the abundance of cells per millilitre.
Cell counts were reported as the means of two triplicates
counts for each depth. Using this counting method, the
lower limit of MTB abundance is 8 cells ml−1

(i.e. minimum of 1 cell/3 replicates × 25).
Magnetotactic cells in sediment samples were counted

using a Malassez counting chamber. Measurements
were systematically carried out on three replicates. Cells
were not immobilized during counting. Although some
MTB are fast swimmers, we were able to count the num-
ber of cells in the chamber reproductively. Counts were
performed as fast as possible, a task facilitated by the
fact that most MTB cells contain refractile inclusions
(e.g. sulphur or calcium carbonate) which makes their
identification under the microscope easy.

Transmission and scanning electron microscopy (TEM
and SEM)

The morphology of MTB as well as the shape and
arrangement of magnetosomes were observed after
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fixation of the cells on a TEM carbon-coated grid. Electron
micrographs were recorded with a Tecnai G2 BioTWIN
(FEI Company) equipped with a CCD camera (Megaview
III, Olympus Soft imaging Solutions GmbH) using an
accelerating voltage of 100 kV. Z-contrast imaging in the
high-angle annular dark field (STEM-HAADF) mode, and
elemental mapping by X-ray energy-dispersive spectrome-
try (XEDS) were carried out using a JEOL 2100F micro-
scope. This machine, operating at 200 kV, was equipped
with a Schottky emission gun, an ultrahigh resolution pole
piece, and an ultrathin window JEOL XEDS detector.

Bulk magnetic particles extracted from the sediments
were observed by SEM in back-scattered electron and
secondary electron imaging modes to characterize both
the shape and chemical composition of particles in the
samples. Analyses were carried out at Institut de Physique
du Globe de Paris (IPGP) using a Carl Zeiss EVO MA10
SEM. Standard operating conditions for SEM imaging and
EDS (energy dispersive spectroscopy) analyses were
15 kV accelerating voltage, working distance of 12 mm,
and electron beam current of 2–3 nA. Samples were
coated with a few nanometres of Au prior to analysis.

Statistical analyses

Statistical analyses were performed in R, version 4.0.0
(R Core Team, 2018). For each variable, groups’ averages
were compared either by a paired Student’s t-test or by a
paired non-parametric Mann–Whitney U test if variables
were not normally distributed. Differences were considered
as significant when P-values were below 0.05.
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2.4 Thin description of the magnetotactic bacteria profile as
a function of the depth and varying chemical parameters
in the water column of Lake Pavin

2.4.1 Material and methods

2.4.1.1 Site description and water sampling strategy

The water column of the ferruginous meromictic Lake Pavin, France (45.495792°N, 2.88
8117°E) was sampled in October 2019 from a platform anchored at its center where the lake
is the deepest (~90 m). Previous campaigns showed that MTB have been systematically found
right under the oxycline at depths where dioxygen becomes undetectable in a specific range of
conductivity (Busigny et al., 2021). The localization of this zone varies over the seasons which
influences the depth where MTB are found (Busigny et al., 2021). Therefore, a first geochem
ical profiling (notably, O2 and redox potential) of the water column was done in October 29th

2019 (1st day) to localize the OATZ and the MTB communities with a 50 cm resolution and was
checked again the 30th in the morning (2nd day). These profiles did not significantly change
overnight and were then used to establish a fine sampling strategy along the few meters from
above to below the OATZ the 2nd day afternoon. When reaching 50.7 m, a depth close to the one
of first MTB appearance on the 1st day, a total of 9 samples spaced of ~20 cm in average were
collected and further used to determine the MTB concentration, diversity and physicochemi
cal features. Samples were collected using a metered flexible hose attached in parallel with a
metered cable with the approach described in Busigny et al. (2021). The hose of ~65 m long,
was connected to a speedadjustable 12 V brushless pump (DC50E1250A). When reaching the
depth to sample, a ~5 min break was respected to ensure the hose purge and the collection of the
water at the corresponding depth. At each depth, several samples were collected either for chem
ical or biological analyses. For MTB populations analyses, samples were collected in several
1 L glass bottles filled to their capacity and tightly closed for optical and electron microscopy
preparation. For chemical analyses at each sampled depth of the water column, 3 L of sam
ple were inline filtrated under anoxia (N2 influx and control of oxygen with a multiparameter
portable meter) through 45 mm quartz filters with a 0.7 µm nominal threshold. A triplicate of 10
mL soluble fraction was recovered and then acidified with 3 to 4 drops of 65% HNO3−suprapur
to prevent any precipitation. In parallel, the particulate fraction was dried by the continuous N2

influx in the filtration system after the water entry stopped. The filters were then stored in Petri
dishes until further treatments.
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2.4.1.2 In situ measurements of physicochemical parameters

Some physicochemical features were measured in situ using an YSI EXO2 Multiparameter
probe, such as the conductivity (CTD), pH, redox potential, oxygen concentration, turbidity,
fluorescent dissolved organic matter (fDOM) concentration and temperature. Detection limit
for dissolved O2 is ca 0.1% or about 0.3± 0.2 µM. Turbidity was also measured simultaneously
in situ with an Aquatec AQUAlogger 210TYPT (Seapoint turbidity sensor, 880 nm) probe to
get a higher sensitivity threshold. Oxygen sensor calibration was made against ambient air (pO2

= 100%), and conductivity against two buffers standard solutions at 25°C. The different in situ
probes were fixed at the extremity of the sampling hose.

2.4.1.3 Chemical analyses of dissolved and particulate fractions in the water column

For the measurement of the particulate fraction using Inductively Coupled PlasmaOptical
Emission Spectroscopy (ICPOES), a triplicate of 17 mm disks was sliced from each filter and
submitted to an acidified solution of 1 M HNO3suprapur for a period of at least a day. The sub
sequent solution was then recovered and diluted in order to stay in the measurement accuracy
range of the spectrometer (ICPOES iCAP6200 ThermoScientific). The ICPOESwas also used
to measure the dissolved fraction retrieved and acidified directly on the field. The reduced forms
such as H2S and Fe2+ were not measured due to (i) an unavoidable too large delay between the
sampling and the analyses and (ii) the presence of oxygen in our samples. Duplicates of 9 mm
sliced disks from the same filters as for the ICPOES were recovered for the quantification of
carbon and nitrogen elements. These quantification were done using an Organic Elemental An
alyzer CHNS Flash 2000 ThermoScientific. For each water sample, filtrated solution with an
addition of zinc acetate were used for the measurement of anions (fluoride, chloride, bromide,
nitrate, sulfate) using ion chromatography with a Dionex Chromatograph.

2.4.1.4 Estimation of the magnetotactic bacteria population sizes and analysis of mor
photypes diversity

Populations of northseeking MTB were quantified by retrieving 40 µL of water sample and
cells were counted using the hanging drop technique (Schüler, 2002) with a Zeiss Primo Star
light microscope equipped with contrast and differential interference contrast optics. South
seeking MTB were also counted but corresponded to either really small amount or none. The
final concentration of MTB per litre at each depth of the water column was estimated with two
biological replicates. For each of the 9 samples collected at or around the OATZ, the diver
sity of MTB morphotypes was also estimated. As previously done (RivasLamelo et al., 2017;
Monteil et al., 2021), each cell counted (~5 to 130 cells per sample) was classified according
to their shape (e.g. spirillum, coccoid, rod shape), their size and the presence/absence of bright
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intracellular granules.

MTB can also be differentiated by their magnetosomes shape, composition, numbers and or
ganization. These characteristics are not observable in optical microscopy, thus the morphotype
heterogeneity of theMTBwas further analyzed using STEM and XEDS approaches. MTBwere
concentrated using a magnetic enrichment protocol. The magnetic enrichment, for each depth,
consisted in placing the south pole of a stirringmagnet against the side of a 1 L bottle at its
center for 1 h. These bottles correspond to a duplicate of the ones used for optical microscopy.
15 µL of MTB pellet was deposited, onto TEM grids coated with polyLlysine, for 20 min with
a stirring magnet below with the south pole facing up (i.e. too attract northseeking MTB). The
grids were then washed twice with filtered sterilized water and the excess each time absorbed
after 5 min with a Whatman paper until complete dry. STEM observations were performed in
the HAADF mode using a JEOL 2100F, operating at 200 kV, and equipped with a JEOL XEDS
detector. The number of cells observed and counted on the TEM grid averaged a few hundred
to several hundreds of cells. However, when the number of cells was low we counted all the
cells present on the grid.

2.4.1.5 Statistical analyses

Statistical analyses of the environmental and biological datasets were performed using the R
software, version 4.0.0 (R Core Team, 2020). Our dataset describing the environmental context
where MTB have been detected in October 2019 consisted in 8 physicochemical variables (in
situ measurements) and 38 geochemical variables, with observations corresponding to 9 water
column depths. Geochemical variables with values under the detection limits for all the 9 depths
were excluded (i.e. the concentrations of particulate fractions for Lithium, Boron and Silicium;
concentrations of dissolved fractions for Aluminum and Lithium; concentrations of Bromide in
the dissolved fraction). Our final geochemical dataset consisted in a total of 32 variables. We
faced some missing value issues for the physicochemical dataset, which we addressed by using
modeling strategies. Because of a sudden failure of the realtime recording device 1 to 3 out of
9 values could not be recorded for the following in situ measurements: conductivity, temper
ature, pH, redox potential (ORP), turbidity, chlorophyll concentration and fDOM. For each of
these variables, we built linear regression models using the 6 to 8 values recorded on the 2nd

day afternoon and those corresponding to the same depths in the complete profile realized in
the 2nd day morning. Missing values were replaced with values predicted by the model if the
linearity was significant (Pearson test Pvalue < 0.05) when all test assumptions were satisfied
(i.e. independency of residuals, normal distribution of residuals, homogeneous distribution). If
not, the variable was excluded from the whole analysis. This approach was successful for the
following variables only: conductivity, temperature, pH, and fDOM concentrations. The other
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variables: redox potential (ORP), turbidity, chlorophyll concentration, were excluded from the
final environmental dataset which consisted in a total of 36 variables.
First, strength and direction of the pairwise linear or monotonous relationships between the
36 environmental variables on 9 water column depth samples were evaluated by the Pearson’s
(when bivariate normality assumptions were satisfied) or Spearman’s correlation coefficient, re
spectively (values ranging from –1 to +1). The statistical significance of each correlation was
assessed and indicated by a Pvalue: correlations were considered as significant when the P
value was lower than 0.0014 (Bonferroni correction corresponding to a false positive error rate
lower than 5% per test). Pairwise relationships of the variables were drawn.
In order to define environmental niches in the water column depth zone where MTB popula
tions were observed, an additional clustering of the environmental variables into directional
groups associated with a Latent Variable (LV) was performed. Based on the variation of the
clustering criterion after consolidation of the partitions by means of the partitioning algorithm,
an important loss in homogeneity of the clusters with 9 clusters was observed which means that
a partition into 10 clusters of variables should be retained (appendices Fig. S1). We performed
a standardized principal component analyses (PCA) on the 9 water column depths described by
these latent variables (potentially indicative of niche structuring).
Our dataset describing the MTB populations thriving at 9 depths in the water column (Table S1)
consisted in the abundance of MTB cells and of the two main MTB populations (MTBc and
iACCforming rods, as counted by optical microscope with triplicates).
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2.4.2 Results

2.4.2.1 Magnetotactic bacteria communities are localized just below the OATZ in a zone
spatially structured in discrete geochemical niches

The first geochemical profiling of the Lake Pavin water column performed on the first day
localized the OATZ and the MTB communities in the water column (Fig. 2.1).
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Figure 2.1: Physicochemical depth profiles in the water column of Lake Pavin measured
in situ in October 30th. The light gray zone corresponds to the localization of the MTB peak.

In details, the oxygen concentration of the water column underwent a steep diminution
around 49.7 m in depth where it decreased from ~40% to the probe detection limit and complete
anoxia around 50.3 m. In line with previous observations (Busigny et al., 2021), conductivity,
dissolved organic matter concentration and temperature gradually increased with depth from ~
60 to > 200 µS.cm−1, from 1 to 5 RFU and from 4°C to > 4.5°C, respectively. Moreover, a
typical slight peak of turbidity was observed at the depth just after the oxygen disappeared. A
rough estimation of MTB population sizes confirmed their localization in the anoxic part of the
water column between 51.3 and 53.5 m.
Based on these data, a second fine sampling strategy was defined for the transect of a fewmeters
where MTB were observed specifically and slightly upper. When reaching 50.7 m, a total of 9
additional samples spaced of ~20 cm in average were collected the afternoon and further used
to identify geochemical niches in relation to MTB concentration and diversity. By analysing
a total of 36 geochemical variables at each depth, we identified groups of variables fluctuating
similarly (Fig. 2.2A).

Two big clusters of positively correlated variables can be seen that are negatively correlated
to each other. This is mainly the dissolved element fractions negatively correlated to the particu
late fraction, with the exception of dissolved sulfate negatively correlated to the other dissolved
elements and strongly correlated to particulate Ca, Fe, P and the mass percentage of C and N.
The two first axes of a principal component analysis built from this matrix explained 73.6 %
of the total variance and showed that depths could be distinguished in three global niches; one
at 50.7 m (1 sample), a second from 51 m to 52 m (5 samples), and a third one from 52,5 and
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Figure 2.2: Environmental structuring of depths according to their geochemical features.
(A) Correlation matrix built from 36 geochemical variables reordered according to the correla
tion coefficient and (B) associated principal component analysis showing covariance of these
variables according to the sampling depth. Depths 1 to 9 refer to depths 50.7 m to 53.5m. Vari
ables and vectors in both panels with the same colour belong to the same cluster defined by the
Clustering of Variables around Variables (CLV) approach. Ten directional groups (i.e. clusters
of positively and negatively highly correlated variables) were identified and are represented in
a dendogram and in separated PCA in the appendices Fig. S1.

53.5 m (3 samples) (Fig. 2.2B). While the first niche is mainly structured by a higher nitrate
concentration, niche 2 differs from niche 3 mainly by (i) the concentration of particulate iron,
phosphorus, magnesium, calcium, sulfur and potassium, (ii) the concentration of dissolved sul
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fate and (iii), the mass percentage of N and C.

2.4.2.2 Magnetotactic bacteria are diverse and predominantly composed of MTBc

In parallel of the geochemistry, each sample was analysed regarding MTB diversity and
concentration using magnetic sorting and optical microscopy approaches. The morphotypic di
versity was estimated by classifying cells according to their shape (e.g. spirillum, coccoid, rod
shape), their size and the presence/absence of bright intracellular granules, as previously done
in Monteil et al. (2021)) under the light microscope. The total concentration of MTB and of the
two main morphotypes were then represented in Fig. 2.3A.

Seven different morphotypes were then observed by electron microscopy across the nine
depths (Fig. 2.4), among which MTBc able to hyperaccumulate P under the form of PolyP
represented the most abundant morphotype (Fig. 2.4A, XEDS supplied in the appendices Fig.
S2A), reaching between 52 and 94% of the total MTB population (Table S1).

Rod shaped bacteria forming granules of amorphous calcium carbonate and prismatic mag
netosomes represent the second more abundant MTB morphotype (Fig. 2.4B, XEDS measure
ments supplied in the appendices Fig. S2B). This morphotype represents between 2% and 47%
of the total MTB population (Table S1). Together with the MTBc, they account for between
88.5 and 98.8% of the MTB cells observed at each depth (Figure 2.3A).
In a minor extent, few other morphotypes could be observed in the lower zone where the pop
ulations of MTBc and iACCforming rods are decreasing. One also accumulating P as PolyP
(Fig. 2.4C, XEDS supplied in the appendices Fig. S2C), is a rod with a chain of prismatic mag
netosomes and has been previously affiliated to the Magnetococcaceae family (Monteil et al.,
2021). This morphotype of MTB seemed to have been encountered as well in other marine and
freshwater environments (Spring et al., 1995; Oestreicher et al., 2011; Kolinko et al., 2013). Al
though this MTB morphotype is not abundant, we could find a peak of abundance at 52.5 m in
depth corresponding to a slight drop of MTBc and iACCforming rods percentage (Fig. 2.3A).
A small type of vibrio with similar ultrastructural features of Desulfovibrio magneticus RS1
(Pósfai et al. (2006); Chariaou et al. (2015); Fig. 2.4D) was also found along with another mag
netotactic sulfatereducing Deltaproteobacterialike (Descamps et al., 2017) below 52.5 m (Fig.
2.4E). Another small vibrio forming one chain of prismatic magnetosomes was observed in few
amounts as well (Fig. 2.4F). The last morphotype of MTB is a large curved rod mineralizing a
chain of prismatic magnetosomes and observed only once (Fig. 2.4G).
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Figure 2.3: Relationships between the MTB population structure and abundance and the
environmental features in the water column. (A) Cell concentration of the total MTB and
those of the two main morphotypes, i.e. the iACCforming rods and the MTBc for the nine
sampled depths. The fraction of total MTB represented by these two morphotypes are given
for each depth. Error bars represent the standard deviation on biological duplicates (see wTable
S1 for details) (B) Concentration profiles of the different geochemical variables significantly
and positively correlated to either the total MTB or/and MTBc using Pearson’s and Spearman’s
correlations tests. Particulate organic N and C are expressed in weight percent (wt%) of the to
tal particulate organic matter. Error bars represent the maximal absolute error on measurement
(±5% for dissolved sulfate and particulate organic N and C, ±7.5% for particulate P and Mg,
respectively). (C) Statistical analysis of the correlation between the environmental variables
and the cell concentrations of total MTB, MTBc and iACCforming rods. The plot shows the
Pearson’s correlationmatrix. The size and the color of the circles are related to the correlation co
efficient value, meaning that: the bigger and the darker the circle, the better the correlation. Blue
and red circles refer positive and negative correlations respectively. The white and the green
stars indicate significant linear correlations (Pearson’s test) or monotonic correlations (Spear
man’s test), respectively. A green dot indicates that both tests were statistically significant. All
statistics are given in the appendices in Table S2.
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Figure 2.4: Scanning transmission electronic microscopy images of magnetotactic bacte
ria with different morphology found in Lake Pavin water column. It includes MTBc cells
of the Magnetococcaceae family producing polyphosphate inclusions (A); calciumcarbonate
producing MTB (B); Rodshaped MTB producing polyphosphate inclusions and affiliated to
theMagnetococcaceae family (C); small vibrio resembling the Desulfovibrio magneticus RS1
bacteria with bulletshaped magnetosomes (D); rods resembling sulfatereducing MTB produc
ing bulletshaped magnetosomes affiliated to the Deltaproteobacteria (E); small vibrio resem
bling some species of theMagnetospirillum genus (F); and long curved rod forming hexagonal
magnetic crystal (G).

