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رافسلأا دئاوف     
The Benefits in Travelling 
 
%علا  بلط   )*

+ ناطولأا  نع  برغت   
دئاوف سمخ  رافسلأا  *@ف 

+ رفاسو    
Leave your country in search of loftiness 
And travel! For in travel there are 5 benefits, 
 
ةشBعم  باسEFاو  مه  جJفت   

دجام ةOحصو  بادآو  ملعو    
Relief of adversity and earning of livelihood 
And knowledge and etiquettes and noble companionship 
 
 
          (Al-Shafi’i (767−820)) 
 

 

“Nothing in life is to be feared, it is only to be understood. Now is the time to 
understand more, so that we may fear less.” 
 
    
        (Marie Curie (1867−1934)) 
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RÉSUMÉ 
 
 L’usage intensif des métaux et des ions métalliques dans l'industrie et 
l'agriculture représente une menace sérieuse pour l'environnement et pour tous les 
êtres vivants en raison de la toxicité aiguë de ces ions. Cependant, cette toxicité est 
aussi un outil prometteur dans le cadre de la résistance aux antibiotiques. En effet, les 
ions comme les nanoparticules (Ag+ ou Cu+) sont très utilisés dans diverses 
applications médicales, industrielles et sanitaires. L'effet antimicrobien de ces 
nanoparticules est en partie lié aux ions libérés et à leur capacité à interagir avec 
diverses protéines bactériennes. Le but de ce projet est d'étudier l'interaction entre un 
objet biologique (les bactéries) et des objets physiques (métaux), pour comprendre 
l'impact des métaux sous différentes formes (ions, nanoparticules et nanostructures) 
sur les cellules bactériennes en utilisant différentes approches : de physiologie, 
biochimie, génétique et de biologie cellulaire. Nous avons utilisé comme modèles 
biologiques, principalement la bactérie photosynthétique pourpre Rubrivivax (R.) 
gelatinosus, mais aussi Escherichia coli; et pour les objets physiques, nous avons utilisé 
l'argent comme métal principal mais aussi d'autres métaux (cuivre, cadmium et nickel) 
à titre de comparaison. 
        Les principaux objectifs de ce travail sont : 1- d'étudier l'impact et les mécanismes 
de toxicité de ces ions métalliques / NPs sur les métabolismes bactériens respiratoire 
et photosynthétique. 2- Identifier des gènes impliqués dans la réponse à un excès 
d'ions Ag+. 3- Etudier l'interaction des ions métalliques et des NP avec la membrane 
des bactéries. Ainsi, nous avons identifié, in vitro et in vivo, des cibles spécifiques d'ions 
Ag+ et Cu+ dans la membrane des bactéries. Cela inclut des complexes impliqués dans 
la photosynthèse et des complexes de la chaine respiratoire. Il a été montré que les 
ions Ag+ et Cu+ ciblent spécifiquement une bactériochlorophylle exposée au solvant 
dans les antennes périphériques de collecte de lumière de R. gelatinosus. Nous avons 
aussi montré que ces ions cibles des complexes de la chaine respiratoire chez R. 
gelatinosus et E. coli. Ceci présente à notre connaissance, la première preuve directe 
de dommages induits par des ions Ag+ sur les protéines membranaires impliquées 
dans ces métabolismes. Par ailleurs, nous avons également réalisé une étude 
comparative par microscopie (AFM/ SEM) de l'effet de l'Ag+ en solution ou des Ag-
NPs synthétisés dans notre laboratoire, sur la morphologie des cellules bactériennes. 
 
Mots-Clés : argent / cuivre ; complexes membranaires ; homéostasie des métaux; 
photosynthèse ; respiration ; toxicité ; porphyrines ; AFM ; SEM 
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I. Introduction 

Métaux essentiels et toxicité:   
Certains métaux comme le Fe2+, le Mg2+ ou le Cu+ etc, sont essentiels à la survie 

des organismes procaryotes et eucaryotes. Ils sont nécessaires à la croissance et à la 
survie des cellules en participant à de nombreux processus métaboliques vitaux. Par 
exemple, les métaux alcalins tels que le sodium, le potassium ou le calcium jouent un 
rôle crucial dans le métabolisme cellulaire et maintiennent le niveau ionique optimal. 
 D'autres métaux lourds tels que le Fe2+ ou le Cu+ sont des cofacteurs associés 
à plusieurs enzymes impliquées dans des processus cellulaires essentiels tels que la 
photosynthèse, la respiration aérobie et anaérobie, ou la détoxification d'espèces 
activées d'oxygène (Kim et al., 2008). Il est ainsi estimé que plus de 30% des protéines 
de la bactérie sont des métalloprotéines abritant des ions métalliques nécessaires à 
leurs structures ou leurs activités. Dans le cadre de cette étude, nous allons voir que 
des métalloprotéines comme les antennes collectrices de lumière, la succinate 
déshydrogénase ou la cytochrome c oxydase nécessaire à la croissance 
photosynthétique ou respiratoire sont des cibles d’ions métalliques. 
 

La forte affinité des ions métalliques aux différents composants des cellules en 
particulier aux protéines et l’activité redox des ions sont à la base de la toxicité des 
ions. En effet un excès d’ions métalliques est souvent toxique pour les cellules. Cette 
toxicité est principalement médiée par une mauvaise métallation des protéines ou des 
cofacteurs, un mauvais repliement des protéines ou la génération d'un stress oxydatif. 

Les protéines sont les principales cibles des ions métalliques. En effet, la plupart 
des ions métalliques peuvent interagir avec les polypeptides et peuvent ainsi inactiver 
les protéines. A titre d’exemple, le Cu+ va interagir avec le thiol des cystéines mais aussi 
avec le groupement imidazole de l'histidine et avec la méthionine. Il peut donc se 
substituer au véritable métal de transition lors de l'assemblage de la protéine ou au 
moins empêcher le métal de se lier à son site dans la protéine et conduire à son 
inactivation (Fig. 1). 

L'impact le plus important et le plus étudié des métaux tels que le Cu+ ou l’Ag+ 
est très probablement la dégradation des protéines à cluster [4Fe-4S] exposées. La 
dégradation des [4Fe-4S] a été décrite pour de nombreuses enzymes essentielles telles 
que la fumarase-A et la 6-phosphogluconate déshydratasse dans E. coli (Macomber et 
Imlay, 2009; Xu et Imlay, 2012). L'enzyme HemN, contenant [4Fe-4S] est également 
une cible de l'excès de métal. La synthèse de l'hème et par conséquent de nombreuses 
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hémoprotéines sont impactées dans Rubrivivax gelatinosus et Neisseria gonorrhoeae 
(Azzouzi et al., 2013; Djoko & McEwan, 2013; Steunou et al., 2020a).  

 
Les métaux à forte affinité peuvent également se substituer à d'autres ions lors 

de la synthèse de groupements prothétiques tels que les porphyrines (hème et 
chlorophylles). En effet, il a été montré in vitro, que la Ferro-chelatase qui catalyse 
l'insertion de Fe2+ dans la protoporphyrine IX, peut insérer du Zn2+ ou du Co2+ dans 
l'anneau porphyrine de la protoporphyrine IX (Hansson et al., 2011).  

D'autre part, certains métaux comme Fe2+ et Cu+ sont capables de catalyser la 
réaction de Fenton et générer des radicaux hydroxyles (OH˙) extrêmement réactifs 
capables d’endommager les protéines, les lipides et l’ADN. 

 

 
Fig. 1 : Les m étaux comme le cuivre peuvent induire la formation du carbonyle des 

protéines, provoquer une mauvaise métallation, interférer avec la biogenèse des groupes 
prothétiques, endommager les clusters [Fe-S], oxyder les thiols ou induire un mauvais 
repliement des protéines. Des exemples de ces effets ont été décrits dans E. coli et R. 

gelatinosus (en rouge). Modifié de (Dalecki et al., 2017). 
 
L'accumulation de métaux dans l'environnement peut donc entrainer une 

toxicité et des défauts de métabolisme, conduisant à une croissance ralentie des 
micro-organismes, ainsi qu'à divers troubles métaboliques chez les organismes 
supérieurs. Heureusement, la présence de systèmes d’homéostasies efficaces des 
métaux permet d’échapper aux effets de l’excès des métaux, tant que les systèmes ne 
sont pas endommagés ou dépassés par l’excès métallique.  
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Homéostasie des métaux (stratégies de défense des bactéries) :  
Les cellules sont programmées pour maintenir un niveau optimal de métaux et 

résister ainsi à la toxicité de ces métaux. Ainsi, pour maintenir l'homéostasie des 
métaux, les cellules disposent de différents systèmes pour limiter l’import ou induire 
l’export en cas d’excès d’un métal. Ces mécanismes d’homéostasie impliquent des 
régulateurs capables de détecter les métaux et induire la réponse à l’excès, des moyens 
de séquestration extracellulaire ou intracellulaire des métaux, ou l’exclusion des 
métaux en limitant la perméabilité membranaire ou la détoxification par des systèmes 
d’efflux (P-type ATPase, protéines de la famille RND et protéines de la famille CDF).  

Un dysfonctionnement du système d'homéostasie (import / efflux) de ces 
métaux peut provoquer d’importants troubles physiologiques aussi bien chez les 
procaryotes que chez les eucaryotes.  

 
Contexte de santé public  

Depuis plus de vingt ans, les autorités de santé s’inquiètent d’une possible crise 
sanitaire liée surtout à la conjugaison de l’accroissement de bactéries multi-résistantes 
avec la pénurie dans le développement de nouveau antibiotiques. En plus des efforts 
en pharmacie et médecine pour le soin et l’élaboration de médicaments, un effort 
important est apporté également dans la fabrication de matériaux, notamment de 
surface, avec une activité bactéricide ou permettant de réduire la prolifération 
bactérienne. Dans cette optique, l’utilisation de nanoparticules, notamment d’argent, 
et/ou de surfaces nano-structurées a connu un essor considérable ((Sánchez-López et 
al., 2020). C’est dans ce contexte et avec comme objectif à moyen terme l’élaboration 
de films anti-prolifération bactérienne, que se situe ce travail en nanobiotechnologie, 
fruit d’une collaboration multidisciplinaire, entre deux laboratoires. Toutefois, pour 
pouvoir utiliser ces matériaux métalliques, il est intéressant et important d’identifier les 
cibles moléculaires des métaux dans les bactéries pour comprendre les conséquences 
sur le métabolisme et décrire en détail les mécanismes de toxicité. 
 
Interaction avec des nanoparticules et de nanostructures 

De nombreuses études ont été menées sur l’interaction des nanoparticules 
métalliques (essentiellement argent) avec les bactéries (essentiellement E. coli). 
Cependant les données restent limitées notamment car la complexité de cette étude 
nécessite une approche différente (multidisciplinaire) de celle des tests sur les 
antibiotiques ou de toxicité utilisés pour les composés classiques.  

En effet les paramètres physicochimiques (stabilité, agrégation, dissolution et 
état de surface) des nanostructures dans le milieu de contact, influencent fortement la 
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toxicité observée sur les cellules. De plus, les interactions physicochimiques 
(floculation, adsorption, mécanismes redox) sont très souvent liées au modèle 
biologique. La plupart du temps les nanoparticules utilisées sont des nanoparticules 
commerciales pas toujours bien caractérisées et dont la stabilité en milieux biologiques 
induit une grande incertitude sur leurs tailles, leurs états de surface ou encore leur 
réactivité. La collaboration dans le cadre de cette thèse avec l’équipe Nano3 
(Nanoparticules, Nanostructures, Nanomatériaux) du laboratoire Aimé Cotton, nous a 
permis d’accéder à des nanoparticules synthétisées spécialement pour les manips, par 
voie chimique et/ou par voie physique avec un excellent contrôle de la taille, de la 
forme, et de la stabilité. 

Les NPs sont fabriqués dans la plage (5-100 nm) pour des métaux, semi-métaux 
ou oxydes tels que : l'argent, l’antimoine ou l’oxyde de fer. Les techniques de synthèse 
sont de plus moins nocif pour l'environnement (synthèse verte). Ces NP peuvent être 
préparées, en solution ou par dépôts sous ultra-vide sur des substrats différents tels 
que les matériaux carbonées (graphite, graphène, MWCNT) (Kébaili et al., 2009). Le 
mica ou des substrats métalliques (cuivre, …) ou d’oxydes (SiO2, TIO2, …). L'enjeu est 
l'optimisation de cette production, l'adaptation à un milieu biologiquement 
compatible et leur transposition à un usage industriel. 
 
Modèle d'étude :  

La majorité des études de la toxicité des métaux a porté sur des bactéries 
modèles et pathogènes (E. coli, P aeruginosa, S. typhimirium, B. subtillis…). Peu 
d’études concernent des modèles environnementaux à l’exception de certaines 
bactéries pathogènes des plantes ou les cyanobactéries.  

Comme les cyanobactéries, les bactéries pourpres offrent la possibilité d’étudier 
les effets des métaux aussi bien sur le métabolisme photosynthétique que respiratoire. 
Pa railleurs, 1- ces bactéries sont facilement cultivables et manipulables 
génétiquement en laboratoire sous différents modes trophiques, 2- Les outils 
génétiques nécessaires pour générer des mutants sont disponibles, et 3- le 
photosystème est relativement simple par apport aux cyanobactéries et présente des 
homologies structurales et fonctionnelles avec le photosystème II des plantes 
supérieures (Donohue & Kaplan, 1991; Ouchane et al., 1996). La bactérie modèle de 
cette étude est Rubrivivax gelatinosus. C’est une bactérie environnementale, gram-
négative introduite pour la première fois au laboratoire de photosynthèse de Gif-sur-
Yvette en 1991 par F. Reiss et C. Astier pour développer les études génétiques (S. 
Ouchane) et structurelles du dispositif photosynthétique. Le nom gelatinosus provient 
de la capacité des cellules à dissoudre la gélatine. Cette bactérie a une forme en 
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bâtonnet et mobile grâce une paire de flagelles. La taille des cellules est comprise entre 
0,4 et 0,5 µm de largeur et entre 3 et 4 µm de longueur. Les cellules poussent par 
photosynthèse en lumière et absence d’oxygène en utilisant un seul photosystème 
composé de deux antennes LH2 et LH1 et le centre réactionnel (RC) (Fig. 2).  

 

 
Fig. 2 : Chaîne de transfert d'électrons dans les bactéries pourpres.  

Les chlorophylles dans les complexes de collecte de lumière (LH) captent la lumière et 
la transfèrent au centre de réaction (RC). Le transfert entre le RC et le cyt bc1 génère un 

gradient de protons utilisé par l'ATPase pour produire de l'ATP. 
 
 
A l’obscurité, la bactérie pousse par respiration aérobie grâce à une chaine 

respiratoire composé des 4 complexes bactériens en plus de l’ATP synthase (Fig. 3). 
 

 
Fig. 3 : Chaîne de transfert d'électrons dans les bactéries pourpres.  

Le transport d'électrons entre ces complexes implique les quinones et le cytochrome 
c (cytc). Les protons transloqués par certains complexes sont utilisés pour la production 

d'énergie par l'ATPase. 
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II. Résultats Majeurs 
 

1. Cibles des ions argent et cuivre chez les bactéries : 
Il a déjà été montré que l'exposition à un excès de métal altère le mécanisme 

photosynthétique des plantes et des algues. Nous avons montré, dans ce travail, que 
le complexe de collecte de lumière II (LH2) est la cible principale de l’exposition à l’Ag+ 
et au Cu+ chez la bactérie pourpre Rubrivivax gelatinosus. Nos recherches montrent 
en effet que in vivo, les ions Ag+ ou Cu+ inactivent spécifiquement la 
bactériochlorophylle a (B800) absorbant à 800 nm, alors que le même traitement avec 
Ni2+ ou Cd2+ des cellules n'a aucun effet. Les autres chlorophylles de l’antenne (B850) 
ne sont en revanches pas touchés par l’excès Ag+ ou Cu+. Cela a été confirmé in vitro 
par l’analyses des protéines membranaires traitées au ions Ag+ ou Cu+. En effet, cela 
induit des modifications du spectre d'absorption de LH2 causées par perturbation de 
l'interaction des molécules B800 avec les protéines du complexe LH2. Cela a provoqué 
la libération de molécules B800 ce qui engendré un impact sur les propriétés spectrales 
des caroténoïdes du complexe LH2 (Fig. 4).  

 

 
 

Fig. 4 : Effet d'AgNO3 sur les complexes LH2 in vivo et in vitro. 
A- Spectres d'absorption de cellules cultivées en photosynthèse puis exposées ou pas à 1 

mM d’AgNO3. B- Spectres d'absorption montrant l’absorption des caroténoïdes dans des 
membranes exposées ou pas à 1 mM d’AgNO3. C- modèle montrant l’effet spécifique d’Ag+ 

ou Cu+ sur la chlorophylle B800 de LH2 dans le photosystème (LH2-LH1-RC). 
 
 
 D’autre part, des études antérieures ont suggéré que les ions Ag+ peuvent 

affecter la chaîne respiratoire dans les mitochondries et dans les membranes des 
bactéries. Nous avons utilisé notre modèle bactérien R. gelatinosus pour essayer de 
révéler l’effet des ions Ag+ sur la chaine respiratoire bactérienne et identifier les 
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complexes impactés. Nos données ont démontré que l'exposition à Ag+, à la fois in 
vivo et in vitro, provoquait une diminution des activités de la cytochrome c oxydase et 
du complexe I succinate déshydrogénase (Fig. 5). Une inhibition par les ions Ag+ de la 
succinate déshydrogénase a également été révélé lors de cette étude dans les cellules 
d’E.coli, mais pas chez B. subtilis.  

 

 
 

Fig. 5. Effet d'AgNO3 sur les complexes respiratoires in vitro.  
Les protéines membranaires exposées ou pas à des concentrations élevée d’Ag+ ont été 

séparées sur une BN-PAGE de 5% à 12%. A- L’activité de la cytochrome c oxydase cbb3 a été 
révélée DAB: test d'activité Cytc sur BN-PAGE. B- Test d'activité de la succinate 

déshydrogénase (SDH) sur BN-PAGE.   
 

L’ensemble de ces résultats originaux ont fait l’objet d’une première publication dans MBio. 
 
 
 

2. Recherche des gènes candidats impliqués dans la tolérance à l'argent 
Les cellules bactériennes induisent généralement les gènes codant les ATPases à 

efflux lors d’un stress métallique. La tolérance à l'Ag+ chez E. coli implique par exemple 
l'ATPase CopA de type P1B, qui exporte le Cu+ et l’Ag+ du cytoplasme vers le 
périplasme. Par conséquent, le mutant de délétion copA de R. gelatinosus a été utilisé 
pour vérifier l'implication de CopA dans l'efflux d'Ag+. Contrairement au CuSO4, qui 
inhibe la croissance du mutant copA, aucune différence d'inhibition de la croissance 
n'a été observée entre les cellules mutantes copA et le type sauvage soumises à un 
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excès d'AgNO3 (Fig. 6). Ces données suggèrent que contrairement à la tolérance Ag+ 
chez E. coli, CopA n'est pas impliquée dans la tolérance Ag+ chez R. gelatinosus. Des 
résultats similaires ont été obtenus avec le mutant cadA (zntA) déficient dans l’export 
du Zn2+ ou Cd2+. Par ailleurs ces ATPases n’étaient pas induites par un excès de Ag+. 
Nous avons donc conclu que les ATPases CopA et CadA n'étaient pas impliquées dans 
la réponse à la présence d’AgNO3.  
 
 
 
 
 
 
 
 
 

Fig. 6 : Phénotype de croissance des mutants copA et ΔcadA.  
En présence des concentrations indiquées de AgNO3, CuSO4 ou CdCl2 sur milieu malate 

solide. Les cellules ont été cultivées en aérobie pendant 24 h à 30°C avant la photographie. 
 

 L’inactivation d’autres gènes codant des protéines de transport comme OmpA, Cus ou 
Cdf n’a donné aucun phénotype lorsque les mutants ont été poussé en présence d’Ag+. Ces 
résultats négatifs suggèrent que ces transporteurs ne sont pas nécessaires dans la toxicité à 
l’argent et que d’autres systèmes (à identifier) permettrait à la bactérie R. gelatinosus de tolérer 
la présence de ce métal dans son milieu. 
 

3. Observations aux microscopes AFM/ SEM 
Les résultats, présentés ici, complémentaires des mesures précédentes, montrent 

l’impact de l’effet toxique de l'argent sur la structure (morphologie et les propriétés 
mécaniques) de la membrane cellulaire. Nous avons utilisé les microscopes AFM et 
SEM pour observer les changements qui se produisent et visualiser l'effet des ions 
métalliques sur la surface de la membrane cellulaire. 

 Nous avons comparé différents modèles de bactéries, comme Escherichia coli et 
Bacillus subtilis comme contrôle, à l’observation sur R. gelatinosus. Les données 
collectées ont montré que les cellules bactériennes de R. gelatinosus étaient affectées 
par l'addition d'Ag+. La surface de la membrane cellulaire exhibe des modifications 
après 1 heure d’incubation et cela augmente avec un temps d'incubation prolongé 
(Fig. 7). Une observation similaire a été faite avec des cellules d'E. coli exposées à Ag+. 
Par contre, les cellules de B. subtilis n'ont montré aucun changement morphologique 
sur la structure cellulaire pendant la première heure d'incubation avec Ag+. Cependant, 
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les cellules ont été affectées et ont montré un changement de forme après 24 heures. 
Au-delà de 24 heures, les images de cellules incubées avec Ag+ montrent clairement 
la destruction de la membrane cellulaire menant à la mort des cellules. 

 

 
 

Fig. 7: Image AFM de cellules de R. gelatinosus exposées ou pas à AgNO3 pendant 1 h 
(A) ou après 24 h (B). Les courbes de profil correspondent à la hauteur moyenne relative le 
long de l'axe (longitudinal) et transversal des cellules bactériennes (transversales) pour les 

bactéries témoins prises comme références de profil. 
 
 De plus, l'analyse des données des images SEM a attiré notre attention sur la 
possibilité de modification de l’environnement cellulaire, par la formation de nouvelles 
particules. Ces particules adhèrent à la surface des cellules (Fig. 8) et pourraient 
augmenter la toxicité de l’argent si des ions sont libérés et pénètrent dans les bactéries 
ou au contraire réduire la toxicité si les particules sont insolubles.  
 

 
 

Fig. 8 : Formation des particules Ag+ et leur interaction avec les bactéries R. gelatinosus. 
 



-RÉSUMÉ- 
 

  11 

 Ces particules sont formées vraisemblablement en raison de la réaction 
chimique entre les ions métalliques et les composants du milieu utilisé pour la culture 
des cellules bactériennes. Les résultats préalables montrent une précipitation de 
l’argent lié à la présence de phosphates dans certains milieux de culture. Ces données 
nous permettent également d’émettre l’hypothèse que les nouvelles particules 
formées peuvent avoir un impact en ce qui concerne la toxicité du métal utilisé sur les 
cellules et pourrait en outre expliquer en partie, les résultats très divergents dans la 
littérature.  

 
4. Nanoparticules : Synthèse et interactions avec les bactéries 
La synthèse de NPs sphériques d'argent a été réalisée par un procédé de réduction 

chimique en utilisant du borohydrure de sodium comme agent réducteur et du citrate 
de sodium comme agent stabilisant (Ag-NPs1). Des NPs de plus grande taille ont été 
obtenues par une méthode de croissance par maturation à partir des germes de 
croissance précédent (Ag-NPs2) (Fig. 9). Pour la caractérisation des NPs, nous avons 
utilisé la spectroscopie UV-visible et la microscopie TEM. Les concentrations d'Ag-NPs 
ont été déterminées en utilisant le plasma à couplage inductif (ICP). Des solutions 
contenant des tailles différentes de nanoparticules d’argent (12 ± 2 nm à 25 ± 6 nm) 
préparés à des concentrations élevées, ont été préparées pour évaluer leur impact sur 
la croissance des cellules de R. gelatinosus.  

 
 

Fig. 9. Nanoparticules d’argents synthétisées au laboratoire 
Images TEM, profil de spectroscopie d’absorption V-UV et distribution de taille de nanoparticules 

d’argent synthétisé par réduction chimique (Ag-NPs 1(~12 nm). 
 

Nous avons testé lors d’expériences préliminaires (prometteuses) l’effet de ces NPs 
sur la croissance de R. gelatinosus. Nous avons ainsi comparé (des doses d'argent 
identiques de : AgNO3, Ag-NPs 12 and 25 nm) l’effet des ions et des nanoparticules de 
12 et 25 nm sur la croissance en milieu solide des cellules de R. gelatinosus. Les 
premiers résultats montrent que les ions Ag+ sont plus toxiques et que 1 ug / ml 
d'AgNO3 est suffisant pour inhiber la croissance des cellules. Pour les NPs, il faut 3 µg 
/ ml d'Ag-NPs (Ag-NPs 12 nm) pour avoir un impact sur la capacité des cellules à se 
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développer; et 5 µg/ ml pour l’inhiber complétement. L’effet des Ag-NPs 25 nm est 
significativement plus faible. Ceci montre clairement un effet de la taille des NPs sur la 
toxicité. Les NPs sont d’autant plus toxique qu’elles sont petites. Le mode probable 
d'interaction avec la surface bactérienne (contact de surface) augmente avec un 
rapport surface-volume plus élevé pour les NPs. De plus, les NP de plus petites ont 
une capacité de diffusion à travers la membrane cellulaire plus élevée (Acharya et al., 
2018 ; Pal et al., 2007 ; Periasamy et al., 2012). 
 
 

III. Conclusions et discussion 
L'argent, comme le cuivre, est utilisé depuis longtemps dans de nombreuses 

applications. Une faible concentration d'ions ou de nanoparticules d’argent peut être 
très toxique. Le but de ce travail est d'étudier l’impact des ions et NPs d’argent sur la 
bactérie photosynthétique pourpre Rubrivivax gelatinosus. Pour cela, un des premiers 
objectifs était d’identifier les cibles des ions Ag+ pour pouvoir par la suite comprendre 
la toxicité des Ag-NPs, qui souvent agissent en laissant diffuser des ions de la 
nanoparticule. 

Dans le cadre de ce travail de Thèse, nous avons montré que les deux métaux (Ag+ 
et Cu+) ciblent l’antenne LH2 du photosystème et deux complexes respiratoires. Ces 
complexes sont des métalloprotéines contenant des cofacteurs porphyrines 
(chlorophylle (Mg2+) ou hème (Fe2+)) suggérant que les ions Ag+ ou Cu+ vont 
vraisemblablement interagir avec ces molécules et inhiber la fonction des complexes 
qui en dépendent. 

En effet et en accord avec cette hypothèse, nous avons montré que les ions Ag+ et 
Cu+ affectent spécifiquement la chlorophylle B800 exposée de l’antenne LH2. Cette 
chlorophylle se détache du complexe ce qui modifie ces propriétés. En revanches les 
bactériochlorophylles B850 avec les molécules de caroténoïdes ne sont pas affectées, 
car non-exposées et enfouies dans la structure de la protéine. Le mécanisme par lequel 
Ag+ ou Cu+ libèrent le B800 du LH2 reste à étudier. Le Cu+ ou l’Ag+ pourrait rompre la 
liaison du Mg2+ de la chlorophylle avec la protéine libérant ainsi la chlorophylle B800 
(Fig. 10). 
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Fig. 10. Modèle proposé pour expliquer la perte de la chlorophylle B800. 

Le Cu+ ou l’Ag+ pourrait rompre la liaison du Mg2+ de la chlorophylle avec la protéine 
libérant ainsi la chlorophylle B800 de l’antenne LH2. 

 
Les impacts de la présence d’AgNO3 sur l'activité de la cytochrome c oxydase et de 

la succinate déshydrogénase chez R. gelatinosus, ainsi que sur la succinate 
déshydrogénase chez E. coli, ont été démontrés dans cette étude. Cela pourrait résulter 
de la perturbation par Ag+ de l'interaction entre les cofacteurs (hème ou [4Fe-4S]) et 
les protéines. Néanmoins, il faut noter que les effets de Ag+ sur les complexes 
rapportés dans cette étude ont été obtenus avec une concentration élevée d'AgNO3. 
Aucun effet n'a été montré chez la bactérie Gram-positive B. subtilis. Cela est sans 
doute lié à la différence de structure de la paroi cellulaire entre les bactéries Gram-
positives et Gram-négatives. Les couches de peptidoglycane, beaucoup plus épaisses 
des bactéries Gram-positives, pourraient protéger la cellule du stress environnemental, 
y compris celui des ions métalliques externes. Les études menées jusqu’au aujourd’hui 
au laboratoire ont permis d’identifier diverses cibles des métaux dans la bactérie et 
proposer des mécanismes de toxicité. Mon travail permet de proposer un nouveau 
mécanisme, la libération des cofacteurs chlorophylles et hèmes exposés dans la 
membrane (Fig. 11).  
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Fig. 11. Divers modèles proposés pour expliquer la toxicité des métaux dans les 
bactéries. Ce travail suggère que les porphyrines attachées mais exposées dans les protéines 

peuvent êtres des cibles directes des ions métalliques. 
 
Les analyses par microscopie SEM ont révélé la formation de particules Ag+, 

dont la nature et composition reste à déterminer. Ces particules s’adsorbent à la 
surface des bactéries (Fig. 12). Par ailleurs, les analyses par microscopie AFM ont 
montré que le stress Ag+ a augmenté la rugosité de la surface des bactéries exposées 
et provoqué des déformations et des cassures de la membrane cellulaire. Une 
différence totale moyenne de hauteur, de différentes vésicules, d'environ ± 30 nm se 
produit pendant la première heure d'exposition à Ag+ chez R. gelatinosus. Alors que 
pour E. coli, Ag+ fait apparaître des perturbations moins importantes, chez B. subtilis, 
l'impact Ag+ est beaucoup plus lent. À notre connaissance, ces résultats sont les 
premières preuves directes et visuelles de dommages morphologiques causés par des 
ions Ag+ sur la membrane des cellules de R. gelatinosus.  

 
 
 
 

 
 
 

Fig. 12 : Formation des particules Ag+ et leur interaction avec les bactéries  
R. gelatinosus SEM. Effet délétère des ions Ag+ sur les cellules de R. gelatinosus après 

une exposition prolongée. 
 

1 mm 
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 Dans cette étude, nous avons également synthétisé avec succès des 
nanoparticules d'argent en utilisant une méthode chimique. La forme sphérique des 
Ag-NP a des gammes de taille : de 12 ± 2 nm à 25 ± 6 nm. Outre la couleur invariable 
de la solution, les images TEM et les mesures spectrales ont démontré la stabilité des 
nanoparticules. Les Ag-NP ont été recouverts de citrate de sodium (agents de coating 
faiblement liés) pour éviter l'agrégation. 

Des échantillons d'Ag-NP à différentes concentrations ont été préparés pour 
étudier leur effet sur la croissance des bactéries R. gelatinosus. Les résultats 
préliminaires ont montré que les plus petits Ag-NP sont les plus efficaces pour affecter 
la croissance des cellules à une concentration de 3 µg / ml. Ces données ont été 
obtenues à partir de cultures cellulaires préparées sur milieu solide. En revanche, il n'y 
a pas eu de résultats probants concernant les cultures préparées en milieu liquide. Cela 
pourrait être dû à la facilité de diffusion à travers la membrane cellulaire et donc 
d’interaction avec les composants internes des cellules dans un milieu liquide plus que 
lorsqu'il s'agit d'un milieu solide, où le mouvement des NPs est restreint. 

La plupart des études de toxicité des nanoparticules d'Ag+ chez les bactéries et les 
eucaryotes mettent en lumière la réponse au stress oxydatif. Pour une caractérisation 
complète des mécanismes de toxicité des nanoparticules, les futures expériences 
devraient aborder la question de l'interaction entre les complexes membranaires 
impliqués dans la bioénergétique cellulaire et les nanoparticules d'Ag+. 
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The objective of this thesis work is to study and try to understand the effect of metals 

on bacteria, in particular photosynthetic bacteria. The metabolism that interests us is 

photosynthesis, but the effect of metals is never very specific. Indeed, it is well 

established that metals can interact and affect the activity or integrity of various 

molecules in the cell. During my work I had to look at the effect of metals on 

photosynthesis, but also to assess the effect of metals on respiratory complexes. 

Therefore, in this introduction section, I have chosen to briefly describe the 

metabolisms and protein complexes involved in each metabolism in the model 

bacterium that I have studied. The objective is to have enough structural and functional 

elements to help us understanding the mechanisms of toxicity and the effects of metals 

on the bacterium. 

 
 

1. Photosynthetic Purple Bacteria  
 

1.1 Classification  

 Analyses of environmental metagenomes and proteomes from bacteria have 

revealed that photosynthesis is widely distributed among proteobacteria as 

demonstrated by the presence and phylogeny of the two subunits (PufL and PufM) of 

the Reaction center proteins (Imhoff et al., 2018). Among those bacteria, the purple 

photosynthetic bacteria is a major group of photosynthetic proteobacteria. They are 

Gram-negative bacteria able of autotrophic growth. They are around fifty genera, and 

some species are important models to study photosynthesis and related topics (Curtis, 

2016; Guerrero, 2000). Purple photosynthetic bacteria are widely distributed in the 

nature due to their remarkable diverse metabolic pathways. In addition to their ability 

of photosynthetic growth, they can also grow by aerobic or anaerobic respiration. 

Based on their tolerance and use of sulfide compounds, the purple bacteria divided 
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into purple sulfur bacteria, and purple non-sulfur bacteria. They play very important 

roles in nature, for example: 1- consume toxic substances by their abilities of 

autotrophic process. 2- consume organic components by photoheterophy. 3- fix CO2 

and nitrogen. Thus, their use in different applications in industrial and agricultural fields 

are nowadays well developed (Guerrero, 2000; C. N. Hunter et al., 2009).  

 Based on 16S rRNA sequencing, purple non-sulfur bacteria, belongs to either 

α or β proteobacteria (Imhoff, 2006). The α sub-class species are the best studied up to 

date; and many strains of this subclass have their genome sequenced as Rhodobacter 

(R.) capsulatus, Rhodobacter (R.) sphaeroides, Rhodopseudomonas (R.) palustris and 

Bradyrhizobium ORS278 (Lang & Hunter, 1994). In the β-proteobacteria sub-group, 

Rubrivivax (R). gelatinosus have been the model to focus on to study photosynthesis 

during the last twenty years. Four models of R. gelatinosus are studied, either to 

understand photosynthesis, hydrogen production or aromatic compounds and 

hydrocarbon-degradation: Rubrivivax (R.) benzoatilyticus JA2T, Rubrivivax gelatinosus 

IL144, Rubrivivax gelatinosus CBS and Rubrivivax gelatinosus S1 in our laboratory.  

Purple sulfur bacteria belong to the γ-proteobacteria sub-class, two species belonging 

to the family of chromatiaceae are the most studied, Chromatium vinosum and the 

marine bacterium Congregibacter (C.) litoralis strain KT71 (Fuchs et al., 2007).  

 

1.2 Physiology and Habitat  

 Purple photosynthetic bacteria are widespread in nature, especially in aquatic 

environments. They are able to adapt to changing environmental conditions (light and 

oxygen) by using the required energy producing complexes and have the ability to use 

several sources of nutrients to feed a variety of metabolisms. Many of these bacteria 

can use different sources of carbon including CO and CO2 and can fix nitrogen. For 

example, in the absence of oxygen and in the presence of light, they perform 

anoxygenic photosynthesis. In the opposite condition, in the dark, they generate their 

energy by aerobic respiration using oxygen, or by anaerobic respiration using other 
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acceptor of electrons such as nitrate, TMAO (trimethylamine N-oxide) or DMSO 

(dimethyl sulphoxide).  

 Some purple bacteria can adapt to high temperature, pH, or salinity 

environment (Lang & Hunter, 1994). Accordingly, these factors control the diversity of 

purple bacteria that can develop and grow in fresh water in lakes and estuaries, marine 

systems, and other aquatic environments (Fig. 1). In addition, some purple 

photosynthetic bacteria were isolated from plants (Bradyrhizobium ORS278), soil, or 

activated sludge (Curtis, 2016; Langridge et al., 2009).   

Their growth and metabolic abilities make them a model of choice easy to grow 

and manipulate under laboratory conditions (Madigan & Jung, 2009).  

 

 

Figure 1. Photosynthetic prokaryotes habitat. 
On the left, green and purple bacteria grow in a hot spring run-off channel (Guerrero, 

2000).  On the right purple phototrophic bacteria growth in a water lake and in a 
domestic wastewater treatment using a continuous photo-anaerobic membrane 

bioreactor (Hülsen et al., 2016).  

 

1.3 Studied models 

Purple bacteria, in general, are suitable models to study not only photosynthesis, 

but also different metabolic and molecular mechanisms. Indeed, they were used to 

study cell division and chemotaxis (Porter et al., 2011), cytochrome c biogenesis 

(Verissimo & Daldal, 2014), heme synthesis, nitrogen and CO2 fixation (Dangel & Tabita, 

2015), gene regulation, biogenesis of respiratory complexes (Elsen et al., 2004), stress 
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response, etc. This was possible thanks to i) the ability to grow these bacteria in the 

laboratory easily under different trophic modes, and ii) the availability of genetic tools 

necessary to generate mutants with high efficiency of homologous recombination to 

perform site-specific mutagenesis (Donohue & Kaplan, 1991; Ouchane et al., 1996). 

Accordingly, many laboratories studied and reported the different aspects of 

photosynthesis in purple bacteria R. capsulatus, R. sphaeroides, R. palustris, 

Bradyrhizobium and R. gelatinosus (Allen et al., 1988; Bauer et al., 1993; Lang & Hunter, 

1994).   

Different biophysical technics, biochemical and structural studies (UV-Vis 

absorption, fluorescence, EPR, X-ray crystallography…) were used to study the 

photosynthetic complexes and mechanisms in these bacteria. In 1988, Deisenhofer, 

Huber and Michel who have described for first time the method of the membrane 

complex Reaction-center purification and crystallization using the purple bacterium 

Rhodopseudomonas viridis. They received the Nobel Prize in chemistry by solving the 

three-dimensional structure of the photosynthetic Reaction-center (RC) (Deisenhofer 

& Michel, 1989). Since then, most of the membrane photosynthetic complexes have 

been purified from other photosynthetic bacteria and their structures have been 

resolved.  

Studies using these model purple bacteria, together with studies in green and 

cyanobacteria, have enabled significant advances in understanding the mechanisms of 

photosynthesis in eukaryotes including in algae and in plants. Furthermore, those 

bacterial models were also very useful in disentangling the pathways and steps of 

pigment (chlorophylls and carotenoids) biosynthesis in all phototrophs (Bryant et al., 

2020; Liang et al., 2018).   
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Figure 2. Photosynthetic purple bacteria. 
Growth and metabolic abilities make these microorganisms models of choice 

easy to grow and manipulate (“Phototropic Bacteria – Purple Non Sulfur Bacteria,” 
2012). 

 
 
 

2. Photosynthesis in bacteria  
 

The photosynthetic process that requires light for growing, is a very important 

biological process where it convers solar/ light energy to chemical energy.  In 

eucaryotes and cyanobacteria, it takes place in the thylakoid membranes and requires 

two photosystems, PSI and PSII (Fig. 3). In other bacteria, it takes place in the inner 

membrane and involves only one photosystem, PSI in the green bacteria and PSII in 

the purple bacteria. Cyanobacteria, the only procaryote to perform the plant-like 

oxygenic photosynthesis are considered as the oldest phylum of bacteria that shaped 

the oxygenic atmosphere of our planet, and the progenitor of the plant-chloroplast. 

Like plants and algae, oxygen-producing cyanobacteria use PSII (Quinone-type RC), a 

b6f complex and PSI (4Fe-4S-type RC) in a linear electron flow to generate ATP and 

NADPH that drive carbon fixation (Azai et al., 2010).  
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Figure 3. Photosynthesis in bacteria. 
Photosynthetic electron transfer pathways in anoxygenic and oxygenic 

phototrophs. Purple bacteria use a Q-RC (PSII) type, while green sulfur bacteria use 
an Fe-S RC (PSI). Like plant and algae, cyanobacteria use both photosystems and 

produce oxygen. 
 

 

In contrast, purple and green sulfur bacteria, perform anoxygenic 

photosynthesis. They respectively rely on a PSII or PSI photosystem and a bc1 (b6f) 

complex for their growth under photosynthetic conditions (Fig. 3). In purple bacteria, 

the Q-type RC, the bc1 complex and a soluble ferredoxin (HiPiP) or a cytochrome c, 

generate a cyclic electron transport flux and a membrane proton gradient for ATP 

synthesis. Green sulfur bacteria, use reduced sulfur compounds as electron source for 

their growth during photosynthesis to generate ATP and fix CO2. All these 

microorganisms use a light-harvesting antenna system, that transfer excitation to the 

RC. The structure and pigments (chlorophylls/phycobillins and carotenoids) in the 

antenna complexes vary between photosynthetic organisms. In the model 

cyanobacterium Synechocystis, light is collected by the phycobilisome; in green 

bacteria, a large chlorosome complex captures light; while purple bacteria contain an 

LH-type light harvesting system. 
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In purple bacteria, the LH1 complex is associated with the reaction center (RC) 

forming the core complex (Frank & Cogdell, 1996). A peripheral light-harvesting 

complex, LH2, induced under low-light conditions to increase light trapping efficiency 

in present in some species. 

During photosynthesis, electron transfer takes place between these membrane 

components via liposoluble carriers (quinones) and water-soluble transporters 

(cytochromes c or HiPIP). Electron transfer is coupled to proton translocation from the 

cytoplasm to the periplasm, necessary for ATP production by the ATP synthase (Fig. 4).  

 

 

 

Figure 4. Electron transfer chain in purple bacteria. 
The chlorophylls in the light harvesting complexes (LH) capture light and 

transfer it to the reaction center (RC). Cyclic electron transfer between the RC and bc1 
cytochrome generate a proton gradient used by the ATPase to produce ATP (Miller et 

al., 2020). 
 

 

2.1 Photosynthetic membrane complexes 

2.1.1 LH1 and LH2 Antennae 
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Light harvesting (LH) antennae are protein complexes that associated with 

pigments to absorb light energy. In general, in proteobacteria, there are two types of 

antennae, LH1 antennae and LH2 antenna. The LH1 associates with the reaction center, 

forming the core complex. Around them are organized the accessory antennae LH2 

(Fig 5). The amount of LH2 is light-regulated, with increased LH2 under low light 

conditions (Saer & Blankenship, 2017; J. Zeilstra-Ryalls et al., 1998).   

 

 

Figure 5. Photosytem arrangement and energy transfer  
LH2 (green) absorb light energy and transfer the excitation to the core LH1 

antenna (brownish orange). In the core antenna, energy is trapped by a final transfer 
step to the RC (blue), at which point the light energy is converted into chemical 

energy (QH2) (Saer & Blankenship, 2017). A- Protein complexes. B- 
Bacteriochlorophylls within the complexes. B800 BChls of LH2 are shown in green, 
B850 BChls of LH2 and B875 BChls of LH1 are shown in red and orange, and BChls 

P870 of the RC are shown in yellow (Sundström et al., 1999).  
 

According to the crystal structure of LH2 from Rhodopseudomonas (Rps). 

acidophila and other species (Cogdell et al., 1999; McDermott et al., 1995), these 

antennae are heterodimers, and consist of two α and β polypeptides associated with 

bacteriochlorophyll (BChls) and carotenoids pigments, non-covalently. β polypeptides 

are located on the outside of the cylindrical structure while the α polypeptides buried 

inside. The heterodimers of the LH1 and LH2 antennas are associated with a different 

number of BChls and carotenoids molecules. The LH1 antennae binds two molecules 

of BChls and one or two molecules of carotenoids. On the other hand, the heterodimers 

of the LH2 antenna binds three molecules of BChls and one carotenoid molecule 
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(Cogdell et al., 1999; McDermott et al., 1995). These a and b polypeptides form two 

concentric protein cylinders in the membrane, between which are sandwiched the light 

harvesting BChls and carotenoids (Fig. 6). The BChls of LH2 form two rings that are 

arranged approximately in the plane of the membrane. The first of these comprises 18 

BChls, one for each a and b polypeptide, oriented with the macrocycle of each BChls 

approximately perpendicular to the plane of the membrane (Fig 7). These "B850" BChls 

have a prominent UV-Vis absorbance band at 850 nm. The second ring comprises nine 

"B800" BChls, which are arranged with the macrocycle of each BChls parallel to the 

plane of the membrane and gives rise to a prominent absorbance band at 800 nm. 

 

Figure 6. Cytoplasmic view of the LH2 antennae of Rps. acidophila. 
A-Representation of α and β polypeptides (Cytoplasmic view) B - Representation 

of the pigments (bacterio-chlorophylls carotenes- (Cytoplasmic view)). C-
Representation of the protein-pigment complex (periplasmic view). The β-

polypeptides are represented in blue, the α-apoproteins in green, the carotenes in 
red, the 850-nm absorbing bacteriochlorophylls in violet and the bacteriochlorophylls 

absorbing at 800 nm in orange. Image from the photo gallery of Professor Richard 
Cogdell's laboratory. 
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Figure 7. The LH2 pigment-protein from Rps. acidophila. 

Views are parallel (A) and perpendicular (B) to the plane of the membrane. The 
protein scaffold comprises concentric cylinders of nine α (inner), and nine β (outer) 
polypeptides (green and purple ribbons). The 18 B850 BChls (absorb at 850 nm) are 
shown in orange, and the 9 B800 BChls (absorb at 800 nm) are shown in cyano. The 
macrocycles of the B850 and B800 BChls are arranged perpendicular and parallel, 

respectively, to the plane of the membrane. Protein Data Bank (PDB) file 1NKZ (Papiz 
et al., 2003; Swainsbury et al., 2019). 

 
 

2.1.2 The Reaction Center  

  The first three-dimensional structure of the Reaction Center complex was 

reveled in 1984. In general, the complex RC in the photosynthetic bacterium 

Rhodopseudomonas viridis is composed of multi-proteins PufL (light), PufM (medium) 

and PufH (heavy) polypeptides (Deisenhofer & Michel, 1989; S. Wang et al., 1994). PufL 

and PufM subunits have five transmembrane helices with associated four BChla 

cofactors. They are two Bchla called the special pair, two bacteriopheophytin, a 

carotenoid, a non-heme iron atom and two quinone electron acceptors (QA and QB). 

The PufH subunit has a globular-shape, and it attached by a transmembrane helix from 

the cytoplasmic side. It plays an important role of the stability of the complex, and 

proton transfer to the quinone (Fig. 8).  
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Figure 8. Crystallographic structure of the reaction center of 
Rhodopseudomonas (R.) viridis. 

The blue is L subunit, yellow is the M subunit, the H subunit is in green and the 
cytochrome C subunit in orange. The cofactors are depicted on the right (Deisenhofer 

& Michel, 1989).  
 

 
There is a fourth subunit of RC marked on the periplasmic side in R. viridis as 

well as in some species such as R. gelatinosus and R. tenuis. It is a tetra-heme 

cytochrome c (cytc) involved in reducing the photooxidized special pair of BChla 

(Agalidis et al., 1999).   

During the electron transfer reactions, the primary electron transfer leads to charge 

separation on both sides of the membrane. The special pair of BChls carry a positive 

charge on one side of the membrane, and the Quinone carry a negative charge. 

Electron transfer lead to a fully reduced form of quinone QBH2. The reduced QB is 

released in the lipid phase of the membrane, which then reduces the bc1 complex. The 

photo oxidized BChls dimer is then reduced by the cytochrome c through the bc1 

complex. This electron transfer lead to a proton gradient across the membrane that is 

used by the ATPase to produce ATP in the cytoplasm.  
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Figure 9. Electron pathway between the cofactors in the reaction center. 
(Deisenhofer & Michel, 1989).  

 

2.1.3 Photosynthetic pigments 

Plants, algae, cyanobacteria and photosynthetic bacteria, carry out a 

chlorophyll-based photosynthesis. All these phototrophs produce two pigments: 1- 

chlorophylls (bacteriochlorophylls for bacteria) required for both light harvesting and 

in photochemistry; and 2- carotenoids, which function primarily for the assembly of 

light harvesting antennae and photoprotection, but can also harvest light. 

 

2.1.3.1 Bacteriochlorophylls 

The purple photosynthetic bacteria can generate the energy from light thanks to 

the Bchls presents in their photosynthetic complexes (Fig. 10). The purple bacteria 

contain bacteriochlorophylls that are essential for the assembly and the activity of the 

photosynthetic membrane. Bacteriochlorophylls are porphyrins (tetrapyrolles) made 

from simple precursors (Glycine and Succinyl CoA) and the primary steps of 
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biosynthesis of these pigments are shared with heme and vitamin B12 biosynthetic 

pathways.  

In the pathway of biosynthesis of heme and bacteriochlorophylls, the consecutive 

action of the products of the hemA, hemB, hemC and hemD genes from L-Glutamate 

leads to the formation of the first tetrapyrrole, Uroporphyrinogen III (Dailey et al., 2017). 

Then, a reducing path follows this step which leads to the formation of vitamin B12, 

siroheme and heme d; or an oxidative path which catalyzed by the product of the hemE 

gene and leads to the formation of coproporphyrinogen III. The latter undergoes an 

oxidative decarboxylation step to protoporphyrinogen IX which can be catalyzed 

according to the oxygenation conditions by two structurally different enzymes. Under 

aerobiosis, this oxidation is catalyzed by the aerobic copropophyrinogen III oxidase, 

HemF, which uses oxygen as an electron acceptor. Under microaerobic and anaerobic, 

the anaerobic copropophyrinogen III oxidase enzyme HemN, containing a [4Fe-4S] 

cluster, provides oxidative decarboxylation of copropophyrinogen III (Troup et al., 

1995).  

Protoporphyrinogen IX is oxidized by protoporphyrinogen IX oxidase (coded by 

hemG, hemK or hemY) to protoporphyrin IX, the precursor common to the biosynthesis 

of hemes and BChls. 

From Protoporphyrin IX, an iron atom is introduced by the enzyme HemH 

(Ferrochelatase) at the center of the tetrapyrolle molecule, leading to the formation of 

protoheme IX (heme b) (Fig. 10) (Dailey et al., 2017). The latter is the precursor of heme 

c, heme o and heme a. The coordination of these different types of heme within 

apoproteins give rise to cytochromes, the main hemoproteins involved in the transport 

of electrons in the photosynthetic and respiratory chain.  

 Purple bacteria produce different types of BChls (a, b, c, d, and e). 

Nevertheless, most of them are BChls a type containing microorganisms. 

Protoporphyrin IX, is converted to Mg-Protoporphyrin IX (MgP) by the Mg-chelatase 

(BchHDI complex) that insert a magnesium atom in the tetrapyrrole ring (Fig 10) (Chew 
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& Bryant, 2007). A fifth cycle is then formed, and the reaction is catalyzed by an 

oxidative cyclase, BchE which is encoded by the bchE gene, to give Mg-divinyl-

protochlorophillide (PChlide a). However, a second enzyme, AcsF, has been identified 

in R. gelatinosus and catalyzes the same reaction as BchE although the two enzymes 

are structurally different. In fact, it has been shown that BchE catalyzes oxidative 

cyclization in the absence of oxygen, whereas AcsF catalyzes this reaction in the 

presence of O2 (Ouchane et al., 2004; Pinta et al., 2002). PChlide a is the precursor 

compound of chlorophyllide a, itself precursor of BChl a and chlorophyll a in plants. 

The following steps of biosynthesis of the latter are shown schematically in (Fig. 10) 

with the different enzymes involved for each step.  

 

 
Figure 10. The tetrapyrrole biosynthesis pathway in purple bacteria. 

This pathway is common to the biosynthetic pathway of vitamin B12, 
bacteriochlorophyll and heme. The genes coding for the enzymes that catalyze the 

different pathways are indicated. Modified from (Chew & Bryant, 2007).  
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 The structure of some complexes involved in the tetrapyrroles, including heme 

and chlorophyll, biosynthesis pathways are available. It is the case of the bacterial 

anaerobic copropophyrinogen III oxidase enzyme HemN from E. coli (Layer et al., 2003); 

the bacterial and eucaryotic protoporphyrinogen IX oxidase (HemG) (Koch et al., 2004) 

and ferrochelatase (HemH) from the common pathway (Hansson et al., 2011).  

 In the chlorophyll synthesis pathway the structure of the magnesium 

chelatase  (BchHDI) (Chen et al., 2015), and the protochlorophyllide oxidoreductase 

(BchLNB) from photosynthetic bacteria and plants have been also solved (Muraki et al., 

2010). 

 It should be noted, that both HemN and BchLNB structures showed the 

presence of 4Fe-4S clusters that are required for the activity of these enzymes. Exposed 

4Fe-4S clusters have been described as targets of oxygen, reactive oxygen species and 

metal ions in many organisms and could be therefore targets in our model organism 

(Fig. 11). 

 

 

Figure 11. Structure of the 4Fe-4S cluster containing enzymes from the 
tetrapyrrole biosynthesis pathway in bacteria. 

 A- HemN (Layer et al., 2003). B- BchLNB (Moser et al., 2013).  
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 The genes involved in the BChls biosynthesis pathway are very often organized 

int operons and grouped together in the photosynthetic gene cluster (40 to 50 kb) in 

purple bacteria (Fig. 12). Their expression is regulated by light and oxygen tension and 

involves two component systems (RegBA/PrrBA) and sensors of light or oxygen 

(AppA/PpsR/Aer/Fnr) (Pandey et al., 2011, 2017). Expression of photosynthetic genes 

is repressed under high oxygen tension; the bacterium will therefore favor aerobic 

respiration. Under micro-aerobic or anaerobic condition, the expression of 

photosynthetic genes is up regulated resulting in dark pigmented cells full of 

photopigments and photosynthetic complexes.  

 

 

 

Figure 12. Regulatory pathways of photosynthesis in purple bacteria. 
Proteins  that govern photosynthetic gene expression in response to light and 

oxygen in photosynthetic bacteria (left) (Pandey et al., 2017). Growth of R. gelatinosus 
under different oxygen tension, showing the induction of photopigments with 
decreasing oxygen tension.  

 

2.1.3.2 Carotenoids 

 Carotenoids are the second category of pigments present in the 

photosynthetic apparatus. They are synthesized by photosynthetic and non-

photosynthetic organisms. These pigments have range of colors yellow, orange and 
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red. In phototrophs, carotenoids protect the reaction center from the damage caused 

by the photo oxidation resulting from the formation of oxygen singlets and the free 

radicals generated by the different cellular metabolisms in the presence of oxygen 

(Olson, 1993; Ouchane, 1997). They also play a structural role in the antennae assembly 

and stability (Cogdell & Gardiner, 1993; Gall et al., 2003). The carotenoids are also 

photo-collector pigments, they absorb light at wavelengths between 400 and 530 nm, 

and then they transfer the energy to the bacteriochlorophyll molecules. 

 Carotenoids are C40-compounds consisting of eight isopentenyl 

pyrophosphate units. Extensive studies in purple and cyanobacteria allowed the 

identification of all the genes involved in the biosynthesis pathways (Takaichi, 2013). 

Furthermore, analyses of carotenoid intermediates that accumulate in bacterial 

carotenoid mutants allowed the identification and the characterization of all the 

precursors and steps in the biosynthetic pathways. As for bacteriochlorophyll 

biosynthesis, most of the genes involved in carotenoid biosynthesis are in operons 

clustered within the photosynthetic gene cluster. 
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Figure 13. Carotenoid biosynthesis pathways in purple bacteria.  

Rhodobacter produce only spheroidene. R. gelatinosus produces both spheroidene 
and spirilloxanthin (Takaichi, 2013).  

 

 

2.1.4 Organization of photosynthetic genes: the PS cluster 

In purple bacteria, most genes involved in photosynthesis are very often found 

clustered and organized in operons in bacterial genomes (Choudhary & Kaplan, 2000; 

Igarashi et al., 2001).  The photosynthetic gene cluster (about 40 kb) includes puf genes 

which encodes the L, M and C subunit of the reaction center, the puhA that encodes 

for the structural subunits of reaction center, the pufB and pufA genes encoding for 

LH1 antenna proteins. Also, most if not all the genes involved in the biosynthesis of 



-INTRODUCTION- 

 19 

pigments (bch and crt genes) as well as genes required for the control of expression 

and synthesis of the different components of the photosystem, are localized in the 

same cluster.  

It was shown in R. capsulatus, R. sphaeroides and R. gelatinosus, that operons 

are also grouped together with other operons to form super-operons (crtEF-bchCXYZ-

pufBALMC-crtADC) (Choudhary & Kaplan, 2000; Elsen et al., 2005; Liotenberg et al., 

2008; Youvan et al., 1984).  This operon organization in operon and super-operons 

allow the coordination of gene expression and the rapid setup of the photosynthetic 

apparatus in response to light and drop in oxygen tension (Liotenberg et al., 2008).  

 

 

Figure 14.Photosynthetic gene organization within the PS cluster in purple 
bacteria.  

puf genes are in dark red, bch genes in green and crt genes in orange. The 
superoperons are shown in the boxes and by the arrows (Liotenberg et al., 2008). The 

crt-bch-puf super-operon (gray frame) and bch-puh (orange frame). 
 
 

3. Respiration in purple bacteria 
  

 In the absence of light, purple bacteria produce ATP through respiration. 

According to the final acceptor of electrons, there are two types of respiration: 1- 

Aerobic respiration, the final acceptor of the electrons of the respiratory chain is 

oxygen. 2- Anaerobic respiration, and the final electron acceptor is a compound 
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molecule such as nitrate, trimethylamine N-oxide (TMAO) and dimethyl sulfoxide 

(DMSO) (Richardson, 2000). I will focus only on aerobic respiration in this section. 

As in mitochondria, the bacterial aerobic respiratory chain involves four to five 

membrane protein complexes where electrons transfer from a primary donor (NADH/ 

Succinate) to the terminal acceptor, oxygen. The electrons are transferred through the 

membrane complexes and pass from one complex to the other in the respiratory chain, 

via liposoluble or water-soluble carriers. In proteobacteria, there are two types of high 

potential electron carriers: membrane quinones that transfer electrons and protons 

from complex I (NADH dehydrogenase) and / or complex II (succinate dehydrogenase) 

to the cytochrome bc1 complex (complex III) (R. K. Poole & Cook, 2000).   

The periplasmic cytochrome c or the HiPIP (high potential ferredoxin) are 

involved in the transport of electrons to terminal oxidase (complex IV) to reduce 

oxygen into water molecules. (Fig. 15) (Rigoulet et al., 2007). Electron flow through the 

chain generates a proton gradient across the membrane that is used by the ATP 

synthase to generate ATP. 

 

 

Figure 15. Complexes of the Respiratory chain of bacteria. 
The transport of electrons between these complexes involves quinones (Q) and the 
cytochrome c (cytc). The protons translocated by some complexes are used for the 

production of energy by the ATPase (Rigoulet et al., 2007).  
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3.1 Complex I: NADH 

 Complex I or NADH dehydrogenase is the first complex of the aerobic 

respiratory chain. It oxidizes NADH and reduces quinone pool in the membrane. It is 

the largest complex of the bacterial electron transfer chain and contains up to 16 (Nuo) 

different subunits. It contains a molecule of flavin mononucleotide (FMN) and a 9 iron-

sulfur (Fe-S) clusters that participate in electron transfer. The NADH dehydrogenase 

complex (Fig. 16) catalyzes the transfer of two electrons from NADH to quinone 

coupled to the translocation of protons across the bacterial membrane participating 

therefore to generate the proton gradient for ATP synthesis (Baradaran et al., 2013).  

 

 

Figure 16. Crystal structure of the entire respiratory complex I (NADH 
dehydrogenase) from Thermus thermophilus bacterium. 

 (Zickermann et al., 2015). 
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3.2 Complex II: succinate dehydrogenase (SDH) 

Succinate dehydrogenase (SDH or complex II) catalyzes the oxidation of 

succinate to fumarate. As for NADH dehydrogenase, the oxidation of succinate is 

coupled to the reduction of quinone pool in the respiratory chain. Nevertheless and 

unlike NADH dehydrogenase, this complex does not participate in translocation of 

protons; thus, its activity generates less ATP than NADH oxidation (Mills et al., 2016).  

 This complex has two domains. A membrane domain and soluble catalytic 

domain which is exposed to the cytoplasm in bacteria (Fig. 17). The (soluble) peripheral 

domain is composed of two subunits involved in the oxidation of succinate; SdhA, a 

flavoprotein, containing covalently attached flavin adenine dinucleotide (FAD) and 

SdhB containing three iron-sulfur clusters (Yankovskaya et al., 2003).  