2.4.2.3 The abundance of MTBc is correlated to the concentration of dissolved sulfates,
mass percentage of organic N and C, particulate magnesium and phosphorus

The structure of the total MTB population and that of the main morphotypes along the wa
ter column transect, in connection to geochemical niches was investigated, to get insight into
MTB biology and ecology. In agreement with previous observations during a recent campaign
(Busigny et al., 2021), the MTB distribution was structured in two distinct peaks over the water
column at 51.3 m and 52 m (Fig. 2.3A) where the population could reach up to 4.6 103 and 3.2
103 cells per mL of water respectively. While the concentration of MTBc was the highest at
51.3 m, that of iACCforming rods was the highest at 52 m.
Pairwise correlation analyses identified several geochemical variables linked to the abundance of
MTB populations (Fig. 2.3B and C, data in appendices Table S2). The most striking results were
obtained for the concentration of MTBc that was significantly correlated to the concentration of
particulate phosphorus andmagnesium (Pearson’s r of 0.94 and 0.8 respectively, P < 0.0014) and
mass percentage of nitrogen (0.91, P < 105). When looking at nonlinear but monotonous re
lationships, we could observe an additional correlation between the concentration of dissolved
sulfates and the concentration of both MTBc and total MTB populations (Spearman’s rho of
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0.90, P < 105). Lowering the stringency on the Pvalue threshold, mass percentage of carbon
appeared as positively correlated both to the concentration of both total MTB andMTBc (Spear
man’s rho of 0.78 and 0.78 respectively, P < 0.003). MTBc being the major MTB in the water
column, the profile of MTBc concentration follows that of total MTB (Pearson’s r of 0.90, P
= 0) and therefore similar relationships were obtained for total MTB and MTBc concentrations
(Fig. 2.3C). No variable measured in this study was significantly associated to the concentration
of rods forming intracellular amorphous calcium carbonate.

2.4.3 Discussion

As MTBc dominate the MTB profile, i.e. representing a minimum of 52% and up to 94%
of all MTB at any depth, a similar pattern of correlations with different geochemical parameters
was observed for the total abundance of MTB and the abundance of MTBc. In particular, both
abundances were correlated to the wt% of N and C. The C/N mol% ratio average value calcu
lated in our samples is 6.63, which correspond to the Redfield ratio of C/N in aquatic biomass
(6.625) (Tyrrell, 2001). The ratio of MTB versus other microorganisms in the water column of
Lake Pavin only accounts to ~1:1000 (Lehours et al., 2005). It is thus likely that wt% N and C
correspond to a proxy for the presence of the biomass represented at these depths by eubacteria
and archaea, and that the optimal conditions for prokaryotic biomass development in this anoxic
layer also favours MTBc growth.

Significant correlationswere found between the concentration of dissolved sulfate andMTBc
related quantitative variables (optical counting), providing clues to metabolic features of these
bacteria (Fig. 2.3C). The MTB zone most likely correspond to the maximum concentration of
dissolved sulfate encountered in the water column of Lake Pavin as compared with the differ
ent chemical profiles obtained in Miot et al. (2016); Busigny et al. (2016); RivasLamelo et al.
(2017). A positive linear correlation between the concentration of this sulfur compound and the
bulk abundance of MTBc could suggest either a metabolic dependency or a release related to
MTBc growth, corresponding respectively to sulfatereduction or sulfuroxidation, respectively.

The sulfur oxidizing bacteria (SOB) and the sulfate reducing bacteria (SRB) are usually
found around the redoxcline, in suboxic or euxinic waters (Vliet et al., 2020). In a recent study
using 16S rRNA analyses, it has been shown that MTBc were at their highest abundance at the
same depth where the SOB and SRB are present (Berg et al., 2019). In addition, Berg et al.
have shown that at the MTBc maximum abundance depth, in suboxic conditions, the SOB were
dominant compared to the SRB (Berg et al., 2019), the SRB becoming dominant deeper in the
water column. Berg et al. also found that MTBc corresponded to 8% of the SOB sequences,
which supports our hypothesis that they are sulfuroxidisers as they sequester intracellular sul
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fur granules. Our present observations evidenced in TEM the succession as a function of depth
of the MTBc, then deeper the Magnetococcaceae rods accumulating PolyP and sulfur granules
and finally, based on their ultrastructure, potential sulfatereducing Deltaproteobacteria. These
observations confirm the vertical succession of SOB and SRB in the water column. Dissolved
sulfate increases slightly around the MTBc abundance peak (figure 2.3B), this increase could
be due to MTBc oxidizing their sulfur storage as well as species of the Sulfuritalea genus that
represent the most abundant SOB in the water column (Berg et al., 2019). The Sulfuritalea are
known to oxidize thiosulfate, S° and hydrogen but not sulfide, with sulfate as an end product.
They can also use nitrate as an electron acceptor. With the hypothesis that MTBc use sulfide
when the Sulfuritalea do not, it might explain their coexistence at the same depths and they
might not compete between each other for their electron donor but only for the electron accep
tor. Intracellularly accumulated nitrate could then be a good survival process for the MTBc to
thrive at these depths.
This study did not find a specific biogeochemical niche for the iACCforming rods or the other
minor morphotypes of MTB. The reasons may be that (i) a high biomass concentration is nec
essary for efficient statistical analyses along the entire MTB profile and (ii) parameters which
structure their vertical distribution were not measured (e.g. pCO2, methane...).
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2.5 Design of culturemedia for the isolation of the Lake Pavin
MTBc and preliminary results

2.5.1 Materials and methods

2.5.1.1 Design of double gradient media

Cells for Lake Pavin MTBc growth media were inoculated during the field trip of Octo
ber 2019. The media tested were elaborated based on media commonly used for MTBc and
magnetite forming MTB, but also based on the potential physiology of MTBc and the chemical
conditions met in the water column.
In Lake Pavin, the MTBc are found right under the oxicanoxic interface in anoxia, where a
lot of different chemical gradients are colocated (see Chapter 1 part 1.1.4 for more details),
moreover, the MTBc in Lake Pavin have been shown to accumulate elemental sulfur granules,
indicating a metabolism of sulfuroxidation and thus the use of sulfur compounds. For these
reasons, the first culture media tested for their isolation were inspired from the marine Beg
giatoa strain medium where oxygen and sulfide gradients are opposed (Nelson and Jannasch,
1983; Brock and SchulzVogt, 2011). This strain, similarly to our MTBc in Lake Pavin, is ac
cumulating P in high amount and sulfur granules as well. This type of inverse gradient culture
medium has also been previously used with successful results for the enrichment of freshwater
and marine MTB located in similar inverse gradients of oxygen and sulfide (Schüler et al., 1999;
Bazylinski and Williams, 2007). Finally, the components of the Lake Pavin MTBc growth me
dia were inspired and modified from the culture of the phylogenetically close cultivated marine
MTBc MC1 (Bazylinski et al., 2013b).

The media consisted of 12 mL of semisolid medium (0.2% agar) overlying 6 mL of solid
plug of agar (2%) in a anoxic cap clipped glass tube of∼25mL. The agar was previously washed
three times to remove impurities. The semisolid agar composed the part where the MTB were
inoculated thus the growth medium, whereas the solid plug of agar only served to create an over
lying gradient of sulfide or thiosulfate. The semisolid medium was amended with ammonium
chloride (5.6 mM), magnesium sulfate (162 µM), potassium nitrate (5 mM), iron chloride (30
µM), sodium carbonate (15 mM), dipotassium phosphate (100 µM), a filter sterilized solution
of vitamines (Vitamines, see appendices 4.2 for composition), and a solution of trace metals
(Wolf mineral solution, see appendices for composition). 20 mM of PIPES was also added to
the medium to buffer the system at pH 6.2 (pH close to the one observed in the MTB zone in
Lake Pavin), especially because the bottom plug of sulfide can acidify the medium with time.
Resazurin was implemented in the medium to follow the formation of the redox and oxygen
gradient in the semisolid medium. See the details in the schematic figure 2.5.
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Four different media were tested, two had a bottom agar plug containing Na2S and two other
thiosulfate. One of each plug was also implemented with 0.04% neutralized and fresh filtered
cystein to help counter the oxygen diffusion and create a different gradient with respect to oxy
gen versus sulfide or thiosulfate.
The media were prepared before the field trip and kept at 4°C until a few hours before the inocu
lation, approximately five days later. Five tubes of each media were prepared. Once inoculated,
the culture media were placed at 18°C in the dark.

Figure 2.5: Schematic of the different inverse gradient media (oxygen versus a sulfur com
pound) tested for the MTBc growth. The four different media possess a common central
growth medium and an upper oxygen gradient. Two of the media are supplemented with a Na2S
bottom plug of agar whereas the other other two with S2O2−

3 .

2.5.1.2 Media oxygen profile  oxygen microsensor

Vertical oxygen microprofiles were acquired in order to measure the oxygen gradient in our
media, using an OXR50UHS optical microsensor (Pyroscience GmbH) with a 50 µm sharp
tip, connected to a FirestingPro oxygen meter (Pyrosscience GmbH). Microprofiling was done
using a M33 micromanipulator (UNISENSE A/S). The zero pointcalibration of the oxygen
sensor was made against a freshlymade solution of saturated sodium sulfide while the 100%
pointcalibration was made with the ambient atmosphere.
Oxygen gradients were measured only for the media with the plug of Na2S, with or without cys
tein. The in situ O2 measurements were done two days after making the media to allow sulfide
and oxygen gradients to stabilize.
The micromanipulator attached with the microelectrode was fixed above the culture medium
glass tubes (see Fig. 2.6) and the extremity of the electrode positioned at the exact beginning
of the semisolid medium. While measuring, the electrode was then vertically moved by the
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micromanipulator with a 100 to 500 µm step downward until anoxia was reached.

Figure 2.6: Photo of the microelectrodemicromanipulator setup for O2 measurement in
Lake Pavin growth media.

2.5.1.3 Magnetotactic bacteria sampling and isolation protocol

MTB samples were retrieved during the October 2019 mission using the online pumping
system described in (Busigny et al., 2021). Upon reaching the zone of MTB maximum abun
dance, water samples were retrieved and kept either in 1L bottles or 20L Nalgene bottles. The
water in the Nalgene bottles was quickly transferred in several aquariums of 30 L. Then, whether
it was on a bottle or an aquarium, a magnetic sorting of 15h was done thanks to neodymium
magnetic disks. Only the bigger MTB pellets obtained were used and a further magnetic purifi
cation was made. The enriched sample of MTB obtained after the magnetic sorting can contain
other microorganisms present in the vicinity of the pellet. An additional purification step is thus
highly recommended before the inoculation into the growth medium. The ’capillary racetrack’
is a purification process (Wolfe et al., 1987) carried out in sterile conditions to further purify
MTB from other microorganisms (see Fig. 2.7). A Pasteur pipette and a small piece of hy
drophilic cotton are necessary to make this device. The pipette tip is melted closed thanks to a
flame, and the cotton is inserted and loosely packed into the narrow neck of the large part of the
pipette. Filtered water from Lake Pavin is inserted in the capillary until the piece of cotton is
totally soaked. The dispositive is fixed on the table and a magnet is placed southside next to the
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closed tip to attract the MTB from the larger part of the pipette through the cotton filter. Once
everything is set, the pellet of MTB magnetically sorted is added in the large part of the pipette
and the MTB are then attracted through the cotton toward the closed tip leaving the non magne
totactic microorganisms behind. After ∼20 min, fast motile MTB such as MTBc accumulated
at the tip of the pipette, the pipette tip was then carefully broken and the MTB retrieved thanks
to a thin needle. The pellet was then directly inoculated in the middle of the semi solid part of
one of the media.

Figure 2.7: MTB sampling and purification setup for inoculation in the MTBc growth
media. This setup consists in 3 successive steps. (A) A magnetic sorting of the MTB sampled
from the water of Lake Pavin by using a magnet southpole against the side of the bottle. (B)
Observation and verification of their presence under the light microscope using the hanging
drop technique. (C) ’Capillary racetrack’ purification technique by using a Pasteur pipette, a
hydrophilic cotton as filter and a magnet.

MTB growing in a gradient medium are usually visually observable as a whitegrayish band
at the oxicanoxic interface, i.e. the pinktransparent transition when resazurin in used (see Fig.
2.8). From time to time, the tubes were checked visually to see if any characteristic band ap
peared in the culture media. After three weeks, the growth media were checked for any viable
MTB cells or growth. The semisolid medium was split in slices of 1 mL and after mixing, a
drop of 10 µLwas observed using the hanging drop technique (Schüler, 2002) and a Zeiss Primo
Star light microscope equipped with a phase contrast.
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Figure 2.8: MTB culture medium showing a band of MTB growing at the oxicanoxic
interface (pinktransparent transition).

2.5.2 Results

2.5.2.1 Four double gradient media presenting different redox gradients

In the media supplemented with cystein the resazurin became blue, in contrast to the color
pink observed in the media without addition of cysteine. As expected, the different media with
or without cystein showed a different redox gradient as it can be seen from the color of the re
sazurin, whether it was blue or pink (see Fig. 2.9). The media harboring the solid bottom plug
of thiosulfate showed a lower redox gradient in the semisolid medium than those with a Na2S
solid bottom plug (A and B1 versus C and D). In the medium with a thiosulfate plug and without
cystein (D), there was almost no redox gradient as the color of the resazurin diffused almost until
the bottom of the semisolid part.
In our media with inverse gradient of Na2S and oxygen, without cystein, Na2S and oxygen
interaction created elemental sulfur precipitation in the semisolid medium after several days
(reaction is as follow: H2S + O2 −→ 2S + 2H2O). As elemental sulfur is not soluble, it was
possible to observe this interaction in the medium as a large white band in the middle of the
semisolid medium (see Fig. 2.9B2). This reaction was not yet observable in the B1 tube as it
was only one day old.
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Figure 2.9: Different inverse gradient media tested for the Lake Pavin MTBc. The tubes
A, B1, C and D correspond to one day old media, whereas B2 correspond to a 3 weeks old
B1 medium. (A,B1) Media with a solid bottom plug of sodium sulfide and supplemented, or
not, with cystein in the semisolid medium respectively, (C,D) Same media with a solid bottom
plug of thiosulfate. The color blue or pink passing to translucid with depth represents the redox
gradient visualized thanks to the resazurin color indicator. (B2)Mediumwith an inverse gradient
of oxygen and sulfide, without cystein, showing a large white band representing the precipitation
of elemental sulfur.

2.5.2.2 The resazurin is a redox indicator allowing the visualization of oxygen gradients

The oxygen gradient of the two media, with a Na2S bottom plug, were measured. This was
done to check if both redox gradients, seen in blue and pink with the resazurin, were repre
sentative of the oxygen gradient. The oxygen was measured thanks to a microelectrode and a
micromanipulator, the variation of oxygen concentration could therefore be checked with pre
cision.
The medium with cystein and a blue gradient showed a steeper slope of the oxygen as a function
of the depth (a=160.85) than the medium without cystein (a=251.49; see Fig. 2.10). In addi
tion, the oxygen reached zero approximately where the passage from blue/pink to transparent
could be detected (marked with the gold star on the figure 2.10). From our observation, we can
thus conclude that in the media prepared for the culture of MTBc, cystein is a precise redox and
oxygen indicator to visualize the oxicanoxic boundary.
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Figure 2.10: Oxygen micro profiles comparison of the media with a Na2S solid bottom
plug with or without cystein. The oxygen reached 0% where the golden star is placed and
corresponded to the transition of the color blue or pink to translucid.

2.5.2.3 Culture of magnetospirillumlike magnetotactic bacteria

After the Lake Pavin mission of October 2019 and the inoculation of the 4 different media
with magnetically enriched and purified MTB, the media were incubated at 18°C for 3 weeks
while looking for any characteristic MTB band in the tubes.
In three different tubes, of either a medium with a bottom plug of Na2S without cystein and a
medium with a bottom plug of thiosulfate with cysteine, some moving cells could be observed
but they did not present a magnetotactic behavior under the microscope. A TEM observation of
these cells helped us identify some rodslike bacteria, resembling Pseudomonas cells, without
any intracellular magnetosomes.
In one culture medium with a Na2S bottom plug, nonmotile and nonmagnetotactic round
shaped cells resembling the MTBc were observed. In the other media with a thiosulfate bottom
plug none moving cells or cells shape resembling the MTBc were spotted.
In one tube of the medium with a bottom plug of Na2S, without cystein, a white band could be
observed in the half top part of the semisolid medium (see Fig. 2.11). After light microscope
observation, the slice of 1 mL including the band, contained magnetotactic cells resembling un
der the optical microscope (e.g. size and motility) magnetospirillumlike cells. Although I was
able to isolate a magnetotactic bacterium, this culture was not further investigated as it was not
a MTBc.
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Figure 2.11: Image of the tube which isolated the magnetospirillumlike cells. Tube of
medium, inoculated during the October 2019 mission, with a bottom plug of Na2S and its the
semisolid medium supplemented with cysteine. The thin white band located in the top part
of the semisolid medium represent the magnetospirillumlike cells observed after 3 weeks of
incubation at 18°C in the dark.

2.5.3 Discussion

This first test of growth media showed that more or less steep oxygen gradients could be cre
ated. Cysteine is commonly used in the semisolid media elaborated for the MTB as a reducing
agent to limit the oxygen diffusion and form an oxygen gradient. In these media, not only did
the cystein act as a reducing agent, but also the H2S produced by the bottom plug of Na2S. It is
therefore not surprising that the oxygen gradient, for the medium having cystein in addition of
H2S, was steeper and shorter than the one with only H2S to counteract O2 diffusion. In parallel,
the non existence of an oxygen gradient in the medium supplemented with a bottom agar plug
of thiosulfate without cystein suggests that the thiosulfate does not have the capacity to reduce
oxygen as H2S does. In the same medium with cystein, an oxygen gradient established in the
overlaying semisolid medium.

The day of the inoculation of magnetically sorted and purified MTB, the tubes were already
5 days old. The media were made on the Friday preceding the field mission which began on
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the next Monday. As the inoculation occurred a few days after the beginning of the mission,
it is possible that the diffusion of both the oxygen and the H2S in the growth medium was too
advanced and that these gradients were overlapping or too diffused compare to the optimum con
ditions for the MTBc. In addition, the overlapping of these gradients may be less representative
of the conditions in which the MTBc are found in Lake Pavin where both gradients are clearly
distinct from each other with the MTBc in between (as seen in RivasLamelo et al. (2017)).
The observation of some nonmoving MTBclike cells suggests that the MTBc might have sur
vived longer in the media supplemented with Na2S than in the others, and that these conditions
are more optimum for the MTBc than the ones with a thiosulfate bottom plug.
The success in isolating a magnetospirillumlike MTB in only one tube out of the five of the
same medium may result from the two steps sorting technique (magnetic sorting and racetrack).
In these two steps, it is possible that a lot of MTB have been lost and that the inocula were not
equivalent between the different tubes.
Some components and concentrations of theMC1MTB growthmediumwere used for the semi
solid growth medium as their phylogenetic relatedness suggest that they might share common
metabolism pathways (Bazylinski et al., 2013b). It is possible that even if they share phylo
genetic information they do not share the same metabolic pathways. Usually the nutrient con
centrations in the MTB isolation media have to be kept low to let the MTB take the advantage
and compete against fast growing bacteria (Bazylinski et al., 2013a). For example, the carbon
and nitrogen source should be kept low, with a concentration lower than 2 mM for the carbon
source (Schüler et al., 1999; Bazylinski et al., 2013a). In our media, the carbon source concen
tration was much higher than that, with a concentration of sodium carbonate of 15 mM, as it is
used in the growth medium of the MTBc MC1 (Bazylinski et al., 2013b). It would therefore
be a good idea to reduce that concentration but also try some components used for known P
hyperaccumulators which might share similar metabolism with the MTBc of Lake Pavin, such
as the Beggiatoa genus (Brock and SchulzVogt, 2011) which are accumulating S and P gran
ules intracellularly or the Sulfurimonas (Möller et al., 2019) which are only present in anoxia
and accumulate PolyP.
In the media supplemented with sulfide, the available iron initially present may be partly scav
enged by sulfide and it may interferewithmagnetosome biomineralization (Lefèvre et al., 2011a).
If not enough iron is supplemented in the growth medium and as it is essential for magnetosomes
formation (Schüler and Müller, 2020) MTB may not present magnetic responses.
Finally, after 3 weeks of incubation, it is possible that no more distinct oxygen and redox gra
dient were present in the tubes. The tubes being closed by anoxic clipped caps, no oxygen was
able to enter after inoculation, and the gradient detected with resazurin was no more visible after
3 weeks of incubation. It therefore suggests that the oxygen was no more present in the tubes
and that the tubes became anoxic. This oxygen/redox gradient might be essential for the MTBc,
it may therefore be why the media did not show any growth.
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Overall, even if only one test could be made during this thesis, the isolation of a MTB in
one of the medium already constitute a promising result. My results are thus paving the way for
future attempts at isolating MTBc and other MTB from Lake Pavin.
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2.6 Conclusions and perspectives
In this chapter, a new unique and abundantMTB sequestering calcium carbonates, the iACC

forming rods, was characterized in the water column of Lake Pavin (Monteil et al., 2021). This
newMTBwas found in a similar zone thanMTBc hyperaccumulating PolyP under the oxycline.
This characterization was followed by the development of a new high resolution sampling tech
nique and the discovery of a proxy (conductivity) to track the MTB maximum abundance in
the water column. The precise distribution and diversity of the MTB populations as a function
of the different environmental parameters along the water column of Lake Pavin could then be
assessed. Seven morphotypes were observed, they were characterized with respect to their cell
shape and size and their magnetosomes organisation, shape and numbers. Optical microscopy
evidenced the stratification of the twomain populations ofMTB, theMTBc accumulating PolyP
and the iACCforming rods, suggesting that these two abundant morphotypes inhabit two dif
ferent biogeochemical niches. Only the corresponding geochemical parameters for the MTBc
could be identified using multivariate statistics. Different environmental conditions, such as the
wt% of C and N, the concentration of particulate P and Mg, and dissolved sulfate were posi
tively and significantly correlated to the MTBc abundance. These results suggest that the MTBc
are correlated to the local biomass and reinforce the hypothesis that they possess a metabolism
linked to the sulfur cycle. These results have recently been submitted for publication in which
I am the first author.
A preliminary test was made in an attempt to isolate the MTBc. The first media conditions,
consisting of double and inverse gradients of oxygen and sulfur compounds, prepared for the
isolation of the MTBc did not succeed but gave promising results. The media with a Na2S bot
tom plug showed the presence of nonmoving MTBcshaped cells after three weeks. Moreover,
a medium with an inverse gradient of oxygen and Na2S, without cystein, succeeded at isolating
magnetospirillumlike cells.
This chapter results are paving the way for future studies on other magnetotactic microorgan
isms that have this unique advantage to be magnetically concentrated and present a metabolic,
taxonomic and ultrastructural diversity of interest for a large community of scientists.

Perspectives:
In this study we characterized the morphotype diversity of the MTB in Lake Pavin water col
umn and their relative abundances as a function of their habitat, we then identified a specific
niche for the MTBc hyperaccumulating PolyP. However, we still miss the information of their
metabolic and taxonomic diversity as a function of the same habitats. Apprehending these infor
mation would help constrain whether or not their magnetosomes morphologies or their different
metabolism are dependent from their phylogeny or habitats. Their taxonomy and the number
of species can be evaluated by using 16S rRNA gene sequencing. Thanks to the 16S rRNA
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information, FISH probes can be created to serve as fluorescent markers of specific species of
MTB. For samples collected in specific environmental conditions, FISH probes observation in
fluorescence microscopy can allow the calculation of the species relative proportions as a func
tion of the environmental conditions. In combination with electron microscopy, the species and
their relative abundances can be linked to their magnetosome morphologies at the singlecell
and correlated to a specific habitat (Li et al., 2017; Zhang et al., 2017; Liu et al., 2020). It would
be interesting to determine if our MTBc with different magnetosome organizations are affiliated
to different species or if the organization differences are due to different environmental condi
tions within the Lake Pavin water column. Li et al. (2017); Liu et al. (2020) could show for
MTBc, thanks to this technique, a dependency of the magnetosomes morphologies, numbers,
size and organization with the species, whereas Zhang et al. (2017) showed for other MTBc that
their magnetosomes morphologies may be less biologically controlled and more impacted by
unfavorable environmental conditions.
It is possible that different close related strains of bacteria possess the same 16S rRNA gene
and that different MTB morphologies can not be separated as a function of their 16S rRNA
gene. In that case, metagenomic analyses, and then the reconstitution of the different genomes
present in the sample, can be done to gain access to the functional repertoire of the MTB and to
gain insights on the number of MTB strains. The reconstitution can also help gain insight into
the metabolic diversity of the MTB by modeling the different metabolic pathways. Such study
could thus help to know if MTBc have the potential to use nitrate as electron acceptor in anoxic
water instead of oxygen, and if their link to the sulfur cycle correspond to sulfuroxidation or
sulfatereduction. Metagenomic analyses, allowing a better understanding of the MTBc and
their metabolism, could also help to elaborate more appropriate growth media.

The MTBc isolation test was the only one made during this thesis due to COVID19 events.
One solution in the future could be to use sediments of Lake Pavin known to harbour the MTBc,
similar to the ones met in the water column. These sediment MTBc belong to theMagnetococ
caceae family as well, although it is still not known if they belong to the same species. Their
large number in the sediments would facilitate the possibility to test further growth medium
without having direct access to Lake Pavin, as these MTBc populations conserve well in micro
cosms stored in a lab for years.
A lot of different conditions of growthwith different components concentrations could be further
tested for the MTBc of Lake Pavin. Carbon and nitrogen concentrations can be diminished in
order to help the MTB outcompete other potential contaminant organisms capable of outgrow
ing them, especially the carbon source. The media tested during this thesis should be retried
but this time with screw caps to enable the oxygen to diffuse continuously in the semisolid
growth medium and compete with the H2S gradient and/or cystein (see Fig.2.12A). Because it
is possible that the MTBc of Lake Pavin link sulfuroxidation with denitrification, it would be
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interesting to try a medium with an inverse gradient of sulfide and nitrate in anoxic conditions
as it was done for the P accumulating Sulfurimonas in Möller et al. (2019) (see Fig.2.12B1). To
prevent potential shortage, iron can be added in higher concentration in the semisolid growth
media, or a Fe2+ gradient could be added in addition to the sulfide one at the place of oxygen or
nitrate (see Fig.2.12B2) thus helping to create a redox gradient favorable for the MTB.

Figure 2.12: Different ideas of media to test in the future for the isolation of the MTBc of
Lake Pavin. Panel A corresponds to inverse gradient media with presence of oxygen as electron
acceptor whereas panel B corresponds to inverse gradient media as well but with an addition of
a solid plug of agar on top of the tubes in anoxia with nitrate or iron as top gradient and nitrate
as electron acceptor.
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3.1 Introduction
The magnetotactic cocci inhabiting a specific niche in the anoxic layer of the water column

of Lake Pavin (see Chapter 2 part 2.4 for details) were previously proposed as a newmodel for P
sequestration as intracellular PolyP (RivasLamelo et al., 2017). However, RivasLamelo et al.,
2017 also show various MTBc cells with or without PolyP and with different organizations of
their magnetosomes, in a given water sample collected with a low vertical resolution (Niskin
sampling). In order to identify biological or environmental factors governing this phenotypical
heterogeneity, the following questions remain to be addressed. Do these morphotypes colocalize
in the water column within the MTBc niche? If so, what is their relative abundance? What is the
range of PolyP sequestration capability at the cell scale and does this capability vary with depth
along the geochemical gradients? Are the PolyP sequestration capability and magnetosome or
ganization independent traits? Does this phenotypical diversity rely on a taxonomic diversity?
As described in the previous chapter (Chapter 2 part 2.3) we now have at our disposal a high
vertical resolution sampling technique that also measures physicochemical parameters; how
ever, it is not possible to specifically sort the MTBc nor cultivate them yet. Therefore, their
PolyP accumulation capabilities have to be studied in complex environmental samples. A wide
diversity of methods exist to analyze and monitor PolyP and the PolyP accumulating microor
ganisms (see Fig. 3.1). The following section will present these different methods to find the
appropriate techniques necessary for the evaluation of the MTBc PolyP heterogeneity and their
efficient sorting from the other MTB.
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Figure 3.1: Table of the techniques specificities for the detection and quantification of
PolyP. Adapted from Serafim et al. (2002); Majed et al. (2012); Tarayre et al. (2016).
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3.1.1 Detection, quantification and characterization of PolyP in the cell
fraction: state of the art

Most studied accumulators of PolyP are PAO from wastewater treatment plants WWTP.
Because of the low amount of microorganisms isolated in the WWTP, approximately 1 to 10%
of the overall microbial community (Ritz, 2007; Günther, 2011), a lot of cultureindependent
techniques have been developed to quantify and detect PolyP but also to detect and identify
the P accumulators (reviewed in Serafim et al., 2002; Majed et al., 2012; Tarayre et al., 2016;
Terashima et al., 2016). A classification of these methods is proposed in Fig. 3.2.

Figure 3.2: Schematic view of the different methods for the detection of PolyP and PolyP
accumulators The techniques are separated as a function of the information obtained. The tech
niques can either focus on the bulk sample and give information on the bulk P or the entire mi
crobial community, or can help to cartography the P inside the sample and at the single cell level.
NMR: nuclear magnetic resonance; EIMS: electron ionization mass spectrometry; EMXEDS
: electron microscopy  Xray energydispersive spectrometry; XANES: Xray absorption near
edge spectroscopy; XRF: Xray fluorescence; DAPI: 4′,6diamidino2phenylindole; CLSM:
confocal laser scanning microscopy; FACS: fluorescenceactivated cell sorting. Adapted from
(Majed et al., 2012; Günther et al., 2009; Angelova et al., 2014)
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3.1.1.1 Bulk analyses

Bulk methods quantify or determine the speciation of PolyP, the later allowing the relative
quantification of the PolyP as a function of the other P forms or other types of PolyP, using
diverse chemical or biological analyses.

Polyphosphate quantification
Several techniques exist to quantify particulate PolyP. They can be direct via PolyP extrac
tion/digestion into orthophosphate, or indirect through the measurement of the microorganisms
metabolic activities.
PolyP extraction and digestion methods usually use strong acids or alkali treatments (Hupfer
et al., 2008; Tarayre et al., 2016). The effectiveness can be variable, often under or overestimat
ing the PolyP, depending on the technique used, the different P fractions present in the sample,
the PolyP associated components, and the PolyP solubility (Clark et al., 1986; Bonting et al.,
1991; Ahlgren et al., 2007; Hupfer et al., 2008).
Indirect methods are based on the quantification of the genes, transcripts, and proteins linked
with the PolyP metabolism to give insights on the functional potential of the sample or on the
expression of the 16S rRNA or proteins.
Another indirect method is the enzymatic essay which is based on the use of the PPK and the
PPX enzymes. The PPK enzymes synthesize ATP by adding a phosphate group, taken from the
PolyP, to ADP, whereas PPX enzymes hydrolyzes PolyP into orthophosphates. The enzymes
action is then followed by the respective quantification of the ATPwith the luciferase system and
the orthophosphate (Majed et al., 2012). These two methods are chain length dependent and can
respectively be used on long and small chains of PolyP (AultRiché et al., 1998; Rao et al., 1998).

Because these techniques can be dependent on the PolyP chain length, different methods
have been developed in order to determine the chain length. These techniques includes chro
matography and filtration methods (Baba et al., 1984; Lorenz and Schröder, 1999; Hupfer et al.,
2008) and electrophoresis (Clark and Wood, 1987) which separate the PolyP as a function of
their chain length. Electron ionization mass spectrometry (EIMS) is another technique that dif
ferentiates the PolyP species without preseparation through chromatography or electrophoresis
(Choi et al., 2000; Gross, 2017).

In Li and Dittrich (2019), extraction and measurements of the PolyP and total P particulate
fractions in addition to enzymatic assays were used to evaluate the PolyP accumulation dynam
ics along the growth stages of cyanobacteria cultures. They could evidence a strong variability
of PolyP levels depending on the cyanobacteria strain and different accumulation capabilities as
a function of P availability and growth stage. Rapid accumulation of PolyP is witnessed during
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the lag phase, whereas a smaller amount of PolyP is observed during the exponential phase due
to the competition of P uptake and PolyP utilization for cell growth.

P speciation with 31P NMR
31P nuclear magnetic resonance (31P NMR) constitutes another method to look at the bulk P. 31P
NMR can differentiate the different P species (PolyP, orthophosphate, phosphoesters, phospho
nates) with respect to their characteristic Pbond. The method quantifies PolyP relative abun
dance over the other forms of P (Serafim et al., 2002; Diaz and Ingall, 2010). In addition, it can
determine the size of the PolyP based on the ratio intensity of the main resonances characterizing
the PolyP.
In contrast to the other bulk techniques, this method has the advantage of being noninvasive
and nondestructive and thus was used in many in vivo analyses (Roberts and Jardetzky, 1981;
Balaban, 1984; Fernandez and Clark, 1987; Lundberg et al., 1990; Santos et al., 1999; Boswell
et al., 1999). However, some bias can exist between the detection of PolyP and the nucleotides
which both hold a phosphoanhydride bond (Serafim et al., 2002). Moreover, this technique can
not measure immobilized form of PolyP (Serafim et al., 2002) and paragmagnetic ions such as
iron or manganese can interfere with the signal (CadeMenun and Preston, 1996; Turner, 2008)
making it less interesting for the study of MTB.
This technique helped determine the type of PolyP accumulated in cells and revealed the pres
ence of cyclic PolyP in X. autotrophicus cells (Mandala et al., 2020).

3.1.1.2 Localization of PolyP at cell scale

These techniques allow for the localization of PolyP at the cell scale, using specific dyes or
taking advantage of the properties of P when involved with PolyP molecules (such as chemical
bonds). These techniques are thus useful to characterize heterogeneous samples composed by
cells with and without PolyP and to identify (and even sort) cells sequestering PolyP.

Colorimetric staining
Several dyes exist for the colorimetric visualization of PolyP and all depend on the metachro
matic properties of a cationic dye which possess high affinity toward anionic compounds such
as PolyP (Serafim et al., 2002). When bound to PolyP, the dye light absorption changes and the
color perceived become darkpurple for the Neisser dye, pinkpurple for the Loeffler’s Methy
lene Blue and darkred for Toluidine Blue. Another dye is Neutral Red which is sensitive to
pH and is used as a probe for acidic cellular components such as the compartments containing
PolyP (Tatsuhiro et al., 2001). Colorimetric visualization of PolyP is a relatively easy and fast
method to carry out. These dyes can be used to quantify how much cells can accumulate PolyP
among the other microorganisms, but they fail to detect small chain PolyP (Hupfer et al., 2008)
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and can be compatible with polyanions such as nucleic acids (Ohtomo et al., 2008). Moreover,
with large accumulation of PolyP the technique fails to distinguish individual granules and thus
can only indicate if the accumulation is null, small or large.
In Chaudhry and Nautiyal (2011) Toluidine Blue was used in the elaboration of an efficient
technique for PAO screening and in the qualitative analysis of PolyP between different groups
of organisms.

Fluorescent staining
Fluorescent dyes are commonly used with epifluorescence and confocal microscopy. The most
common fluorescent dye used to observe PolyP is 4′,6Diamidino2phenylindole dihydrochlo
ride (DAPI), which is usually used for DNA staining, but is also able to dye PolyP and lipids
when used at high concentrations (i.e. 550 µg.mL−1; Tarayre et al. (2016). When bound to
DNA, the fluorescent dye emits a blue fluorescence (~465 nm), whereas it emits a yellowgreen
fluorescence (~525550 nm) when bound to PolyP (see Fig. 3.3; Hupfer et al. (2008). In addi
tion to high concentration of DAPI, the use of an excitation wavelength at about 415 nm allows
a high sensitivity of detection (down to 25 ng mL−1) and the best specificity possible with a
minimum DAPIDNA signal (AscharSobbi et al., 2008).
DAPI was shown to be unspecific toward several compounds such as lipids, humic acids and
RNA. The fluorescence linked to the lipid only last few seconds (Streichan et al., 1990) but to
help with that unspecific staining some studies combined polyhydroxyalkanoates (PHA) stain
ing with Nile Blue to monitor PHA presence.
In Rugnini et al. (2017), DAPI staining seen in Desmodesmus sp. microalgae showed the im
pact of PolyP in detoxification and removal of copper and nickel from the local environment. In
(RivasLamelo et al., 2017), MTBc PolyP accumulation heterogeneity could be evidenced by
using DAPI staining with confocal microscopy (see Fig. 3.3).
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Figure 3.3: Confocal analysis of cells stained with DAPI whose emission spectra are as
sociated with DNA (blue) or PolyP (green). (a) Confocal microscopy with an overlay of
fluorescence maps of DAPIstained nucleic acid (blue) and PolyP (green), (b) DAPI emission
spectra obtained from a confocal analysis of DNA (blue) and PolyP (green). Figure adapted
from RivasLamelo et al. (2017).

Another fluorescent dye is Tetracycline (Tc). This dye is commonly used in medicine to
identify calcium deposition on bones or teeth (Hallett et al., 1972). This dye has the ability
to bind to the divalent cations associated with PolyP such as Ca2+ and Mg2+ and emits a green
fluorescence with a maximum emission wavelength at 515 nm and a maximum excitation wave
length at 390 nm at pH 7.5 (Lee et al., 2003; Günther et al., 2009).
Günther (2011) showed that Tc possesses different excitation and emission spectra and varying
fluorescent intensities depending on the manufacturer and the solvent used for the staining. It
is then useful to perform protocol optimizations beforehand to guarantee an optimum detection
of the PolyP.
Because of its binding to the divalent cations associated with PolyP, this dye was used as a quan
titative fluorescent dye in single cell studies and aided in the identification and monitoring of
bacteria proficient at PolyP sequestration within a highly diverse community in WWTP (Gün
ther et al., 2009; Koch et al., 2013; Günther, 2011).