In E. coli, the membrane domain, where the reduction of the quinones takes place, 

contain two hydrophobic peptides (SdhC and / or SdhD) with heme b involved in the 

electron transfer.  

 

Figure 17. Crystal structure of Escherichia coli complex II (succinate 
dehydrogenase). 

(Yankovskaya et al., 2003). 
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3.3 Complex III:  bc1  

 The Ubihydroquinone cytochrome c oxidoreductase or cytochrome bc1 

(complex III) is a central complex involved in both respiration and photosynthesis in 

purple bacteria. It oxidizes quinols and reduces electron carriers, usually cytochromes 

c or ferredoxins. In parallel, it allows the translocation of protons across the membrane 

thus creating a gradient of proton and contributing to the ATP synthesis. The bacterial 

bc1 complex consists of three major subunits (PetABC or QrcABC) with redox moieties 

(Fig. 18A): the Rieske protein, the cytochrome b, and the cytochrome c1 (Gray & Daldal, 

1995; Thöny-Meyer, 1997; Trumpower, 1990). Cytochrome b is a hydrophobic protein 

consisting of several transmembrane helices. It contains two type b heme, the high 

potential (bH) heme and the low potential (bL) heme. The Rieske protein contains a 

transmembrane domain attached to the membrane by its N-terminal extension. It 

contains a [2Fe-2S] cluster linked by two histidines and two cysteines. One of the 

interesting features of this protein is that its cluster is in a soluble and flexible 

periplasmic domain. Structural and spectroscopic data have made it possible to 

propose a model in which the passage of electrons in the bc1 complex is controlled by 

the movement of the soluble domain (Darrouzet et al., 2000; Darrouzet & Daldal, 2003).  

The Cytochrome c1 is inserted into the membrane by its hydrophobic C-terminal 

domain. It contains a c-type heme covalently attached by two cysteines, a histidine and 

a methionine as axial ligands. Structure of the b6f (bc1) complex from the alga 

Chlamydomonas reinhardtii was resolved and showed the presence of an additional 

heme (ci), a chlorophyll and carotenoid molecule within in the complex (Stroebel et al., 

2003). More recently a structure of the bc1 complex in super-complex  with complex IV 

(cyt c aa3) from Mycobacterium smegmatis was reported (Fig. 18B) (Wiseman et al., 

2018). 
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Figure 18. Structure of the bc1 complex. 
A-Structure of isolated bc1 complex or B- in supercomplex with the aa3 

cytochrome c oxidase of Mycobacterium smegmatis (Wiseman et al., 2018). 
 
 

3.4 Complex IV: Cytochrome c oxidase  

 The final electron acceptor of the aerobic respiratory chain is oxygen. The 

latter is reduced in water molecules via the terminal oxidases. These membrane 

oxidases also participate in the translocation of protons from the cytoplasm to the 

periplasm necessary for the formation of a membrane potential and a proton gradient. 

According to the electron donor, two types of terminal oxidases are distinguished in 

proteobacteria: 1- cytochrome c oxidase enzymes oxidizing soluble cytochrome c: aa3 

and cbb3 and 2- quinol oxidases (enzyme oxidizing quinols: bd, bo, ba3 or others type). 

These oxidases have differences in their composition in subunits and cofactors (heme 

type a, b, d or o) and / or copper) but also in their affinity for oxygen. 

 Most bacteria have more than one oxidase. Indeed, given the difference in 

oxygen affinity between those enzymes, bacteria usually express high or low affinity 

oxidases, allowing them to grow under high and low oxygen tension. In R. gelatinosus, 

four operons encoding four different terminal oxidases have been identified in the 
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genome of this bacterium, cbb3, bd, bo and caa3 type with a fused cytochrome c. The 

role of these terminal oxidases in respiration this bacterium has been studied. The 

results showed that only the cbb3 and bd oxidases are functional in the wild strain 

(Hassani et al., 2010b). The activity of the cbb3 and bd oxidases depends on the 

concentration of O2, the cbb3 oxidase is involved in the micro-aerobic respiration (low 

oxygenation) whereas the quinol oxidase bd is important for the aerobic respiration 

(strong oxygenation). 

The most common cytochrome c oxidase in bacteria is the aa3 type very close to 

the mitochondrial cytochrome c oxidase. It is expressed under high oxygen tension and 

allow growth of most bacteria under aerobic condition. The enzyme contains four (Cox) 

subunits. It contains two copper centers and two heme a and a3 molecules that 

participate in electron transfer and oxygen reduction (Fig. 19) (Nyquist et al., 2003).  

The second cytochrome c in bacteria correspond to the cbb3 cytochrome c oxidase. 

This enzyme is specific to bacteria and in most species required for respiration under 

low oxygen tension. Indeed, except in few species, the enzyme is induced under micro-

aerobiosis by the FNR regulator, and is required for growth when oxygen tension drops. 

The complex is composed of three to four subunits (Cco). The catalytic subunit CcoN 

contains two b-type heme, one of which forms with Cu the binuclear center where 

oxygen is reduced. The two other subunits are transmembrane proteins containing, in 

their soluble periplasmic domains, c-type hemes (Fig. 19) (Buschmann et al., 2010). 

These subunits allow the transfer of electrons from soluble cytochrome c to the 

catalytic site in CcoN subunit. 
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Figure 19. Structure of bacterial aa3 (left) and cbb3 oxidase (right). 
(Buschmann et al., 2010; Svensson-Ek et al., 2002). 

 

4. Regulation  of photosyntethic genes 
 

 Bacteria have the ability to adapt to different growth conditions. Thanks to their 

expansive metabolic versatility, they can adapt to different sources of nutrients and 

energy, optimize their growth, and thrive even under harsh and stress conditions. To 

this end, they need to control the gene expression to produce the required proteins in 

normal and/ or under stress conditions.  Purple bacteria have the ability to detect 

variations in the light and oxygen conditions in their environment and optimize their 

energy production machinery. They sense the changes of oxygen availability and light 

intensity/quality, and assemble the complexes necessary for their growth either in 

photosynthesis or in respiration.  

In the presence of light and anaerobiosis, these bacteria will synthesize the 

photosynthetic complexes that will ensure their growth via photosynthesis (Fig. 12). 

While in aerobic condition, the presence of oxygen promotes respiratory metabolism 

and the synthesis of the respiratory chain complexes. In anaerobic condition, dark and 

presence of nitrogen oxide (Nitrate / Nitrite) or DMSO, the cells produce the respiratory 

reductases of denitrification or DMSO reductase. To set up these metabolisms, bacteria 
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require specific regulation in order to ensure the synthesis of the complexes needed 

for each mode of growth.  

The regulatory processes involve several sensors and transcriptional regulatory 

pathways that detect external inputs such as the change in O2 or the intensity or quality 

of light. The regulatory pathways were mainly studied in Rhodobacter sphaeroides and 

R. capsulatus, nonetheless some of the regulatory proteins were identified in other 

purple bacteria including in R. gelatinosus. The three major oxygen regulatory systems 

that have been characterized in these bacteria are the FnrL, the PpsR / AppA and the 

two components system RegA/RegB systems. So far, the laboratory has identified in R. 

gelatinosus two factors sensitive to the concentration of O2 in the medium: FnrL and   

PpsR  (Ouchane et al., 2007; Steunou et al., 2004).  

 

4.1 The global anaerobic regulator FnrL 

 FnrL (Fumarate and nitrate regulator), the global anaerobic transcription factor 

exists in the majority of proteobacteria. FnrL responds to oxygen concentration and 

controls the expression of hundred genes involved in the micro-aerobic or anaerobic 

growth in bacteria. The FnrL protein has four N-terminal cysteines that coordinate an 

oxygen-labile [4Fe-4S] center, a central dimerization domain and a helix-turn-helix 

domain for DNA-binding. This factor is able to detect the oxygen present in the 

medium thanks to its labile cluster (Mettert & Kiley, 2018). In absence of oxygen, FnrL 

forms a [4Fe-4S] cluster and binds to its target DNA (TTGA-N6-TCAA) sequence to 

induce the expression of the regulated genes. While in presence of oxygen, the [4Fe-

4S] cluster will transform into [2Fe-2S], preventing the dimerization of the protein, thus 

rendering it inactive (Fig. 20). Through this reduction process of the cluster [4Fe- 4S] 

and dimerization of the protein, FnrL indirectly detects the oxygen of the medium and 

trigger the required response (Moore & Kiley, 2001; J. H. Zeilstra-Ryalls & Kaplan, 2004).   
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Figure 20. Schematic representation of gene regulation in purple bacteria. 
A- In anaerobiosis, the formation of a cluster [4Fe-4S] allows the dimerization of FnrL 

which induces the expression of target genes. In aerobic, the [4Fe-4S] cluster is 
transformed into [2Fe-2S] preventing dimerization of the protein, making it inactive 

(Moore and Kiley 2001). B- Interaction of PpsR and AppA to modulate photosynthetic 
genes in response to oxygen and light. C- Regulation of PS genes by the two 

components system RegA/RegB. 
 

 In R. sphaeroides, R. capsulatus and R. gelatinosus, FnrL has an important role 

in the production of photosynthetic complexes. In fact, the FnrL factor is an activator 

of genes that are involved in porphyrin biosynthesis (Ouchane et al., 2007; J. Zeilstra-

Ryalls et al., 1998; J. H. Zeilstra-Ryalls & Kaplan, 1995). It is required for the expression 

of several genes including bchE and hemN. FnrL is also involved in the expression of 

the cbb3 cytochrome c oxidase required to reduce oxygen in the medium prior to start 

photosynthesis (Hassani et al., 2010b). By these means, FnrL is also important for 

photosynthesis in purple bacteria. 

 

4.2. The transcriptional regulator PpsR 

 The PpsR factor regulates the photosynthetic genes in the presence of oxygen. 

It is mainly a repressor of gene expression, in the presence of O2, that binds to a TGT-

N12-ACA sequence in the promoter region. The PpsR protein has a C-terminal helix-

turn-helix domain for DNA binding and contains two highly conserved cysteines, one 

located in the HTH domain and the other between two PAS domains. In R. capsulatus, 
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it has been shown that these cysteines play an important role in the activation of PpsR. 

In the presence of oxygen, they form a disulfide bond and increase thus the affinity of 

PpsR for its target promoters thus repressing the expression of carotenoids (crt) and 

bacteriochlorophyll (bch) synthesis genes (Fig. 20) (Masuda et al., 2002). In R. 

gelatinosus, it has been shown that PpsR represses the carotenoid gene crtI and 

activates the pucBA genes encoding the light-harvesting antennae LH2 (Steunou et al., 

2004).   

 It was also shown in Rhodobacter that the activity of PpsR is controlled by a 

flavin containing antirepressor (AppA). AppA functions as a blue light-inhibited 

antirepressor. Under anaerobic condition, low light or in the dark, AppA interacts with 

PpsR, converting PpsR from an active into an inactive dimer, whereas under aerobic 

condition or blue light excited form, AppA is enable to inhibit PpsR, resulting thus, in 

repression of photosynthetic genes by oxygen or blue-light (Gomelsky et al., 2008).  

 

4.3 The RegB / RegA signal transduction system  

 The two-component RegBA system (also annotated PrrBA) consists of the 

membrane-associated sensor kinase RegB and the cytoplasmic response regulator 

RegA. It was identified in R. capsulatus and R. sphaeroides (Sganga & Bauer, 1992),  but 

not in R. gelatinosus.  Although initially described as a regulator of photosynthesis, 

RegB/RegA system was found in other non-photosynthetic bacteria controlling a 

variety of metabolisms in response to oxygen (Elsen et al., 2004).   

 The redox signal that is detected by the membrane bound sensor kinase, RegB, 

would originate from the aerobic respiratory chain and the redox state of the quinol 

pool (Swem et al., 2006). RegB is inactive under aerobic condition, while under 

anaerobic condition, RegB autophosphorylates and subsequently phosphorelates 

RegA. Phosphorylated active RegA binds to promoter regions in the photosynthetic 

cluster inducing thus the expression of puf and puc genes encoding the reaction center 
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and the light harvesting complexes and genes involved in the synthesis of the 

photopigments (Schindel & Bauer, 2016).   
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5. General introduction of Metals in bacteria 
 

5.1 Metals and evolution  

 Life on Earth appeared almost 4 billion years ago and since then it has been 

grown steadily to reach the biodiversity we know today. Throughout this process of 

evolution, living organisms have been able to draw from their environment all the 

elements derived from the, biosphere, hydrosphere, lithosphere and the atmosphere 

to ensure their survival, their development and their proliferation. The photosynthetic 

microorganisms appeared a little over 2 billion years ago and have modified the 

environmental conditions profoundly and in particularly the solubility of metal ions 

(Fig. 21).  

 In the anaerobic world, Fe2+ in the form of Fe-S clusters, mono or binuclear Fe-

Fe centers or heme was required in many metabolisms and ensured the development 

of the living microorganisms. With the advent of oxygen, thanks to cyanobacterial 

photosynthesis, an important change occurred and led to the oxidation of reduced Fe2+ 

to insoluble Fe3+, limiting thus the availability of iron. This posed both a challenge and 

an opportunity for the living organisms and many adaptations to the aerobic world 

have emerged. 

  Among these changes, the oxidation of other metals such as copper or zinc that 

became much more bioavailable. Since then for example, aerobic respiration has 

evolved thanks to the two Cu2+ centers within the oxygen reduction site of cytochrome 

oxidases.  A second major change was the emergence of siderophores and Fe3+ uptake 

systems. In the meantime, these organisms have had to evolve systems to cope with 

the excess and toxicity of newly available and abundant metals (Dupont et al., 2011; 

Solioz, 2019) .   
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Figure 21. Evolution of oxygen, trace metal and metal ATPases on earth (A).  
B-Iron was available in the anoxic world, but became insoluble under oxic 

conditions. On the contrary, copper became soluble with the advent of oxygen, but 
microorganisms had likely to deal its toxicity. Modified from (Dupont et al., 2011; 

Solioz, 2019).  
 

 

5.2 Selection of metal ions by proteins 

 Ion metals are required for the activity of a variety of proteins involved in 

various processes such respiration, photosynthesis, central metabolism, gene 

regulation, stress response etc. It is estimated that one-third to one-half of all enzymes 

in the cell requires a metal cofactor (Fe2+, Mg2+, Zn2+, Co2+, Cu+ etc) for their function 

(Osman et al., 2019). The majority of metallo-enzymes use a specific metal ion, and are 

inactive if de-metalated or mis-metalated and loaded with the wrong metal in vivo or 

in vitro (Barwinska-Sendra & Waldron, 2017). The selection of metals for biological 
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tasks is thus not arbitrary but extremely important. Specificity of metal binding is 

indeed important for the assembly, stability and the functioning of the metallo-

proteins. Correct metalation is therefore an important step in the building and activity 

of these proteins. A way to ensure correct metalation is to maintain more competitive 

metals, ie: that can interact with many proteins in the cell, at very low concentrations 

and availabilities than the less competitive metals. In that sense, the metal homeostasis 

systems play a major role to keep the metals at the optimal and desired concentration 

for correct metalation of proteins (Osman et al., 2019).  Another way to avoid mis-

metalation, is to use specific metallo-chaperones to metalate proteins. Specific 

metallo-chaperones will assist the ion to reach its binding site without inflicting 

damage or becoming trapped in adventitious binding sites. This is the case of copper 

for example, that can form more tight complexes with many proteins than Mn2+ or Fe2+. 

As a matter of fact, its insertion in the enzymes like the cytochrome oxidase requires 

many chaperones (Sco1, Cox11…) (Robinson & Winge, 2010).  

 Proteins are metal highly selective, and they can have multiple sites to bind 

metals. Nevertheless, the substitution of one metal by another can occur when the 

homeostasis system is deficient, and the mis-metalation can be the basis of metal 

toxicity in some cases. 

 

5.3 Essential metallic ions and cofactors in bacteria 

 Few metals are essential for the development and survival of living organisms. 

They are required for cells to grow and to live by participating in many essential 

metabolic processes and pathways. For example, alkali metals such as sodium, 

potassium or calcium play a crucial role in cellular metabolism and maintain the optimal 

ionic balance. Other metals such as Fe2+, Zn2+, Cu+, Ni2+, Mg2+ or Co2+ are associated 

with several enzymes or cofactors involved in essential cellular processes such as 

photosynthesis, aerobic and anaerobic respiration, or the detoxification of activated 

species of oxygen (Kim et al., 2008). Indeed, it is proposed that Metallo-enzymes 
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catalyze approximately half of the reactions of life (Osman et al., 2019). Some metals 

are directly inserted in the protein. For examples, Cu2+ in the cytochrome c oxidase, the 

carbon-monoxide dehydrogenase or the Cu-Zn superoxide dismutase (SodC).  Zn2+ is 

found in the zinc-dependent phospholipase C; Mn2+ in the ribonucleotide reductase IV 

or the Mn2+ superoxide dismutase Mn-Sod (SodA); Mg2+ in the Adenylate cyclase. Fe2+ 

is found in many proteins as an iron mono-nuclear center like in the superoxide 

dismutase Fe-Sod (SodB), or as a binuclear center in the hydrogen:ferredoxin 

oxidoreductase (Foster et al., 2014).   

 Metals can also contribute to the activity of enzymes in which they are part of 

a complex inorganic or organic cofactor. Fe2+ can be part of the Fe-S clusters [2Fe-2S] 

or [4Fe-4S] for example, while Cu2+ can be active in interaction with the MoCo 

(molybdene cofactor) in the CO-dehydrogenase of some bacterial species (Gnida et al., 

2003). Finally, Fe2+ is the main electron donor/acceptor in the heme moiety of 

hemoproteins and cytochromes, while Mg2+ is the metal required for the synthesis and 

activity of bacteriochlorophylls and chlorophylls in photosynthesis. An important 

cofactor of many enzymes is the cobalamin (vitamin B12) in which Co2+ is necessary for 

its activity. 

 As highlighted above, many metabolisms depend on essential metal ions, 

which enable enzymes to achieve vital chemical reactions. Yet, when present in excess, 

even at low concentration in the cells, the same life-enabling essential metals can be 

highly toxic. Toxicity is also a trait of some other metals that are not biologically active, 

but that can be toxic at almost any dose. Living organisms can also encounter these 

non-essential metals in their environment. This is the case of Silver, Gold, Arsenic, Lead 

or Cadmium. Nevertheless, some of these ions can have unexpected role in 

microorganisms. Indeed, it was shown in the marine diatom Thalassiosira weissflogii, 

and in several other diatom species, that cadmium (Cd2+) is required, instead of Zn2+, 

for the activity of the Carbonic anhydrases that catalyze the inter-conversion of 

carbonic acid and carbon dioxide (Lane et al., 2005).  
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6. Metals in the environment and Toxicity 
 

6.1 Origin of metals in our environment 

Metals are naturally released in the environment after volcanic eruptions, forest 

fires, and wind-borne soil particles; but they are also released as a result of the 

anthropogenic activities related to agriculture and animal feeding (direct spreading or 

in fertilizers, pesticide insecticide and antimicrobial solutions), mining, or industrial and 

domestic  sewages (He et al., 2005; Tchounwou et al., 2012). They are found in different 

forms such as hydroxides, oxides, sulphides, sulphates, phosphates, silicates and 

organic compounds. The most common heavy metals are lead, nickel, chromium, 

cadmium, arsenic, mercury, zinc, copper and silver (Masindi & Muedi, 2018).  As they 

are not degradable, their accumulation will eventually have a detrimental effect due to 

their inability to undergo microbial or chemical degradation. 

The overuse and the high doses of metals can have toxic effect. It influences the 

environment; thus, it loses its ability to foster life for human and all living organisms. 

Among different harmful sources to the environment, heavy metals pollution received 

a remarkable attention. They diffuse through environments in the soil, water, air, and 

their interfaces; and become toxic when they are not recovered or inactivated. They 

enter the human body through many ways: by eating and drinking contaminated food 

and water, breathing polluted air, and absorption through skin by the direct touch. For 

humans, serious body failures and diseases may attack the brain, immune system, 

kidney, liver, and lungs as consequences of the accumulation of toxic heavy metals in 

the tissues (Masindi & Muedi, 2018).   

 

6.2 Toxicity caused by ion metals  

 In general, the toxicity of a metal ion can be influenced by many abiotic factors, 

such as oxygen, temperature, pH, the ability to enter the cell, its interaction with organic 
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or inorganic molecules in the medium and its ability to interact with targets (proteins, 

lipid, DNA etc.) and interrupt metabolic pathways inside the cells. The intracellular 

concentration of each metal must be very well regulated to prevent cell overload, with 

unnecessary metal ions, that leads to toxic effect. This toxicity is mainly mediated by 

mis-metalation of protein or cofactors, mis-folding of proteins, or generation of 

oxidative stress.  

 The main targets of the deleterious effects of metal ions are the proteins. Indeed, 

most metal ions can interact with polypeptides, albeit with different affinities (Mn2+ 

<Fe2+ <Co2+ <Zn2+ <Cd2+ <Ni2+ <Cu2+) and can thus inactivate proteins. Cu2+ has the 

highest affinity for proteins and therefore, even at low concentration, can 

spontaneously bind to the proteins in a non-specific way. Thus, the concentration of 

Cu2+ in the cell is very low and tightly controlled (Robinson & Winge, 2010). In contrast, 

Mn2+, Mg2+ or Fe2+ display low affinity and their concentration in the cell is therefore 

higher.  

 The interaction with proteins can generate different damages. For example, Cu2+ 

will interact with different amino acids, in particular with thiol of cysteines but also with 

imidazole group of histidine and with methionine. Cu2+ can thus substitute to the 

genuine transition metal during the assembly of the protein or at least prevent the 

metal to bind to its site in the protein and lead to its inactivation (Fig. 22) (Dalecki et 

al., 2017; Solioz, 2018). Other amino acids like arginine, lysine or threonine, have side 

chains that are particularly sensitive to the Cu2+ generated hydroxyl radicals (Dalecki et 

al., 2017; Holm et al., 1996), leading to the formation of carbonyl groups. 

 



-INTRODUCTION- 

 37 

 

Figure 22. Copper-induced damage. 
Copper mediates protein carbonyl formation, causes mis-metalation, interferes with 

the biogenesis of prosthetic groups, damages Fe-S clusters, oxidizes thiols, and 
induces protein mis-folding. Examples of these effects were described in E. coli and R. 

gelatinosus (in red). Modified from (Dalecki et al., 2017).  
  

 The most dramatic impact of metals such as Cu2+, Co2+, Zn2+, Cd2+ or Ag+ is very 

likely the disruption of exposed [4Fe-4S] clusters of proteins, within metal intoxicated 

cells (Macomber and Imlay, 2009). [4Fe-4S] was disrupted by these metals in many 

essential enzymes such as, the fumarase A and the 6-phosphogluconate dehydratase 

in E. coli (Macomber & Imlay, 2009; Xu & Imlay, 2012). The [4Fe-4S] HemN containing 

enzyme is also a target of metal excess. Heme synthesis and consequently many 

hemoproteins are impacted in Rubrivivax gelatinosus and Neisseria gonorrhoeae 

(Azzouzi et al., 2013; Djoko & McEwan, 2013; Steunou et al., 2020a). An additional stress 

imposed by metal excess was proposed to occur on the Fe-S cluster biogenesis 

machinery itself. Indeed, Cu+, Co2+ and Cd2+ appeared to directly bind and inhibit 
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components of the E. coli  ISC machinery (Chillappagari et al., 2010; Montealegre et al., 

2018; Tang et al., 2014). 

 Metals with strong affinity can also substitute others during the synthesis of 

prosthetic groups such as porphyrins (heme and chlorophylls). Indeed, it was shown in 

vitro, that Ferro-chelatase that catalyzes the insertion of Fe2+ into protoporphyrin IX, 

can insert Zn2+ or Co2+ at a good rate in the porphyrin ring of protoporphyrin IX 

(Hansson et al., 2011). Similarly, but in vivo, substitution of Mg2+ in chlorophyll 

molecules by Cu2+, Cd2+, Zn2+ or Pb2+ was reported in plants (Küpper et al., 1998a).  

 Damage may also occur through the disruption of the protein structure. Because 

redox active metals such as copper are potent oxidant, they can also catalyze the 

formation of nonnative disulfide bonds in proteins with nearby cysteines. Copper-

mediated inactivation of the RNAse A via formation of disulfide bonds within the 

protein was reported in E. coli  (Hiniker et al., 2005), and our laboratory reported the 

inhibition of cytochrome c assembly by copper, very likely through formation of 

disulfide bonds (Durand et al., 2018).  

 On the other hand, some metal like Fe2+ and Cu2+ are able to catalyze the Fenton 

reaction:   Fe2+ + H2O2 → Fe3+ + OH- + OH˙   or  Cu+ + H2O2 → Cu2+ + OH- + 

OH˙ 

Indeed, it was shown that the combination of Fe2+ or Cu+, with hydrogen 

peroxide (H2O2) generates hydroxyl radicals (OH˙) that is extremely reactive and will 

therefore react spontaneously and damage molecules (proteins, lipids, and DNA) 

present in its immediate surroundings. Other metals can indirectly induce such 

reaction. Fe2+ release following the disruption of [4Fe-4S]  clusters or the de-metalation 

of Ferro-proteins may generate hydroxy radicals, if its chelation or storage processes 

are deficient or slow.  
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7. Metal Homeostasis  
  

 Bacteria are programmed to deal with nutrient fluctuations (starvation or excess) 

in their environment, including for metal ions, to maintain essential metals at sufficient 

levels to meet cellular demands. In particular, to maintain metal homeostasis, they 

implement a variety of systems and strategies. To this end, they use metal ion sensors 

to induce or repress uptake transport or efflux systems, detoxification enzymes, storage 

proteins, and adapt their metabolism to cope with changes related to the metal 

imbalance (Mealman et al., 2012).    

A dysfunction in the homeostasis system of these metals can cause physiological 

disorders both in prokaryotes and in eukaryotes. Given that, the topic of metal 

transport (uptake, efflux, storage…) and regulation is very large, with different systems 

described in the literature, I will only describe the response and the mechanisms to 

cope with excess metal with emphasis on copper.  

 

7.1 Metal-sensing regulators 

Metallo-regulatory proteins are the sentinels to ensure that metal needs are met, 

and to ensure a rapid response in case of depletion or excess metal. They operate by 

monitoring the pool of metal ions in the periplasm and cytoplasm of Gram-negative 

bacteria, and by modulating gene expression. Thus, metallo-regulatory proteins ensure 

that metal acquisition systems are expressed when metals are limiting for growth, and 

that storage and efflux systems are expressed under conditions of excess (Chandrangsu 

et al., 2017). For example, when the intracellular metal concentration is sufficient, a 

metal-bound repressor (case of Fur regulator that regulates iron uptake in bacteria) 

represses genes that involved in metal uptake. Whereas metalation of sensors that 

function under excess stress, will lead to increased expression of genes that are 

required for metal storage or efflux. Because in this work, I mainly focused on copper, 
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silver and cadmium, I will describe the copper efflux system and its regulation that is 

also active for silver and very similar to that of cadmium. 

In proteobacteria, the most ubiquitous copper sensor system is a transcriptional 

regulator CueR (CopR in some bacteria) exhibiting both the role of a sensor and a 

regulator. This regulator is part of the MerR family, known to regulate metal 

homeostasis in bacteria. It has an N-terminal DNA binding domain, a dimerization 

domain in the middle of the protein and a C-terminal copper binding domain. In E. coli 

and other proteobacteria, the metal has been shown to be coordinated by a loop 

containing two conserved cysteines. Under non-stress conditions, the apo-CueR 

regulator bound to its operator DNA and represses expression. Cu+ metal binding 

triggers conformational changes in CueR which in turn, activates the transcription of 

target genes (Fig. 23) (Philips et al., 2015; Rademacher & Masepohl, 2012). Indeed, 

CueR has an extremely high affinity for Cu+, in the order of zeptomolar range (Kd 1021 

M-1), indicating that, even extremely low changes in the copper concentration in the 

cell is monitored to avoid its accumulation. To this end, CueR induces, under copper 

(or silver in E. coli) excess, the expression of the copper efflux ATPase CopA and the 

periplasmic copper oxidase CueO to translocate excess copper out of the cell (Rensing 

& McDevitt, 2013).   
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Figure 23. Metalloregulatory and detoxification proteins involved in copper 
tolerance in E. coli (A). Structure of CueR from E. coli (B). 

The interaction with Cu+ induces conformation changes and promote expression. 
Other regulators (CadR or MerR) undergo the same changes to induce expression of 

the efflux systems (Philips et al., 2015; Rademacher & Masepohl, 2012). 
 

The second sensor system, for regulating copper homeostasis in proteobacteria 

is the CusRS (or CopRS) system. It is a signal transduction two-component system that 

includes a transmembrane sensor kinase (CusS) and a cytoplasmic response regulator 

that binds DNA upon phosphorylation by CusS. In E. coli, this regulatory system 

modulates the expression of the RND CusCFBA transporter allowing copper extrusion 

from the periplasm outside the cell (Fig. 23) (Outten et al., 2001). This Cus efflux system 

and its regulatory signal transduction system is found only in few species. CusCFBA is 

induced in E. coli only under very high copper concentration and anaerobiosis (Outten 

et al., 2001). We should note that in E. coli these systems also respond to silver and are 

required for resistance to excess Ag+ (Chacón et al., 2014; Rensing et al., 2000). 



-INTRODUCTION- 

 42 

Furthermore, similar Mer regulator system to CueR, required for the response to other 

metal ions including, Zn2+, Cd2+ , Hg2+, or As2+  were also identified in bacteria (Brown 

et al., 2003).  

 

7.2 Extracellular sequestration of metals 

 Resistance to metal ions by extracellular sequestration is mostly found in 

yeasts and fungi, but some examples are also found in bacteria. Indeed, bacterial 

biofilm could be a barrier to different molecules. In particular, interaction of metal 

cations with the exopolysaccharides has been described and it can also limit the 

entrance of metals into the cells. In Salmonella typhimirium for example, it was 

reported that mucoid cells were more resistant to copper. In this bacterium Cu2+ excess 

induced the Rcs system that controls colanic acid, polysacharides and capsule synthesis 

(Pontel et al., 2010). In Acinetobacter baumannii, the biofilm forming colonies were 

more resistant to copper than planktonic cells, very likely because components of the 

biofilm including polysaccharides may sequester copper (Williams et al., 2016). 

Similarly, cadmium was shown to induce secretion of exopolysaccharides in 

cyanobacteria and it was suggested that exopolysaccharides are efficient barrier that 

may allow to resist other heavy metal stresses in (Shen et al., 2018).  