Based on the benzimidazolinium dye library, JC dyes constitute other options for PolyP flu
orescent staining. These dyes have only been used in eukaryotic, mammalian cells (Angelova
et al., 2014), astrocytes (Angelova et al., 2018) and plants (Zhu et al., 2020). This may be due to
its long synthesis process and its price. Two JC dyes have been shown to specifically bind PolyP
in living cells and to have a high permeability: JCD7 and JCD8 (Angelova et al., 2014). The
excitation wavelength and emission spectra are similar to DAPI at respectively 405 nm and 505
590 nm. Both dyes show an increase of fluorescence intensity with increasing concentration of
PolyP and both have a low detection affinity (down to 0.2 µg mL−1). Moreover unlike DAPI,
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JC dyes do not yield significant fluorescence when subject to diverse biological phosphates such
as sodium orthophosphate, nucleotides, DNA and RNA (Angelova et al., 2014). JC dyes show
an increase of fluorescence with Heparin but this compound is generally not found in cells.
JC dyes were used to visualize the PolyP granules in specific compartments of the astrocytes
and to determine their PolyP release mechanism (Angelova et al., 2018).

Microscopies and spectroscopies
Electron microscopy (EM) combined with XEDS can help pinpoint, at the singlecell/submicron
scale, the PolyP inclusions, and determine the chemistry of the intracellular compounds and as
sociated elements attached to the PolyP (Serafim et al., 2002; Hupfer et al., 2008).
In Lake Pavin, STEMXEDS analyses allowed the detection of several types of bacteria with
intracellular PolyP granules at different depths along the water column (Cosmidis et al., 2014;
Miot et al., 2016). This technique also helped demonstrate an heterogeneity of PolyP accu
mulation in MTBc (RivasLamelo et al., 2017). In the Black Sea, TEMXEDS analyses have
revealed the presence of intracellular PolyP in MTBc. The method helped estimate an average
volume ratio between the PolyP and the cell which contributed to explain the strong dissolved
P gradient occurring in the water column (SchulzVogt et al., 2019).

Raman spectroscopy is a labelfree technique coupled with a light microscope. The method
requires minimal sample preparation and provides information about chemical composition and
structure (Schuster et al., 2000). It indicates mean concentrations of PolyP (Moudříková et al.,
2017), detecting simultaneously different chemical compounds and specific locations of PolyP
within cells at a subcellular resolution (Dieing et al., 2010). This technique also enables the
observation of interactions between PolyP and different cations such as Na+, Cs+, Ca2+ and
Ba2+ for which a frequency shift and an intensity variation are observed (Koda et al., 1994).
However, Raman analyses may show some photobleaching of fluorescence in chemically fixed
or frozen cells (Moudříková et al., 2021).
The technical capability to concurrently detect PolyP and other intracellular inclusionsmakes it a
very powerful method. InMajed and Gu (2010), Raman spectroscopy allowed for the separation
of the PAO and the glycogen accumulating organisms (GAO) as a function of their respective
inclusions. In addition, MTB and their magnetosomes were observed in Eder et al. (2014) by
adapting this technique to overcome the size and chemical limitations of the magnetite magne
tosomes. In this study, Raman allowed the simultaneous observation of the MTBc magnetite
and the intracellular PolyP and sulfur granules.

Synchrotron analyses, such as synchrotron radiation Xray fluorescence (SRXRF), Xray
absorption nearedge spectroscopy (XANES) and µXRF have been performed to identify spa
tial distribution of P compounds and their association to other chemical elements in cells (Adams
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et al., 2016; RivasLamelo et al., 2017).
Using such techniques, Diaz et al. (2009) showed the presence of PolyP with diverse counter
ions at the subcellular level in Chlamydomonas sp. and Chlorella sp. cultures. In a study
with microalgal cultures, (Adams et al., 2016) explain the important function of intracellular
PolyP for copper internalization and detoxification using synchrotron radiation Xray fluores
cence (SRXRF) and XANES.

3.1.1.3 Combination of techniques

Numerous scientific advances have been made concerning the detection and quantification
of PolyP and PolyP accumulators. Several studies have combined the methods aforementioned
in order to gather complementary information or obtain the validation of a protocol or novel
results.
Techniques quantifying PolyP may be combined with visual techniques such as colorimetry or
fluorescence (Majed et al., 2012). For example, extraction and digestion of PolyP was com
bined with DAPI fluorescence and the PolyP quantified by using a spectrofluorimeter (Martin
and Van Mooy, 2013). FISH analyses in association with DAPI on the confocal can be used to
assess the presence of PolyP with a specific bacterial strain (Wagner et al., 1994; Kawaharasaki
et al., 1999; Crocetti et al., 2000). Also, the combination of µXRF, SEM and TEM analyses
made it possible to associate the hotspots of P detected by Xray fluorescence in a sample with
microorganisms hyperaccumulating PolyP (RivasLamelo et al., 2017).

Combining a high throughput singlecell sorting such as flow cytometry (FC) with the flu
orescent detection of PolyP is also possible. FC is a technique that provides rapid analysis and
sorting, at the singlecell level, of the microorganisms based on optical and fluorescent prop
erties (Lambrecht et al., 2018). The optical properties correspond to light scatter which can
provide information on the cells size and granularity. The fluorescent properties correspond to
either an autofluorescence or to cell bound fluorescent dyes. FC is a powerful technique which
can be used to identify and quantify different subpopulations of microorganisms sequestering
PolyP within a highly diverse bacterial community (Günther, 2011). The technique does not
provide phylogenetic affiliation or information on functional genes but may subsequently be
combined with the appropriate genomic analyses of the sorted P accumulating subpopulations.
Only a few FC studies on PolyP intracellular inclusions exist. DAPI and/or Tc were used to ei
ther identify and quantify the subpopulations of PAO communities (Kawaharasaki et al., 2002;
Günther et al., 2009; Günther, 2011; Terashima et al., 2020) or quantify PolyP concentrations
(SchulzVogt et al., 2019).
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3.1.2 Questions and strategy of the chapter

In order to answer the questions raised at the beginning of this introduction, it is necessary
to find a method to evaluate the heterogeneity of MTBc at the subcellular level, but also a
technique to sort MTBc into different fractions according to the presence of PolyP or the size
of their PolyP inclusions. EM combined with XEDS constitute the only technique allowing
the simultaneous visualization of the different MTBc PolyP sequestration capabilities and the
different magnetosome organizations. Therefore TEMXEDS combined with the high vertical
resolution sampling technique and multivariate statistics was used in this thesis to evaluate the
MTBc heterogeneity as a function of the different environmental parameters. This part of the
study was made on the exact same samples previously described and used for the evaluation
of the MTB diversity in Chapter 2 of this thesis. FC in combination with a PolyP fluorescent
staining is a high throughput cellsorting method that can be used on heterogeneous and com
plex samples such as environmental samples. FC cellsorting was thus chosen to sort the MTBc
as a function of their PolyP sequestration capabilities, in order to later be able to identify them
and characterize their metabolism through genomic approaches. DAPI and Tc constitute the two
most used PolyP fluorescent dyes, but the colocalisation of the iACC MTB with the MTBc in
the water column render the fluorescent dye Tc a source of bias. Indeed, as the ability of Tc to
target the PolyP originates from its binding to divalent cations such as Ca2+, it is most probable
that Tc would bind to the iACC MTB. Therefore, DAPI was used as PolyP marker in FC and
cell sorting.
This chapter first focuses on the Psequestering Lake Pavin MTBc and aims to describe their
heterogeneity and quantify the relative abundance of eachMTBcmorphotypes. The chapter also
aims to characterize the specific environmental conditions in which the MTBc are accumulating
PolyP thanks to microscopic, chemical and statistical analyses. Investigating any correlations
in this dataset will help determine if the MTBc PolyP heterogeneity is specific to environmental
parameters or to a morphotype and potentially a species. Another goal, and subject of the second
part of this chapter, is to develop a protocol for an optimumMTBc cellsorting with FC. Culture
models were used to simplify the analyses and the interpretations, and develop an efficient pro
tocol for PolyP sorting. Succeeding at optimizing the protocol to prepare the samples and the
FC analyses will enable the characterization of the MTBc P accumulators and their metabolism
via (meta)genomic analyses.
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3.2 Diversity and distribution of Psequestering MTBc along
the chemical gradients in the water column of Lake Pavin

3.2.1 Material and methods

3.2.1.1 Water sampling strategy

For details about the sampling strategy and the physicochemical and geochemical measure
ments see Chapter 2 part 2.4 material and methods 2.4.1.

3.2.1.2 TEM grid deposition (optimization)

The conventional method for preparing TEM grids for MTB observation is presented in fig
ure 3.4. This method consists in depositing a 2 µL drop of magnetically concentrated MTB and
attracting them to the edge of the drop by using their magnetotactic capabilities and a magnet
on the grid’s side. This method allows their aggregation on a ”halfring” shape at the edge of
the drop onto the TEM grid but some dispersed MTB can still be observed in the center of the
grid. The deposition of the sample on the grid lasts 15 min while MTB swim toward the edge
of the drop to concentrate and aggregate. After a partial drying, the grid is subsequently washed
twice with sterilized water and then left to dry completely. The high density of MTB on the
grid allows their quick detection without searching for them extensively and the acquisition of
a large number of MTB in a single image. This is thus very useful when one wants to quickly
apprehend the different morphotypes present in a sample. This technique will be from now on
called the ”ring technique”.

Figure 3.4: Schematic view of the set up used for TEM grids preparation Thanks to the
magnetic field lines created by the magnet, MTB aggregate to the edge of the water droplet
ensuring a higher concentration of observable bacteria.

However, the different preliminary observations on the TEM grids showed that the distri
bution of the different MTBc morphotypes was not homogeneous using this method. Indeed, it
appeared that on the TEM grid squares related to the edge of the drop, PolyP bacteria were very
few (see Fig. 3.5) whereas they were observed in higher quantities in the squares corresponding
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to a more central area of the drop. The PolyPrich cells can be spotted in the cells thanks to their
dark contrast in TEMBF imaging mode (see Fig. 3.5B).

Figure 3.5: TEMBF observations of MTBc on a TEM grid prepared with the ”ring tech
nique” showing the segregation of the MTBc as a function of their PolyP accumulation
capabilities. (a) Low magnification image showing the high concentration of MTB at the edge
of the drop. The green square and arrow include and point out the square presented in (b) with
a higher magnification. The square shows a low concentration of MTBc sequestering PolyP
spotted by their dark contrast and indicated in majority by the red arrows.

This suggests that this technique segregates the MTBc accumulating P with respect to their
accumulation capabilities. The reasons explaining this phenomenon are still unknown, but PolyP
could play a role in weighing them down, thus slowing them in their movement and speed, or
could provoke their quick deposition on the grid before they can reach the side of the drop.

In order to analyze statistically the MTBc as a function of their PolyP accumulation, and
have counting duplicates (i.e. counts on several different squares on the grid), MTBc have to
be homogeneously spread on the grid. Different methods have thus been tested to improve the
MTB dispersion homogeneity and insure an unbiased analysis of the MTB populations.
The best results were obtained with a TEM grid ionized and polyLlysinecoated before the
sample deposition (see Fig. 3.6). The ionization was done by using an EDwards ionizer which
uses an Argon plasma to temporarily (~3 h) charge positively the surface of the grids, make it
hydrophilic and favor the thin and homogeneous deposition of the polyLlysine on the grid.
PolyLlysine is a positively charged polymer usually used to improve the cell adherence on
sample holder for microscope observation. To coat the grid, 25 µL of polyLlysine was de
posited on parafilm and the TEM grids (carbonside) placed on the top of the drop to incubate
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for at least 30 min. The grid was then washed with filtered sterilized water by gently dipping it
2 to 3 times and let to dry on a Whatmann paper for few hours.

Figure 3.6: Schematic view of the optimized TEM grid deposition with polyLlysine coat
ing. Subsequently to a magnetic sorting, the MTB sample is deposited on the TEM grid ionized
and polyLlysine coated beforehand. The magnet is placed below the grid.

3.2.1.3 Classification of the magnetotactic cocci according to the magnetosome organi
zation and the relative size of PolyP granules

The phenotypic heterogeneity of the dominant MTBc morphotype, with respect to their abil
ity to form PolyP granules of different sizes and different organization of magnetosomes, was
investigated using STEMHAADF and STEMXEDS approaches. This was done using a JEOL
2100F, operating at 200 kV, and equipped with a JEOL XEDS detector. MTB from the water
column were concentrated using a magnetic enrichment protocol. The magnetic enrichment,
for each of the nine sampled depth (centered on the MTB maximum of abundance), consisted
in placing the south pole of a stirringmagnet against the side and center of a 1 L bottle for 1h.
These bottles corresponded to the ones used to determine the water column MTB diversity in
the chapter 2 of this thesis in part 2.4. 15 µL of MTB pellet was deposited, onto TEM grids
coated with polyLlysine.

Each TEM grid was first observed at very low magnification to evaluate the bacteria abun
dance on the whole grid and to verify their distribution homogeneity. Following, several squares
were randomly chosen and analyzed in details (i.e. for all the present bacteria on the squares;
Fig. 3.7a). To allow statistical analyses, the number of cells observed and counted on the TEM
grids averaged a few hundred to several hundreds of cells. This number was mainly dependent
on the abundance of MTB on the grids. However, when the number of cells was low (i.e. less
than a few hundred) all the cells present on the grid were counted. STEMHAADF mode was
favored with regard to its contrast enabling the better observation of the magnetosomes and the
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diverse inclusions. STEMHAADFmode did not allow to determine the nature of the inclusions
(Fig. 3.7bf).

Figure 3.7: STEMHAADF observations of PolyPaccumulating MTBc and iACCrods
and their analyses on the TEM for statistical analysis. (a) Lowmagnification image showing
the dispersion of the different MTB observed on a square of a TEM grid. (bf) Images at higher
magnification detailing the different observed morphotypes. Three cells are visible on panel (f).
Different magnetosomes organizations are highlighted: single chain (d), double chain (b,c,f,e),
disorganized magnetosomes (f).

STEMXEDS chemical maps allowed to remove the nature ambiguity of the inclusions by
identifying the different chemical elements present in the cells thus detecting PolyP, sulfur and
iACC granules (see Fig. 3.8). As a consequence a corpus of observations of the different mor
photypes could be assembled (see in results in next section Fig. 3.9). On figure 3.7, the MTB
could thus be linked to MTBc with PolyP granules (b,c,f,e) and to iACCMTB (d). These analy
ses enabled the relative quantification of each of the different MTBc morphotypes as a function
of the overall MTBc and as a function of the environmental parameters.
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Figure 3.8: Caption on following page.
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Figure 3.8: Elemental mapping of MTB sequestering granules of PolyP, S or iACC. (a)
STEMHAADF and (b) composite elemental image showing the coexistence of PolyP seques
tering MTBc with double chains of magnetosomes (blue circle in (c)) or disorganized magneto
somes (green circle in (c)) and iACCrods (yellow circle in (c)) MTB. Note also the coexistence
of a MTB rod sequestering two small polar PolyP inclusions (red circle in (c)). (dk) elemen
tal STEMXEDS mapping of major elements (Xray lines are indicated). It has to be noticed
that the images are not background corrected. For some images (Mg, P, S, K and Fe) apparent
intensity may be due to Bremsstrahlung and is therefore not related to the actual presence of
these elements. The Carbon CKα map is affected by absorption process and shadowing effect
because of the Xray detector orientation. (l) Xray fluorescence spectra related to respectively
carbonates and phosphates (the second spectrum has been shifted for clarity). Intensity is plot
ted in logarithmic scale to emphasize the minor elements signal. CuL and CrKα peaks are
spurious signals due to the sample holder.

3.2.1.4 Statistical analyses

Our dataset describing the MTB populations thriving at 9 depths in the water column (Table
S1) consisted in the abundance of MTB cells, the two main MTB populations (MTBc and rods
accumulating iACC, as counted by optical microscope with triplicates), and in the relative
proportions of MTBc without PolyP, with small or big PolyP, double chains or disorganized
magnetosomes MTBc (resulting from our TEMbased classification schema, with replicates at
4 water column depths).
Means of relative proportions were compared between pairs of samples with replicates, either
by a paired Student’s ttest or by a paired nonparametric Mann–Whitney U test if variables
were not normally distributed. Differences were considered as significant when Pvalues were
below 0.05.
Strength and direction of the pairwise linear or monotonous relationships between the biological
and the environmental variables were evaluated by the Pearson’s (when bivariate normality
assumptions were satisfied) or Spearman’s correlation coefficient, respectively. Water column
depths without replicates were discarded. Correlations were considered as significant when the
P value was lower than 0.05 (Bonferroni correction corresponding to a false positive error rate
lower than 5% per test).

3.2.2 Results

3.2.2.1 The proportion of MTBc sequestrating PolyP differs with depth in the water col
umn

While rods forming iACC are phenotypically homogeneous, i.e., they all produce inclusions
occupying the major part of their cytoplasm and exhibit the same magnetosome organization,
MTBc include different populations according to their capability to accumulate PolyP or to have
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different magnetosome organization (Fig. 3.9).

Figure 3.9: STEMHAADF images showing different magnetosomes organizations and
PolyP accumulation capacities ofMTBc and PolyP accumulating rodshapedMTB. MTBc
with double chains (A  C), two double chains (D  F), disorganized magnetosomes (G  I) and
rodshaped MTB with one chain of magnetosomes (J  L). Column from left to right are pre
senting MTB without PolyP, small PolyP and large PolyP. The bacteria of interest are encircled
in red.

The observation of a wide range of PolyP inclusions size suggests the presence of different
populations of MTBc with different inclusions growth/hydrolysis stages that can be categorized
in three groups: cells without PolyP, with small PolyP or with big PolyP inclusions; small and
big referring to inclusions occupying less and more than half of the cell area, respectively (Fig.
3.9). The MTBc mineralize prismatic magnetosomes with 3 different spatial organization:
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most of them had one double chain (from 82% at 52 m and up to 100% at 53 and 53.5 m) and
few had disorganized magnetosomes (from 0% at 50.5, 51, 53, 53.5 m and up to 17% at 52 m)
(Fig. 3.11B and Table S1). Very rare MTBc with two double chains similar to those described
in Zhang et al. (2017) and Liu et al. (2020) were also observed (Fig. 3.9DF).
High resolution images and crystallographic analyses showed that the magnetosomes exhibited
a prismatic shape with different aspect ratio for each of the three magnetosomes spatial
distribution. Moreover, it appears that, for each of the chain configuration, the magnetosomes
were aligned along the <111> crystallographic direction (Fig. 3.10).

Figure 3.10: Morphological analysis of prismatic magnetosomes in cocci with three dif
ferent magnetosomes organizations. (A) two single chains, (B) two double chains and (C)
disorganized magnetosomes. Every cocci cell hosts prismatic shaped magnetosomes elongated
along the [111] axis as demonstrated through HRTEM, FFT and crystallographic analysis.

Population sizes, i.e. number of cells classified in a given population, were too small on
some TEM grids in order to provide counting replicates (see Methods for details). Consid
ering all MTBc independently of their magnetosome organization, in case of the four water
column depths with counting replicates (from 51.3 m to 52 m, Fig. 3.11), our data sug
gested that the relative proportion of MTBc forming big PolyP increases with depths reaching
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a maximum at 52 m, while the opposite trend is observed for MTBc without PolyP (Fig. 3.11A).

Figure 3.11: Distribution of MTBc in the water column according to their ability to form
different types of magnetosome chains and PolyP inclusions. Boxplots showing (A) the fre
quency of MTBc without, with small or with big PolyP over the total amount of MTBc for each
depth sampled, (B) the frequency of MTBc with double chains and disorganized chains inde
pendently of their capability to form PolyP and (C), the frequency of MTBc forming PolyP for
each class of coccus (forming double chains and disorganized chains, or both). Boxplots could
be obtained only for 4 depths from 51.3 m to 52 m. For the other depths, only one value is avail
able because MTBc were not in sufficient number on the squares of the grid to get satisfactory
statistics. The depth 52 m is the only one to differ significantly from the other depths for the
MTBc without PolyP and the ones with big PolyP. This is supported by a student ttest (with p
< 0.05).

Although, MTBc with a double chain of magnetosomes represent the majority of cells in
the four depths, MTBc with disorganized magnetosomes increase in proportion at the same
depth where magnetotactic rods forming iACC are observed, i.e. at 52 m (Fig. 3.11B). When
classifyingMTBc according to their magnetosome chains, it has to be noticed that the frequency
of PolyP accumulators is increasing with depth, for each class (Fig. 3.11C). The conditions
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observed at 52 m appear to be optimal for the formation of PolyP by MTBc but also for iACC
by magnetotactic rods.
Despite the low number of usable observations (n = 4), it has been possible to investigate
links between PolyP accumulation and geochemistry. Relaxing the threshold up to 0.05, other
frequencies are significantly anticorrelated with geochemical variables like concentration of
dissolved boron, sulfate, particulate iron and barium (Appendices Fig. Fig. S3).

3.2.3 Discussion

Two main populations of MTBc with different magnetosome organizations and a maximum
of abundance at different depths were found along the water column of Lake Pavin. MTBc
with two magnetosomes chains largely dominate the MTB abundance profile (> 57%). The
maximum of abundance of this major morphotype was therefore located at the same depth
than the maximum of MTB total abundance (51.3 m). The minor MTBc morphotype with
disorganized magnetosomes analogous to those described by e.g. Koziaeva et al. (2019) and
Liu et al. (2020) was most abundant at the same depth than the iACC rods (52 m). Both MTBc
morphotypes were located in anoxic conditions. On average a minimum of ~30% and up to
~80% of these MTBc were able to accumulate intracellular PolyP. TEM analyses showed a
significant increase of the proportion of MTBc capable of accumulating PolyP at 52 m, thus
showing a propensity of MTBc to accumulate PolyP independently of their abundance. In
addition, it is important to note that the PolyP sequestration capabilities was significantly
higher at this depth for both morphotypes of MTBc (i.e. double chain and disorganized
magnetosomes). This suggests that phosphorus hyperaccumulation capability is dependent on
environmental conditions affecting both morphotypes.

The diversity of magnetosome intracellular organizations observed in MTBc suggests that
there is more than one species of MTBc in the water column of Lake Pavin. This hypothesis,
is based on a recent study which demonstrated that MTBc populations with magnetosomes
differing in number, crystal size, axial ratio and chain configuration belong to different species
(Liu et al., 2020). This hypothesis is also reinforced by previous phylogenetic analyses made
on Lake Pavin MTBc, which based on 16S rRNA gene sequence, showed the presence of two
different species (RivasLamelo et al., 2017). One of these two species was shown to be more
abundant than the other, potentially corresponding to MTBc with two magnetosome chains and
disorganized magnetosomes, respectively.

A negative correlation with dissolved sulfate was evidenced with the propensity of MTBc
cells to accumulate large PolyP (see appendices Fig. S3). Moreover, TEM characterization
of intracellular inclusions of the major MTBc population (with two magnetosomes chains)
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suggests that cells accumulating large PolyP inclusions harbor small sulfur globules (see
appendices Fig. S4). This relationship could be due to intracellular space limitations or to the
oxidation of the sulfur granules to gain energy for PolyP storage, the latter being previously
evidenced by Kornberg (1995). While the observation of intracellular S granules suggests
a sulfuroxidation metabolism (Maki, 2013) such inclusions were only observed in ~20%
cells of this morphotype. Only tiny sulfur granules are present in MTBc with disorganized
magnetosomes, whatever the size of their PolyP inclusions. Only ~10% cells of this minor
morphotype contain sulfur granules. It has been reported that Phyperaccumulators found in
the environment are sulfuroxidizers (Möller et al., 2019; Brock and SchulzVogt, 2011), they
can be found in different conditions, but always in the vicinity of the oxycline or within a
gradient of sulfide. Bacteria belonging to the Sulfurimonas genus are situated in an euxinic
zone (anoxic and > 0.1 µM of sulfide) of the water column of the Baltic Sea, where they need
both nitrate and sulfide in order to gather energy and accumulate their PolyP (Möller et al.,
2019). In contrast, MTB affiliated to the Magnetococcaceae family from the suboxic layer
(< 0.1 µM oxygen and < 0.1 µM sulfide) in the water column of the Black Sea store PolyP
near the oxygen disappearance and keep them in suboxic condition until they hydrolyze them
upon reaching the sulfiderich zone of the water column (SchulzVogt et al., 2019). These two
situations come against part of the current paradigm based on Beggiatoa and Thiomargarita
behavior for which PolyP are accumulated in oxic conditions but are hydrolysed in both anoxic
and sulfiderich conditions (Schulz and Schulz, 2005; Brock and SchulzVogt, 2011). Similarly
to MTBc from the Black Sea and Sulfurimonas from the Baltic Sea, MTBc from Lake Pavin
are also capable of keeping their PolyP in anoxic water. However, in contrast to the situation
observed in the Black Sea, the Lake Pavin phosphorus accumulators do not seem to accumulate
PolyP near the OATZ but rather deeper in the water column and closer to the sulfide increasing
gradient. MTBc from Lake Pavin thus appear to have a closer metabolism to the Sulfurimonas
from the Baltic Sea where sulfide is required to accumulate PolyP.

A large number of MTBc with empty vacuoles have been observed in samples at every
depth. The exact nature and function of these empty vacuoles are undetermined. In the large
sulfuroxidizing Beggiatoa, Thiomargarita and Thioploca, empty vacuoles correspond to a
nitratestoring space for anoxic respiration and energy conservation (McHatton et al., 1996;
Schulz, 1999; Zopfi et al., 2001). The closest relative to the Lake Pavin MTBc, the type strain
Magnetococcus marinus MC1 (Bazylinski et al., 2013b) have been shown to harbour the set
of genes required for denitrification (Philippot, 2002). Such metabolic capability has also
been hypothesized for MTBc from the Black Sea (SchulzVogt et al., 2019). Moreover, some
MTB affiliated to the Nitrospirae phylum also presenting empty vacuoles were suggested to
couple sulfuroxidation with denitrification (Li et al., 2020a). Thus, MTBc of Lake Pavin could
gain energy from their intracellular sulfur granules (i.e. sulfuroxidation) and their potential
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intracellular nitrate (i.e. denitrification) for the accumulation of P as PolyP.
Previous studies of Lake Pavin showed a dissolved P (named SRP) concentration increase
around the end of the MTB zone to reach up to ~300 µM deeper in the water column (Rivas
Lamelo et al., 2017). From our study, it appears that the SRP concentration starts to increase
directly with increasing depth after the maximum PolyP accumulation capability of the MTBc.
It has been shown that, after a time of P deprivation when P becomes available again, some
organisms such as microalgae have the ability to store more P than necessary in case of future
shortage (Solovchenko et al., 2019); this ability is called luxury uptake. In the water column of
Lake Pavin, above the increase of SRP, the concentrations of SRP reach its minimum wherever
MTBc are observed. It is possible that MTBc or local biomass are responsible for keeping this
concentration at a minimum. Another possibility is that upon reaching waters with a higher
P concentration, MTBc start accumulating PolyP to a greater extent in order to prepare for
future deprivation. Another hypothesis could be that MTBc present a dynamic movement
along the water column. They could swim downward to accumulate PolyP necessary for their
metabolism, before swimming back upward, toward more optimum conditions at the depth
where they are the most abundant and where they might hydrolyze their PolyP storage. It is
interesting to note that the proportion of MTBc with big PolyP is lower at this depth. Whether
the MTBc are hydrolyzing PolyP at this depth remain to be evaluated. In Li and Dittrich (2019),
cyanobacteria were shown to accumulate PolyP in bigger amount during the lag phase due to
an “overplus” uptake of P. However, the amount of PolyP was balanced during the exponential
growth as a result of a competition between the P luxury uptake and its utilization for growth.
MTBc could present lower amount of PolyP at their peak of abundance, due to an exponential
phase, whereas hyperaccumulating PolyP deeper in the water column during their lag phase.
This hypothesis would support the luxury uptake hypothesis in combination with their dynamic
movement along the water column.
Particulate Mg and P were found significantly correlated to the MTBc abundance (fig. 2.3C).
PolyP are composed of negatively charged molecules and are commonly associated with
counter ions with either a valence of +1 or +2 (Peverly et al., 1978; Kulaev et al., 2004).
Our XEDS results showed that the PolyP are associated with magnesium and potassium,
respectively of valence +2 and +1 (appendices Fig. S2), thus matching the correlation of
particulate Mg with the MTBc. This association has already been reported in MTBc of Lake
Pavin (RivasLamelo et al., 2017). PolyP association with Mg has been also shown for the
hyperaccumulators of P Sulfurimonas of the Baltic Sea (Möller et al., 2019) and the giant
sulfuroxidizing Beggiatoa (Brock et al., 2012). In addition to Mg as counter ion for PolyP in
our samples, two other counter ions with a lower abundance were found to be associated with
the PolyP, i.e. potassium and calcium. These two counter ions were shown to be significantly
and positively correlated together.
Multivariate statistics revealed the significant correlation of particulate P with MTBc. In
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Lake Pavin, particulate P has been previously linked to the turbidity peak and ironphosphate
particles (Cosmidis et al., 2014; Busigny et al., 2016). Moreover it has been shown that the
particulate P of the MTBc and their PolyP represented only 1% of the total particulate P. In our
study, the turbidity presents a broad increase around the peak of MTBc, it is thus likely that the
particulate P correlation to MTBc originates from the colocalization in depth of MTBc and the
current peak of iron phosphate. Around this depth, the systematic observation of incrusted cells
with FeP minerals formerly suggested microbial interaction (Cosmidis et al., 2014; Miot et al.,
2016; Berg et al., 2019). The contribution of the MTBc P metabolism to the phosphatogenesis,
in particular PolyP hydrolysis, remains to be determined.
Our present observations evidenced in TEM the succession as a function of depth of MTBc with
a double chain of magnetosomes, followed by MTBc with disorganized magnetosomes, then
deeper the Magnetococcaceae rods accumulating PolyP. It may be asked if the succession of
the threeMagnetococcaceae morphotypes is due to competition or a difference of metabolism?
The three of them have been shown to accumulate sulfur granules intracellularly suggesting
they might all be SOB.
It appears from our results that magnetotaxis in MTBc of Lake Pavin would not function in
conjunction with aerotaxis unlike for most known microaerophilic MTB that find efficiently
their optimal oxygen concentration thanks to a magnetically assisted aerotaxis, the socalled
magnetoaerotaxis (Frankel et al., 1997; Bennet et al., 2014; Lefèvre et al., 2014). MTBc
would rather take advantage of their orientation with the Earth magnetic field to swim in one
direction downward sulfur and phosphorus using the redox gradient to swim back and forth
between their biotopes of interest. In MTBc, magnetosomes formation would thus represents
a selective advantage to use magnetotaxis in conjunction with redoxtaxis, i.e., magnetically
assisted redoxtaxis, or magnetoredoxtaxis, to efficiently migrate to and maintain position at
their preferred redox (Fig. 3.12).
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Figure 3.12: Schematic illustration of the main MTBc morphotypes inhabiting the anoxic
layer of the water column of Lake Pavin. Six dominant morphotypes were defined accord
ing to TEM observations: with double chains or disorganized magnetosomes and without, with
small PolyP or big PolyP (as presented in Fig. 3.9). For each magnetosome organization (dou
ble chains and disorganized magnetosomes), the majority MTBc morphotypes (without or with
big PolyP) are represented as a function of the depth and the proportions presented in Fig. 3.11.
Main geochemical gradients occurring along the water column are depicted by white triangles
as follows. The concentration of dissolved nitrate begins at 0 µM for about the first 20 m of the
water column, then increases to reach a maximum around 19 µM at the beginning of the MTB
zone (50.7 m) and then decreases back down to the detection limit by the end of the MTB zone
(Miot et al., 2016) (Table S1). Sulfate concentrations are nearly constant between the surface
and the MTB zone, to then reach a maximum concentration (~ 20 µM) in the middle of the MTB
zone (51.5 m) before decreasing importantly to reach 0 µMwith increasing depth for around 20
m (Miot et al., 2016) (Table S1 and Fig 2.3B). Dissolved Fe, P (SRP) and H2S concentrations
are stable around 0 µM from the surface of the water column to the beginning of the MTB zone.
These concentration then begin to increase in the MTB zone to reach respectively ~ 1200, ~ 300
and ~ 22 µM toward the bottom of the water column (RivasLamelo et al., 2017) (Table S1).
SOB and SRB are located as evidenced by Berg et al. (2019). Double chains and disorganized
magnetosomes are represented by intracellular black dots. Intracellular PolyP granules are rep
resented as (unscaled) red inclusions. MTBc with sulfur inclusions represented only a small
fraction of the MTBc in the water column (<20%). The white lines represent the geomagnetic
field lines, the white arrows indicating the direction and the doted lines indicating depth where
the MTBc concentrations were under the detection threshold.
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3.3 Cell sorting of MTBc with large PolyP inclusions using
flow cytometry: methodological developments and pre
liminary results

TEM analyses on the MTBc from Lake Pavin water column revealed a stratification of P
accumulation capabilities. FC analyses in combination with a fluorescent PolyP dye offers the
opportunity to singlecell sort the MTB as a function of their P accumulation capabilities.
FC measurements and sorting were done at ClermontAuvergne University (France) in the
Laboratoire Microorganismes: Génome Environnement (LMGE) with AnneCatherine Lehours
and Hermine Billard. Part of the results in this section were also obtained during the master
internship of Clémentin Bouquet.

DAPI, in combination with a DNA marker, was tested on negative and positive bacterial
controls presenting different PolyP accumulation capabilities and a similar size to the Lake
Pavin bacteria (~ 2 µm). These bacterial models were used to delineate the PolyP fluorescent
signal from the artificial fluorescent signal corresponding to the bacteria without PolyP.
Different staining protocols were also tested in order to optimize the staining and the cell
sorting as a function of the PolyP accumulation.

3.3.1 Methodological strategy: samples and parameters

Bacterial model choice. During the first part of this study we focused on choosing bacterial
models with or without PolyP. Three models were chosen for their PolyP accumulation capa
bilities. One was shown to accumulate PolyP in wide majority, the second one accumulated or
not PolyP, and the last one did not accumulated PolyP (Fig. 3.13A).
Dual staining to detect simultaneously live cells and PolyP. To colocalize DNA in cells
marked with DAPI, and thus delineate live from dead cells, a DNA marker is needed. The
blue DNA DAPI signal and the green PolyP DAPI signal present a spectral interaction and
are therefore not appropriate for a dual observation of the DNA and PolyP signal in FC. As
a consequence, a DNA marker that did not present spectral interaction with the PolyP DAPI
signal was chosen. The bacterial models were then observed in FC to test the DNA and PolyP
dual staining. Both order of staining were tested (Fig. 3.13B).
Bacterial model cell sorting. Following the dual staining test, a cell sorting was made on a
mix of the bacterial models to evaluate the dual staining and our capacities to sort the PolyP
accumulators (Fig. 3.13C).
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Figure 3.13: Schematic representation of the experiments and analytical approaches used
during the flow cytometry study. SEM: scanning electron microscopy; XEDS: Xray energy
dispersive spectrometry.

3.3.2 Material and methods

3.3.2.1 Staining protocols

DAPI staining. The DAPI staining of MTB cells was prepared thanks to a stock solution of 1
mg.mL−1 of DAPI dihydrochloride (Sigma D9542; 350.25 g/mol) kept at 20°C in the dark.
DAPI staining of the cells was made with a final DAPI concentration of 10 µg.mL−1 and left
to incubate for 30 min at room temperature (RT) in the dark. In the literature, diverse high
concentrations of DAPI can be used for the visualization of the PolyP. At high concentration
of DAPI the cell become permeant to the marker, but a too high concentration can induce a
fluorescent background. In this work we chose the DAPI concentration used in studies for
PolyP observations with FC in Günther et al. (2009) and with spectrofluorometry in Terashima
et al. (2016).
The excitation laser 405 nm was used for the detection of the green PolyP DAPI signal and
the emission signal was detected on a logarithmic scale with a filter combination of a 595 nm
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longpass and 610/20 nm bandpass. At these emission wavelengths the PolyP signal is weaker
but the DAPI DNA emission signal is avoided.

DNA marker choice and staining protocol. SYTO®62 Red Fluorescent Nucleic Acid Stain
(S11340; Thermo fisher) can evaluate the presence of live cells and thus separate the dead
cells or particles found in a complex sample such as the sediments or the water column of
Lake Pavin. In addition, this permeant marker possesses a maximum excitation and emission
wavelength at respectively 650 nm and 681 nm and thus do not present spectral interaction
with the PolyP DAPI fluorescence (maximum emission fluorescence 550 nm). This marker
was thus chosen to stain the DNA in combination with DAPI.
A stock solution of 5 mM was kept at 20°C in the dark. The staining protocol consisted in
a 1/5000 dilution to reach a final staining concentration of 1 µM, then the mixture was left
to incubate for at least 10 min. In FC, the excitation wavelength used was 640 nm and the
emission signal was detected on a logarithmic scale with a filter combination of a 635 nm
longpass and a 670/30 nm bandpass.

Rinsing. Rinsing of the samples before analyses in FC was not performed. Samples were left
with the fixative (for the master internship) and/or staining solution throughout the experiments.