 

 7.3 Exclusion of metal by limiting membrane permeability 

 Bacteria can sense the accumulation of excess metals and limit the entry of 

unnecessary metals into the cytoplasm. In E-coli for example, a study has shown that 

when stressing E. coli with Cd2+ ions, cells decrease the outer membrane porin OmpF 

protein synthesis (Faber et al., 1993).  This protein is supposed to play a major role in 

the entry of metals into the periplasm. Similarly, in P. aeruginosa, the outer membrane 

porin OprC expression is down-regulated when copper is present in excess (Yoneyama 

& Nakae, 1996).  Although these porins are not specific to copper, they contribute to 
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its entrance in these bacteria, and thus, reducing their expression would have an impact 

on the intracellular accumulation of metal ions (Faber et al., 1993).  Limiting the 

uptake of metals is best documented for metals with specific uptake systems. This is 

the case for Zinc or iron (Pinochet-Barros & Helmann, 2018). Briefly, under Fe2+ 

starvation, Fur is demetalated and leads to derepression of the Fur regulon, including 

genes that are required for Fe2+ uptake (siderophore biosynthesis and import, and 

uptake of elemental iron import systems). On the contrary, under conditions of Fe2+ 

excess or intoxication, Fur directly binds Fe2+ and represses the uptake system, while 

inducing the expression of the Fe2+ efflux pump if present (Pi & Helmann, 2017). Similar 

regulation scheme occurs with Zn2+ via the Zur regulator (Pinochet-Barros & Helmann, 

2018; Smith et al., 2009).  

 

7.4 Intracellular sequestration of metals by chelating proteins  

 This defense mechanism is based on the production of metal-chelators that 

will interact with and sequester the excess of metal ions and thus protect the essential 

components of the cells. The best example is the production of metallothioneins by 

cyanobacteria (Cassier-Chauvat & Chauvat, 2014; Ziller & Fraissinet-Tachet, 2018). The 

metallothioneins are low-molecular weight and sulphydryl rich proteins that have the 

capacity to bind ions through the thiol group of the cysteine residues. These unusual 

high cysteine content proteins can bind many metals including cadmium, mercury, 

silver, or copper and protect cells metal toxicity. Glutathione has a major in oxidative 

stress and redox balance in the cell, but is also able to interact with metal ions. Indeed, 

Glutathione synthesis is induced under copper or cadmium synthesis in E. coli and 

other bacteria and significantly contribute to the resistance to excess metal (Helbig et 

al., 2008).  

More recently, copper storage protein (Csp), able to interact with and store Cu+ 

atoms were identified in many bacteria. These cysteine rich four-helix bundle proteins 

use thiolate to bind up to 80 Cu+ ions and were found both in the cytoplasm and 
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periplasm of some bacteria. Their major role would be the delivery of Cu+ to cupro-

proteins in the membrane, but their involvement in copper storage and tolerance was 

also reported (Dennison et al., 2018).  

 

7.5 Enzymatic detoxification 

 Another way of resistance to certain metals is the chemical modification of a 

toxic metal ion to a less harmful component by modifying the oxidation-reduction state 

or by methylation. The best-known example is the mercury resistance in bacteria. The 

central enzyme in the microbial mercury detoxification system is the mercuric 

reductase MerA protein, whose expression is induced by MerR and catalyzes the 

reduction of Hg2+ to volatile Hg0 . In the case of copper, Cu+ is more reactive and more 

toxic than Cu2+. Therefore, Cu+ oxidation in the periplasm of E. coli and other species 

by the multicopper oxidase CueO to Cu2+ is one of the main copper resistance 

mechanisms described in E. coli and CueO containing species. 

 Methylation of some ions is another bacterial detoxification pathway. Indeed, 

some bacteria are able to methylate toxic inorganic arsenite (As3+) via the As3+-S-

adenosylmethionine methyltransferase (encoded by the arsM gene) to form volatile 

mono or dimethyl-arsenite species (Huang et al., 2018).  

 

7.6 Active efflux systems 

7.6.1 P-type ATPases  

 P-type ATPases form a large superfamily of integral membrane proteins that 

pump ions and other molecules across cellular membranes. There are five subfamilies 

of P-type ATPases (P1-P5) and five subtypes, typically associated with different 

transport specificities. Our interest is P1B-ATPases which are pumping heavy-metal and 

transition-metal (Argüello et al., 2007; Palmgren & Nissen, 2011).  
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 The Heavy-metal pumps (P1B-ATPases) are the most common P-type ATPases 

in bacteria and archaea. They are part of the large superfamily of ATP-driven pumps 

involved in metal transport across bacterial inner membrane (Argüello et al., 2007). 

These transporters extrude excess metal ions such as Cu+, Zn2+, Cd2+ or Ag+ from the 

cytoplasm to the periplasm. This P1B subfamily is divided into monovalent (Cu+, Ag+) 

and divalent (Zn2+, Co2+, Pb2+, Cd2+) metal pumps. In bacteria, the best-characterized 

heavy-metal pump is the Cu+-efflux pump CopA that pumps Cu+ from the cytoplasm 

to the periplasm of Gram-negative bacteria. Homologues of CopA are present in most 

living organisms and can be involved in either Cu+ import or export. CopA is the 

homologue of the human are Cu+-ATPases ATP7A and ATP7B pumps (Yanfang Wang 

et al., 2011) or the plant HMA6, located in the envelope and HMA8, localized in the 

thylakoid membranes of the chloroplast (Sautron et al., 2015).    

 In bacteria, the Cu+-ATPase CopA is induced by copper and is required to 

tolerate excess Cu2+. In some species like in E. coli, CopA is also involved in Ag+ 

tolerance (Rensing et al., 2000; Stoyanov et al., 2003). 
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Figure 24. Proteins involved in the tolerance of copper in E. coli. 
CopZ interact with Cu+ in the cytoplasm and deliver it to the CopA ATPase that 

translocate Cu+ to the periplasm. In the periplasm, Cu+ is oxidized by the Cu+-oxidase 
CueO under aerobic condition, or extruded by the CusCFBA RND system (Rensing & 

Grass, 2003). 
 

Similarly, to Cu+ efflux, ATPases specific to other cations are expressed when the 

metal exceeds the needs of the cell. It was shown that the ATPase ZntA (also called 

CadA) is induced by Zn2+ and extrude excess Zn2+. Expression of this ATPase is also 

induced by Cd2+, and is required in many species to tolerate cadmium in the medium 

(Sharma et al., 2000).  
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7.6.2 Proteins of the RND family  

 The members of the RND (Resistance-Nodulation-Cell-Division) superfamily 

are tripartite transporters widespread in Gram-negative bacteria. The RND systems are 

complex membrane proteins connecting the inner and outer-membrane (Delmar et al., 

2015), allowing export of the substrate from the periplasm to the extracellular space 

using the motive proton force. These complexes consist of three proteins: an inner 

membrane protein, an outer membrane protein and a periplasmic adapter bridging the 

inner and outer membrane proteins. Two different types of RND systems were 

described (Delmar et al., 2015; Venter et al., 2015). 1- The HAE (Hydrophobic and 

Amphiphilic Efflux) system that extrude molecules such as antibiotics and 2- The HME 

(Heavy Metal Efflux) system such as the CusCBA or CzcCBA, that extrude Cu+ and Ag+ 

or Zn2+ and Cd2+ respectively. The best characterized RND heavy metal transporter is 

the E. coli CusCFBA system (Fig. 24) (Delmar et al., 2015). The CusCBA system interact 

with the periplasmic Cu+ chaperone CusF that deliver Cu+ to the metal-binding sites in 

the N-terminal domain of CusB, then Cu+ is exported to the outside trough the CusBC 

channel.  

 

7.6.3 The proteins of the cation diffusion facilitators (CDF family)  

 CDF transporters are membrane proteins responsible for the cytosolic efflux of 

divalent cations coupled to the influx of H+ or Na+. By this mean, they participate in 

metal detoxification or metal delivery for metalloprotein assembly in the membrane. 

These proteins belong to a family of metal transporters found in all three domains of 

life. They contain six transmembrane helices (TM) and a cytoplasmic hydrophilic C-

terminal domain. In addition, all eukaryotic and some bacterial CDFs present a His-rich 

cytosolic region between TM4 and TM5. One of the best characterized CDF system in 

E.coli is the Zn2+ transporter YiiP (Fig 25). It presents a high-affinity to Zn2+ /Cd2+. It was 

shown that such transporter sense very low and subtle changes in the concentration of 

Zn2+ or Cd2+ and that YiiP is involved in the fine tuning of Zn2+ concentration in the 
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cell. In contrast to the ATPase ZntA, the deletion of the yiiP gene does not lead to an 

increase in zinc sensitivity (Nies, 2003).   

 

 

Figure 25. Structure of the CDF YiiP of E. coli involved in Zn2+ efflux. 
(Lopez-Redondo et al., 2018; Lu & Fu, 2007).  

 
 
 In the last years, silver and silver-based nanoparticles (AgNPs) have been used 

for industrial and medical purposes and as antimicrobial agents (Sánchez-López et al., 

2020). Nowadays, NPs are even increasingly used in various applications, as drug 

delivery, sensors, and painting, etc.  Hence, we need to increase our understanding of 

toxicity mechanism of NPs. Metal toxicity can originate directly from ions but also from 

metal alloy and nanoparticles. In my project, I had also to analyze the effect of silver 

nanoparticles on R. gelatinosus. In the next section, I will introduce those particles and 

the approaches I used to analyses their interaction with bacteria. 

 

 
 

 

 

 

 

 

 

 



-INTRODUCTION- 

 49 

8.  Metals Nanoparticles  
 

Bacteria have found their way to survive on earth for billion years. They are 

everywhere. They have the ability to colonize on most surfaces to communicate with 

the surrounded environment and/or to interact symbiotically with other organisms 

(Gallardo-Navarro & Santillán, 2019). The interaction between bacteria and physical 

materials involves the properties of these materials; which leads to different ranges of 

interactions. It is called long-range type when distance between the bacterial cell and 

the physical object is >50 nm. It is short-range interaction type when this distance is   

< 5 nm distance. The hydrogen bonding and the ionic interactions are for examples of 

the latter type.  

 

 
Figure 26. Phase one of bacterial adhesion consists in the initial attraction of 

the cells to the surface through the effects of physical forces. 
 (Gallardo-Navarro & Santillán, 2019).  

 

Bacteria in their environments are exposed to various stress such as low/ high 

temperature, light and darkness and contact with metal pollution. Heavy metals 
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released in the environment are considered to be a serious threat to all type of living 

cells, not only to bacteria.  

In the frame of this study, we focused on the effect of the interaction between 

physical objects (metals) and the biological subjects (bacteria). While bacteria use 

various strategies against excess of heavy metals; metals in different forms (ions/ 

nanoparticles) have different impact.  

Many studies are investigating, for instance, whether the toxicity of metal is caused 

by the nanoparticles themselves or by the ions that are released. We, also, have to 

consider that the impact of metals nanoparticles can be induced by their morphologies, 

their reduced size, their important effective surface or their selectivity for bacteria. In 

here, I am introducing the importance of metal nanoparticles as antimicrobial agent 

but pick out and emphasize the role of silver nanoparticles (Ag-NPs).  

In this project, we had to synthesized Ag-NPs in the laboratory to ensure their 

properties (size, stability, composition, etc.) to control as much as possible the 

parameters of their interaction with bacteria. In this context, the collaboration with 

physicists and chemists demonstrated a very high added value. Their expertise was also 

very precious concerning imaging at the micro and nanoscale. 

We used Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) 

to monitor the activities at nanometer scale on the cell structure and to detect any 

morphological characterizations change.   

 

8.1 Metal Nanoparticles 

It is not a very original idea to use metallic ions or nanoparticles as antimicrobial 

agent. For millennia, metals such as gold, silver or copper were used in different 

civilizations, like in Egypt and Mesopotamia for instance, for various purposes and 

among them for their observed or supposed properties against “evil”. Over the time, 

improving techniques in smithy and mining such as heating, distillation, reflux, 

sublimation and metal technology (metallurgy) (Marambio-Jones & Hoek, 2010). 
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enable the design of more sophisticated metal tools and materials. In particular, and 

more recently, Nanotechnology, which can sometimes be defined as the engineering 

at nanoscale, permits huge progress in materials science, optics, electronics, … and as 

far as we are concerned very promising solutions in medicine and in producing new 

pharmaceutical products made out of nanomaterials, nanoparticles and nanostructures 

(Zhang et al., 2016). 

The word “Nano” derived from the Greek word “Nanos” that means “dwarf” or 

small. To be considered as nano, an object should have one or all of its dimensions in 

the range 1 to 100 nanometer (nm). A nanoparticle is also referred as a cluster usually 

when its size refers to the numbers of atoms contained. For example, Ag13 is a cluster 

containing 13 atoms of Ag. This particular clusters for example, possess 92 % of its 

atoms at its surface. This is very important because it means that when the size go 

down, the surface area/volume ratio increase (Yang et al., 2007). A large surface 

area/volume ratio means more amount of a substance comes in contact with the 

surrounding material, which leads for example to better catalysts due to maximum 

proportion exposed for potential reaction (Nel et al., 2006).   

The conditions and parameters of nanoparticles synthesis affect strongly their  

characteristics that leads to a large variety of objects at all the dimensions, such as the 

0D nanometer-size objects (e.g., nanodots), 1D nanometer-size objects (e.g., 

nanowires, nanorods and nanotubes), 2D nanometer-size objects (e.g. thin films) or the 

3D nanometer-size objects (e.g., triangular prisms and cubes) (Fig. 27). The different 

nano morphologies create different surface chemistry, physical and optical properties 

that must be selected very carefully based on the desired function expected (Rai et al., 

2012; Sondi & Salopek-Sondi, 2004).  
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Figure 27. The diversity of size and morphology of nanoparticles. 

Transmission electron micrographs demonstrating the possible sizes and 
morphologies that could be addressed by different chemical reaction and kinetics 

during the solution-phase synthesis of silver nanomaterials: (left to right) uniform 50 
nm diameter spheres, 75 nm cubes, 120 nm triangular nanoplates, and silver 

nanowires (Oldenburg, Sigma.Aldrich). 
 
 

The properties of the nanoparticles will be dependent of their characteristics 

(morphologies, composition, sizes, …). These properties can be targeted for device 

design or used for their characterization. 

 
 

8.1.2 Optical properties 

One of the characteristics of the nanoparticles that can be used to distinguish and 

classified them is their colors. Indeed, different morphologies and/or sizes of 

nanoparticles of the same metal exhibits different colors. The optical properties can 

provide relevant dynamic and structural information. To understand this phenomenon, 

we must identify the processes involved in the interaction between light and an object 

at that scale. Light interacting with an object presents different pathways of behavior 

(Fig. 28). These pathways of interaction are reflection, when the light wave changes its 

direction after contact with the surface of an object. It is scattering when the light wave 

goes through all directions at different angles. It is absorption when it is absorbed by 

the object and transfer the light energy within the surface. It is a transmission when 

light pass through the object.   
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Figure 28. The different light-material interaction processes.   

Absorption: transfer of light radiation to energy within a material. Scattering: change 
in light direction at different angles.  Diffraction: light passes around the edge of an 
object. Reflection: change in light direction at a fixed angle. Refraction:  light pass 

through one medium to another (Soliman, 2016). 
 
 

Noble metal nanoparticles show strong interaction with light. This is because when 

they are excited by light at specific wavelengths, the conduction electrons on the metal 

surface undergo a collective oscillation. This oscillation is known as surface plasmon 

resonance (SPR). The absorption and scattering properties of metal nanoparticles can 

be tuned, for example,  by controlling the particle size, shape, and the local refractive 

index near the particle surface (Fig. 29) (Moores & Goettmann, 2006). In the other hand 

plasmon profiles are unambiguous tools for nanoparticles characterization. 

 

Figure 29. Localized Surface Plasmon Resonance of metallic nanoparticles 
under light illumination.  

(Khlebtsov & Dykman, 2010). 
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8.1.3 Physicochemical properties  

At a nanoscale, the particle shows also specific physical and chemical properties 

comparing to the bulk. The physico-chemical properties of the surface of a particle 

such as the binding strength and size of the capping agents coating the particles, for 

example, can be very different. These properties provide an additional level of control 

over particle behavior. In aqueous media, many nanoparticles are electrostatically 

stabilized through the addition of charged agents at the particle surface. For example, 

the surface charge of silver nanoparticles can be controlled by coating the particles 

with citrate ions. This coating provides a strong negative charge. While using branched 

polyethylenimine (BPEI) would create an amine-dense surface with a highly positive 

charge. Other capping agents can provide additional functionality (Khan et al., 2019).  

The physico-chemical properties including the surface charge, shape, size and 

agglomeration status are involved in the metal nanoparticles (MNP) effects and degree 

of toxicity; and their direct impact in biological interactions. Also, and from an 

application point of view, the MNP magnetic behavior is important as well (Alonso et 

al., 2018; K. Wu et al., 2019).  

8.1.4 Metal Nanoparticles synthesis  

There are different methods for metal nanoparticles synthesis. The main 

methods to synthesize metal nanoparticles are classified as top–down and bottom–up 

techniques. Top-down strategy starts with making powder of raw material, then 

decreasing the size to nanoparticles. Bottom-up methods. start with the atoms of the 

element, as building block growing toward nanoparticles (Fig. 30) (Domenech et al., 

2012; Yuliang Wang & Xia, 2004).  
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Figure 30. Different methods used for the synthesis of metal-based 

nanoparticles (MNPs). 
 (Sánchez-López et al., 2020). 

 

The other methods to synthesize nanoparticles are for examples: thermolysis 

methods, photochemical methods, biological methods, chemical reduction methods, 

electrochemical methods and physical synthesis. Some methods as physical methods 

are considered as green synthesis because it causes less harm to the environment due 

to less chemical waste. Yet, it requires special and heavyweight equipment. Others, on 

the other hand, are faster, cheaper and do not require heavy and expensive instruments 

such some chemical methods. Overall,  the MNPS synthesis method selection is mostly 

driven  by the goal and the applications will be used for (Dias et al., 2015). The 

possibility to transpose the process industrially is also an interesting criterion to 

consider.  

In chemical synthesis, NPs stabilization is one of the main challenges. Without 

stabilization, it is almost impossible to maintain initial size. Nanoparticles will undergo 

even under ambient conditions different process like evaporation and fragmentation. 

Thus, it needs the use of different additives to achieve stable NPs. Recently, the 

development of polymer-stabilized NPs, are considered to be the most promising 

solutions to stabilize the NPs (Pavičić et al., 2020).  
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Usually the commercial product of NPs contains sodium citrate as a coating 

agent. It is used to coat silver nanoparticles to stabilize them and prevent them from 

agglomerations. The sodium citrate is a small molecule with multiple carboxylic acid 

groups. There are many advantages of using sodium citrate such as negative charge, 

salt stability, and very low toxicity. It solves in water and/or weak buffers (Zhang et al., 

2010).  

The final products of chemical synthesis of NPs usually have a mesocrystalline 

or polycrystalline structure. In these non-classical nucleation and growth models, the 

nuclei reach a stable size which is used as a building block for the final nanomaterial 

structure. In general, the NPs addition forming meso or polycrystal structures can occur 

via an oriented attachment, coalescence or both mechanisms (Fig. 31) (José-Yacaman 

et al., 2005; Lee et al., 2005; Xia et al., 2017). The final formation of NPs and their 

attachment to each other have a great effect on their way to effect, to attach and to 

interact with material surfaces and biological microorganisms. 
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Figure 31. NPs growth evolution involving different competitive mechanisms. 

Representation of the different NPs growth evolution: Ostwald Ripening, 
Coalescence, Aggregation and Orientated Attachment (Djafari, 2019).  

 

 

8.1.5 Metals nanoparticles as antimicrobial agent 

One of the main and remarkable achievement of last century, was in medicine 

with the discovery of antibiotics, such as Salvarsan and Penicillin that were intensively 

used to cure patients who suffer of infection diseases (Khardori et al., 2020; Sánchez-

López et al., 2020; Ventola, 2015). However, nowadays, the pharmaceutical industrial 

field has been facing a new challenge to evolve antimicrobial molecules because of the 

evolution of new antibiotics resistance bacteria (Aslam et al., 2018; Coates et al., 2011).  

This rapid emergence of resistant bacteria is occurring worldwide, endangering the 

efficiency of antibiotics, which have transformed medicine and saved millions of lives. 



-INTRODUCTION- 

 58 

Many decades after the first patients were treated with antibiotics, bacterial infections 

have again become a threat. This type of bacteria is increasing in fast rate. Mainly 

through genetic modification, they exhibit new mechanisms against antibiotics by 

inactivating them or by effecting their therapeutic performance. Thus, and during the 

time, the world has been recording an increase of the mortality frequency due to 

infections disease issues; which consider in 2017 as global health crisis by the World 

Health Organization (Tacconelli & Magrini, 2017).  

 

Figure 32. The appearance of antibiotics resistance versus antibiotics 
development. 

PDR = pan-drug-resistant; R = resistant; XDR = extensively drug-resistant (Ventola, 
2015). 
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The antibiotic resistance crisis could also been attributed to the overuse and misuse 

of these medications (transforming and weakening self-immunity), as well as a lack of 

new drug development by the pharmaceutical industry due among other things to 

reduced economic incentives and challenging regulatory requirements.  

Therefore, there is an urgent call for new solutions with antibacterial properties 

(Tacconelli & Magrini, 2017). Coordinated efforts to implement new policies, renew 

research efforts, and pursue steps to manage the crisis are greatly needed. Among new 

research efforts, nanotechnology is playing an important role, to create non-traditional 

drugs and to develop and produce nanomaterials as promising agents against 

antibiotics resistance bacteria or bacteria proliferation.  

Various heavy metals such as gold, copper and silver are known for their 

antimicrobial activities against both Gram-positive and Gram-negative bacteria. The 

activity comes from these metals in their nanoparticles form and/or through the 

released ions. The efficiency of their effect is attributed to the fact that there are no 

specific receptors on the surface of bacterial cell to bind with. However, the exact 

mechanism is not fully understood. Even if, some  phenomena were identified, in the 

action of metals NPs or ions : specifically attracting to the surface of bacterial cell; 

attacking the cell membrane and cause changes in its permeability; inducing toxicity 

by generating the reactive oxygen species (ROS) and free radicals; and interrupt the 

cell’s essential metabolism pathways (Dakal et al., 2016).  

In here, we emphasize the role of silver ions and nanoparticles as antimicrobial 

agent and its toxicity toward bacteria. In addition, to the description of synthesis 

method and characterizations of silver nanoparticles.  

   

8.2 Silver nanoparticles (Ag-NPs) 

Silver is not essential for cells to grow. The day-to-day contact with solid silver 

(bulk metal (Agͦ)) such as coins, spoons or jewelry showed, in the same time, no harmful 

effect on human health (Medici et al., 2019). Silver has been known since ancient times. 
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It has several properties: chemical, physical, and on atomic level, which made it a special 

element from many points of view. Its ability to be electrically conductive made it 

involved in many industrial uses like in high-end electronic devices. Its durability and 

appearance in addition to its antibacterial action (Medici et al., 2019), are advantages 

features to be used in everyday tools (musical instruments, dental filling, …). The fields 

of nanoscience and nanoengineering are giving also a significant attention to Ag-NPs 

due to their uncommon physicochemical properties in producing new pharmaceutical 

products and new solutions in medicine (Lubick, 2008; Marambio-Jones & Hoek, 2010).  

In the other hand, the overuse and overdoses released in the environment is a 

serious ecological issue. Sub micromolar concentrations of silver in the ionic state 

(Ag+), consider to be very toxic to human, plant and bacteria. Contaminated 

environments with silver enable metal accumulation inside bacterial cells and tissues 

of living organisms. These affected cells are reacting differently depending on several 

factors such as their immune systems, size and type of the living organism; dose, 

nature, size and shape of metals. Silver, in its both forms ions and/or NPs, impact cells 

of bacteria and plants by diffusing across the cell’s membrane through unspecific 

pores.  Human cells (skin and lung cells) can get exposed to silver nitrate or silver oxide 

by touching and breathing (Silver, 2003); which may lead to serious health issues, 

breathing problems, lung and throat irritation, stomach pain, and argyria (Butkus et al., 

2003).  

 

8.2.1 Silver nanoparticles as antimicrobial agent  

Antimicrobial properties of silver ions and nanoparticles make it the leading 

element to be used in cosmetics, food packaging, surgical coatings, medical implants, 

and water disinfection (Haider & Kang, 2015; Zhang et al., 2016). It has been used as 

antifungal, antiviral, antiamebial, anti-cancer and anti-inflammatory as well. However, 

the mechanism of its action is poorly understood.  
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Many studies have proposed scenarios about ways of damages caused by silver 

nanoparticles and/or ions. Mainly they attack living cells by interacting with cell 

membrane and change its permeability (Dakal et al., 2016). They are the cause of 

Reactive oxygen species (ROS) generation and free radicals. They can also inhibit 

bacterial growth via inactivating required proteins that important for cell metabolism. 

Silver atoms bind to thiol groups (-SH) in enzymes and inactivated them. It is also 

thought that silver can interrupt with ribosomes complexes and prevent protein 

translation process. The released silver ions, once they are inside in the cytoplasm, they 

have the ability to denature the DNA molecules (Fig. 33) (Klueh et al., 2000; Rai et al., 

2012).  

 

 
Figure 33. Schematic representation of AgNPs mechanism of antimicrobial 

activity.  
(Sánchez-López et al., 2020). 

 
 

 

The first interaction between Ag-NPs and bacterial cell membrane could be 

explained by the different electrical charges between them. While the surface of 

bacterial cell appears slightly negative in charge, positively charged Ag-NPs can 
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attached fast and strongly on the cell membrane. On the other hand, even neutral or 

negative charge of Ag-NPs can still increase their activity toward bacteria with an 

increased concentration; which result in attenuation of electrostatic repulsion by 

saturating the surface of a bacterial cell (Abbaszadegan et al., 2015). 

Several studies have demonstrated that the bactericidal properties of the Ag-

NPs are strongly influenced by their shape, size, and concentration (Bhattacharya & 

Mukherjee, 2008; Nateghi & Hajimirzababa, 2014; Pal et al., 2007; Rai et al., 2012; Raza 

et al., 2016). There is a shape-dependent manner for Ag-NPs to interact with bacteria, 

fungi and viruses (Galdiero et al., 2011; Panácek et al., 2009; Raza et al., 2016; Tamayo 

et al., 2014; J. Wu et al., 2014).  It has been found that Ag-NPs size between 10 and 15 

nm showed increased stability, biocompatibility and enhanced antimicrobial activity 

(Yacamán et al., 2001). Some other studies have revealed that smaller diameter (< 30 

nm) of Ag-NPs are more effective against bacteria such as: S. aureus and K. 

pneumoniae (Dakal et al., 2016).  

In addition to the importance of the size, the concentration (dose-dependent) 

of the NPs plays an important role as well. A study on both Gram-positive bacteria such 

as S. aureus, P. aeruginosa, and V. cholera, and Gram-negative bacteria such as E. coli 

and S. typhi, showed that the latter are more sensitive to lower concentrations. 

However, at higher concentrations (>75 µg/mL) both type of bacteria exhibits complete 

growth inhibition (Kim et al., 2007).  

Ag-NPs can be produced in different shapes like rod, triangle, round, cubes, wires, 

octahedral, polyhedral (Fig. 27) (Heiligtag & Niederberger, 2013). The shape of Ag-NPs 

plays also a specific role on their effect when interacting with bacteria. The triangle 

shape for example, can be more toxic than the spherical shape due to the high surface 

tension, and tip effects in efficient release of Ag ions. The presence of (111) atomic 

plans seems also to have more toxic impact against bacteria, probably because of the 

high atomic density (Djafari et al., 2019; Morones et al., 2005; Sadeghi et al., 2012).  
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In addition to the shape, size, and concentration of Ag-NPs, more investigations 

are necessary to assess the silver toxicity and its mechanism action. One important 

point is to understand whether its effect is because of the particles themselves or 

because of the silver ions released (Sánchez-López et al., 2020).   

 

8.2.3 Ag-NPs synthesis methods 

 There are numerous methods to synthesize Ag-NPs as it was mentioned before. 

The chemical method is one of the most popular due to its fast process and being 

affordable comparing to other methods. A synthesis method is usually selected based 

on the purpose of uses. For example, in order to assess the Ag-NPs effect on biological 

application, it is ideal to have monodispersed small size (around 10 nm) NPs, in liquid 

solutions. Thus, to enhance their interaction with the cell surface and their transmission 

through nanometer size of canals in the cell membrane (Hamouda et al., 2019). 

Methods that produce deposited NPs on solid and dry substrates are less used since it 

difficult to assess the impact on living cell like bacteria due to the limitation of 

interactions.  

The most common chemical method for Ag-NPs synthesis is based on the 

reduction of a metal precursor as (AgNO3) by a reducing agent as (NaBH4) (Mulfinger 

et al., 2007). The reduction reaction is given:   

2 AgNO3 + 2 NaBH4 → 2 Ag(s) + B2H6 + H2 + 2 NaNO3 

 

The reaction process undergoes two main stages: 1- the nucleation, and 2- the 

particles growth (Fig. 34). The particles produced needs to be stabilized, otherwise they 

aggregate and/or oxidize. Thus, the use of a stabilizing agent is very often required. 

There are many examples of common Ag-NPs stabilizers such as chitosan, gluconic 

acid, polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), and sodium citrate (Dakal et 

al., 2016; Sánchez-López et al., 2020; Zhang et al., 2018).  
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The nucleation step of the process is an important issue, since it is the stage step 

where it is possible to control the size and shape of the nanoparticles. It requires to 

have the control on specific parameters during the reaction such as: the concentration 

of the agents used, the pH, temperature and the quality of the metal precursor and the 

reducing agent (Ho et al., 2012; Mulfinger et al., 2007).   

 

 
Figure 34. Process for the synthesis of AgNPs.  

Schematic representations of synthesis of colloidal silver nanoparticles using chemical 
reduction process. Silver ions (Ag+) subjected to chemical reduction to form silver 

atoms (Ag°) (Sánchez-López et al., 2020). 
 

  

Recently, biosynthesis method of NPs preparation has been under intense study. 

The interest toward NPs biosynthesis leads on using fewer chemical products and on 

involving biological entities: plants, fungi and bacteria. It is considered as an eco-

friendly (green) method at also relatively low cost.  