Electron microscopy observations. Cultures were checked for PolyP accumulation using
SEM. Culture samples were filtered through polycarbonate GTTP 0.2 µm filters in Swinnex
filter holders, subsequently rinsed twice with 5 mL of MilliQ® water and then let to dry. The
filters were then placed on aluminum stubs using doublesided carbon tape and then carbon
coated for the analyses. SEM was performed using a Zeiss ultra 55 field emission gun SEM,
and images were acquired in SE2 or InLens mode at an accelerating voltage of 15 and 3 kV and
a working distance of 7.5 and 4 mm respectively.

3.3.2.2 Flow Cytometry set up

FC enables the detailed analysis of simple to complex populations. Samples are inserted into
the flow cell (see Fig. 3.14A) where a sheath fluid (phosphatebuffer saline (PBS)) enables
the cells in the sample to pass one by one through the interrogation point where the lasers
intercepts the cells. This phenomenon is called hydrodynamic focusing. After the passage of
the cells through the lasers the detectors receive the optic and fluorescent signals. The optics
signals correspond to the scattering of light due to the interaction of the lasers with the cells
(see Fig. 3.14B). Two detectors exist to detect this light, the forward scatter (FSC) and the
side scatter (SSC) (Fig. 3.14A green dotted box). The signal these two detectors acquire is
commonly stated to respectively give information on the relative cell size and its granularity.
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To obtain the FSC and the SSC signals the blue 488 nm laser is used. Fluorescence signals
triggered by the lasers are acquired by the same detector as the SSC. The detected fluorescence
corresponds to the autofluorescence of certain cell compounds for some organisms or to the
fluorescence of a fluorescent markers applied to the cells beforehand (Fig. 3.14C). All of the
signals acquired by the detectors can come from cells but also salt grains or particles present in
the sample. Each signal detected is called an event and is represented as a dot in a 2D dot plot,
afterward named cytogram (see Fig. 3.14D). FC can be coupled with fluorescenceactivated
cell sorting (fluorescenceactivated cell sorting (FACS)) and the events in the cytogram can
be separated by using gates and thus selecting subpopulations that share light or fluorescent
properties. After the passage of the cells through the lasers the sample is separated into droplets
containing individual cells that have been selected by the gates placed on the cytogram (Fig.
3.14A). The rest of the events that are not included by the gates go to the waste. The droplets
selected for the sorting are charged by an electrical charge in order to be deviated by the
deflection plates toward the appropriate collection tubes.

Figure 3.14: Caption on following page.
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Figure 3.14: Schematic representation of the FC cell sorting of an environmental sample.
A/ Cells are confined to a narrow band by a liquid stream (sheath liquid) in the flow cell. Through
highspeed vibration of the nozzle of the flow cell, the liquid is divided into droplets usually
containing no more than one cell or particle, which is either positively or negatively charged.
The cells are deviated into specific collection tubes by deflection plates according to the type and
intensity of the electrical charge. B/ Light scattering and C/ fluorescence signal detected by FC
(microalgae cell example) and D/ cytogram example presenting the FSC signal as a function of
the SSC signal and showing an event distribution detected by FC. Figure adapted from Pereira
et al. (2018).

The samples were analyzed with a flow cytometer BD FACS AriaTM Fusion SORP (Becton
Dickinson, California, USA). The data were acquired at 25°C using the BD FACSDiva 8.0.3
software. Lasers alignment was achieved thanks to beads BD FACSDivaTM CS&T research
(Becton Dickinson, Californie, USA) and the sample flow was adjusted as a function of the
number of events per second and thus as a function of the nozzle used. The circles presented
in the cytograms represent the events density. SSC signal was always used in the cytograms
presenting a single marker staining. This was due to the fact that the SSC signal possesses
a photomultiplier tubes (PMT) and thus get a more discriminant and precise signal than the
FSC. For each experiments, cells were observed without fluorochromes to establish a negative
signal threshold. Positive signals for each fluorescent marker were established as a function of
the cells stained independently by each marker. Measurements replicates were done on each
sample and the cell sorting was done in ”purity” mode which constitute a compromise between
the sorting mode yield which can get more sorting errors and the singlecell mode which is
extremely stringent.

3.3.3 Bacterial models: choice and conditions to obtain negative and pos
itive controls

Acinetobacter junii (DSM 14184) is an ovoid bacterial strain of a few micrometer diameter
isolated from a WWTP in Australia (Bouvet and Grimont, 1986). This bacterium was shown to
accumulate PolyP intracellularly (Momba and Cloete, 1996). Its cultivation is done in tripticase
soy broth or agar powder, respectively 30 g for aerobically liquid or 40 g in agar plate media
(per liter).
The strain Phycicoccus elongatus Lp2 or also called Tetrasphaera elongata Lp2 (DSM
14184) is a bacterium isolated from an activated sludge in Japan and known to accumulate
intracellularly PolyP aerobically (Hanada et al., 2002). Several growth conditions were tested,
rendering more or less aggregates. To lessen these aggregates, a medium called NM1 which
was showed to stop their motility, decrease their size and avoid clumps and spores (Hanada
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et al., 2002) was chosen. In this medium, the cells reached sizes of 0.71.0 µm in diameter and
1.01.8 µm long. This size is similar to the size of our Lake Pavin MTBc and thus this medium
was kept for further experiments. The NM1 medium contained (per liter): 0.5 g of glucose,
peptone, monosodium glutamate and yeast extract, 0.44 g of K2HPO4, 0.1 g of (NH4)2SO4,
0.1 g of MgSO4x7H2O and 7.5 g of agar. In both media (830 or NM1) Tetrasphaera elongata
showed gliding growth on agar plates and showed more efficient growth in liquid media if
inoculated from agar plates.
In Paris, both cultures were inoculated at 10 % vol/vol and were grown in liquid in 20 mL
erlenmeyer flasks and kept in the dark at 30°C with a stirring of 120150 rpm.

Surprisingly, Acinetobacter junii was found to generally not accumulate PolyP in the standard
conditions of culture. Their sudden PolyP accumulation in only few cultures with the exact
same conditions remains to be explained. As this strain was in great majority not sequestrating
PolyP this model was chosen as a versatile control for the future cell analyses and sorting in
FC. Tetrasphaera elongata showed a strong accumulation of PolyP in the standard conditions
of culture with two PolyP granules and one of each at each pole of the cell. This model was
therefore chosen as positive control.

A culture mix of contaminant cells from an axenic culture obtained at the LMGE, containing
unknown bacteria and named RX culture, was shown to accumulate very few PolyP and thus
was used as a negative control. Cells were cultivated in PCA medium on agar plates at pH
7 and containing per liter: 5.0 g of tryptone; 2.5 g of yeast extract and 1.0 g of glucose.
The medium was subsequently filtered under vacuum with 0.2 µm Stericup after the auto
clave. The culture was inoculated at 10 % vol/vol and grown in oxic conditions in falcons
with an hydrophobic 0.2µmmembrane and kept in the dark at 28°Cwith an agitation of 100 rpm.

For the FC experiments, Acinetobacter junii and Tetrasphaera elongata were brought in agar
plates to ClermontFerrand. The precultures were grown during the day and the cultures for the
analyses and the sorting were grown overnight in an incubator at 30°C and a stirring of 120 rpm.

3.3.4 Dual staining on the positive control

DAPI, presenting affinities for DNA, may interact with the SYTO®62 marker. Therefore, the
dual staining was tested with either first the DAPI or the SYTO®62. This dual staining was
tested on both Acinetobacter junii and Tetrasphaera elongata. For the dual staining the cultures
were subject to the two staining subsequently, each staining as stated in material and methods,
and without intermediary rinsing.
Both results were similar, therefore only the results from Tetrasphaera elongata are presented

160



3.3. Cell sorting of MTBc with large PolyP inclusions using flow cytometry:
methodological developments and preliminary results

here. Concerning the SYTO®62 signal, for both dual staining orders, both the fluorescence
intensity and the population structure were similar to the single staining (see Fig. 3.15). The
same results were observed for the DAPI signal of the single staining versus the signal from
both dual staining orders.
This suggests that the markers are not interacting with each other in both conditions and that
both staining order can be used for further experiments.

Figure 3.15: Dual DAPISYTO®62 staining order comparison on the positive model con
trol Tetrasphaera elongata. Cytograms of both DAPI and SYTO®62 fluorescence intensity
versus SSC. A and D correspond to respectively the DAPI and SYTO®62 single staining. B,E
andC,F correspond respectively to the dual staining with SYTO®62 staining followed by DAPI
and then in the inverse order. B and C correspond to both dual staining as a function of the
fluorescence intensity detected with the SYTO®62 emission filters. E and F correspond to both
dual staining as a function of the fluorescence intensity detected with the DAPI emission filters.

3.3.5 Cell sorting on the bacterial models

Before sorting and after sorting the cultures were prepared for future SEM analyses back in
Paris with the same protocol as described above in this section. After the DAPI/SYTO®62
dual staining, Acinetobacter junii and Tetrasphaera elongata cultures showed an overlap of
their DAPI PolyP signal intensities (see Fig. 3.16). This suggested that some Acinetobacter
junii were accumulating PolyP or that some of the Tetrasphaera elongata were not, or both.
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RX culture staining with DAPI and SYTO®62 showed a DAPI fluorescence intensity distinct
from the one of Tetrasphaera elongata. This suggested that RX culture did not accumulate
intracellular PolyP.
To test the dual staining protocol and sort the cultures as a function of their PolyP accumulation,
the three cultures were mixed equally in volumes and sorting gates were positioned on the
resulting cytogram. A first gate included all the positive SYTO®62 fluorescence signal for the
three cultures. Inside this gate, two other gates were placed to separate the events as a function
of the DAPI fluorescence intensities with P5 and P6 respectively corresponding to a weaker
and stronger DAPI fluorescence intensity (see Fig. 3.16). We then tried to respectively sort
the three different cultures thanks to the gates P1 for RX, P2 for Acinetobacter junii and P4 for
Tetrasphaera elongata. The position of these gates corresponded to their position in each of
their individual cytograms (see Fig. 3.16).

Figure 3.16: Cytograms of the three culture models: RX culture, Acinetobacter junii,
Tetrasphaera elongata and mixed of the three as a function of the fluorescence intensity
of the PolyP DAPI and DNA SYTO®62. P1, P2 and P4 gates correspond to the population
sorted in purity mode.
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A large number of cells was sorted for each of the sorted subpopulation and the three samples
were prepared for SEMXEDS analyses. The observation of the independent cultures, before
sorting, in SEMXEDS suggested that none of the two cultures, Acinetobacter junii and RX
culture, stored intracellular PolyP inclusions (see Fig. 3.17). The RX culture showed the
presence of cells with various sizes from ~ 2 µm, with a shape similar to Acinetobacter junii,
to several µm long. The RX culture was difficult to distinguish in SE2 mode and was observed
in InLens mode which possesses the highest spatial resolution. XEDS analysis exhibited the
presence of PolyP associated to magnesium and potassium as counterions in every cells of
Tetrasphaera elongata (see Fig. 3.17).

Figure 3.17: SEM analyses coupled with XEDS of the three independent model cultures
before sorting on the flow cytometer. Acinetobacter junii and Tetrasphaera elongata were
observed in SE2 mode whereas RX culture was observed in InLens mode. Acinetobacter junii
and RX cultures did not show any PolyP intracellular inclusions. Tetrasphaera elongata obser
vations with the XEDS revealed the presence of large amount of intracellular PolyP. The XEDS
spectrum identify the elements constituting the PolyP granule in the red circle.
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The observations on the sorted populations revealed the presence of RX culture in both P1 and
P2 (long cells of several µm; see Fig. 3.18). Small size cells such as the ones shown for P1
in Fig. 3.18 were also observed in both populations. This cell shape and size resemble both
Acinetobacter junii and RX culture, therefore they were not easily distinguishable from each
other and the presence of Acinetobacter junii could not be confirmed. In the future it would be
better to either choose Acinetobacter junii or RX culture as a negative model.
P4 sorted population exhibited the presence of small clusters of Tetrasphaera elongata with
their two intracellular PolyP granules. Interestingly the XEDS analyze showed the presence of
calcium as counterion for the PolyP (see Fig. 3.18) whereas, before sorting, the PolyP were
associated with magnesium and potassium (see Fig. 3.17). Staining was done in TrisEDTA
(Tris hydrogen chloride and Ethylenediaminetetraacetic acid) (TE) and analyses and sorting
in FC were done in PBS. In addition, the flow cytometer is systematically cleaned before and
after each user. The reason for the counterions exchange thus remain to be found.

Figure 3.18: SEM analyses coupled with XEDS of the P1, P2 and P4 populations after
sorting of the model culture mix on the flow cytometer. P1 and P2 only showed the pres
ence of RX culture and did not show intracellular PolyP inclusions. P4 showed the presence
of Tetrasphaera elongata with two electron dense granules at the cell poles. The XEDS spec
trum identified the elements present in the intracellular granule in the red circle on the XEDS
chemical map as P.
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To conclude, we could efficiently sort our positive control Tetrasphaera elongata as a function
of its PolyP accumulation capabilities by using the DAPI/SYTO®62 dual staining. However,
the negative and versatile control, RX and Acinetobacter junii, could not be distinguished in
SEM as they share similar shape and size, thus the cell sorting of these models in particular
could not be confirmed.

3.3.6 Sample preparation optimization for flow cytometry analyses  M2
Internship  Clémentin Bouquet

In the literature, no consensus exists concerning the experimental preparation of the cells and
the staining of PolyP by DAPI. Different solvents such as PBS or Mcllvaine (Mukherjee et al.,
2015); fixatives such as BaCl2 with NiCl2 with NaN3 (Günther, 2011), paraformaldehyde and
glutaraldehyde (SchulzVogt et al., 2019); and permeant such as Tween20 (Koch et al., 2013)
or Triton X100 can be used. During his M2 internship spanning from January to June 2021,
Clémentin Bouquet evaluated the accuracy improvement of cell sorting provided by some
experimental conditions (e.g., different solvents).
The accuracy was systematically estimated using epifluorescence or electronic microscopies.
Thus, while the previous cell sorting on the models was only a qualitative analysis, the use
of an epifluorescence microscope in the internship enabled a quantitative evaluation of the
FC analyses and cell sorting. The cells from the same sample analyzed in FC were counted
in epifluorescence as a function of their PolyP accumulation capabilities using DAPI. This
quantification brought into light biases in certain protocol conditions or validated the FC
analyses. TEMXEDS analyses allowed a qualitative evaluation of the FC analyses and enabled
the precise observation of the environmental and complex samples from Lake Pavin (particles,
cells with or without PolyP, diatoms, etc…).

Tetrasphaera elongata was kept as the PolyP positive control and RX culture was kept as the
negative control. PolyP and PolyP+ will respectively qualify the fractions of cells considered,
as a function of the PolyP fluorescence intensity, without and with PolyP in FC.

3.3.6.1 Optimization of the dual staining protocol

Among the four different solvent tested for the DAPI PolyP staining of the bacteria models
(TE, Mcllvaine, 4(2hydroxyethyl)1piperazineethanesulfonic acid (HEPES), PBS), the PBS
was the only solvent to not significantly impact the DAPI fluorescence signal or population
structure. In our previous experiments, sample staining were carried out with the TE solvent.
Acinetobacter junii were shown in TEM to not sequester intracellular PolyP, but FC analyses
suggested the contrary for a fraction of the cells. TE responsibility in this result is possible
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but remain to be tested. Permeability with triton X100 on the cells was revealed to decrease
dramatically the number of cells in FC. For environmental samples which can not be analyzed
immediately, 2% of formaldehyde at 4°C for up to 14 days was found to be the most optimum
conditions to conserve the PolyP.

3.3.6.2 Cell sorting as a function of polyphosphate detection for a mix of both control
cultures and for an environmental sample

Cell sorting was made on a mix of the cultures and on an environmental sample to compare
the efficacy of our PolyP staining technique. The environmental sample corresponded to
samples collected around the OATZ in the water column of Lake Pavin (Fig. 3.19a and b).
The samples were collected in spring and were analyzed without preliminary magnetic sorting.
TEM analyses revealed the presence of a large amount of detrital matter with the cells (Fig.
3.19c and d).

Figure 3.19: Physicochemical profiles of the temperature, O2 concentration and the con
ductivity in the water column of Lake Pavin (062 m) and TEM images of the samples
collected at the OATZ for FC analyses. (a) Vertical profiles of the of the temperature,O2 con
centration and the conductivity. (b) The three samples collected around the OATZ are indicated
with the black arrows. (c and d) TEM images of the samples showing the presence of cells with
a large amount of detrital matter.

The cell sorting experiments were done with the improved staining of DAPI in PBS. The
sorting gates (PolyP and PolyP+) were placed as a function of the DAPI and SYTO®62
individual stained cultures analyses. The subsequent PolyP+ sorted sample exhibited a
significant enrichment of PolyP+ with between 80 and 90 % of the events in the PolyP+
fraction (see Fig. 3.20A). This result was then confirmed by epifluorescence quantification
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(see Fig. 3.20B). The sorted PolyP fraction showed the presence of some cells with PolyP but
with a significant decrease of PolyP compare to the mix of both cultures in FC (see Fig. 3.20A).

The environmental sample was stained with DAPI following the same protocol with PBS as
with the mix of cultures. After the cell sorting the sorted PolyP+ fraction showed an increase
of the PolyP+ cells (~ 50 %), but the sorting was not as efficient as with the axenic culture
suggesting problems of specificity of the DAPI in a complex sample (see Fig. 3.20C).

Figure 3.20: PolyP+ cell proportions (%) for the culture mix T. elongata and RX and the
environmental sample before sorting and in the PolyP and PolyP+ collected fractions. A/
and B/ correspond to the proportions of PolyP+ cells counted in respectively FC and epifluores
cence for the culture mix before sorting and for the two PolyP and PolyP+ collected fractions
after sorting. C/ correspond to the proportions of PolyP+ cells before sorting in a sample of the
Lake Pavin water column OATZ and after sorting for the PolyP and PolyP+ collected fractions
in epifluorescence only.