Interestingly it has been found that bacteria can use mainly, two ways to 

produce NPs.  1- It can use specific enzymes that are capable to react with addition of 

silver ions (Ag+) and transfer them to natural form of silver (Ag°). This process sort as 

intracellular biosynthesis method because of the use of enzymes formed by the 

bacterial cell. 2- The extracellular methods will refer to the use of, for example, the 

bacterial culture supernatant and the cell free extract.  

Many studies have reported NPs biosynthesis using different models of bacterial 

cells (Gram-positive and Gram-negative) such as E. coli, Pseudomonas stutzeri AG29 

and Bacillus subtillis. Depending on the method followed, NPs can be seen formed 

outside of the cells and/or accumulated inside the cells (Haefeli et al., 1984; Javaid et 

al., 2018; Mikhailov & Mikhailova, 2019).  
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SEM image of Ag-NPs self-assembly by culture supernatant of Streptomyces sp. (left). 

TEM image of Ag-NPs by Bhargavaea indica DC1 (right) (Faghri Zonooz & Salouti, 
2011; Singh et al., 2015). 

 
 
 

8.2.4 Ag-NPs characterization  

Among tools that are used to characterize the obtained Ag-NPs, UV–Vis 

spectrophotometry is the most common one, since it is possible to use the optical 

properties as spectral signature, giving likely direct access to size and shape for 

instance. The spectra of different sizes silver nanospheres and nanoplates and the 

appearance of dilute dispersions of the nanoparticles are shown in (Fig. 36). Smaller 

nanospheres absorb visible light and have plasmon resonance peaks near 400 nm (red). 

Larger spheres show increased scattering and have peaks near longer wavelengths 

(toward yellow). Silver nanoplates usually have large absorbing and scattering profile 

because of their anisotropic shape and then displays optical response at larger 

wavelength (toward the blue). The plasmon resonance can be tuned to peak at specific 

wavelengths by controlling the diameter, shape and thickness of the coating of the 

particle (Moores & Goettmann, 2006). 

In addition, others technique and equipment are essential such as X-ray 

diffractometry (XRD), transmission electron microscopy (TEM), inductive coupled 

Figure 35. Silver nanoparticles by biosynthesis methods. 
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plasma (ICP), and electrochemistry measurement (Zeta potential). The collective data 

given, can enable us to have fully Ag-NPs characterizations including shape, size, size 

distributions, particles stabilization and their concentration (Sánchez-López et al., 

2020). 

 

 

 
 
 
 
 
 
 
 
 

On the right, selected optical extinction spectra and solution appearance of silver 
nanospheres between 10 and 100 nm in diameter (top) and silver nanoplates 

between 50 and 150 nm in diameter (bottom). Control over nanoparticle shape and 
size allows the plasmon resonance to be tuned across the visible and near-infrared 

portions of the spectrum (Djafari, 2019). On the left, UV-Vis spectra profile of metallic 
silver NPs in function of its size and composition (Oldenburg, Sigma.Aldrich). 

 

8.3 Imaging and morphology analyzing tools  

In the field of microbiology and nanotechnology, the microscope is a very 

important and essential apparatus for events characterizations and visualizing 

interaction that occur at nanometer average of size (Guerrero, 2000; Hamouda et al., 

2019).  In the frame of this study, it was used to try to visualize the mechanism of metal 

toxicity and describe the impact of the interaction between the biological subjects (the 

bacteria) and the physical objects (metal ions/NPs) on the surface of the cells. We have 

used the scanning electron microscope (SEM) and the atomic force microscope (AFM). 

Each microscope provides a significant analysis data from different perspectives that 

enables us to propose a novel mechanism of metal toxicity in bacteria.  

Figure 36. Optical extinction spectra and solution appearance of silver nanospheres. 
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Usually, these microscopes are associated with softwares and programs that are 

required to quantitatively analyze the obtained images. In this study, we have used for 

example ImageJ, Gwyddion or Nanoscope analysis.   

 

8.3.1 Electron Microscopy  

The electron microscope is an important tool to image bacteria with great details. 

It enables us to access the morphology of bacterial cells and visualize their interaction 

with metals. There are two main types of it: the scanning electron microscope (SEM) 

and the transmission electron microscope (TEM).    

In the SEM, electrons beams are used to generate a grayscale image of the sample 

at very high magnifications and resolution (Golding et al., 2016; Kaláb et al., 2008). The 

advantage of SEM is its ability to get a 3-dimention like images of bacteria and as 

closest to their natural appearance. It is also easy to manipulate for both sample 

introduction and progressive scales imaging.  

In the case of TEM, the electrons beams pass through the sample exposed. It forms 

images as a shadow-like photographed on a fluorescent screen or CCD cameras (Kaláb 

et al., 2008).  

The disadvantage of electron microscope, in general, is to take the bacterial samples 

through multiple steps of preparation such as: isolation, fixation, dehydration, and 

drying. There are other factors to have in consideration as well for after, when looking 

at the sample. Depends on the microscope used and the nature of the sample, the 

sample may be placed in a high vacuum chambre. For specimen sample such as 

bacteria, a special preparation is essential to protect the structure and the cell 

membrane that contain proteins, lipids, and high percentage of water. Thus, it this 

technique must be selected very carefully and have in consideration all the process of 

preparation that the sample will go through (Kaláb et al., 2008).  

The Energy-Dispersive Spectrometer (EDS), is one among many associated tools for 

sample analysis. The (EDS) can get you an access to chemical analysis and mapping of 



-INTRODUCTION- 

 68 

the sample; and the information can be acquired during imaging process. The 

generated data consists of spectra with peaks that corresponding to different elements 

signature, that are present in the sample. Every element has characteristic peaks of 

unique energy (Fig. 37) (Wang et al., 2016). 

 

 

Figure 37. EDX spectrum and electron images metal nanoparticle.  

EDX spectrum and electron micrograph region of gold nanoparticles (a) and (b). EDX 
spectrum and electron micrograph region of silver nanoparticles, (c) and (d) (Wang et 

al., 2016). 

 

8.3.2 Atomic Force Microscope  

Since it was invented in 1986 (Binnig et al., 1986), the atomic force microscope 

(AFM) has become an essential and common tool in microbiology and nanotechnology 

and it was our principal imaging device. Beside the ability to achieve nanoscale imaging 

and mechanical measurements, one can obtain images from dried microbial samples 

and/or live cells, since it can operate on soft and nonconductive materials. It can be 

combined with other analytical techniques for example with optical microscopy and 

spectroscopy, thus, providing great opportunities to collect more data of biological 
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samples in general and microbial samples (Flores & Toca-Herrera, 2009; Oreopoulos & 

Yip, 2008) in particular.   

AFM enables high resolution images at nanoscale by scanning and sensing the 

small forces between the surface of a sample and sharp end tip (probe)) (Dufrêne, 2014; 

Müller et al., 2009). The collected images are reproduced with the analysis of the 

position of reflected laser motion, on the tip at the end of a cantilever (Fig. 38). The 

image’s resolution depends on the quality and nature of the tip; and can reach in some 

ideal conditions atomic scale resolution.  

AFM operates in two main modes: contact mode and non-contact (tapping) mode. 

While contact mode detects the repulsion force, the non-contact mode detects the 

variation induced to tip oscillation by the Van der Waals force between the tip and 

atoms (samples scanned) (Fig. 39). The latter mode is most often used when contact 

mode can damage either the sample or the tip. This is almost always the most suitable 

mode for biological imaging (Dufrêne et al., 2017; Nguyen-Tri et al., 2020).  

AFM is considered to be the best tool in the field of microbiology to observe 

morphological changes and to detect distortions that can occur on the surface of cell 

membrane and visualize it at a very high resolution (Liu & Wang, 2010). While SEM and 

TEM can also provide nanoscale images, yet, they require lots of sample preparation 

that include chemical metal coting, and/or ultrathin section. Such process for sample 

preparation leads to distort the microbial cells and the sample substantially (Liu & 

Wang, 2010). 
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Figure 38. Schematic of the Atomic Force Microscope AFM. 
(AFM Microscopes. Bruker, n.d.). 

 
 

The AFM images quality depends on many mechanical factors. The cantilever for 

example must be calibrated and installed well because the movement of the tip is 

depending on it. The tip must be selected carefully to be adapted to the nature of the 

examined sample. For correct images of a biological cell, it is necessary to avoid direct 

contact between the sharp tip and the surface of the cell membrane that may lead to 

damaging and changing the nature of cell’s surface. The tip characteristics concerned 

tip geometry, its composition and mechanical properties. Tip and cantilever can 

undergo wide range of displacement, compression or distortion due the interaction 

forces between the tip and the surface at short ranges. We use cantilever with height 

about 10 – 15 mm and highly doped silicon to dissipate static charge (Fig. 40). It is also 

recommended to use a sharp tip and a soft cantilever for imaging biological sample, 
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so it adapts to surface roughness and surface fractal dimension.  Another important 

point is to avoid having the tip contaminated (Raposo & Ferreira, 2007). 

 

 
Figure 39. Atomic force microscopy. 

AFM works by sensing the tiny forces between a sharp tip and the sample surface. (a) 
In topographic imaging, the tip scans the cell surface in buffer with nanometer-scale 

resolution. (b) In single-molecule force spectroscopy, the small interaction force 
between the tip and cell surface molecules is measured while the distance between 
the tip and cell is varied, thereby yielding a force-versus-distance curve; as shown in 

the cartoon, the tip is generally labeled with a ligand to detect, localize, and 
manipulate individual receptors (Dufrêne, 2014).  

 
 

 
Figure 40. AFM cantilever and tip.  

AFM Si3N4 tip with Cantilever (a) and diamond coated AFM tip (b) (Nguyen-Tri et al., 
2020).  

 
 

The quantitative analysis of the surface profile is important to have in 

consideration even during imaging. There are several settings that are automatically 

saved while imaging but taking into account while imaging calibration, sampling, 
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elimination of offset, systematic slope correction, makes the post-imaging process 

easier and more relevant. The topological (height) and peak force error (mechanical) 

are the most analysed images. In (Fig. 41) we show an example of images regarding 

the interaction of bacterial cells with metals which appear in both phases height and 

peak force error (Huang et al., 2015).  

 
 

 

Peak force error and height images of E. coli (a1,a2), P. putida (b1,b2) control and 
their aggregates with kaolinite (Huang et al., 2015). 

 

The AFM overall data quality and accuracy of surface properties can be well 

accomplished through the control and adequation of tip and cantilever characteristics 

but also the scan feature (speed, resolution, sampling, …). In addition, and for a 

complete morphology profile description of sample’s surface, it is important to define 

and determine morphological reference parameters. A fully final morphology profile 

focusing on membrane cells change, for instance, will certainly include the distribution 

of heights, skewness and kurtosis moments as well (Raposo & Ferreira, 2007).  

 

Figure.  

Figure 41. AFM images of bacteria and their aggregates with minerals in air. 
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9. State of the Art  
 
i- Metal homeostasis in photosynthetic bacteria 

The majority of studies regarding the characterization of metal homeostasis, 

including copper, zinc or iron, has been carried out in microorganisms such as E. coli, 

Pseudomonas aeruginosa, Salmonella thyphimirium, and Bacillus subtilis  

(Chandrangsu et al., 2017). In photosynthetic organisms, the homeostasis systems were 

also well studied in cyanobacteria (Cassier-Chauvat & Chauvat, 2014; Huertas et al., 

2014; Shcolnick & Keren, 2006), algae (Blaby-Haas & Merchant, 2017), and plants (Pilon 

et al., 2009). In particular, it was shown that excess or limitation on copper in these 

photosynthetic organisms can affect photosynthesis and photopigments. 

Very few studies refer to mechanisms of copper homeostasis and toxicity in 

photosynthetic bacteria. Cu2+ excess was mainly investigated in cyanobacteria; and it 

has received very little attention in purple bacteria. Studies of copper homeostasis was 

primarily investigated in the purple bacterium Rhodobacter species (Rademacher et al., 

2012; Selamoglu et al., 2020).  To overcome this lack of data, R. gelatinosus is also very 

good model to study and understand copper homeostasis and impact of copper excess 

on photosynthetic and respiratory complexes. In the last years, the group directed by 

S. Ouchane, started looking at the copper homeostasis system and its importance for 

respiration and photosynthesis in this bacterium. Bahia Hassani finished her PhD study 

with questioning the ability of R. gelatinosus to tolerate excess copper ions. Her thesis 

has highlighted the role of a Cu+-ATPase CtpA, a homologue of CopA, in the biogenesis 

and activity of cuproenzymes (heme-copper cbb3 oxidase) in R. gelatinosus. However, 

it was found that CtpA is not necessary for the growth on a high copper concentration 

(Hassani et al., 2010a). Another PhD student, Asma Azzouzi, continued this study and 

identified the efflux system (CopA and CopI) in copper tolerance in R. gelatinosus 

(Azzouzi et al., 2013, Durand 2015). More importantly, she identified a direct target of 

copper (HemN) and her study allowed also the identification of targets within the 

chlorophyll biosynthesis pathway (Liotenberg et al 2015). Moreover, the group has also 
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started looking at the effect of non-redox active metal, cadmium, on photosynthetic 

and respiratory complexes. I arrived in 2016, with the interest to study silver and copper 

homeostasis and toxicity in R. gelatinosus. Because silver is one of the most used metal 

in the field of nanoparticle technologies and in healthcare facilities, we decided to study 

the effect of silver on R. gelatinosus.  

Silver ions or silver alloy products are common in medical use and industrial 

applications as antimicrobial agents. Ag+ resistant bacteria have been isolated  (Asiani 

et al., 2016; Muller & Merrett, 2014; Sedlak et al., 2012), and despite the extensive use 

of this metal, the molecular basis for Ag+ resistance and toxicity were studied in very 

few species like E. coli and S. typhimurium (Asiani et al., 2016; Rensing et al., 2000). In 

cyanobacteria (Oscillatoria  brevis),  Ag+ induces metallothionein and an ATPase, but 

the effect on photosynthesis was not reported (Liu et al., 2004). There is no data on 

silver homeostasis and toxicity mechanisms in other photosynthetic bacteria. 

 

ii- Metal Homeostasis in the purple bacterium Rubrivivax gelatinosus 

The β-proteobacterium Rubrivivax (R.) gelatinosus has been introduced to the 

photosynthesis laboratory of Gif-sur-Yvette in 1991 by Françoise Reiss and Chantal 

Astier, to develop the genetic and structural studies of the photosynthetic apparatus 

in purple β-proteobacteria (Agalidis & Reiss-Husson, 1991). It is an environmental 

Gram-negative bacterium that thrive in soil and water biotopes (Uffen, 1976). The name 

gelatinosus is derived from its ability to dissolve gelatine. It has a rod shape and motile 

by single polar flagellum. The cell size in the range of 0.4 - 0.5 µm width and ~ 4 µm 

length (Nagashima et al., 2012; Sheu et al., 2020; Willems et al., 1991). In the presence 

of light and anaerobically, the bacterium performs anoxygenic photosynthesis to 

produce ATP. In the presence of oxygen, R. gelatinosus uses a branched aerobic 

respiratory chain for ATP synthesis (Hassani et al., 2010b). The first studies carried out 

on this bacterium focused on the structural characterization of the photosynthetic 

complexes (Ranck et al., 2005; Scheuring et al., 2001), and the study of genes coding 

for the different components of the photosystem as well as the genes coding for the 
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enzymes of the photopigment synthesis pathway (Francki et al., 2000; Ouchane et al., 

1995, 1997; Pinta et al., 2002).  Then, studies were directed on regulation of 

bioenergetics pathways by light and oxygen (Liotenberg et al., 2008; Ouchane et al., 

2007; Steunou et al., 2004).  

These first studies have shown interesting characteristics of R. gelatinosus 

bacterium. These characteristics include: (i) the existence of a tetrameric cytochrome 

linked to the reaction center, (ii) the presence of a HiPIP (High Potential Iron Protein) 

and two light harvesting complex antennae, (iii) the existence of two carotenoid 

biosynthesis pathways; (iv) different organization of the genes involved in 

photosynthesis; and (v) different adaptation to oxygen. Also, Hassani and Steunou have 

demonstrated the role of terminal oxidases in the photosynthetic metabolism in R. 

gelatinosus (Hassani et al., 2010b). Studies on the biogenesis of the "heme-copper" 

cbb3 oxidase have also been initiated with particular interest in the copper transport 

and insertion in the active site of the oxidase (Durand et al., 2018; Hassani et al., 2010a). 

These studies revealed also that R. gelatinosus has a relatively high tolerance to certain 

metals such as copper and cadmium (Hassani et al., 2010a).  

Azzouzi’s thesis work indicated that copper homeostasis involved the cop 

operon (copARHIJ) that encode for the Cu+ATPase CopA, the Cu+ sensor/regulator 

CopR (CueR) and three periplasmic proteins CopI, CopH and CopJ also required for 

copper tolerance. The operon is under the control of CopR. Asma also showed for the 

first time, that copper targeted many enzymes in the tetrapyrrole biosynthesis, namely, 

the coporphyrinogen III oxidase, the Mg-chelatase and the protochlorophyllide 

reductase, and thereby affects the cytochrome oxidase and the photosystem (Azzouzi 

et al., 2013; Liotenberg et al., 2015).  

More recently, work conducted by Steunou revealed an interplay between the 

Cu+ and Cd2+ efflux ATPases. The efflux system required to tolerate Cd2+ in R. 

gelatinosus correspond to the Zn2+ and Cd2+ ATPase CadA and its regulator CadR. 

Cadmium was also shown to induce copper tolerance system (CopA and CopI) in this 
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bacterium (Steunou et al., 2020a). Similarly, to copper, accumulation of cadmium in the 

bacterium also resulted in a porphyrin deficient phenotype. It was shown that Cd2+ 

target the coporphyrinogen III oxidase, HemN in the bacterium (Steunou et al., 2020a). 

 

 
Figure 42. Interplay between metal efflux, iron uptake and ROS detoxifying 

system. 
In the absence of the efflux ATPases CopA or CadA accumulation of Cu+ or Cd2+ in 
the cytosol led to the degradation of [4Fe‐4S] clusters. ‘Released iron’ originating 

from this degradation could rapidly be sequestered or exported out of the cells, thus 
generating an iron‐depleted status in the poisoned cells. Consequently, iron uptake is 

induced to rebuild [4Fe‐4S] clusters and the superoxide dismutases are induced. It 
was supposed that released iron could generate ROS, but oxidative stress may be 
further exacerbated by the induction of Fe‐uptake in response to damaged Fe‐S 

clusters. ETC: electron transfer chains (respiration or photosynthesis) are also 
poisoned by excess metal. ETC generate ATP for the ATPases but can also generate 
superoxide (Steunou et al., 2020c). Operons encoding efflux and import systems are 

shown. 
 

 

 

Finally, to further characterize the mechanisms of response and toxicity of both 

metals, our group has highlighted the role of Fe2+ homeostasis and import in the 

response and resistance to Cu+ and Cd+ (Steunou et al., 2020c). At least three Fe2+/ Fe3+ 

uptake system were identified. Two of them (Fbp and Ftr) are involved in iron uptake 

in the bacterium and required in the response to excess metals. The overall findings of 
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all these previous studies depicted in (Fig. 42) rationalize metal excess toxicity in this 

bacterium and very likely in other organisms.  

As reported above, consequences of Cu2+ or Cd2+ intoxication are direct damage 

to Fe-S proteins and ROS production. As cofactor, Fe-S clusters participate in many 

vital electron-transfer processes, especially in photosynthesis, respiration. Given their 

crucial role, intoxicated cells should repair or synthetize de-novo the Fe-S clusters, and 

for that purpose, they need to import iron. This work emphasized the importance of 

maintaining Fe2+ and Fe-S clusters homeostasis in response to metal intoxication by 

Cu2+ or Cd2+ in photosynthetic bacteria (Steunou et al., 2020c).    

 

iii- Specific actions of metal nanoparticles 

In the beginning of last century, the first observation and control of gold 

nanoparticles was achieved through the study of colloidal solution by Richard Adolf 

Zsigmondy who was awarded with Nobel prize for his extraordinary founds in 1925 

(Zsigmondy, 1926). Since then, discovery of new techniques and strategies enable 

scientists to perform more efficient synthesis of NPs and get better control of their 

targeted properties. There are now a huge number of methods to synthesize metals 

nanoparticles (MNPs) in the laboratory. Methods for MNPs synthesis are even selected 

based on the goal and the application pursued (Brigger et al., 2002; Forestier et al., 

1992; Merisko-Liversidge et al., 2003). Silver is one of the most used metal in the field 

of nanoparticles technologies and in healthcare facilities, but the actual mechanisms of 

its action as an antimicrobial agent and the specific impact of NPs due to their peculiar 

properties regards to silver ions actions is still not completely described (Möhler et al., 

2018). 

The complexity of this study requires a different (multidisciplinary) approach to 

that of antibiotic or toxicity tests used for conventional compounds. Indeed, the 

physicochemical parameters (stability, aggregation, dissolution and surface state) of 

nanostructures in the contact medium strongly influence the toxicity observed on cells 

(Ahmad et al., 2019; Nel et al., 2009). In addition, physicochemical interactions 



-STATE OF ART- 

 79 

(floculation, adsorption, redox mechanisms) are related to the biological model, in 

particular the presence of exopolysaccharides for some bacteria, as a natural barrier 

between the cell wall and nanoparticles (Ansari et al., 2018; Navarro Gallón et al., 2019). 

Culture media influence, since they contain chemical compounds that could precipitate 

or neutralized the metal ions, is too often ignored or underestimated (De Leersnyder 

et al., 2018; Johnston et al., 2018). Biosynthesis of nanoparticles is more and more 

reported and studied (Bao & Lan, 2019). Nanoparticles are biosynthesized when the 

microorganisms involved grab target ions from their environment and then transform 

the metal ions into metal nanoparticles or precipitates through enzymes generated by 

the cell activities for example. It can be classified into intracellular and extracellular 

synthesis according to the location where nanoparticles are formed (Mann, 2001; 

Simkiss & Wilbur, 2012). The intracellular method consists of transporting ions into the 

microbial cell to form nanoparticles in the presence of enzymes. The extracellular 

synthesis of nanoparticles involves trapping the metal ions on the surface of the cells 

and reducing ions in the presence of enzymes (Zhang et al., 2011). If we can consider 

naïvely, that the main purpose of fundamental cells as bacteria is to survive, it is 

understandable to link this ability in NPs synthesis to a protection mechanism toward 

survival (AbdelRahim et al., 2017).    

It appears that the study of the compared effects of silver ions (AgNO3) and 

nanoparticles (AgNPs) on R. gelatinosus could be very interesting with a distinct goal 

of imaging the processes involved at submicron scale between the bacterial and the 

metal. The collaboration into a multidisciplinary team will have from this point of view, 

a special added value.  

In the lab of NANO3 (Nanoparticles, Nanostructures, Nanomaterials) – in LAC, 

research project concerns the synthesis and characterization of nanoparticles and 

nanostructures and their recovery in different applications: health, energy, or 

engineering. Nanoparticles and nanostructures are synthesized using physical process 

(gas aggregation source, UHV chamber deposition) or chemical synthesis (reduction of 
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precursors, electrospray deposition). These NPs can be prepared as dry samples which 

are deposited on different substrates such as: graphite, mica and metal or oxides 

substrates (Kébaili et al., 2009) or in solution (Djafari et al., 2016, 2018, 2019). The main 

added value relies on the control of the size, shape, nature and stability of the obtained 

structures but also on the comprehension of the self-organisation mechanism on 

substrate, including the study of the effect of topology and surface curvature on the 

morphology of the nanostructures obtained (Kemper et al., 2009; Schmidt et al., 2008), 

the stability of fractal nanostructures and the mechanisms of their relaxation induced 

by chemical or thermal activation (Solov’yov et al., 2014; Wu et al., 2012), the possibility 

of using clusters through their interaction with the surface as a probe for fine 

characterization of these (Kébaili et al., 2009) surfaces, the study of the aging of this 

structures (Lion, Sarfati, Kebaili., submitted 2020). This last study is essential for 

predicting the behavior and timekeeping of future applications. The team has also 

recognized skills in nanoscale characterization (SEM, STEM, AFM, STM microscopies, 

EDS, XPS, UV-V spectroscopies).  

For my study, I focused on the synthesis of silver nanoparticles prepared in liquid 

solutions, thus, made it easier to manipulate experiments on bacterial cells culture; 

which usually prepared on liquid medium as well. I was able to synthesize silver NPs 

chemically in the lab. Successfully, we were able to obtain Ag-NPs in size rang (from 12 

± 2 nm to 25 ± 5 nm); in addition to the ability to control their size and have them 

stabilized. The aim is to study the Ag-NPs toxic effect on bacteria and compare the 

results to demonstrated data with Ag ions, in previous work of the same project 

(Tambosi et al., 2018), we have elucidated that silver is highly toxic and it inhibits the 

growth of bacteria even at a very low concentration. Also, that Ag+ have great impact 

on membrane proteins in both photosynthetic and respiration complexes.  

Moreover, I have also built the skills to use microscopes as the atomic force 

microscope (AFM), the scanning electron microscope (SEM) and the transmission 

electron microscope (TEM). They are essentials tools in the field of nanoscience to 
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characterize the NPs prepared. Also, in the field of microbiology to study the 

interactions between the physical objects (metal) and biological subject (bacteria) at 

the relevant scale. This was one of the main goals of this study which basically aim to 

understand the interaction, the localization and the morphological structure change 

occur on the cell’s membrane under metal stress.  
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OBJECTIVE OF THE THESIS  
 

  Given their importance in sustaining life, and/or their acute toxicity, many 

studies have investigated the homeostasis and impact of metals in both prokaryotes 

and eukaryotes. Yet, there are still important gaps regarding our comprehension of 

metal homeostasis and toxicity mechanisms. Several reasons for this, among which:  

i- some metals have attracted more attention than others, ii- most studies of metal 

toxicity focus on one type of metal, although organisms face mixture of metals in their 

environment and iii- in many cases, bacteria whose metal homeostasis have been 

studied are primarily pathogenic bacteria, although biodiversity can be an 

inexhaustible source of new discoveries… 

 For photosynthetic bacteria, most studies focus on cyanobacteria, which is 

very understandable given their role in biomass production, their contribution to 

shaping our atmosphere and their functional and structural homologies with the 

photosystems from algae and plants. Nevertheless, photosynthetic proteobacteria are 

also environmental bacteria that have other advantages such as the simplicity of their 

photosystem and photo-pigments (while showing similarities with algae and plants), 

their growth and adaptive abilities and the availability of many molecular and genetic 

tools. In this context, I was interested in investigating the impact of silver and copper 

excess on the purple photosynthetic bacterium R. gelatinosus. The goal of this project 

is to study the interaction between biological subject (bacterial cell) and physical 

objects (metals), and to understand the impact of these metals in different forms (ions 

and nanoparticles) on photosynthetic and respiration growth of the bacterium.  

 In order to gain mechanistic insights into the adaptive responses of R. 

gelatinosus to metal stress, the essential objectives are i) to study the impact and the 
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mechanisms of toxicity of these metallic ions/NPs on the bacterial 

respiratory/photosynthesis metabolisms. ii) to identify the bacterial genes involved in 

response to excess Ag+ ions, and iii) to study the interaction of metal ions and NPs with 

cell surface. 

 The data obtained during my PhD thesis term are presented in four parts in the 

results section: 

 

Part I: In this study, we were interested in silver and copper targets and their effect 

on photosynthetic and respiration membranes and complexes. Data was published 

(Tambosi et al., 2018).   

 

Part II: This part presents our tentative approach to identify genes that may play 

role in silver tolerance in R. gelatinosus. 

Part III: This part focus on the effect of silver on bacterial cell structure and 

morphology using microscopy (SEM and AFM). The aim is to give a second perspective 

(morphological characterization) to the first part regarding the interaction between 

silver ions and the bacterial membrane (Tambosi et al., submitted 2020). 

Part IV: This part shows results regarding metal nanoparticles synthesis, 

characterization, and preliminary results on biological applications using these NPs.   

Finally, some of my contributions to ongoing projects in the laboratory with other 

members of the team, are presented as additional research. One study highlighted the 

cross-tolerance between cadmium and copper efflux systems (Steunou et al., 2020a). 

The second paper reports the importance of superoxide dismutase (SodB) and its 

requirement to protect exposed cells to heavy metals (Steunou et al., 2020b).  
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More recently, we got preliminary results on the effect of silver in the culture 

mediums, regarding silver ions precipitations and NPs synthesis (Djafari et al., 

submitted 2020). 
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RESULTS 
 

 

Metals such as Cu2+, Zn2+ or Ag+ compounds are widely used in many fields for 

their antimicrobial properties. Nevertheless, the extensive use and spread of metal ions 

or nanoparticles represent a serious threat to the environment and to all living 

organisms because of the acute toxicity of most metal ions. Nowadays, Ag+ 

nanoparticles are one of the most widely used nanoparticles in many industrial and 

healthcare applications. The antimicrobial effect of Ag+ nanoparticles is in part, related 

to the released Ag+ ions. It is therefore important to characterize the toxicity of Ag+ 

ions and to identify cellular targets of this metal to foresee the toxicity of nanoparticles. 

  

 My work focused thus, on understanding the impact of silver and other metals 

on purple photosynthetic bacteria. I used silver in forms of ions (AgNO3) and 

nanoparticles (Ag-NPs). For the biological model, I used the photosynthetic bacterium 

R. gelatinosus and other non-photosynthetic bacteria as a control. This project included 

also other metals, as control, such as copper and cadmium. The main reasons are that 

Cu+ and Ag+ follow the same efflux and detoxification routes in E. coli and other species, 

while cadmium has its own efflux system. In addition, Ag+ is not redox active as Cd2+, 

in contrast to Cu2+.  
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1. In Vivo Target of Silver and Copper 
 

Introduction:  

 The homeostasis and toxicity of biological active metals (Fe2+, Cu2+, Zn2+, Co2+, 

Mg2+, etc) have been widely studied because of the importance of these metals in 

various metabolisms within the cell. Non-essential metals, however, were less 

attractive, but due to their toxicity and industrial or medical interest, many studies were 

conducted in the last years to have a better understanding of their toxicity mechanisms 

in both prokaryotes and eukaryotes. Furthermore, the fast rate of the development in 

the nanotechnology field using metals have raised awareness and prompted to study 

their impact on the environment and organisms. 