To conclude, the PBS is an adequate solvent for PolyP detection with DAPI. This improved
protocol avoid additional step to permeate the cells, but also from a fixation in the case of
culture analyses. For environmental samples which can not be analyzed immediately, the
optimum conditions of fixation are 2% of formaldehyde at 4°C for up to 14 days. FC sorting on
a mix of the axenic cultures and on an environmental sample allowed the significant enrichment
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of the PolyP+ cell fraction, though with less efficacy for the environmental sample due to
the unspecificity of the DAPI. This internship study put into light the diverse biases each
of the conditions (e.g. type of solvent, fixative concentration) can bring to the fluorescence
or population structure signals detected in FC. Overall, the cell sorting technique is highly
efficient on bacterial culture with known accumulation of PolyP but less on the environmental
samples.
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3.4 Conclusions and Perspectives
In this chapter, the challenge was to obtain a homogeneous distribution of the cells on the TEM
grid in order to only count a fraction of the cells and not all of them. If the distribution is not
biased, then this fraction is representative of the whole population of cells on the grid. This bias
was evaluated by using fraction replicates, corresponding to different squares on the TEM grid.
These replicates enabled the classification and the comparison of the relative proportions of the
different morphotypes of MTBc, as a function of their magnetosome organization and PolyP
accumulation capabilities. Statistical analyses revealed a vertical distribution of the MTBc with
respect to their magnetosome organization and their PolyP accumulation capabilities. MTBc
harboring double chains of magnetosomes were shown to reach their peak of abundance at the
MTB peak of abundance and where they constituted the main morphotype of MTB observed.
However, the second main morphotype of MTBc, with disorganized magnetosomes, reached its
peak of abundance at a different depth together with the iACC MTB. Both MTBc morphotypes
were shown to accumulate from none to large granules of PolyP occupying most of the cell, and
classified as without and with small or big PolyP. The depth corresponding to the maximum
of abundance of the MTBc with disorganized magnetosomes exhibited the largest fraction of
MTBc with PolyP and big PolyP for both MTBc (respectively ~ 80 % of MTBc with PolyP and
60 % MTBc with big PolyP). This suggests that the MTBc PolyP accumulation capabilities are
not speciesspecific but rather specific to certain environmental conditions.
The different MTBc morphotypes relative proportions were compared to the different envi
ronmental conditions of Lake Pavin water column by using multivariate statistics. Dissolved
sulfate, which was previously in the Chapter 2 found to be positively correlated to the overall
MTBc, was found to be negatively correlated to the MTBc PolyP accumulation capabilities.
This correlation reinforces the hypothesis that they possess a metabolism linked to the sulfur
cycle and suggests its association to the MTBc PolyP metabolism.

Preliminary tests were made to develop a FC approach for the quantification and the cell sorting
of microorganisms hyperaccumulating PolyP. Bacteria models, with different capabilities to
accumulate PolyP, were chosen and used as PolyP negative and positive controls. A dual
staining for simultaneously DNA and PolyP was tested and the combination of DAPI with
SYTO®62 was chosen to avoid spectral interactions. The staining order between the two
markers was tested and no significant interactions between the two markers could be observed.
Cell sorting of the bacteria models with the dual staining successfully sorted the model with
PolyP granules.
During a master internship, different sample preparations were tested and compared in order
to improve our technique or reveal biases resulting from some conditions. The dual staining
was shown to be the more optimum when achieved in PBS without permeant (triton X100)
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and fixative (formaldehyde). However, for environmental samples which require to be fixed,
preservation in 2 % formaldehyde at 4°C for up to 14 days was found to be the favored
conditions. Cell sorting with the dual staining DAPI/SYTO®62 was compared between the
bacteria models and an environmental sample from Lake Pavin water column. DAPI was
shown to be significantly more efficient in an homogeneous sample such as the bacteria culture
models than in an heterogeneous sample such as Lake Pavin water column due to unspecific
staining of the marker, with respectively 80% and 50% of PolyP enrichment.

Perspectives:
Further tests in Flow Cytometry to improve the sorting of environmental and complex samples.
To avoid as much as possible DAPI unspecific staining but also autofluorescence from
molecules such as chlorophyll, a low speed centrifugation could be used to remove the larger
organic and mineral particles, but also a pretreatment of the sample with an algicide inhibitor
of photosynthesis (e.g. DCMU (3(3,4dichlorophenyl)1,1dimethylurea)) to reduce the
autofluorescence. A magnetic sorting of the sample can also help concentrate the MTBc with
PolyP and thus avoid as much as possible organic and detrital matter on which the DAPI can
yield unspecific fluorescence.
JC markers were shown to be highly specific to PolyP in mammalian cells compare to DAPI,
but also to be less toxic for the cells (Angelova et al., 2014). These markers were never tested
on bacteria cells yet, but represent a promising alternative to DAPI especially in complex
samples where DAPI was shown to loose specificity. It would therefore be interesting to
compare cell sorting between DAPI and the JC markers to evaluate their respective specificity
and efficiency on an heterogeneous and environmental sample.

MTBc taxonomic and metabolic diversity: clues to better constrain the drivers for MTBc PolyP
accumulation.
In this chapter, the MTBc were characterized as a function of their morphologies and their PolyP
accumulation capabilities. This characterization gave clues on the factors (i.e. environmental,
taxonomic, metabolic) implicated in the MTBc PolyP accumulation but without certainty. Two
distinct depths showing different PolyP accumulation capabilities were also characterized in
this chapter, but whether these two depths correspond to depths where the MTBc are storing or
hydrolyzing their PolyP storage remains to be known.
In order to gain better insights on MTBc PolyP storage dynamics, a gene expression profile
of the genes whose expression correlates with P sequestration/hydrolysis using metatranscrip
tomics, would provide clues in this matter (SchulzVogt et al., 2019). The establishment of this
profile would be particularly interesting at the two depths shown to respectively harbor a low
and high fraction of cells with PolyP in Lake Pavin.
Metagenomic performed at the different depths structuring MTBc communities could also
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help determine if the different morphotypes encountered in the water column correspond to
different species and gain access to the functional repertoire of the MTBc. FC could be used
on these two depths in order to sort, on magnetically sorted samples, the MTB fractions with or
without PolyP by using DAPI, and then metagenomics on this sorted fractions to describe the
infraspecific diversity of the MTBc (see Fig. 3.21). For the MTB sorted fraction without PolyP,
a second sorting in FC is necessary in order to separate the MTBc without PolyP from all the
different MTB without PolyP. To do so, the development of specific fluorescent probe for
the MTBc, such as a FISH probe thanks to 16S rRNA sequencing, could help in this process.
Once the two MTBc fractions with or without PolyP have been obtained DNA extraction,
metagenome sequencing, binning and read assembly could then reveal the number of different
genomes and thus taxonomic MTBc diversities present for each fractions and for each depths.
Comparative metagenomics could then help highlight the similarities or differences between
the genomes (e.g. gene families, functions, metabolic pathways) and thus give clues to explain
the MTBc heterogeneity. The presence of the same genome in both fractions with and without
PolyP at the same depth (e.g. genome A or F in Fig. 3.21) would then suggests that the
MTBc strain do not accumulate PolyP systematically throughout its growth as it was shown
to happen for cyanobacteria in Li and Dittrich (2019). The same genome could also appear
in the same MTBc fraction, with or without PolyP, at both depths with different geochemical
conditions (e.g. genome B or D in Fig. 3.21). This situation would then suggests that the
strain capability to sequester PolyP is not driven by environmental conditions but rather by
its biological classification. Finally the same genome could be found in both MTBc fractions
but at a different depth (e.g. genome C or E in Fig. 3.21). This configuration would then
suggests that one or several environmental conditions met at these depth and which differ with
depth can drive and impact the PolyP accumulation capability of the strain. Two or the three of
these configurations could also happen simultaneously and thus suggest a combination of these
different drivers.
This technique will be helpful in our case in the water column of Lake Pavin, to delineate
whether the MTBc heterogeneity, with respect to their magnetosome morphology or PolyP
accumulation capability, is driven by environmental conditions, their taxonomic affiliation,
their growth stage or by a combination of two or the three.
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Figure 3.21: Schematic of the methodology for the infraspecific diversity description of
the MTBc as a function of their PolyP accumulation capabilities and the depth. FACS:
fluorescenceactivated cell sorting. PolyP  and + respectively describe the sorted fractions in
flow cytometry without and with PolyP as a function of the DAPI staining and its fluorescence
intensity. MAGs: Metagenomeassembled genomes. The letters in theMAGs box represent dif
ferent assembled genomes and thus different strains of MTBc. The lines between the assembled
genomes represent the suggested drivers for PolyP accumulation capabilities.
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Seasonality of the MTBc profile.
It would also be interesting to evaluate the seasonality of this highresolution MTBc profile,
especially knowing that the iACC MTB were shown in Monteil et al. (2021) to not be as
abundant in spring compare to autumn when this profile was made. The iACC MTB being less
abundant, would it be possible to see the MTBc with disorganized magnetosomes which are
located at the same depth in higher concentration? If so, it could suggest that these MTB are in
competition in the water column and that specific conditions impacting their abundances can
change as a function of the season. The specific conditions driving the iACC MTB abundance
were not found in this thesis, thus their study in spring with the same high resolution in
combination with a precise geochemical profile could provide clues in this matter.
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4.1 Conclusions
This thesis focused on magnetotactic cocci (MTBc) capable of storing P as large intracellular
PolyP inclusions in the stratified water column of Lake Pavin. The study aimed at evaluating (i)
the specificity of the habitat of theMTBc population and (ii) the heterogeneity of this population
(e.g. proportion of cells with intracellular PolyP) along the geochemical gradients in the water
column. One goal was also to identify, by using multivariate statistics, the biogeochemical
parameters favouring P sequestration by MTBc in the water column of Lake Pavin. Another
one was to attempt to cultivate MTBc and sort Psequestering MTBc using flow cytometry.
Overall, the ultimate goal was to understand the biological and environmental factors driving
the accumulation of P in MTBc.

The following results were obtained:
(i) MTBc belong to a diverse group of MTB and reach a maximum of abundance at a depth
characterized by the local microbial biomass (correlation with wt% of C and N). Moreover,
the MTBc are stratified in a biogeochemical niche linked to the sulfur cycle in Lake Pavin
suggesting that they metabolize sulfur compounds.
(ii) The MTBc PolyP accumulation capabilities do not seem to be speciesdependent but instead
seem to be impacted by environmental parameters such as sulfur availability.
(iii) The development and optimization of a flow cytometry technique succeeded at sorting
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PolyP accumulators with a varying efficiency depending on the complexity of the sample.

A specific biogeochemical niche for the MTBc
The study of Lake Pavin MTB diversity lead to the characterization of a new morphotype
of MTB sequestering intracellular amorphous calcium carbonates (Monteil et al., 2021),
named iACC MTB, and colocated with the MTBc in the water column. These iACC MTB
were found to be abundant and thus were used as a means to statistically compare their
respective distributions and their relative proportions. A new technique was used for the water
column which enabled an inline sampling at high vertical resolution in parallel with in situ
physicochemical measurements (Busigny et al., 2021). Conductivity was found to be a good
proxy to track the MTB maximum of abundance (65.8 ± 1.4 µS.cm−1). Using this method,
nine samples were collected in the water column at different depths along the MTB habitat
(zone with chemical gradients). Using electron microscopy, seven morphotypes of MTB were
identified according to their cell shape and size and the type of their magnetosomes. Using
optic microscopy, MTBc and iACC MTB appeared to be the most abundant MTB in the water
column reaching up to 96%; however, distributions of MTBc and iACC MTB are different
along the chemical gradients. Multivariate statistics revealed significant correlations between
the geochemical parameters and the MTBc abundance, but not with the iACCMTB abundance.
These results suggest that the vertical distribution of MTBc closely follows the distribution of
microbial biomass. Moreover, a statistical association between the amount of dissolved sulfate
and the MTB distribution suggests that they possess a metabolism linked to the sulfur cycle.
Using these correlations, we designed isolation media with varying gradients of sulfur and
oxygen in an attempt to mimic those found in the water column. The prepared media
contained inverse gradients of oxygen and either hydrogen sulfide or thiosulfate. The media
with hydrogen sulfide showed promising results and the isolation of magnetospirillumlike cells.

Stratification of the MTBc heterogeneity along the water column of Lake Pavin
The homogeneous deposition of MTB on TEM grids, by using an improved protocol of
deposition, enabled the quantification of the different relative proportions of the MTBc with
respect to their magnetosome organization and their PolyP accumulation capabilities. Two
main morphotypes of MTBc according to their magnetosome organization could be observed
with respective distributions that did not correlate. The most abundant were MTBc having
a double chain of magnetosomes with a maximum of abundance colocated with the peak of
the total magnetotactic biomass. The second main morphotype of MTBc with disorganized
magnetosomes showed a peak of abundance colocated with the one of the iACC MTB. Both
morphotypes were observed with a similar range of PolyP accumulation with respect to the
cellscale. TEM allowed the classification of the different morphotypes of MTBc characterized
based on PolyP presence and size. Statistical analyses revealed the same stratification of
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PolyP accumulation capabilities for both morphotypes. At the depth where the MTBc with
disorganized magnetosomes and the iACC MTB reach their maximum abundance, the MTBc
fraction accumulating PolyP reaches ~ 80%, while at the depth of MTBc maximum abundance
this fraction only reaches ~ 20%. This suggests that their accumulation capabilities are not
speciesspecific but linked to environmental parameters. Multivariate statistics showed the
significant and negative correlation of dissolved sulfate with the MTBc PolyP accumulation
capabilities reinforcing the hypothesis that the MTBc possess a metabolism linked to the sulfur
cycle which would be linked to their PolyP metabolism.

A dual PolyP and DNA staining for the quantification and cell sorting of the PolyP
accumulators in flow cytometry
In order to better know and understand when the optical (FSC/SSC) and fluorescence PolyP
signals represent a cell of the size of our MTBc and with intracellular accumulation of PolyP,
preliminary tests and optimization of the technique were made using a bacteria model (negative
and positive controls) with a size close to MTBc.
A dual staining of the DNA and the PolyP was implemented in FC to sort both living from
dead cells or particles and the PolyP accumulators. No significant interactions between the two
fluorescent markers in both order of staining were observed. Additionally, the dual staining
proved to be efficient at detecting and sorting the PolyP accumulators from the bacteria models.
Optimizations of the protocol were made during a master’s internship. This internship work
showed that the choice of solvent for the staining is important and could induce significant
biases and errors in the results as a function of the PolyP marker and the bacteria. Similarly,
permeabilization and fixation of the cells can have a significant impact on the FC signals and
must be tested beforehand. For environmental samples, fixation might be necessary before the
analyses and sorting. This work determined that a fixation at 2% of formaldehyde conserved
at 4°C up to 14 days did not interact with the PolyP fluorescence signal. Cell sorting with
the dual staining DAPI/SYTO®62 on both the bacteria models and an environmental sample
(Lake Pavin water column at the OATZ) were compared. DAPI was found to sort efficiently
the PolyP accumulators in a homogeneous sample such as cultures. DAPI was proved to be
less specific, and thus less efficient in a heterogeneous and complex (composed of a mixture of
cells, particles, organic matter,...) sample such as an environmental sample. The environmental
cell sorting was nonetheless promising.

This thesis constitutes the first exploration of the diversity of MTB and of their PolyP
accumulation heterogeneity in a ferruginous freshwater environment in the context of phos
phatogenesis. Many methodological developments were carried out which helped characterize
the MTBc Psequestration capabilities as a function of their habitat but which also allowed the
efficient cell sorting of Psequestering microorganisms. Therefore, this study improves our
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understanding of the key relationships between microbial diversity, environmental parameters
and P cycling. Although the formation of PolyP has been repeatedly observed in MTB, the
impact of these polymers on the biology of these bacteria and the relationships with magnetite
biomineralization are poorly understood. This work not only paves the way for future studies
on other MTB involved in the P biogeochemical cycle, but also for future studies on MTB
diversity and how to study it as a function of diverse biological and environmental parameters.
Finally, Lake Pavin represents a very promising natural laboratory to not only understand
how PolyP are formed but also other types of biomineralization such as iACC or magnetosomes.

4.2 General perspectives
Dynamics of the MTBc PolyP accumulation in controlled conditions in a growth medium
Supposing the isolation of the MTBc in a growth medium is a success (see Chapter 3 part 2.4
for the preliminary test and the Chapter 3 perspectives for the propositions of future tests),
it would be possible to study the MTBc metabolism and especially focus on their ability to
sequester PolyP in response to varying controlled conditions. A culture of MTBc would allow
for a precise investigation of the parameters involved in the sequestration and the hydrolysis
of PolyP as well as the quantification the subsequent P uptake and release in the medium.
Subjecting the MTBc to the conditions met in Lake Pavin could then help us evaluate the
impact of the MTBc on the Lake Pavin water column P biogeochemical cycle and especially
on the phosphogenesis occurring around the MTBc localization.
The MTBc PolyP metabolism could be different due to their taxonomic affiliation or impacted
by the environmental conditions or even the growth stage in which we observe them. As done
in Li and Dittrich (2019), PolyP dynamics (i.e. accumulation or hydrolysis) along the growth
stage of the MTBc were assessed by monitoring the particulate and dissolved fractions of P,
the expression of genes correlated with PolyP metabolism (e.g. alkaline phosphatase), and
the MTBc PolyP content. It is possible that MTBc will grow in a semi solid medium, like
many MTB (Bazylinski et al., 2013a) or other P hyperaccumulators (e.g.Beggiatoa (Brock and
SchulzVogt, 2011) and Sulfurimonas (Möller et al., 2019)). Therefore, in situ measurements
of the chemicals forming the gradients in combination with a vertical cell count of the MTBc
along the chemical gradients could help determine their favored conditions (Möller et al.,
2019). Measuring dissolved and particulate P along the chemical gradients could also provide
constraints on the concentrations in which the MTB hydrolyze or sequester P (Brock and
SchulzVogt, 2011).

Study of other PolyP hyperaccumulators
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Numerous MTB are accumulating PolyP, among which theMagnetococcaceae family is partic
ularly efficient (Cox et al., 2002; Eder et al., 2014; Chen et al., 2015; SchulzVogt et al., 2019;
Li et al., 2020b). This ability to accumulate PolyP is further supported in this thesis for the Lake
Pavin MTBc. Comparative metagenomics could be done between the Lake Pavin MTBc and
other Magnetococcaceae models or other hyperaccumulators of PolyP. This comparison could
bring further insights on the PolyP hyperaccumulators metabolisms and confirm or disprove
the link between PolyP sequestration and a sulfur metabolism. Comparing their genomes could
allow us to determine if the PolyP hyperaccumulators and the Magnetococcaceae share the
same genes involved in the metabolism of PolyP, or if the Magnetococcaceae harbor specific
genes whose expression prompt the hyperaccumulation of PolyP. In case of the confirmation
of the second case, comparative metagenomics could be done on other cultivable and axenic
MTB models accumulating PolyP in order to evaluate if these genes are shared by the MTB
in general or if their presence is limited to the Magnetococcaceae family. The models could
thus either be affiliated with the Magnetococcaceae family (e.g. the chemolithoautotroph
oxidizing thiosulfate and sulfide MC1; Bazylinski et al. (2013b)) or be metabolically similar
to the MTBc but phylogenetically different from them (e.g. the chemolithoautotroph oxidizing
thiosulfate and sulfide SS5 from the Gammaproteobacteria; Lefèvre et al. (2012)).