 Silver is a non-essential, but a potent toxic metal including in bacteria. In E. coli, 

Ag+ ions damage the [4Fe-4S] exposed clusters in dehydratases (Xu & Imlay, 2012). E. 

coli uses the Cu+ efflux systems (CopA and CusCFBA) to extrude Ag+ from the cell 

(Bondarczuk & Piotrowska-Seget, 2013). Very few studies refer to mechanisms of Ag+ 

homeostasis and toxicity in cyanobacteria, while no study was reported to date on 

photosynthetic proteobacteria.  

 R. gelatinous is a good model to assess the effect of metal on the photosynthetic 

and respiratory complexes. Indeed, previous studies in the laboratory had identified 

targets of copper and cadmium, in particular in the biosynthesis pathway of heme and 

bacteriochlorophylls (Azzouzi et al., 2013; Steunou et al., 2020a). 

 In this first study, we investigated the R. gelatinosus behavior under Ag+ stress 

under different growth conditions. The aim is to assess the effect of Ag+ on growth and 

to identify the proteins that can be damaged by this metal. As a control for the specific 

effects of Ag+, we used Cd2+and Cu2+, and to confirm our results, we assess the effect 

of Ag+ on E. coli and B. subtilis. Our results showed that silver and copper affect the 

activity of membrane complexes involved both in photosynthesis and in respiration 

and suggested that Ag+ and Cu+ could damage exposed prosthetic groups such as  
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chlorophylls and heme in proteins as explained in the introduction section of this 

manuscript (Fig. 22) (Dalecki et al., 2017).   

 

Summary and main findings:  

 In this work, we started looking at the effect of silver on the growth of wild type 

(WT) R. gelatinosus in comparison with Cu2+ and Cd2+.  Interestingly, the analyses 

showed that Ag+ was very toxic even at very low concentration compared to Cu2+ and 

Cd2+. It is established that, thanks to the ATPases CopA and CadA, R. gelatinosus 

tolerates high concentration of Cu2+ and Cd2+ respectively (Azzouzi et al., 2013; 

Steunou et al., 2020a). This was the first indication that Ag+ does not induce or use Cop 

or Cad efflux systems in this bacterium, in contrast to other species. This was confirmed 

by western blot and analyses of the growth of the copA- deficient mutant. 

The presence of photopigments in the bacterium allows a rapid investigation of 

the effect of metals on photosynthesis. Indeed, UV-Vis spectra can provide qualitative 

and quantitative data regarding the photosynthetic complexes within the membrane 

of the bacterium. In this respect, analyses of WT cells grown photosynthetically and 

exposed to Ag+ ions, revealed a significant decrease in the amount of the light 

harvesting LH2 (B800-850). More specifically, the decrease affects only the 800 nm 

bacteriochlorophyll of the LH2 complex. This 800 nm specific decrease was also 

observed when cells were exposed to Cu2+, but not to Cd2+ or Ni2+.  

Moreover, analyses of these spectra and the position of the Bch 800 and 850 in 

the crystal structure of the LH2 allowed us to conclude that Ag+ and Cu2+ damage the 

light harvesting LH2 by targeting the exposed Bch 800 (Fig. 43). The 

bacteriochlorophylls within the LH1 or RC or the Bch 850 of LH2 should be protected 

by the protein structure against metal damages. 
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Figure 43. Effect of Ag+ and Cu2+ on LH2 antennae. 
Only the Bch 800 is damaged upon Ag+ and Cu2+ exposure. 

Modified from (Jones, n.d.) lab Bristol. 
 

 

We also took advantage of the ability of the bacterium to grow also by 

respiration to check the effect of Ag+ on complexes required for respiration. In fact, 

many previous studies have suggested that Ag+ can affect the respiratory chain in 

mitochondria and bacteria, nevertheless a direct evidence showing the activity 

inhibition of respiratory complexes were missing. In the laboratory, we can reveal the 

activity of most complexes in native membranes. I therefore assessed the effect of Ag+ 

on respiratory complexes from cells grown with Ag+ or in purified membranes exposed 

in vitro to excess Ag+. Our data demonstrated that exposure to Ag+, resulted in a 

decrease of the cytochrome c oxidase (complex IV) and the succinate dehydrogenase 

(complex II) activities. To verify our data in other bacteria, I also checked the effect of 

Ag+ on respiratory complexes from E. coli and B. subtilis. The effect of Ag+ was also 

found on complex II in E. coli but not in B. subtilis. To explain this effect on complex IV 

and II, we suggested that Ag+ might affect heme moieties in both complexes. 
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Silver and Copper Acute Effects on Membrane Proteins and
Impact on Photosynthetic and Respiratory Complexes in
Bacteria

Reem Tambosi,a Sylviane Liotenberg,a Marie-Line Bourbon,a Anne-Soisig Steunou,a Marion Babot,a Anne Durand,a

Nouari Kebaili,b Soufian Ouchanea

aInstitute for Integrative Biology of the Cell (I2BC), Université Paris Saclay, CEA, CNRS, Université Paris Sud,
Gif-sur-Yvette, France
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ABSTRACT Silver (Ag!) and copper (Cu!) ions have been used for centuries in in-
dustry, as well as antimicrobial agents in agriculture and health care. Nowadays, Ag!

is also widely used in the field of nanotechnology. Yet, the underlying mechanisms
driving toxicity of Ag! ions in vivo are poorly characterized. It is well known that ex-
posure to excess metal impairs the photosynthetic apparatus of plants and algae.
Here, we show that the light-harvesting complex II (LH2) is the primary target of
Ag! and Cu! exposure in the purple bacterium Rubrivivax gelatinosus. Ag! and Cu!

specifically inactivate the 800-nm absorbing bacteriochlorophyll a (B800), while Ni2!

or Cd2! treatment had no effect. This was further supported by analyses of CuSO4-
or AgNO3-treated membrane proteins. Indeed, this treatment induced changes in
the LH2 absorption spectrum related to the disruption of the interaction of B800
molecules with the LH2 protein. This caused the release of B800 molecules and sub-
sequently impacted the spectral properties of the carotenoids within the 850-nm ab-
sorbing LH2. Moreover, previous studies have suggested that Ag! can affect the re-
spiratory chain in mitochondria and bacteria. Our data demonstrated that exposure
to Ag!, both in vivo and in vitro, caused a decrease of cytochrome c oxidase and
succinate dehydrogenase activities. Ag! inhibition of these respiratory complexes
was also observed in Escherichia coli, but not in Bacillus subtilis.

IMPORTANCE The use of metal ions represents a serious threat to the environment
and to all living organisms because of the acute toxicity of these ions. Nowadays, sil-
ver nanoparticles are one of the most widely used nanoparticles in various industrial
and health applications. The antimicrobial effect of nanoparticles is in part related to
the released Ag! ions and their ability to interact with bacterial membranes. Here,
we identify, both in vitro and in vivo, specific targets of Ag! ions within the mem-
brane of bacteria. This include complexes involved in photosynthesis, but also com-
plexes involved in respiration.

KEYWORDS chlorophyll, copper, membrane complexes, metal homeostasis,
photosynthesis, respiration, silver, toxicity

Metal accumulation in the environment results in toxicity and defects in metabo-
lism, leading to impaired growth of microorganisms, as well as to a variety of

metabolic disorders in higher organisms. In most bacteria, metals such as Cu!, Cd2!,
or Ag! would diffuse through nonspecific importers within the membrane. This
induces the expression of the detoxification systems that allow the cell to tolerate the
presence of metals in its environment (1–6). Among these systems, metal efflux systems
are very efficient to detoxify excess metal. The P1B-type ATPases are the most fre-
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Supplemental results:  

S1- Toxicity of CuSO4 and AgNO3 in high-density culture. 

In the article (Fig. 1), it was shown that cells growth was not affected by the 

addition of CuSO4 or CdCl2, even at 1 mM. In contrast, addition of 1 µM AgNO3 was 

enough to fully inhibit cells growth. These data were obtained when adding metal ions 

during early stage of the exponential growth phase. However, the effect of these metals 

is different when adding them during the late exponential growth phase or stationary 

phase, where cultures have high-density of cells. While the effect of CuSO4 remains the 

same, Ag+ toxicity was reduced (Fig. 44). Cells were able to resist up to 6 µM of AgNO3. 

Similar results were reported for E. coli (Xu & Imlay, 2012). The ability of cations to 

interact with polysaccharides and cell surface could explain this difference. It was 

indeed suggested, that metal ions could interact and be sequestered on the cell 

surface; therefore, the high cell density will affect the metals dose response  (Xu & 

Imlay, 2012).  

 
Figure 44. Toxicity of CuSo4 and AgNO3 in cultures of high cells density. 

Toxicity of CuSO4 and AgNO3 in high cell density culture. Cells were grown in micro-aerobisis 
on microplates in the Tecan Infinite M200 luminometer. Indicated concentrations of CuSO4 or 

AgNO3 were added to the growth medium after cells reached OD680nm=0.4 (arrow). 
 

 

S2- Effect of CuSO4 on LH2 and LH1-RC complexes.  

In the course of this work, it was shown that both Ag+ and Cu2+ are specifically 

stimulating the loss of the 800 nm bacteriochlorophyll, but not the 850 nm in the LH2 

antennae. The impact of CuSO4 on the RC-LH1 core was also assessed using the pucBA 
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LH2- deficient mutant. Spectra of the exposed cells showed that CuSO4 only very 

slightly affected the amount of the RC-LH1 (Fig. 45).  

Moreover, total protein lysates from all untreated or treated samples were 

loaded onto SDS-PAGE. The Coomassie blue staining showed that all wild-type samples 

have comparable amounts of LH2 subunits, indicating that the release of B800 

molecules did not affect the LH2 protein stability (Fig. 45D) in agreement with the UV-

Vis spectra.  

Altogether, these data indicated that Ag+ and Cu2+ induced alterations in the 

structure of the LH2 complexes, targeting the B800 molecules of the complex, while 

the RC-LH complex is rather well protected. 

 
Figure 45. Effect of CuSO4 on LH2 complex.  

A- Absorption spectra of WT and LH2 deficient mutant cells grown overnight under 
photosynthetic condition exposed or not to 1 mM CuSO4. B-Absorption spectra of WT cells 

grown overnight under photosynthetic condition and exposed to 1 mM CuSO4. The 350-1000 
nm spectra were recorded after 2, 10 and 24 h. C-Spectral analyses of the LH2 deficient 
mutant cells exposed to 1 mM CuSO4. Spectra were recorded after 2, 10 and 24 h. D-
Coomassie blue staining of total protein lysate from untreated or CuSO4 treated cells. 

 

 

S3- Effect of AgNO3 treatment on carotenoids in the LH2 complexes  

In the LH2 antennae structure of Rhodopseudomonas acidophila, the 800-nm 

absorbing bacteriochlorophyll a molecules lie between the a-apoprotein helices, where 

the phytyl moieties of B800 interact with the carotenoids (Fig. 46). Since Ag+ or Cu2+ 
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affected the B800 Bch, it was expected that loss of this baceriochlorophyll might affect 

carotenoids within the LH2 complex exposed to metals.  

 

Figure 46. LH2 monomer and its associated pigments.  
(view parallel to the plane of the membrane). α and β subunits are in blue and 

orange, the B800 BCh are in yellow, the B850 are colored purple, and the carotenoids 
are in green (Saer & Blankenship, 2017). 

 

Purified membranes subjected to Ag+ or Cu2+ treatment, showed a significant 

decrease in the intensity of the 800 nm band with an absorption of increase at 688 nm. 

While the spectra of untreated membranes showed no changes in the amount of the 

RC, LH1, and LH2 were observed. 

A close analyses of the spectra showed that indeed, carotenoids were also 

affected by Cu2+ (Fig. 5 in the paper) and by Ag+ as evidenced by the shift in their 

absorbance spectra (Fig. 47). The spectra of untreated proteins exhibited three peaks 

at 452, 482, and 512 nm. On the other hand, the spectra showed that with extended 

exposure to AgNO3, a shift was observed in the carotenoid absorption region. 

AgNO3 treatment resulted in a shift of the carotenoid absorbance to 448, 474, and 

508 nm.  
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Figure 47. Effect of AgNO3 treatment on carotenoids in the LH2 complexes in 
membrane-enriched fractions. 

A- Cells membrane fractions were mixed with AgNO3 at a final concentration of 2 
mM and 350-1000 nm spectra were recorded every 30 min. B- Zoom in the 400-750 

nm spectrum absorbance highlighting the shift in the carotenoid bands and the 
increase in the 688 nm band. 

 

Thus, we concluded that in the presence of CuSO4 or AgNO3, changes in the LH2 

absorption spectrum are related to the disruption of the interaction of B800 molecules, 

which causes the release of the B800 bacteriochlorophylls and subsequently impacts 

the spectral properties of the carotenoids within the B850 LH2 complex. 

 

Additional results:  

I will present some data that were collected during my study. They are also 

important to complete our understanding regarding silver and copper effect on 

membrane proteins, and their impact on photosynthetic and respiratory complexes in 

R. gelatinosus.   

 

1- Effect of AgNO3 treatment on cbb3 oxidase. 

 In this work, it was shown that AgNO3 damage the B800 of LH2 complex and 

inhibits the activity of respiratory complexes in the purified membrane including cbb3 

cytochrome c oxidase. This indicated that the Ag+ ions can damage assembled 

complexes within the membrane. We have shown that the loss of B800 did not affected 
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or degraded the LH2 complex (Fig. 45), very likely because the remaining B850 

chlorophylls and the carotenoids are sufficient to stabilize and maintain the LH2 

complex. We question whether inhibition of the cbb3 oxidase is related only to the 

putative loss of heme, or whether Ag+ damage, leads to degradation and loss of the 

complex?  

To test this different hypothesis, we have specific antibodies raised against cbb3 of 

R. gelatinosus. I therefore, checked the activity (DAB cyt c oxidase activity assay) and 

amount of cbb3 (Western blot using CcoP antibodies) in solubilized membranes from 

grown cells exposed to AgNO3. 

The results are presented in (Fig. 48) and clearly showed that both cbb3 activity and 

amount are decreased in Ag+ exposed cells. It is known that absence or loss of heme 

from cytochromes leads to rapid degradation of the apoprotein, we therefore propose 

that if Ag+ damage heme in respiratory complexes, this will ultimately lead to the 

degradation of these complexes. 

 

Figure 48.  Effect of Ag+ on cbb3 activity and amount in stressed cells. 
The wild-type cells were grown over night under micro-aerobic condition and 

shocked for 1 h with AgNO3. Equal amount of membranes were solubilized and 
subjected to BN electrophoresis. The gel was cut in three parts and the activity of 

cbb3 was revealed using DAB assay, while the amount of the complex was revealed 
on Western blot using CcoP subunit antibodies. 
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2- Effect of AgNO3 treatment on the NADH dehydrogenase, in vivo and vitro. 

In the published work we have presented data regarding the effect of AgNO3 on 

two complexes among the five complexes of the the respiratory chain. I also wanted to 

study the effect of AgNO3 on the NADH dehydrogenase complex I in vivo and in vitro 

as well. For that purpose, grown cells of R. gelatinosus were exposed to increased 

concentrations of AgNO3 (25, 50, 100 and 150 µM) for 1 hour, and the activity of 

complex I was detected in purified membranes on BN-PAGE using the NADH/NBT 

oxidoreductase assay.  

As shown in (Fig. 49) bands corresponding to the putative complex I were revealed 

in the solubilized membrane proteins from untreated and 25 µM AgNO3 stressed cells. 

Decreased activity was detected in the 50 µM AgNO3 stressed cells. However, no active 

band could be detected in the membrane fractions isolated from 100 and 150 µM 

AgNO3 stressed cells.  

 

Figure 49. Effect of Ag+ on Complex I activity in stressed cells. 
The wild-type cells were grown under micro-aerobic condition and shocked for 

1 h, with increasing concentration of AgNO3. Equal amount of membranes were 
solubilized and subjected to BN electrophoresis. The activity of complex I was 

revealed using NADH/NBT oxidoreductase assay. 
 
Similarly, to the in vivo data, incubated membrane proteins with increasing 

concentration of AgNO3 led to a decrease in NADH activity; and completely inhibited 

at 750, 900 and 1000 µM (Fig. 50).  
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Figure 50. Effect of Ag+ on Complex I activity in solubilized membranes. 
Equal amount of membranes from WT were mixed with increasing 

concentration of AgNO3 for 1 h. DDM solubilized membrane proteins were then 
separated on a 5% to 12% gradient BN-PAGE. The activity of complex I was revealed 

using NADH/NBT oxidoreductase assay. 
 

Altogether, these data suggested that AgNO3 could inhibit respiration by damaging 

the respiratory complexes, including cytochrome c oxidase, succinate and NADH 

dehydrogenases. These results on complex I were not shown in the published paper 

because we were missing the NADH mutant strain to be used as control. In fact, other 

complexes that exhibit NADH dehydrogenase activity may be present in the membrane 

fraction. Nevertheless, our data strongly support that AgNO3 could inhibit respiration 

by directly damaging the respiratory complexes, including cytochrome c oxidase, 

succinate and NADH dehydrogenases.  
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Discussion: 

 
Metals such as silver and copper are known for their use as antimicrobial agents. 

However, the overuse of such metals is a serious threat to the environment and to all 

living organisms. Furthermore, the toxic effect of metal nanoparticles is very often 

related to the released metal ions and their ability to interact with bacterial membranes 

and proteins. Thus, this study aims to characterize the toxicity of silver and copper ions 

and to identify some of their cellular targets. We should note that metal ions, targets a 

variety of molecules and proteins in the cells, and thus the identified targets in my work 

are related to the growth conditions and the phenotype we observe. We should keep 

in mind that there are many potential metal targets in the cell, as explained in the 

introduction section. 

Our results indicated that silver in its ionic form is very toxic even at very low 

concentration in R. gelatinosus. This is may be related to the absence of an efficient 

efflux system to detoxify Ag+ and/or to its bioactivity and ability to damage specific 

molecules. Through this study, it was found that silver completely inhibits the growth 

of R. gelatinosus if coinoculated with diluted cells. Thus, to assess the effect of Ag+, we 

first grow cells and then shock them with Ag+ to study its impact. Another fact is that 

while the CopA efflux is effective in expelling Ag+ ions outside the cells in E. coli, it was 

not involved in R. gelatinosus. Ag+ does not induce cop operon, and the mutant copA 

behave as the wild type when exposed to Ag+. More studies are required to 

characterize the gene response to silver stress in R. gelatinosus. For example, a 

transcriptomic or proteomic study could reveal the genes or proteins that are up-

regulated or down-regulated after Ag+ shock. Genetic analyses of these genes can 

confirm the role of the candidate genes. Otherwise, the use of a transposon library 

mutant could also be an effective approach to identify genes involved in Ag+ response. 

Indeed, mutants that do not tolerate Ag+ would be affected in the efflux or 

detoxification systems, while mutants that tolerate Ag+ shock will be affected in the 

import system or regulatory pathways for examples. 
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In our model R. gelatinosus, we found that both metals Ag+ and Cu2+ target the 

LH2 complex in the PS apparatus; specifically targeting the B800 molecules but not the 

B850 Bch. We have proposed that this could be related to the structure of the LH2 

complex. On one hand, the B850 bacteriochlorophylls with the carotenoid molecules 

are buried between the α and β subunit outer rings and are therefore well shielded 

from the external buffer (Fig. 9 in the paper). On the other hand, the B800 molecules 

are located within the outer rings formed by helices of the β subunits and are parallel 

to the lipid surface near the cytosolic side. This makes them in contact with the solvent, 

thus, become more exposed than the B850 molecules. The mechanism by which Ag+ or 

Cu2+ release B800 from the LH2 remains to be studied. However, it is tempting to 

speculate that Ag+ or Cu2+ may damage or de-metalate the exposed B800 

bacteriochlorophylls. This could be tested in vitro. In fact, we can expose purified or 

commercial chlorophyll to metal ions and check the presence of Mg2+ or other metals 

in the porphyrin by UV-Vis absorbance as shown in (Fig. 51) (Karcz et al., 2014).  

 

 

 
Figure 51. Electronic absorption spectra of pheophytin (Pheo: chlorophyll 
witout Mg2+) and its complexes with Mg2+ (Chla), Zn2+, Ni2+, and Pt2+.   

The spectra were recorded at ambient temperature in acetone, normalized to the 
Soret bands’ maxima (Karcz et al., 2014) . 
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Provided that the LH2 structure is conserved in purple bacteria, we would expect and 

suggest that similar effects of Ag+ or Cu2+ would occur in other LH2 containing 

bacteria. It is also tempting to suggest that exposed chlorophyll molecules, in any 

photosynthetic complex, might be damaged by metals. It is known that metal ions 

affect photosynthesis and the amount of chlorophylls in plants (DalCorso et al., 2013). 

Inhibition of chlorophyll synthesis or degradation of photosystem can explain the 

decrease of chlorophyll. A direct damage of plant chlorophylls by metals as previously 

shown (Küpper et al., 1998b) and shown in our study can also explain chlorophyll 

decrease in metal stressed plants.  

 Also, we have found that Ag+ or Cu2+ have an impact on the activity of 

cytochrome c oxidase and succinate dehydrogenase (SDH) in R. gelatinosus, as well as 

SDH in E. coli. The effect of metals on these complexes was first observed in vivo and 

could thus be related to inhibition of the assembly of the complexes or to a direct 

damage. Nevertheless, the in vitro data showed that even assembled complexes can 

be damaged by excess metal.  

Based on our finding that Ag+ or Cu2+ directly dissociate exposed chlorophyll 

from LH2, we suggest that inhibition of cytochrome c oxidase and succinate 

dehydrogenase might be also the consequence of porphyrin (heme) dissociation from 

these complexes both in vivo and in vitro under metal excess. Yet, we cannot exclude 

an effect of Ag+ or Cu2+ on the 4Fe-4S clusters in the SDH (complex II). In this regard, 

damage of 4Fe-4S clusters in complex I by Ag+ or Cu2+ would also explain the inhibitory 

effect observed when we assayed for the NADH dehydrogenase activity of the complex. 
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2. Putative transport systems involved in metal 
tolerance in R. gelatinosus 
 

Introduction:  

To resist metal toxicity, cells use various strategies to survive. Limiting the uptake 

or inducing the required detoxification enzymes and activating the efflux pumps are 

examples of cell defence against metal toxicity. Silver tolerance in bacteria rely on the 

induction of the efflux ATPase and RND systems to expel the ions. In E. coli and other 

species, the copper efflux system is induced by AgNO3 and both CopA and CusCFBA 

are involved in Ag+ efflux and tolerance (Gudipaty et al., 2012; Rensing et al., 2000).   

In the frame of my research study, I was interested in identifying the genes that 

might be involved in silver tolerance in R. gelatinosus. We decided to test known 

candidate genes encoding ion transporters in R. gelatinosus. These include copA, cadA 

but also genes encoding putative proteins displaying homologies with the RND Cus 

system or the cation diffusion facilitator CdfA. In addition, an outer membrane OmpW 

was identified in the laboratory as a putative copper importer, ompW was also selected 

to check whether it is involved in Ag+ import. 

 

Figure 52. Metal transporters identified in R. gelatinosus. 
Scheme showing the known (CopA/ CadA) and the putative metal transporters in  

R. gelatinosus. 
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The approach was to use available copA and cadA deficient mutants and 

generate deletion mutation in the three other genes, and then assay for the Ag+ and 

other metals tolerance/ sensitivity in these mutants in comparison with the wild type 

strain. 

R. gelatinosus can be transformed by electroporation and selection of double 

cross-over event (inactivated gene) can be achieved on selective media (kanR, AmpS) 

as depicted in (Fig. 53). Then gene inactivation is tested by PCR to ensure that the gene 

is inactivated and that the wild type gene is absent in the strain.  

 

 

Figure 53. Gene inactivation by homologous recombination in R. gelatinosus  
 

 

Results:  
  

1- The copA, copI and cadA proteins are not involved in silver tolerance.  

copA was identified as coding for the Cu+ efflux ATPase in R. gelatinosus 

(Azzouzi et al., 2013). As mentioned above and in the published data, CopA was not 

involved in Ag+ response as shown by growth of the copA- mutant in the presence of 

indicated concentration of AgNO3 on solid and liquid malate medium (Tambosi et al., 
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2018).   Furthermore, the CopI protein, also involved in copper tolerance, was found to 

be induced by cadmium and other metals (Ni2+ and Zn2+) but not by Co2+ (unpublished 

by the laboratory). CopI is also involved in Cd2+ tolerance (Steunou et al., 2020a). 

Thanks to the presence of 5 histidine residues in the N-ter of CopI protein, it can be 

detected on Western blot using a His-probe that recognize and interact with the His 

stretch in the protein. I have tried to detect CopI when cells were exposed to increasing 

concentration of AgNO3. The western blot showed no induction of CopI by AgNO3, in 

contrast to Cu2+ or Cd2+. 

 

Figure 54. Induction of CopI by metal ions. 
Cells were grown under photosynthesis and exposed overnight to 1 mM Cu2+, Ni2+, 

Cd2+, Co2+ or 2 µM Ag+. Western blot on total extract was revealed using the His 
probe. 

 
These data showed that in contrast to E. coli, S. typhimirium and other bacteria 

(Gudipaty et al., 2012; Rensing et al., 2000),  the copper efflux system is not involved in 

Ag+ response in R. gelatinosus. Similarly, based on the growth phenotype of cadA- 

mutant on AgNO3 it was concluded that the Zn2+/Cd2+-ATPase CadA is not involved in 

Ag+ tolerance (Tambosi et al., 2018). 

 

 

2- The Cation diffusion facilitator CdfA 

The cation diffusion facilitator CDF family are transporters involved in metal 

import into the cytoplasm, but some are also involved in the efflux of metals such as 

Zn2+ or Cd2+ (Nies 2003). While analyzing the soluble and membrane fractions of R. 

gelatinosus cells exposed to increasing AgNO3 using the His probe to detect CopI, we 

observed a slight increase in a membrane protein around 37 kDa in response to AgNO3. 

We thought that Ag+ might therefore regulate this protein.  



-RESULTS- 
 

 120 

 

Figure 55. R. gelatinosus proteins induction undress silver stress. 
Five cultures of R. gelatinosus were grown under photosynthetic condition; four of 
them were exposed to (1, 1.5, 2, and 2.5 µM) of AgNO3. After overnight growth, 

membrane fractions were used for WB to detect induced proteins under silver stress 
by using His-probe. 

 
The fact that we revealed this protein with the His probe, indicated that it should 

be a histine rich protein, with domain of at least 5 histidines. Search of proteins with 

histidine clusters in the genome of R. gelatinosus, pointed out to a His rich 35 kDa 

protein annotated as “putative cation transmembrane transporter”. Analyses of the 

sequence showed indeed a His rich sequence (Fig. 56), and blast analyses showed that 

it has similarities with the CDF proteins YiiP or ZitB from E. coli and other bacteria. YiiP 

or ZitB are involved in the efflux of Zn2+ in E. coli and other organisms (Lu & Fu, 2007).  

 

MSSHHQDLSPFLHPHAFADEGVARREKALLQVTLLTLVTMAVEVGAGWWTGSLALLADGWHMGTHALALGGAVLAYRLARR
ASAHGGYAFGGWKIEVLAAYTSGLLLLAAAAGIAWDAIATLREPRPIAFGEAMGVAVLGLVVNLASAWLLSRGGHDHHHHHHD
HHHGHADDHNDDHDDHPHGHHHHDANFGAAYLHVLADLMTSVLAIAALAGGLWAGWRWLDPAVALLGALVVGQWALG
VLRQSSRALVDATADPEISGRIRTLIEADGDARLSDLHVWQVGAQAWSAAIAIVADRPLPAAVYRARLAEIVPLRHVTVEVHRCE
GCGEACPRG 

Figure 56. R. gelatinosus CdfA sequence showing the His rich domain. 
  

 To check if CdfA is involved in Ag+ tolerance, I have cloned and inactivated the 

cdfA gene in R. gelatinosus and tested the resistance of the mutant in comparison with 

the wild type when exposed to excess Cu2+, Ag+ and Cd2+. 

 As shown in figure (Fig. 57), WT and cdfA- strains were grown overnight on 

malate plates containing CuSO4 and AgNO3. Under Cu2+ stress, CdfA is not required 

since the mutant growth was not affected. However, on Ag+ containing plates, the 
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growth of cdfA- mutant was affected in contrast with the wild type. These data 

suggested that CdfA might be involved in Ag+ tolerance. 

 

 
Figure 57. CdfA could be required for growth on silver but not on copper. 

8 µl drop of undiluted, 10- and 100-times dilution of WT and cdfA- mutant cultures 
were spotted on plates and incubated for growth overnight by photosynthesis (30°C). 

 

  

Given that homologues of CdfA (YiiP/ ZitB) were identified as Zn2+ or Cd2+ 

transporters, we also checked the importance of CdfA in Cd2+ tolerance. To this aim we 

also generated a double mutant in which both CdfA and the Cd2+-ATPase CadA were 

inactivated.  The ability of these strains to tolerate cadmium or Ag+ was tested as above 

on plates containing CdCl2 or AgNO3 under photosynthetic and respiratory conditions. 

As shown in (Fig. 58), on CdCl2, cdfA- growth was not affected by Cd2+, while CadA 

growth was limited. Inactivation of cdfA- in cadA- background did not increased the 

sensitivity of cadA- mutant to Cd2+. These results showed that CdfA did not contribute 

to cadmium tolerance in R. gelatinosus. On AgNO3 containing plates, no difference was 
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observed between all the strains in contrast to the previous experiment showing 

sensitivity of the cdfA- mutant to silver.  

 

 
Figure 58. Role of CdfA in growth on cadmium or silver. 

8 µl drop of undiluted, 10- and 100-times dilution of WT, cdfA-, cadA- and cdfA-cadA-

mutant cultures were spotted on plates and incubated for growth overnight by 
photosynthesis (PS) or respiration (Res) at 30°C. 

 

 Unfortunately, for unknown reason, the phenotype of cdfA- strain on Ag+ plates 

was not very stable. We also checked the phenotype in liquid growth conditions (Fig. 

59). Under cadmium stress condition, cdfA- strain did not exhibited any phenotype, 

while when cdfA gene was inactivated in cadA- strain, the double mutant exhibited a 

stronger phenotype than the single mutant cadA-. These data in liquid, in contrast to 

the solid medium, suggested a role of CdfA in cadmium tolerance only when the efflux 

ATPase CadA is missing. In contrast, under silver stress condition, cdfA- mutant 

exhibited a very strong phenotype while the double mutant cdfAcadA- strain exhibited 

only a slight phenotype.  