Among the MTB characterized in this thesis on the Lake Pavin water column are rodshaped
MTB hyperaccumulating PolyP. This rod with a chain of prismatic magnetosomes has been
previously affiliated with the Magnetococcaceae family (Monteil et al., 2021) and have
been encountered as well in other marine and freshwater environments (Spring et al., 1995;
Oestreicher et al., 2011; Kolinko et al., 2013). Thus the Magnetococcaceae do not only
comprise MTBc but also rodshaped MTB.
However, in the water column of Lake Pavin, this MTB morphotype was not abundant and thus
any statistical comparison with the MTBc, the iACC MTB or the environmental parameters
along the chemical gradients was not possible. Mass collection of the MTB in the water column
could be done as developed in Busigny et al. (2021) so as to obtain a large number of this
morphotype and perform statistical analyses. These statistical analyses, similarly to the ones
made in Chapter 2 and 3, would compare the MTB relative abundances and distributions,
find potential correlations with the environmental parameters and compare these results with
the ones for the MTBc. The comparison between these two different Magnetococcaceae
would then give us insight on whether this family of MTB accumulate in similar conditions
and share a similar metabolism. Flow cytometry, similarly to the method discussed in 3 part
3.3, in combination with TEM could be used to further characterize the rodshaped MTB
hyperaccumulating PolyP taxonomically.
The mass collection in Busigny et al. (2021) involves the aerotactic behaviour of the MTB and
thus their negative response toward increasing oxygen concentrations. As oxygen diffuses in
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the recipient, in which they have been stored after sampling, they rapidly swim downward and
away from the oxygen and concentrate at the bottom of the recipient. This technique, although
proved efficient for the concentration of MTB from Lake Pavin water column, has not been
evaluated in terms of PolyP conservation. It is possible that in that setup, as the MTBc or
the rodshaped MTB hyperaccumulating PolyP swim actively toward preferential conditions
without oxygen, they use their PolyP for energy and to increase their motility (Seufferheld
et al., 2008; Varela et al., 2010; Möller et al., 2019). If this is the case, then the estimation of
the MTB PolyP accumulation capabilities would need to be corrected for a bias.
Finally, the mass collection of the MTB in Lake Pavin would not only allow the characterization
of the rodshaped MTB with PolyP as a function of the environmental parameters, but also the
other four minority MTB described in this thesis in the water column of Lake Pavin (Chapter 2
part 2.4).

Study of PolyP hyperaccumulators in other meromictic lakes.
Meromictic lakes contain distinct layers of water with different densities which promote
the appearance of oxygenated and anoxic zones respectively on top and bottom of the lake
that remain stable throughout the year (Zadereev et al., 2017). The transition between the
upper (mixolimnion) and lower (monimolimnion) water layers is called the chemocline and
constitutes a favorable environment to study with high vertical resolution the processes me
diated by microorganisms along many different physicochemical and geochemical gradients.
Hyperaccumulators of PolyP and MTB being found in zones of redox gradients also means
meromictic lakes are ideal sites to find more hyperaccumulators of PolyP.
Meromictic lakes are diverse in terms of size, geography, chemistry and origin (Zadereev et al.,
2017). Hall and Northcote (2012) listed 177 meromictic lakes on the globe on five continents
at the exception to South America. The chemical composition of meromictic lakes can vary
greatly, in terms of dissolved concentrations of substances (e.g. ferrous iron, sulfate, hydrogen
sulfide, ammonia, manganese,...), pH, and salinity as a function of the geolocalization of the
lake, its origin, and history (Zadereev et al., 2017). Studying other meromictic lakes to find
more potential PolyP hyperaccumulators could enrich our knowledge of these microorganisms,
their metabolisms and the conditions, similar or not, in which they can accumulate or hydrolyze
PolyP.
Lakes that are more or less concentrated in phosphorus, sulfur, or nitrogen compounds could
potentially be of interest for the study of PolyP hyperaccumulators and their apparent link to the
respective cycles of these elements. For example, the salty Lake Cadagno in the Swiss Alps is
a sulfidogenic meromictic lake with high concentration of sulfur bacteria (Tonolla et al., 2017).
In this thesis, distribution of MTBc hyperaccumulating PolyP was linked to the local biomass
and most probably to the sulfur bacteria present at the same depths. Therefore, the study of
this lake and of potential PolyP hyperaccumulators could help give insights onto this PolyP
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hyperaccumulators and sulfur bacteria relationship.
Other meromictic lakes such as pit lakes, which originate from old mines and whose geochem
ical properties depends mainly on the material mined, could be interesting new environments
to study. Meromictic pit lakes have been studied in former rock quarries, koalinite mines,
sulphur mines, lignite mines, coal mines, and metal mines (Schultze et al., 2017). An example
of pit lake is the lake Cueva de la Mora in Spain, the lake is acidic, mainly constituted of high
concentration of iron, sulfate, metal, and metaloids, and also has a high concentration of P
and nitrogen in its bottom layer. These high concentrations make this lake a strong candidate
for observing PolyP accumulators and potentially accumulators that might use their PolyP to
detoxify metals (Kulakovskaya et al., 2018).
Due to the increase of abandoned mines (Castendyk et al., 2009), which are more prone to
become meromictic (Schultze et al., 2017), to human influence (water diversion, salt roads,...)
and to climates changes (drought), the salinity of lakes can be significanly altered (Jeppesen
et al., 2015; Sibert et al., 2015) meaning meromictic lakes likely to become more abundant
around the globe. Their increased concentration could promote sites harboring microorganisms
hyperaccumulating PolyP, and thus their study might become an even more important issue.
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Wolfe’s mineral solution
in Bazylinski et al. (2000) modified from Wolin et al. (1963)

Ingredients for 1 L
Nitrilotriacetic acid (NTA)
MgCl2.7H2O
MnSO4.H2O
NaCl
FeSO4.7H2O
CoCl2.6H2O or CoSO4.7H2O
CaCl2.2H2O
ZnSO4.7H2O
CuSO4.5H2O
AlK(SO4)2.12H2O
H3BO3 (Boric acid)
Na2MoO4.2H2O
NiCl2.6H2O

Amount
1.5 g
3.0 g
0.5 g
1.0 g
0.1 g
0.1 g
0.1 g
0.1 g
0.025 g
0.01 g
0.01 g
0.4 g
0.01 g

Add NTA (caution  carcinogenic!) to 500 mL distilled water. Adjust pH to 6.5 with saturated
KOH with constant stirring. NTA will dissolved as pH rises. Once the NTA is completely
dissolved and the pH at 6.5, add each mineral salt in order given, letting each dissolve before
adding the next. Then bring volume up to 1 L with distilled water. Autoclave and store at 4°C.
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Vitamin Elixir
in Frankel et al. (1997)

Ingredients for 100 mL:
Thiamin (hydrochloride)
Inositol (myoinositol)
D, LCa2+ pantothenate
Para amino benzoic acid
B12 Vitamin
Pyridoxine (hydrochloride, vi
tamin B6)
Niacin (Nicotinic acid)
Biotin*
Folic acid**

Stock concentration


2 mg/mL
2 mg/mL
1 mg/mL
1 mg/mL

1 mg/mL
0.1 mg/mL
0.1 mg/mL

Amount
90 mg
40 mg
4 mL
2.5 mL
5 mL
4 mL

4 mL
1 mL
0.4 mL

Add Thiamin and Iositol to approximately 50 mL distilled deionized water, then add the stocks
solutions of vitamins and bring up the volume to 100 mL.

*Biotin stock need to be warmed to about 50°C to get it into solution.
**Folic acid stock is more like a suspension than a solution; mix well before taking an aliquot.
It will dissolve in final solution.
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Supplementary Figure and Figure Legends 

 

Figure S1. Neighbor-joining tree of the Rhodospirillaceae family (NCBI taxonomy) based on 16S rRNA 

gene sequences and rooted with representative members of the Acetobacteraceae (grey) using a 

Jukes-Cantor matrix for describing nucleotide evolution. Branch length represents the number of 

substitutions per site. Bootstrap values were estimated with a non-parametric bootstrap approach 

and 200 replicates. Representative MTB species are in bold. 
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Figure S2. XEDS elemental maps showing newly formed ACC in dividing or recently divided cells 

isolated from a Lake Pavin sediment sample. Oxygen, carbon, calcium and iron elemental maps 

showing ACC-producing MTB at different growth stages. 
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Figure S3. Electron microscope analysis to decipher the crystallinity of these large inclusions. a and 

b TEM bright-field and STEM-HAADF images, respectively, of a magnetotactic bacterium producing 

two large inclusions, isolated from a sediment sample. c Selected area electron diffraction (SAED) 

pattern of the edge of an inclusion shown by the dashed red circle in panel b. The absence of 

diffraction spots and the presence of diffuse scattering is indicative of the amorphous structure of 

the inclusions. 

 

 



5 
 

 

Figure S4. Single-cell sorting of an ACC-producing magnetotactic bacterium using a 

micromanipulator under the light microscope. Light microscopy images a to c represent the 

progressive aspiration of a cell (shown with arrows) into the microcapillary before its transfer in a 

sterile drop of 4 μL of phosphate buffer saline to carry whole genome amplification. Note that the 

majority of the cells are aligned in the same direction due to the magnetic field applied close to the 

cell’s suspension. Scale bar represents 5 μm. 
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Figure S5. Bright-field TEM observations of conventional and cryo thin-sections of ACC-producing 

MTB from sediment samples. a to c Images of thin-sections obtained using a conventional protocol. 

The large ACC inclusions, shown with black stars, were lost during the preparation. d to f Images of 

thin-sections obtained by CEMOVIS. The large ACC inclusions, shown with white stars, were 

preserved. Note the presence of a membrane, shown with white arrows, surrounding the inclusions. 

In panel f, a magnetosome is shown by the black arrow.  
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Figure S6. Magnetosome gene cluster (MGC) organization of the ACC-producing MTB clone CCP-1 

representing OTU1.  All genes homologous to any known magnetosome gene is coloured in dark 

blue. Any gene with unknown function conserved in the vicinity of other MGCs is highlighted in light 

blue. The map of the contig was drawn to scale and its sequences can be retrieved under the 

Genbank accession number MT411893. Main operons organisation described in Magnetospirillum 

species [5] are symbolized with arrows below the map.  
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Supplementary Table Legend 

Table S1. List of putative Mam homologs detected in CCP1 (Genbank accession number MT411893) 

detected using the BLASTP algorithm and annotated reference proteomes of magnetotactic 

Alphaproteobacteria. 
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Supplementary Information on cell division 

To give some insights into the fate of carbonate inclusions during cell division, 186 cells were 

observed using STEM-HAADF imaging, proven to be efficient for electron dense inclusion 

visualization. For these bacteria, ACC inclusion with a size between   100 nm and up to 1 μm were 

observed. Based on morphological criteria (i.e. ACC inclusion size, number and position relative to 

cell polarity; magnetosomes chain continuity),  all bacteria morphotypes could be classified into one 

out of 5 morphotype categories as follows: 

2 large inclusions 
2 large inclusions 

+ 
1 smaller  

2 large inclusions 
+ 

1 smaller  

2 large inclusions 
+ 

2 smaller 

2 large inclusions 
+ 

2 smaller  

  
50 % (93) 17 % (31) 8 % (14) 21 % (39) 5 % (9) 

 

Assuming that the inclusion size is related to the growth step, two cell division mechanisms 

regarding the ACC inclusion formation are proposed: 

Mechanism #1: (i) two small inclusions form at the septum, (ii) the new inclusions grow and (iii) after 

cell division, the two daughter cells contain 2 inclusions (i.e. one mature and a new one). 

 

 

 

Mechanism #2: (i) only one small inclusion forms at the septum (ii) the new single inclusion grows 

and (iii) after cell division, only one daughter cell contains 2 inclusions (i.e. one mature and a new 

one). Some isolated ACC inclusions that may correspond to the second daughter cell in this 

mechanism have been observed but are not straightforwardly distinguishable from damaged cells. 

 

 

…

…
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Supplementary Information to figure 3 

Here, we give additional information on the chemical and shape identification of the mineral phases 

for bacteria producing large Ca-rich inclusions described in figure 3. 

 

 

 

 

 

 

 

 

Mineral composition: Panels a and b represent STEM-HAADF and TEM-BF images respectively, while 

panels c-h show raw STEM-XEDS elemental maps of carbon, oxygen, magnesium, phosphorus, 

calcium and iron, respectively. Electron dense inclusions coincide spatially with high concentration of 

carbon, oxygen and calcium. Intensity variations observed on carbon and oxygen elemental maps are 

due to (i) absorption effect (stronger for light element such as carbon) and (ii) shadowing effect 

owing to the low take-off angle of the X-ray detector. 

 

 

 

 

 

 

Prismatic magnetosome crystallography: i HR-TEM image of a prismatic magnetosome 

corresponding to figure 3c. The yellow dashed circle defines the area analyzed by fast Fourier 

transform (FFT) using ImageJ software. j FFT pattern indexed with the magnetite structure 
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(spacegroup Fm3;–m , a = 8.04 Å). k same HRTEM image as in panel i with crystallographic directions 

shown by white arrows. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cuboctahedral magnetosome crystallography: Panel l represents the TEM-BF image of a bacterium 

with large ACC inclusions and cuboctahedral shaped magnetosomes, while the panel m zooms on the 

area defined by the dashed yellow square in panel l. n HR-TEM image of a cuboctahedral 

magnetosome corresponding to figure 3f. The yellow dashed circle in panel n defines the area 

analyzed by FFT. o FFT pattern indexed with the magnetite structure (spacegroup Fm3;–m , a = 8.04 

Å). p The stereographic projection is oriented with respect to the orientation inferred from n using 

SingleCrystal software. q Following the procedure previously described in [1], the cuboctahedron 

with small {110} faces was chosen among the different possible isotropic morphologies with m3;–m 

point group symmetry. r Cuboctahedron oriented with respect to the stereographic projection. s The 

cuboctahedron outline is superimposed to the image of the actual crystal with an acceptable match. 
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 25 

 26 

Fig. S1. Z-contrast imaging in the high-angle annular dark field (STEM-HAADF) mode, and 27 

elemental mapping by X-ray energy-dispersive spectrometry (XEDS) showing the chemical 28 

composition of inclusions formed by magnetotactic bacteria present in the sediments (A and 29 

B) and in the water column (C) of Lake Pavin.  30 
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 31 

Fig. S2. Scanning electron microscope images of ilmenite inclusions in volcanic glass (A), and 32 

clinopyroxene (Cpx) (B) and plagioclase (Plag) (C) crystals. This illustrates the volcanic origin 33 

of ilmenite from Lake Pavin sediments. Scale bars represent 100 µm.  34 

  35 
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 36 

Fig. S3. Picture of the migration track system. Edges of the drop exposed to a magnetic field 37 

generated by the two disc magnets are shown by arrows. The scale is shown by a ruler.   38 
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Fig. S4. Vertical profiles of magnetotactic cells abundance (A), dissolved oxygen concentration (B), redox potential (C), turbidity (D) and 41 

conductivity (C25) (E) through the water column. Sampling campaigns were carried out at ten different dates between April 2016 and October 2019. 42 

Note that measurements extend through the oxic-anoxic interface and the deeper regions of the anaerobic zone of the water column. Samples used 43 

for magnetotactic cells counting were collected using a Niskin bottle. All other parameters correspond to continuous profiles measured using in situ 44 

probes.    45 

 46 
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 48 

Fig. S5. Depth of the maximum abundance of MTB counted in the water column of Lake Pavin 49 

as a function of the month. It illustrates that MTB are generally located shallower in the water 50 

column in autumn compared to spring and summer. 51 

 52 











Hyperlinks for Table S1 and S2

Table S1:
https://dropsu.sorbonne-universite.fr/s/aZSLsAg5fnZr3pB

Table S2:
https://dropsu.sorbonne-universite.fr/s/yqLXRpGcpQbc8BL
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Université de Paris
Phosphorus sequestration by magnetotactic bacteria in the stratified water column of Lake

Pavin

by
Cécile BIDAUD

Summary
Phosphorus (P) is essential for life but limited or pollutant in some environments. Few microorganisms known to
accumulate P as polyphosphates (PolyP) in oxic conditions, at marine watersediment interface or in wastewater treatment
plants, provide a promising strategy for P resource management.
This thesis stems on the recent discovery of a group of magnetotactic bacteria (MTB) affiliated to the Magnetococcaceae
family (MTBc), sequestrating PolyP in the anoxic layer of the water column of Lake Pavin. Both biological and
environmental drivers of this process remain unknown. First, this thesis aimed at describing the vertical distributions of
MTB populations along chemical gradients of the lake water column and the relative abundance of MTBc. By combining
in situ monitoring of physicochemical parameters, bulk geochemistry, optical and electron microscopies and multivariate
statistics, my work contributed to (i) describe a unique morphotype capable to form intracellular calcium carbonates,
(ii) develop a water sampling strategy with high vertical resolution and (iii) identify the biogeochemical niche of MTBc
whose parameters were further used to design a promising isolation medium.
The second part of this thesis focused on MTBc heterogeneity according to their P sequestration capabilities. My work
contributed to (i) develop a cell classification scheme based on ultrastructural description of their inclusions, (ii) identify
a stratification of MTBc along the chemical gradients of the water column confirming the relationship between P and S
metabolisms and (iii) optimize sample preparation and staining for specific sorting of PolyPsequestrating cells by flow
cytometry.
Keywords: magnetotactic bacteria, polyphosphates, Lake Pavin, biogeochemical niches, chemical gradients, electron
microscopy, intracellular inclusions, biomineralization, flow cytometry.

Résumé
Le phosphore (P) est essentiel à la vie mais limité ou polluant dans certains environnements. Quelques microorganismes
connus pour accumuler le P sous forme de polyphosphates (PolyP) en oxie, à l’interface marine eausédiments ou en sta
tions d’épuration, offrent une stratégie prometteuse pour la gestion des ressources de P.
Cette thèse fait suite à la récente découverte de bactéries magnétotactiques (MTB) affiliées à la famille Magnetococcaceae
(MTBc) séquestrant des PolyP en zone anoxique de la colonne d’eau du Lac Pavin. Les facteurs biologiques et environ
nementaux de ces processus restent inconnus.
Cette thèse a eu pour objectif de décrire les distributions verticales des MTB le long des gradients chimiques de la colonne
d’eau et l’abondance relative des MTBc. En alliant les mesures in situ des paramètres physicochimiques, la géochimie
des eaux, la microscopie optique et électronique et des statistiques multivariées, mon travail a permis de (i) décrire un
morphotype formant des carbonates de calcium intracellulaires, (ii) développer une méthode d’échantillonnage à haute
résolution et (iii) identifier la niche biogéochimique des MTBc dont les données ont servi à créer un milieu d’isolement
prometteur.
La thèse s’est aussi centré sur l’hétérogénéité de séquestration du P des MTBc. Mon travail a permis de (i) créer une
classification cellulaire basée sur la description ultrastructurale des inclusions, (ii) identifier une stratification des MTBc
le long des gradients chimiques de la colonne d’eau confirmant la relation entre les métabolismes du P et du S et (iii)
optimiser la préparation et le marquage des échantillons pour le tri de cellules séquestrant du P par cytometrie en flux.
Motsclés: bactéries magnétotactiques, polyphosphates, Lac Pavin, niches biogéochimiques, gradients chimiques, micro
scopie electronique, inclusions intracellulaires, biominéralisation, cytometrie de flux.
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