 We should note the lag time in growth in liquid medium for all strains in 

presence of AgNO3. This lag is more important for the mutants than the wild type. Many 

hypotheses can be put forward to explain this phenotype, among these, growth started 

after cells have expressed detoxification or buffering systems, or after the silver 
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precipitate in the medium decreasing thus the concentration of the metal in the 

medium. 

 

 
Figure 59. Growth curves of R. gelatinosus WT, cdfA-, cadA- and cdfA-cadA- 

in liquid medium under respiratory condition in the presence of CdCl2 or 
AgNO3. 

Cells were grown in 96-well microplates in the Tecan Infinite M200 luminometer 
(30°C). 400 µM CdCl2 or 50 µM AgNO3 were added in the beginning of the culture 
preparation. Growth with CdCl2 was stopped after 24 h, while with AgNO3 it was 

stopped after 48 hrs. 
 
  

These experiments on plates or in liquid have been repeated several times, and 

unfortunately, we were not able to conclude on the putative involvement of CdfA in 

silver or even in cadmium tolerance. 
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3- The putative Cus system   

A gene annotated czcA or cusA “potentially involved in copper tolerance”, was 

found in the genome sequence of R. gelatinosus. This gene encodes a protein that 

shared only 29% homology with the CusA from E. coli. The two genes czcB and czcC 

that encode the two other subunit of the RND system are found downstream cusA, but 

encode proteins that share homology with other RND of E. coli and but not CusBC. 

Nevertheless, in Methylibium petroleiphylum, a close bacterium to R. gelatinosus, the 

cusABC operon is found in a cluster that encode for proteins involved in copper 

tolerance, suggesting that this RND system may encode a second Cu+ efflux system in 

R. gelatinosus.  

 
Figure 60. Gene organization of the putative cusABC operon in R. gelatinosus 

and M. petroleiphilum. 
The cus operon is found in a large cluster probably involved in Cu+ tolerance. 

 

Despite the low homology with E. coli Cus, we decided to consider these genes as 

candidate genes and check if cus is involved in copper or silver tolerance in R. 

gelatinosus. For that purpose, I cloned cusA and generated a single mutant cusA-. The 

mutant strain cusA- was exposed to increased concentration of AgNO3 and compared 

to this of the wild type (Fig. 61).   
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Figure 61. Role of cusA in growth on silver. 
8 µl drop of undiluted, 10- and 100-times dilution of WT and cusA- mutant cultures 

were spotted on plates and incubated for growth overnight by photosynthesis (30°C). 
No difference was observed between the mutant and the wild type. 

 

Because CopA and CopI play a major role in Cu+ efflux and are still effective in cusA-

strain, I also made the double mutants cusAcopA- and cusAcopI- strain and compared 

their tolerance to AgNO3 and CuSO4 and other ions, in comparison with the single 

mutants cusA-, copA-, copI -, and the wild type. The growth is presented in (Fig. 62). 

Under Zn2+, Cd2+ or Ni2+ stress, no effect on the growth of all strains was observed as 

expected. In contrast, under Cu2+ stress, the growth of both copA- and copI - was 

affected as previously showed (Azzouzi et al., 2013; Durand et al., 2015). Inactivation of 

cusA did not increased the growth defect in any mutant, suggesting that the inactivated 

Cus is not involved in copper tolerance. Surprisingly, when exposed to silver, the double 

mutant cusAcopA- but not cusAcopI- was more sensitive to AgNO3 than the single 

mutant copA- or cusA-. More studies are required in order to reveal the role of this cus 

homologue in efflux/ transport of ions in R. gelatinosus.  In fact, a recent proteomic 

study showed that Cus is induced in R. gelatinosus under CuSO4 excess stress 

(Unpublished). 
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Figure 62. Role CusA in metal tolerance. 

8 µl drop of undiluted, 10- and 100-times dilution of WT, cusA-, copA-, copI-, 
cusAcopA- and cusAcopI- cultures were spotted on plates supplemented with 250 µM 
of ZnSO4, CdCl2, NiSO4, CuSO4 or 4 µM AgNO3 and incubated for growth overnight by 

photosynthesis (30°C). 
 

 

4- The outer membrane protein (ompW) 

The outer membrane proteins (OMP) family are widespread proteins in Gram-

negative bacteria. Among their roles is the passive diffusion of nutrients from the 

medium into the periplasm. In R. gelatinosus, Anne Durand using Mass spectrometry 

analyses had found a relation between increasing copper concentration and decrease 

of OmpW, suggesting that OmpW might plays a role in copper toxicity. To explain this 

observation, it was suggested that cells under excess copper may inhibit the expression 

of OmpW to limit the entrance of copper. 
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Figure 63. OmpW inhibition by CuSO4 in R. gelatinosus. 

A- SDS PAGE showing the decreased amount of OmpW in the membrane fraction 
due to increased copper concentration. B- Inactivation of ompW would limit the 

entrance of metal into the cells through the outer membrane, thus, protecting the 
cells from metals excess (From A. Durand). 

 

 
 As for the other candidate genes, I cloned ompW gene and generated a single 

and double mutant in which the ompW or the ompW and copA were inactivated. 

Growth of the mutants in the presence of CuSO4 was compared to that of the WT and 

the single mutants (Fig. 64). The data showed that inactivation of ompW did not 

improve the growth of CopA. Similar results were obtained with Cd2+ and Ag+. No 

phenotype was observed with ompW mutation, very likely because metal ions can enter 

through other porins in the outer membrane.  
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Figure 64. Effect of ompW inactivation on Cu2+ tolerance. 
A- Growth of WT and the mutants on plates containing increasing concentration of CuSO4 

under PS condition. Growth curves of WT and the mutants in liquid under aerobic condition 
with increasing concentration of CuSO4. 
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3. Structural and morphological analysis of silver 
ions impact on bacteria 

 

Introduction:  

The metal homeostasis and metals toxicity are crucial field to study because of 

the omnipresence of metals in our daily life (Barwinska-Sendra & Waldron, 2017; 

Lubick, 2008). Furthermore, heavy metals like copper, gold and silver are playing an 

increasing role as antimicrobial agents (Sánchez-López et al., 2020; Zhang et al., 2016). 

There is still a clear deficiency on the understanding of exact toxic mechanism that 

occur inside the cells; in both prokaryotes and eukaryotes in general, and in the 

photosynthetic proteobacteria in particular.  

This study deals with the effect of silver ions on the photosynthetic bacterium 

Rubtivivax (R.) gelatinosus. The main goal was to be able to propose a mechanism that 

explains silver toxicity from the characterization of the structural and morphological 

modification induced on the bacteria cell. It aims to give a second perspective to the 

first paper (Tambosi et al., 2018), which demonstrated the impact of silver and copper 

on membrane proteins within the photosynthetic and respiratory complexes in 

bacteria. 

The Rurivivax (R.) gelatinous is a gram-negative and environmental bacterium. 

It was selected as a main model for this study to overcome the lack of data regarding 

the effect of heavy metals on the morphological changes in photosynthetic 

proteobacteria. In addition, we used other models of bacteria such as Escherichia coli 

and Bacillus subtilis as a comparison, since they were both widely considered in 

previous studies (Chandrangsu et al., 2017; Liu & Wang, 2010; Sondi & Salopek-Sondi, 

2004; Xu & Imlay, 2012; Zhou et al., 2012).  

 The results obtained lean on SEM (Scanning Electron Microscopy) and AFM 

(Atomic and Molecular) imaging. The high-resolution images and their analysis had 

enabled us to picture the silver interaction with the bacteria and its impact on the 



-RESULTS- 
 

 131 

membrane structure. In addition, the images had also revealed the dependencies of 

the growth culture medium on the metal toxicity and a possible scenario for a defense 

mechanism against it.  

 

Summary and main findings:  

Our investigation started by observing the behavior of R. gelatinosus cells under the 

stress of silver ions (silver nitrate) under different conditions of growth. Bacterial 

cultures were prepared in both solid and liquid media. It was observed that silver seems 

to be more toxic in liquid environment than in solid one. This is clearly due to the 

limitation of Ag+ ions mobility and consequently its interaction with cell’s membrane 

in the solid medium; while in liquid higher mobility enhanced the interaction between 

both.  Also, it was found that it is difficult to detect the growth of cells under silver 

stress which was added from the beginning using the adaptation method of growth. 

Cells challenge the stress for almost 24 hours till the Ag+ precipitate then they start to 

regrow in the case of those that were exposed to a maximum of 50 mM.  For more 

concentration, cells could not recover. Accordingly, we followed the so-called shocking 

method to pursue our study. We added silver at different stage of cells growth. It was 

found that the higher density of cells is the most resistant. This could be due to 

segregation and sequestering of Ag+ ions on the surface of the cell membrane of some 

bacteria.   

 We carried on our investigation to visualize the cells behavior under silver 

pressure using microscopes: SEM and AFM. They were adequate tools to observe the 

Ag+ interaction with bacterial cells metals. Cells of R. gelatinosus already grown were 

exposed to AgNO3, and images were taken during different incubation times. E. coli 

and B. subtilis bacteria were also used in this study, as control and comparison. Both 

microscopes used have provided valuable and complementary data from this point of 

view.  
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The images have shown a two stages scenario for the description of the interaction 

between silver ions and bacteria cells: a first stage (occurring into the first hour of 

exposure) where silver ions precipitate, around and on the bacteria membranes, 

following apparently different stochastic nucleation and growth mechanism. And a 

second stage (around 24 hrs.) where silver ions and/or small particles impact and 

penetrate cell’s membrane inducing huge transformation of bacteria membranes 

morphology and mechanical properties leading to breaking and apoptosis. 

The surface of the cell membrane undergoes larger damage with increasing time 

of incubation and exposition. While untreated cell remains unaffected. Similar 

observation was done with exposed E. coli cells. On the other hand, B. subtilis cells 

showed no similarities on the cells structure modification during the first hour of the 

incubation. However, cells had been affected and showed drastic morphological 

change after 24 hrs. After more than 24 hrs., they all showed weak, fallen apart cell 

membrane and broken cells. We were able to give more quantitative analysis through 

rugosity change analysis for instance. 

Our results show also clearly, the effect of culture media on those processes. 

There are crucial differences on the possibility of forming new particles due to the 

chemical reaction between Ag+ ions and the components of the medium used for 

bacterial cells culture. Thus, we started to look to the impact of different media on silver 

and their overall effect on bacteria. Interestingly, the new formed particles have been 

detected in malate medium but not in LB; and more interestingly, this could be a reason 

on increasing or decreasing the toxicity of metal used. We should also consider the 

effect of the bacteria in this precipitation process as a possible defence mechanism. 

This should address the issue of interaction between membrane complexes involved in 

cellular bioenergetics and silver in its ions and NPs forms. 
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Abstract  

The use of silver (Ag+) as an antimicrobial under different forms and at different scales, 

appears in numerous applications such as in health care, food industry, clothing, fabrics and 

disinfectants. Yet, there is still important gaps regarding the complete comprehension of the 

mechanisms of its actions on bacteria. In a previous work (Tambosi et al., mbio, 2018)1, we 

demonstrated that, silver and copper severly damage membrane proteins involved in 

photosynthesis and respiration in bacteria exposed to metal excess. Here, we are presenting 

complementary data using AFM and SEM microscopies, that reveals (i) the drastic effects of 

Ag+ ions on the morphology and structure of cell membrane and (ii) the formation of Ag+ 

aggregates that adhere to the bacterial cell surface in R. gelatinosus. Impacts of Ag+ ions on R. 

gelatinosus are compared to those on the most commonly studied bacteria (E. coli and B. 

subtilis), while considering the effect of culture grown media on the modification of silver ions. 

Altogether, these results reveal other levels and subtle aspects of Ag+ toxicity to be taken into 

account in understanding the general mechanisms of metal toxicity in bacteria.             
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Introduction  

In the context of antibiotic crisis, where lack of efficiency is linked to both multi-

resistance bacteria and increasingly reduced offer of antibiotic solutions2–5, silver has been 

considered as a very promising alternative proposal4,6. It is therefore, widely used in industry, 

agriculture and health care as an antimicrobial agent5,7,8. It can be found as pure and/or alloy 

with other metals, at different scale and forms. It inhibits, causes or enhances mechanisms of 

bacterial death, disrupts growth or reduces bacterial biofilm proliferation9,10. However, its use 

is not without danger, since excess of silver in both ions (Ag+) and nanoparticles (Ag-NPs) 

forms shows toxic impact toward all types of living cells. Yet, the underlying mechanisms 

driving its toxicity and its impact on bacteria, are still under intense investigations11–13.   

 Unlike copper, iron or zinc for example14, silver is not an essential metal for cell growth. 

In bacteria, iron or zinc enter the cell trough specific import systems. Silver ions could diffuse 

and enter the cells through the outer membrane via nonspecific importers and poison the 

membrane or the cytoplasm of the bacterium15. Ag+ could also affect the membrane integrity 

and damage the cell structure if it accumulates outside the cell, although direct evidences are 

still missing. In general, bacterial cells are programmed to maintain and to resist metal effects 

and toxicity. They have the ability to reach metal homeostasis by using different defense 

systems. They can, for example, repress the import system, induce the required detoxification 

enzymes including metal sequestration and/or active efflux systems16,17. A dysfunction in the 

homeostasis system (import/efflux) of these metals can cause physiological disorders in both 

prokaryotes and eukaryotes cells18. Many studies have reported these damages1,4,12,19. For 

example, human cells (skin and lung cells) are easily exposed to silver nitrate or silver oxide 

by touching and breathing20; this exposure can cause breathing problems, lung and throat 

irritation, stomach pain, and argyria21,22. In the green algae Chlamydomonas reinhardtii, silver 

ions disrupt cellular metabolism and inhibit important functions such as photosynthesis23,24. In 



-RESULTS- 
 

 137 

Escherichia (E.) coli, Bacillus (B.) subtilis or Salmonella (S.) thyphimirium model bacteria, Ag+ 

inhibits the growth by targeting various metabolisms25–28.In photosynthetic bacterium only few 

studies have addressed metal toxicity mechanisms and homeostasis of silver. Therefore, we 

used to tackle the effect of Ag+ on photosynthesis and respiration. 

In a previous study1, we have reported results on a molecular level regarding the metals 

(Cu+ and Ag+) toxicity in Rubrivivax (R.) gelatinosus an environmental and gram-negative 

photosynthetic purple bacterium. The results revealed new findings on the targets of both Cu+ 

and Ag+ ions in the inner membrane1. The membrane complexes affected are specifically the 

peripheral light harvesting complex LH2 and the cytochrome c oxidase; required for 

photosynthesis and respiration respectively. Moreover, our data showed that Ag+ has effects on 

the succinate dehydrogenase (SDH) complex in E. coli, but not in B. subtilis1. In this study, we 

carried out an investigation, using Scanning Electron Microscope (SEM) and Atomic Force 

Microscope (AFM), to provide data on the morphological and structural changes that occur 

upon exposure of bacteria to silver ions due to metals influence. The aim of these investigations, 

in this context, was to elucidate the influence of silver Ag+ ions outside the bacterial cells and 

essentially to reveal Ag+ interaction with the cell membrane surface. The results showed that 

high resolution images could discern and characterize the detailed changes that occurred on the 

bacterial cell membrane after treatment with AgNO3. To our knowledge, this presents the first 

direct evidence of Ag+ silver ions morphological damages to R. gelatinosus cell membrane. Our 

data analyses showed drastic changes that increased with the increasing of incubation time, 

while untreated samples remain unaffected. Ag+ exposure leads to i- the formation of irregular 

deep grooves vesicles on the cell surface, ii- to cell membrane shrinking and iii- to structure 

breaking in the extreme case of extended exposure. A phenomena of silver particles 

accumulation on the membrane surface has also been observed using SEM, raising the questions 
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of the media effect on silver precipitation, the influence of cell membrane surface and 

eventually suggest a hypothetical scenario of cell defense.  
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Results and discussion 

Consequences of Ag+ exposure on cell surface and morphology revealed by SEM and AFM 

microscopy  

 To assess the toxicity effect of Ag+ on cell’s morphology and structure, we imaged R. 

gelatinosus cells that were exposed to 1 mM of AgNO3 and deposited using dip coating on 

substrate for both SEM (on freshly cleaved graphite HOPG) and AFM (on freshly cleaved 

Mica).  We have prepared same samples, under same conditions, for both untreated and treated 

cultures after 1 and 24 hours (h) incubation with AgNO3. Results showed that untreated cells 

of R. gelatinosus have rod-shape and a relatively smooth surface with no ruptures or swellings 

(Fig. S1)). The images, at the same scales, showed also that the morphology and physical 

appearance of the untreated bacteria were not dependant on the imaging tool (AFM vs SEM) 

or the nature of the substrate (HOPG vs Mica). Bacteria were sometimes grouped in clusters, 

but most often isolated cells were easily detected, enabling individual and non-perturbed study 

of their morphology. No modification due to the deposition on the substrate and no physical 

stress or surface deformation were observed. No ageing effect or alteration during the 

observation time window was observed. Furthermore, there was no effect of different 

deposition procedure, nor drying technics, nor ambient air or high vacuum. Membranes cells 

were continuous, and homogeneous. We did not observe any charge effect on the bacteria in 

SEM images and there was no observable effect of electron beam tension. For the AFM imaging 

in non-contact mode, we did not saw displacement of cells, and the tip interaction with the 

membrane caused no damage. Thus, bacteria were completely stable (shape and position) 

during the observation time window.  

Interestingly, in the samples that were exposed to 1 mM of AgNO3 for one hour, SEM 

images showed accumulation of metals around some bacteria (Fig. 1). With a bigger scale we 

observed bacteria that appeared very bright (statistically one fourth, at that concentration of 
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cells and ions) (Fig. 1A). Higher magnification showed an impressive accumulation of metallic 

aggregates on the cell surface (Fig. 1B and Fig. S2). The size distribution of these aggregates 

on the membrane was compared with the distribution size of the ones that can be observed also 

around the cells (Fig. 1C). It seems, that during the first hour, the first stage was silver 

precipitation to form these aggregates. The superposition of several normal distributions of the 

aggregates size distribution suggested several, may be competitive, stochastic nucleation 

processes29,30. However, we observed a difference between distribution on and around the cell’s 

membrane. Some of the aggregates around the cells (2nd and 3rd pics of density profile) can be 

attributed directly to detached particles from the membranes. These data raised questions 

related to the interaction of bacteria with silver ions in the medium. First, since not all bacteria 

displayed these particles on their surface, this may suggest a difference in the surface 

component (exopolysaccharides/ capsule) of our cells, and/or a difference in the growth stage 

(dividing versus static or dying cells). Second, we might consider that these particles arose from 

interaction of silver with components in the growth media.  Nevertheless, we can also speculate 

at that point, that precipitation of silver ions was mediated by cells eventually as a first stage of 

a defence mechanism, since insoluble particles could be more difficult to penetrate into the cell 

with increasing size of the particles. This was suggested in Pseudomonas aeruginosa in which 

extracellular synthesis of nanoparticles was also observed after exposure to cadmium or 

selenium31–33. This mechanism was suggested to contribute to metal resistance in Pseudomonas.  

 Furthermore, the AFM images of untreated or exposed bacteria to AgNO3 for one hour, 

confirmed the presence of silver aggregates on the cell’s membrane (Fig. 2). The size 

distribution corresponds to the one observed with the SEM. Aggregates on the cells were not 

displaced by the scanning and showed important adhesion to the cell surface. Yet, we cannot 

exclude that some aggregates grown on cell surface can be detached during washing and 

deposition on substrate processes. No membrane deformation, breaking or change in hardness-
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softness were observed at that point. We imaged also, using AFM, bacteria cells after extended 

incubation time (24 h) to AgNO3. Figure 3 shows the comparison between untreated cells, and 

AgNO3 exposed bacteria after 24 h incubation. The figure shows, again topography and peak 

force error images, but also longitudinal and transverse cross section profiles. These images 

indicated that silver stress caused the cell surface to become rough in R. gelatinosus. Cells start 

to lose their clear-cut rod-shaped morphologies with the increasing of incubation time. We 

could not observe metallic aggregates on the membranes. The edges of the cells seem to be 

petrified as shown on the peak and Force Error and we can see numerous large patches.  

Cross section curves showed clearly an increase of the rugosity, leading to cell’s membrane 

breaks transversally to the bacteria length axis. However, to establish a better quantitative 

analysis of the morphology, we focused our study on the distribution of heights, skewness and 

kurtosis moment who are known to be fundamental for describing surface asymmetry and 

flatness features34. We measured for that the following parameters, along (longitudinal) and 

across (transverse) bacteria length axis, taking into account only the cell, without substrate 

variation possible modification:  

• Arithmetic average height (𝐳#) gives general description of height variation:  

𝐳#(𝐍) = 	
𝟏
𝐍*𝐳(𝐱, 𝐲)

𝐍

𝐢#𝟏

 

• RMS roughness (𝐑𝐪) represents the standard deviation of surface heights:  

𝐑𝐪(𝐍) = /
𝟏
𝐍*	[𝐳(𝐱, 𝐲) − 𝐳#(𝐍)]	𝟐

𝐍

𝐢#𝟏

	 

• Average total roughness (𝐑𝐭𝐦), the sum of mean of maxima profile for peak height (𝐑𝐩𝐦) 

and for valleys depths (𝐑𝐯𝐦), calculated over the surface 𝐑𝐭𝐦 = 𝐑𝐩𝐦 + 𝐑𝐯𝐦 with  



-RESULTS- 
 

 142 

𝐑𝐩𝐦 = 𝟏
𝐍
∑ 𝐦𝐚𝐱7𝐳𝐣 − 𝐳#8	; 𝟏 < 𝐣 < 𝐌𝐍
𝐢#𝟏  and 𝐑𝐯𝐦 = 𝟏

𝐍
∑ =𝐦𝐢𝐧7𝐳𝐣 − 𝐳#8=	; 𝟏 < 𝐣 < 𝐌𝐍
𝐢#𝟏  

• Skewness (𝐒𝐤), the 3rd moment of profile amplitude probability density function, measures 

the profile symmetry about mean line.  

𝐒𝐤 = 𝟏
𝐍𝐑𝐪𝟑

∑ [𝐳𝐢 − 𝐳#]𝟑𝐍
𝐢#𝟏 . 

If the height distribution is symmetrical 𝐒𝐤 is zero. It is positive if the surface has more 

peaks than valleys and negative if the valleys are predominant. 

• Kurtosis (𝐊𝐮), the 4th moment of profile amplitude probability function, measure surface 

sharpness 

𝐊𝐮 = 𝟏
𝐍𝐑𝐪𝟒

∑ [𝐳𝐢 − 𝐳#]𝟒𝐍
𝐢#𝟏 . 

When 𝐊𝐮, is equal to 3, this indicates a gaussian amplitude distribution, smaller than 3 

means that the surface is flattening and higher than 3, that the surface has a lot of peaks.   

Table 1, summarize these morphological parameters for the control and the exposed 

bacteria to silver ions. Errors on the values are estimated around 10% for average height and 

rugosities, and around 20% for 3rd and 4th moments. 

The most important change was an important increasing of surface roughness, along 

bacteria length axis, till the integrity of cell’s membranes was not ensured anymore. It was 

difficult to localise silver aggregates under these extended exposure condition. Cells with longer 

incubation time (> 24 h) showed greater damages (Fig. 4) and the broken cells were difficult to 

locate by the microscope. Interestingly, for those we were able to locate, they were so fragile 

that they were broken in parts after being deposited (during drying process) on the surface of 

the substrate or during the tip scanning. 
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Morphological alterations caused by silver ions, comparison with other bacteria  

 There are various studies which have reported the effect of silver on other bacteria such 

as E. coli and B. subtilis35,36. It was then important to extend our study to these two species as 

controls and comparison to our results on the photosynthetic model bacterium R. gelatinosus. 

In these experiments, Ag+ stress was applied to E. coli and B. subtilis cells grown in LB medium 

since it was difficult to grow them in Malate. Experiments were achieved with the same 

concentration of Ag+ ions (1 mM), and on cultures with same optical density. Samples were 

collected after incubation time and they were prepared to be imaged by SEM and AFM, using 

same protocol for deposition and same substrate as above for R. gelatinosus. For E. coli, the 

results showed that cells in the control sample had smooth and soft surface, with intact rod-

shaped cells (Fig. S3). The AFM images (Fig. 5) confirmed the SEM results on untreated E. 

coli as cells appeared regular and smooth. In contrast, exposure to silver ions, affected the 

surface topology. Indeed, cells exhibited more irregular membrane surface and some grooves 

appeared on the top even after just one hour of exposure (Fig.  5). The grooves increased with 

increasing incubation time up to 24 h and very likely Ag+ stress could promote cell wall 

breakdown and cytoplasm release after extended exposure (24 h in Fig. 5). Similar AFM 

experiments on E. coli exposed to Ag+ ions were previously reported37 and showed that vesicles 

appeared on the bacterium surface and became larger with the increase of the incubation time. 

Nevertheless, contrary to R. gelatinosus samples, no accumulation of metallic aggregates on E. 

coli cells was observed. In the case of B. subtilis, we observed electron beam charge effect, and 

brighter aspect in the case of SEM imaging. In addition, silver exposed B. subtilis cells were 

most often aggregating in clusters, while the control sample cells were evenly individually 

distributed on the surface of the substrate (Fig. S4). For AFM imaging, we could observe a 

slight displacement of the cells under tip scanning, suggesting a weaker adhesion to the Mica 

substrate than previous cases. The cells aggregation effect on the other hand, might relate to the 
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interactions between cells and Ag+ that accumulate on the surface of the cells; in addition to the 

interaction with the substrate used. This phenomenon was reported with E. coli cells exposed 

to carbon dots stress for instance38. The imaging of B. subtilis exposed to silver ions showed 

that Ag+ had less effect comparing to R. gelatinosus and E. coli during the first hour of 

incubation (Fig. 6). Cell morphology differs slightly from control one. However, we could 

observe a drastic effect after 24 h exposition to silver. Apparent smaller size and irregular shape 

were the main morphological transformations, as reported for E. coli cells exposed to silica 

nanoparticles39.  

 Collectively, these results showed that silver has a strong impact on bacteria. It changes 

the structure of the cell surface which could be due to the accumulation of ions on the surface 

or/and deterioration of specific components of the cell wall. The impact of silver on bacteria 

differed from one type to another. The most drastic effect was observed with R. gelatinosus.  

This could originate from various factors. The thickness and structure of the cell wall for 

instance, is considered to be an important factor of metal stress resistance40. Another difference 

could arise from culture media composition: the speciation and bioavailability of metals in 

malate vs LB medium.  

 

Effect of culture media (malate medium versus LB medium) on Ag+ toxicity in R. gelatinosus 

 Studies have reported that bacterial growth media could impact on ions bioavailability 

and therefore on cell’s response and shape under stress condition41–43. We can suspect that, 

since culture media contains different chemical compounds as phosphates and chlorates, silver 

precipitation may occur distinctly depending on the medium composition.  Growth of E. coli 

and B. subtilis in malate medium is very limited and did not allowed analyses of cells in this 

culture medium. In contrast, R. gelatinosus has the ability to grow on both malate and LB, 

although growth is slower in LB medium. To assess the effects of culture medium content on 
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Ag+ toxicity, we first monitor the effect of Ag+ in LB, in comparison with malate medium, on 

the photosynthetic complexes of R. gelatinosus.  In this experiment, R. gelatinosus cells were 

grown in malate or in LB medium. AgNO3 was then added, and spectra were recorded after 

different incubation times. In agreement with our previous data1, the results showed that for 

cells grown in malate medium, the light harvesting LH2 bacteriochlorophyll Bch800 decreased 

with the increasing incubation time. After 10 h of incubation, the Bch800 bacteriochlorophyll 

was completely lost (Fig. 7A). On the other hand, and in contrast to malate, for cells grown in 

LB, Ag+ took longer time to show the same impact on LH2.  After 10 h of incubation, Bch800 

decreased only slightly and was lost only after 24 h post incubation (Fig. 7B). These results 

indicate that silver in LB medium still affect LH2 but its impact and interaction with the 

membrane complexes, could be slowed down by Ag+ ligands in the LB medium.  

 

Effect of culture media (malate medium versus LB medium) on the interaction of R. 

gelatinosus with silver ions.  

 Given that accumulation of silver aggregates was observed for R. gelatinosus in Malate 

medium, but not in E. coli or B. subtilis in LB, we asked whether these aggregates could also 

form when R. gelatinosus was grown in LB medium. To answer this question, bacteria were 

grown as previously in Malate or LB medium. SEM imaging was used to discriminate any 

effects between untreated or AgNO3 exposed cells in LB or Malate medium. The images 

revealed several differences. First for unknown reason, R. gelatinosus cells grown in LB were 

longer than those grown in Malate medium (Fig. S5). Second, the comparison between exposed 

bacteria to silver showed that unlike malate case, bacteria grown in LB did not exhibit any silver 

accumulation on their surface. Bright halos were observed around the cells; likely, due to trace 

of the medium, but we did not observe any metallic aggregates on the bacterial surface (Fig. 8) 

in the LB medium. Together with the effects of Ag+ in LB medium on the photosynthetic LH2 
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complexes, the SEM results showed and confirmed that the susceptibility of bacterial cells to 

silver ions and very likely to AgNPs is dependent on the culture medium content. This is in 

agreements with previous studies showing that the thiol-containing compounds and some amino 

acids of LB medium could sequester Ag+ and other cations, protecting thus bacteria from Ag+ 

toxicity44,45. Indeed, while Malate medium includes high concentration of phosphate (K2HPO4), 

LB on the other hand contains NaCl and reduced amount of phosphate. Both react with AgNO3 

and can lead to precipitate Ag° as Ag3PO4 and AgCl346, respectively. Accordingly, we suggest 

that in Malate medium, Ag3PO4 precipitate forms aggregates in the medium and adhere to some 

cells, while in LB most Ag+ could be sequestered by ligands such as thiols preventing thus 

formation of AgCl3 aggregates. 

 

Formation of Ag+ aggregates in Malate/LB or citrate. 

 It was difficult, at that point to identify precisely the composition of this aggregates, the 

focusing of the electron beam for EDX analysis for instance, induced contamination and charge 

effect on the sample and the signal even accumulated was difficult to separate from the carbon 

(HOPG) main signal. Furthermore, we suggest that these dots/aggregates may correspond to 

the forming of Ag3PO4 particles due to the reaction between AgNO3 and K2HPO447,48. The latter 

considered to be a necessary component for Malate medium formulation, beside other chemical 

elements, at the reactant’s concentration range of phosphate derivatives and malate molecule in 

malate medium. Indeed, these components are the more concentrated in the malate medium, 

and their reaction with AgNO3 is thus more probable. The reaction between silver nitrate and 

phosphate is:  2K2HPO4 + 3AgNO3 → Ag3PO4 + 3KNO3 + KH2PO4. The chlorate can also lead 

to AgCl precipitates49, but since there are present in both media, and before further and more 

detailed study, we decided to drive them away at that point. Phosphates as far as they are 

concerned are at very low concentration in LB formulation. As shown in figure 1, the size 
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distribution density profiles show different superposed size distribution, suggesting that the 

nucleation stochastic process leading to the first distribution (red line) around the cells is 

different from the double centred distribution (blue line) on the membranes. We hypothetically 

attributed the first process, to silver precipitation due to chemical compounds present into 

malate medium, distinguished from other process involving bacteria response to the metallic 

stress concerning as showed in previous work1 membranes proteins.  

To demonstrate rapidly this assumption, we carried the following experiment. 6 mM of 

AgNO3 was directly added to the media, malate and LB, under same conditions. The 

concentration was increased to enhance the suspected effects. We analysed then the optical 

properties, using spectrophotometry, of the compounds to detect possible formation of silver 

nanoparticles throw their well-known plasmonic response50–52. (Fig. 9) shows the optical 

absorption for AgNO3 added to culture media (Malate vs LB) and for comparison with citrate 

that is commonly used to reduce AgNO3 to produce Ag nanoparticles. Usually in citrate assisted 

production of silver nanoparticles, borates are used instead of phosphates53. The 

spectrophotometric curve showed clearly in all cases the formation of silver nanoparticles with 

a higher efficiency in the case of Malate compare to LB. The nanoparticles were not very stable 

and underwent probably fragmentation process and dilution into the solution. We can see that 

in case of Malate and LB, nanoparticles underwent fragmentation and/or dilution, while for 

citrate they underwent also growing mechanisms.   

More details analysis, trying to distinguish between several chemical compounds 

(phosphates, malic acid, carboxylates, chlorates, …) in broth composition42,43,53,54 and also light 

effect, is actually carried in our group. Furthermore, these preliminary results are sufficient to 

establish a link between observed aggregates and silver precipitation process due to medium 

solution. Considering Mie theory for the plasmonic response of silver nanoparticles, we can 

establish that the response around 440 nm corresponds to an average size distribution around 
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20 nm, in agreement with the distribution size observed around the cells but not the one on the 

membranes. The second distribution seems induced by species on the membranes, and 

hypothetically considered as a part of a defense mechanism.  

 

Conclusions and perspectives 

Metals antimicrobial activity has been investigated in different model bacteria. Metals 

exert their antimicrobial activity by affecting various components of the cell, including very 

likely, the cell envelope integrity. In this context, we present here, the morphological changes 

triggered by Ag+ ions on the structure of R. gelatinosus, E. coli and B. subtilis cells, using AFM 

and SEM microscopies. It is obvious from this study and others, that AFM and SEM can provide 

a useful information regarding the antimicrobial mechanisms of metal ions. The results helped 

us to build a 2 steps scenario: a first step (occurring in the 1st hour of exposure) where silver 

ions precipitate around and on the bacterial membrane following apparently different stochastic 

nucleation and growth mechanism. A second step (extended exposure) where silver ions and/or 

small particles impact and penetrate cell’s membrane inducing huge transformation of bacterial 

membranes morphology and mechanical properties leading to cell wall breaking. However, 

several open questions remain concerning the localisation of silver fixation points, defense 

mechanism implying diffusion and nucleation of silver ions on the membranes and optimal 

particles size for membranes penetration. Interaction with synthesized nanoparticles with 

controlled size and shapes is under investigation to clarify that point. 

Comparison between bacteria and media enable to clarify specific behaviour of some 

species. While R. gelatinosus cells showed high susceptibility to Ag+ after short exposure, in 

B. subtilis, the impact of Ag+ took longer. Only cells incubated for 24 h with AgNO3 appeared 

in smaller size and irregular shape. This might be explained by the cell wall structure of B. 

subtilis and very likely of other gram-positive bacteria. The thicker membrane built of layers 
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of peptidoglycan in gram-positive species, could improve the cell ability to resist external 

environmental stress including metals stress40. On the other hand, our results showed also 

clearly the effect of culture media on those processes. A better understanding of the specific 

role of the different chemical components present in the media should help addressing this 

issue. It was found that silver reacts differently in different media used for cells growth. It has 

more toxic impact on cells in Malate than in LB medium, at least for R. gelatiosus, due, as we 

suggest, to the presence of phosphate in Malate medium. The reaction between AgNO3 and 

K2HPO4 lead to the precipitation of Ag3PO4 that appeared as whitish particles adhering to the 

cells surface. These dotes were detected by the SEM due to the backscattered light of identified 

Ag atoms on the sample surface. It is tempting to suggest that the accumulation of Ag3PO4 

particles on cell surface could enhance or accelerate the toxic effect of silver. Indeed, because 

of their direct attachment to the membrane they could potentially release Ag+ ions inside the 

cells. Nevertheless, we should also consider the opposite hypothesis. Indeed, reduction of 

soluble Ag+ to colloidal or nanoparticles in Malate medium could protect cells if insoluble 

particles are too large to enter into the cells as reported in Pseudomonas aeruginosa55,56. The 

composition of the Ag precipitates is not yet known. It could correspond to Ag3PO4, 

nevertheless, there is also a strong reaction between AgNO3 and Malic acid (main ingredient 

for Malate medium formula). More investigations are required to determine the nature of these 

precipitates in Malate medium. 

  

 

 

 
 
 
 
 
 



-RESULTS- 
 

 150 

Figures 

 
Fig. 1 - SEM image at different scale (A) and their zoom (B) of R. gelatinosus bacteria, exposed 
to AgNO3 for 1 h, deposited on HOPG graphite as described previously. One can observe silver 
(bright dots) concentration on the outer membrane. In (C) the graph shows the size distribution 
(histogram and density) of metallic aggregates on cells surface and around the cells.   
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Fig. 2 - AFM image of R. gelatinosus deposited as described previously. Images shows 
topological i.e. height (A and C) and peak force error (B and D) of untreated bacteria (1st line) 
and bacteria exposed to AgNO3 for 1 h (2nd line). The profile curves correspond to relative 
(difference with mean height) average height across (transversal (E)) and along (longitudinal 
(F)) bacteria cell axis for control bacteria as profile references. 
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Fig. 3 – Images show topological, peak force error and profile cross section analysis. AFM 
image of R. gelatinosus bacteria untreated (A) and exposed (C) to AgNO3 for 24 h.  
Relative average heights are, calculated compared to height mean value, along and across the 
bacteria cell’s length axis (B and D). 
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Fig. 4 - AFM image topology (upper group) and peak force error (lower group) of several R. 
gelatinosus bacteria exposed to AgNO3 for 24 h or more, showing as examples the important 
damages caused to membranes and cells. 
 



-RESULTS- 
 

 154 

 
Fig. 5 - Morphological changes on E. coli deposited as described previously. Images shows 
topological height (left side) and peak force error (right side) of respectively untreated bacteria 
(1st line) and bacteria exposed to AgNO3 for 1 h (2nd line) and 24 h (3rd line). 
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Fig. 6 - Morphological changes on B. subtilis bacteria deposited as described previously. 
Images shows topological (left side) and peak force error (right side) of respectively untreated 
bacteria (1st line) and bacteria exposed to 1mM AgNO3 for 1 h (2nd line) and 24 h (3rd line). 
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Fig. 7 - Comparative AgNO3 exposure impact on photosystem in vivo in R. gelatinosus cells 
grown in Malate (A) and in LB (B) media. 
 

 
Fig. 8 - SEM images (and zoom) of R. gelatinosus bacteria grown on malate (A) and LB (B) 
media, exposed during 1 h to AgNO3. 
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Fig. 9 - Optical spectroscopy curves for Malate, LB and citrate-phosphate solution toward 
nanoparticles synthesis. The dashed lines are just an eye-guide around the curve maximum. 
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Tables 
 

 Rg CT 
1h 

Rg CT 24 
hrs. 

Rg Ag 24 
hrs. 

Average height 𝐳# (nm) 

tra
ns. 55 60 90 

lo
ng. 55 60 90 

Root Mean Square 
Roughness 𝐑𝐪(nm) 

tra
ns. 8 9 20 

lo
ng. 17 21 33 

Average Total Roughness 
𝐑𝐭𝐦	(nm) 

tra
ns. 40 43 89 

lo
ng. 40 70 106 

Skewness 𝐒𝐤 

tra
ns. 0.05 0.02 0.34 

lo
ng. -0.51 -0.43 -0.34 

𝐊𝐮𝐫𝐭𝐨𝐬𝐢𝐬	𝐊𝐮 

tra
ns. 1.8 -0.16 +0.18 

lo
ng. -0.8 -1.0 -1.0 

 
Table 1 - Morphological parameters, obtained using AFM topological imaging, along and 
across bacteria cell length axis, for R. gelatinosus, control (CT) after 1h and 24 h. and exposed 
to AgNO3 (Ag) for 24 h. 
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Supplementary Figures 

 
Fig. S1 - R. gelatinosus wt cells grown on malate media (control), deposited by dip coating on 
graphite HOPG substrate, SEM image (A) and on Mica substrate, AFM image (B). 
 

 
Fig. S2 - SEM images of R. gelatinosus cells grown on malate and exposed to AgNO3 for 1h.  
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Fig. S3 - E. coli cells grown on LB media, deposited by dip coating, on graphite HOPG 
substrate, SEM image (A) and on Mica substrate, AFM image (B). 
 

 
Fig. S4 - SEM images of B. subtilis bacteria grown on LB. Untreaded sample (A), and exposed 
(B) to AgNO3 for 1h.  
 

 
Fig. S5 - SEM images of R. gelatinosus bacteria grown on malate (A) and LB (B) media.  
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Materials and Methods 

Bacterial strains and growth - R. gelatinosus (wild type S1 strain)1 was grown at 30°C, in the 

dark micro-aerobically (low oxygenation: 50 ml flasks containing 50 ml medium) or in light by 

photosynthesis (filled tubes with residual oxygen in the medium) in malate or LB growth 

medium.  

Spectrophotometric measurements - Absorption spectroscopy was performed with an 

Agilent Cary 500 spectrophotometer for both bacteria measurement and the characterisation of 

the aggregates described on the culture media influence. For spectra on whole cells, cells were 

in a 60 % (wt/vol) sucrose solution.  

Atomic Force Microscopy (AFM) - AFM images were taken under ambient air condition at 

room temperature, using the tapping mode of a Bruker Nanoscope AFM. Probe and cantilever 

used from Nanosensors type: (PPP-NCHR, tip radius of curvature < 10 nm, tip height 10-15 

mm, highly doped silicon to dissipate static charge with high mechanical Q-factor for high 

sensitivity, nominal resonance frequency is 330 kHz and a force constant of 45 N/m). Images 

in this paper are taken at 50 µm for ensemble imaging or at 5 µm scale for individual bacteria 

imaging. Image resolution are at 512*512 Pixels. The scan speed is kept at 1 Hz. One image 

acquisition takes less than 10 min, ensuring a stable observation time window. Data acquired 

include height (topographical), peak force Error image (mechanical), 3D and cross-section. 

Data analysis were carried using Gwyddion open-source software.  

Bacterial immobilization for imaging by AFM - Acquisition of AFM images in air was much 

more convenient and had higher resolution than that in liquid. Our air/nitrogen dried microbial 

samples provided a suitable hardness for scanning without significant topographic changes and 

good resolution. Bacteria were immobilized on Mica substrate with gelatin. MICA substrate 

was used for its properties as it has no known effect on biological samples, transparent, easy to 

cut and to manipulate, atomically flat and inexpensive. The substrate must be coated to 
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immobilize the living cells on it by creating electrostatic interaction between the negative 

charge of bacteria and the positive charge of gelatin. Gelatin preparation (sigma G-6144): we 

used 0.5 g in 100 ml of hot distilled water. We used around 15 ml in a beaker, enough to dip 

mica substrate in it. We leave substrate to dry, to be used after 24 h. Placing bacteria on gelatin 

coated mica: 1 ml bacterial culture (0.5 OD at 680 nm) was centrifuged (5000 rpm) washed 

and rapidly resuspended in 500 µl of deionized water. 5 µl of this cell suspension was applied 

on the gelatin-coated mica substrate. Carefully, spread on the surface of the gelatin to avoid 

damaging it, and let it dry again as described in29,57.  

Scanning Electron Microscopy (SEM) – We imaged bacteria, which had been fixed, 

dehydrated and dried with a Zeiss Semfeg. It was not necessary to frozen them. We used low 

tension (2.0 – 3.0 kV) to avoid contamination and electron damaging of structures. Images were 

taken at different magnifications. The specimen did not release any volatile substance even at 

high vacuum. We kept same resolution as AFM to enable image comparison and control.  

Preparation of bacterial sample for SEM – overnight PS grown cells (OD 680nm = 1) were 

exposed or not to AgNO3. After incubation time, samples were washed in deionized water, and 

then diluted 10 times. Then, we use a clean graphite substrate (freshly cleaved) and dip coat in 

the cellular culture, and then let to dry30.   

Statistical Analysis - All experiments were performed in triplicate, unless otherwise stated, 

and data analysis were carried on different bacteria from different samples, showing a great 

reproducibility. 
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Additional results:  

1- Substrate study - toxicity, biocompatibility and suitability for experiment 

The aim of this test was to detect any toxicity of surfaces that could be used as 

substrates, to deposit and fix bacteria cells on them, for AFM and SEM imaging. The 

candidate substrates were:  Mica, HOPG, Si, Al2O3, MgO, SiO2 and Copper grid.  

In this experiment we prepared solid medium that embedded R. gelatinosus 

bacterial cells. The substrates were cleaned using ethanol, dried and carefully placed 

on the surface of the medium; all steps under sterilized environment.  

The results showed no inhibition zones and that all the substrates used have no 

toxicity effect on R. gelatinosus cells. The growth was normal, expect for the case of 

copper grid substrate. Thus, we decided to use HOPG (well known in LAC-Nano3 group) 

for SEM imaging (conductor, easy to cleave and bake) and Mica for AFM imaging (very 

flat, easy to cleave and possess a very good wettability). 

 

 

Figure 65. Substrates: mica and HOPG toxicity test comparing to other types 
of substrate.  

(arrows pointing mica, left; and HOPG, right). Cultures were let to grow under 
Photosynthesis condition in 37°C for 48 hrs.  
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Drying time and deposition techniques had also to be evaluated to setup our 

protocol. The main goal of this experiment is to find the most suitable substrate to 

deposit bacteria and silver ions, effectively i.e., in a short period of time and the most 

appropriate technique of deposition.  

Below, table shows relation between drying time and surface tension and figure 

illustrate the wettability on the substrate by comparing different form of droplets with 

water as solvent for different type of surface (Guriyanova & Bonaccurso, 2008). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

There are several techniques to deposit the contain of a solution (nanoparticles 

for instance) as a thin film or monolayer onto a substrate. The choice of the techniques 

depends generally on the nature of the surface that you are trying to cover, the 

properties (mainly viscosity) of the solution you are trying to deposit and the 

equipment available. In general, experimental parameters such as choice of solvent, 

particle concentration, and temperature will all affect the deposition process, and must 

be controlled to produce a film with the desired thickness and morphology. In our case, 

drop coating, dip coating and spin coating could be carried.  

Spin-coating is widely used in nanotechnology, mainly because it often 

provides more uniform film thicknesses across the substrate compared with other 

coating techniques. In this technique, a substrate is spun at high RPM and a volume of 

material with known particle concentration is introduced into the center. Centrifugal 

force leads to uniform spreading of the dispersion across the substrate, followed by 

Figure 66. Different form of droplets with water as solvent and drying time 
depending on substrate. 
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evaporation of solvent to yield a thin particle film. Solvents with some viscosity, other 

than water are usually favoured. This technique was not kept because we couldn’t 

ensure the sterility of the apparatus, culture media viscosity wasn’t high enough, and 

we couldn’t exclude that centrifugal force on drying bacteria will not affect their 

morphologies. 

Drop-coating is an easy and tuneable deposition technique for small substrate 

(~1 cm2), spreading a solution contained dispersion over a substrate and allowing it to 

dry under controlled conditions, (pressure and temperature. In principle, film thickness 

depends on the volume of dispersion used and the particle concentration, but other 

less controlled variables can affect the film structure such as how well the solvent wets 

the substrate, evaporation rate, capillary forces associated with drying, etc. It is more 

convenient to use solvents that are volatile, wet the substrate, and are not susceptible 

to thin film instabilities (de-wetting). Water and culture media tend to be poor solvents 

for drop-coating due to the low vapor pressure and large surface tension. In our case 

a lot of impurities and mineral streaks were left during drying process. 

Dip-coating consist on slowly withdrawing a substrate from a solution 

dispersion. This causes solution contains to be drawn into the meniscus and deposited 

as the thin liquid layer dries. This technique can produce very uniform, close-packed 

particle films, but does have a number of inter-related variables to be controlled before 

producing good films. The substrate pull rate, particle concentration in the solution, 

and surface tension between substrate and solution are all important. This technique 

appears to be the most suitable for our experiments, showing a high degree of 

reproducibility and the less trauma on the bacteria.  
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Figure 67. Ag-NPs on HOPG substrate. 
Drop-coating (left) and dip-coating (right). 

 
  Figure above shows SEM images of Sigma silver nanoparticles (10 nm, 

concentration 0,05 mg/ml, used as reference) on HOPG surfaces, using drop (left) and 

dip (right) coating. In the case of dip coating, deposition appears much more 

homogeneous and undergoing less aggregation (images are at same scale). 

 

2- Study of Ag nanoparticles size change by Oswald ripening. 

In our experiment we have found that silver ions precipitates to form aggregates. 

The size of the obtained aggregates exhibits a complex size distribution density profile, 

suggesting stochastic nucleation and growth process. Aggregates on the membrane 

surfaces shows higher and double picked profile. Despite precipitation processes due 

to probably both presence of phosphates and chlorates and to a possible defense 

mechanism (cf Tambosi et al, 2020), some coarsening processes as Oswald ripening 

seem most likely to be at work. 

In this experiment we used commercials silver nanoparticles (Sigma Aldrich and 

Nanocomposix) incorporated to the culture media and the bacteria to observe the 

resulting product. We had several sizes of nanoparticles (10 nm, 20 nm; 40 nm and 60 

nm), and they are perfectly spherical and stabilized by citrate coating.  
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Figure 68. AFM images of R. gelatinosus bacterial cells with Ag-NPs 
incorporated in the culture media.  

 

Figure (68), above, shows, AFM images of R. gelatinosus bacteria with silver 

nanoparticles incorporated in the culture media. We can observe that the nanoparticles 

had undergo coarsening process that had considerably increase their apparent sizes.  

This phenomenon, known as Oswald ripening, is generally observed in solid or liquid 

solutions. It explains the behaviour and the evolution of an inhomogeneous system. 

This thermodynamically driven phenomenon was firstly described by Wilhem Ostwald 

in 1896. The theoretical description of Ostwald ripening derives from Lifshitz, Slyozov 

And Wagner theory also known as LSW theory (Krapivsky et al., 2010).   

It is possible for particles to form islands on the substrate but there would be 

some local differences in energy. As big islands are stable in size, their energy is 

remarkably lower compare to unstable small islands. In this case, the system wants to 

remove the unstable ones and to remain only with stable ones. Eventually, only big 

islands are remained. This can be easily understood, if you keep in mind that the 

particle will minimize its surface, leading to a biggest sphere for a given volume as 

asymptotic behaviour. The density of particle per unit of surface will consequently 
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being reduced.  This growing process can be accelerated by temperature or accented 

if you give more time for growing. 

 

Figure 69. AFM images of Ag-NPs after 7 days of deposition.   
 
 

 

Figure 70. Mechanism of Ostwald Ripening. Size Distribution depending on 
the initial size distribution-7 days after. 

 

To highlight this phenomenon, we had deposited a mix of 60 nm particle with 

smaller ones (10, 20 or 40 nm) on HOPG and observe the resulting size after they 

undergo Oswald ripening process. Figure above shows AFM image and size distribution 

profile of the discussed mix of nanoparticles after 7 days on the substrate. 

We can clearly see a drastic increasing of the size distribution due to coarsening. 

The fact that the silver aggregates on the bacteria membranes have bigger size, and 

that after 1 hour of exposure, suggested that the diffusion of silver ions and 
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nanoparticles is highly enhanced by membranes components. Higher resolution and 

real time observation of diffusion on the membranes will be needed to go further.   

 
 

3- Bacillus subtilis behavior under silver stress by SEM   

Cells of B. subtilis were seen by SEM as they were aggregate in groups for those 

that were treated with silver; while the control sample cells were evenly distributed on 

the surface of the substrate (Fig. 71). It is not clear why cells appeared in such condition. 

The aggregation might relate to the interactions between cells and Ag+ that 

accumulate on the surface of the cells; in addition to the interaction with the substrate 

used. This phenomenon was seen with E. coli cells exposed to carbon dots stress (Dong 

et al., 2017). Still, more study needs to be done to reveal this occurrence.  

 

 

 

 

 

 

 

 

 

 

 

 

Cells of B. subtilis were seen by SEM as they were aggregate in groups for those 

that were treated with silver; while the control sample cells were evenly distributed on 

the surface of the substrate. Differences between gram-positive and gram-negative 

bacteria, on their appearance under SEM beam and their abilities to group was 

discussed.  

A B 

Figure 71. SEM images of B. subtilis cells exposed or not to silver.  

Control (A), incubation with 1mM of AgNO3 for 1h. (B). 
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4- Effect of medium on the impact of metal on bacterial cells 

Through this study, we have cross through result that show an effect of culture media 

used for bacterial growth on the metals addition. This could be due the specific role of 

different chemical agent present in the media, or the influence of bacteria apparatus. 

This finding is still under investigation. It was found that silver performs differently in 

different mediums. It has more toxic impact on cells in malate medium more than when 

it is in LB medium due, as we proposed, to the presence of phosphate in malate 

medium. The reaction between AgNO3 and K2HPO4 lead to the precipitation of Ag3PO4 

which was appeared as whitish dotes accumulate on the surface of cells of R. 

gelatinosus. These dotes were detected by the SEM due to the backscattered light of 

identified Ag atoms on the sample surface. It was suggested that the accumulation of 

Ag3PO4 particles are the reason of the enhancement of the toxicity or speeding the 

toxic effect because of their direct attachment to the membrane and then releasing the 

Ag+. Thus, we have performed experiments to compare the impact of silver ions, when 

add them to both malate and LB mediums; on both: the photosynthesis and respiration 

complexes of grown cell of R. gelatinosus.  

The spectra in (Fig. 15 in the article II) showed a decrease amount in the 

photosynthetic complex. Particularly in light harvesting LH2 (B800 Bch) with extended 

time of incubation with Ag+ up to 24 hrs. While it took 10 hrs. for LH2 (B800 Bch) to be 

decreased in malate medium, it took 24 hrs. in LB medium.  

We wanted to check the same impact on respiratory complexes under the same 

stress. We used cells of R. gelatinosus grown aerobically overnight, then shocked with 

increased concentrations of silver for one hour. We used the BN-PAGE to detect the 

activity on two of the respiratory chain complexes: cbb3 and SDH. The preliminary result 

in (Fig. 72) showed that there is a decrease of these proteins activity with the increase 

concertation of Ag+ added into malate medium. While stable and/ or unaffected 

production in LB medium. Indeed, silver concentration over 50 µM will inactivate the 

proteins activities.  
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The WT cells were grown under micro-aerobic respiratory condition and shocked for 
1h. with increasing concentration of AgNO3 grown in Malate and LB mediums. DDM-
solubilized membrane proteins were separated on (7.5-15%) gradient BN-PAGE. On 

the left, cbb3 cytochrome c oxidase in-gel activity assay. On the right, Succinate 
dehydrogenase (SDH) in-gel activity assay. 
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0           25         50          0        25          50           
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Figure 72. AgNO3 effect on respiratory complexes in vivo. 
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Discussion: 

Silver has been largely studied concerning its antimicrobial properties since even 

at low concentration silver ions and/or nanoparticles can be very toxic. Despite 

numerous studies on its impact on bacteria in general and in R. gelatinosus in particular 

concerning: cells physiology, biochemistry, genetics…, a description of the mechanism 

of interaction is still incomplete.  

In previous chapters, we have demonstrated its effect on membrane proteins on 

both systems: the photosynthesis and respiration (Tambosi et al., 2018). We presented 

here, at our knowledge first and direct visualisation of the effect of silver on the 

structure of membranes using AFM and SEM complementary imaging.  

The results helped us to propose a mechanism with two aspect : an early step, 

where silver ions precipitate around and on the bacteria membranes following 

apparently different stochastic nucleation and growth mechanism and a later step 

where silver ions and/or small particles impact and penetrate cell’s membrane inducing 

huge transformation of bacteria membranes morphology and mechanical properties 

leading to breaking and apoptosis. 

Comparison with other bacteria E. coli and B. subtilis enable to clarify specific 

behaviour of R. gelatinosus. B. subtilis ability to resist to silver stress might be explained 

by understating its cell wall structure as Gram-positive bacteria, since it contains, for 

instance, a thicker membrane built of layers of peptidoglycan. 

Our results show also the effect of culture media. Silver has more toxic impact 

on cells in malate medium more than in LB medium due, as we proposed, to the 

presence of phosphate in malate medium. The accumulation of probably Ag3PO4 

particles are the reason of the enhancement of the toxicity through their direct 

attachment to the membrane Ag+ ions releasing for instance. 

We should also consider the effect of the bacteria in this precipitation process. 

Reduction of soluble Ag to colloidal or nanoparticles by various bacterial species have 

been reported (nano biosynthesis). We could even assume, that this play a role in a 
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defence strategy, as it enables both, ionic silver concentration reduction around the 

cells, and particle size increasing regarding efflux systems and intracellular silver 

binding.    

Finally, these results open several other perspectives. We want to study the 

morphological changes using genetically modified bacteria, with no porins (porinless) 

which protect cells from inside overload of metals ions. This will have ions to 

accumulate and adhere on the surface of the cells, thus, should show different results 

and different characterization of metal toxicity mechanisms. Accordingly, cells will face 

less challenge for metal homeostasis since they have less overload ionic metals inter 

inside. Similar finding was seen in E. coli cells normal and genetically modified porinless 

cells, where both were exposed to concentrations of Cu/Ag ions (Rtimi et al., 2017). It 

is also, expected that this may lead to increase the accumulation and the attachment 

of silver ions on the cell surface. This attachment performs due to the different charges 

between the two: bacterial cells and Ag ions. For next, it is suggested to use the ompW 

mutant strain of R. gelatinosus. It is known for its role to decrease the overdose of Cu+ 

to enter inside cells. Would it be the case with Ag+?  

For more general perspectives, in order to understand the mechanism of silver 

toxicity on prokaryotic and eukaryotic, more experiments should address the issue of 

interaction between membrane complexes involved in cellular bioenergetics and silver 

in its ions and NPs forms. 

In addition, and for immediately following steps, we want to do the same study 

using silver nanoparticles. It is known that the silver nanoparticles are shape and size 

dependent. Thus, their toxicity and their impact are unlike silver ions. Furthermore, to 

open an investigation from chemical point of view regarding the role of medium and 

its involvement in increase or decrease the metal toxicity.  
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4. Silver Nanoparticle Synthesis and Their Effect on 
Photosynthetic Bacteria 

 

Introduction  

 

A lot of improvement had been done regarding the assess of silver on bacteria by the 

discovery of new and promising material and/or development of new innovative 

process (Sánchez-López et al., 2020) like for example nanoparticles (NPs) and 

nanostructured (NSs) materials. The use of silver nanoparticles became a regular field 

of study since it was proposed as a promising solution against the antibiotic’s 

resistance bacteria (Ferdous & Nemmar, 2020; Keiper, 2003; Lara et al., 2011; Rai et al., 

2012). From biological point of view, many studies have been done to understand the 

metal (ions and NPs) homeostasis and toxicity on various models of bacteria. The 

mechanism of involved proteins to tolerate silver have yet to be identified and 

described in detail (Dias et al., 2015; Sondi & Salopek-Sondi, 2004). Still, little has been 

done on photosynthetic bacteria in general and on R. gelatinosus in particular. Most of 

the studies target applications toward antimicrobial materials or devices. However, 

many questions remain before the material capabilities translate into device 

performance, industrial production and commercialization.  The main challenge is the 

optimization of this production, the adaptation to biologically compatible medium and 

their transposition to industrial use.  

Our initial project main goal is still, to develop a highly efficient microbicide 

material with low toxicity toward human cells by using an original process from 

bottom-up assembly of NPs materials. Moreover, to have NPs and NSs prepared in the 

lab with fully control of the characterization of the desired properties.   

For this purpose, a multi-disciplinary approach gathering microbiologist and 

physico-chemists was intended. A multi-scale study will enable us to discriminate 

between the effect of silver ions (as described previously) and the specific role of silver 
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nanoparticles (NPs) on environmental bacteria, in the frame of this project, and to 

extend the study to pathogenic bacteria as a mid-term assignment. In addition, we can 

also examine their effect on human cell lines as well. 

In here, we are presenting preliminary results of the effect of silver nanoparticle, 

chemically synthesized in the laboratory, on the environmental, photosynthetic and 

gram-negative bacteria: Rubrivivax (R.) gelatinosus. For which there is still a lack of 

information considering their interaction with Ag-NPs. To our knowledge, this present 

first evidences of silver NPs physiological impact on R. gelatinosus bacterium; in 

complementary to previous data of silver ions target proteins in the membrane 

complexes (Tambosi et al., 2018); and their impact on the morphological cell structure 

(Tambosi et al., 2020 submitted).      

Spherical shaped silver nanoparticles (Ag-NPs) was synthesized by a chemical 

reduction process known as Seed Mediated Growth Method (Agnihotri et al., 2013). In 

this process, silver nitrate is used as precursor, sodium borohydride as reducing agent and 

sodium citrate as stabilizing agent. Larger size of Ag-NPs can then be obtained by seed 

mediated growth method. For Ag-NPs characterization, we used the UV-Visible 

spectroscopy and TEM imaging. The concentration of Ag-NPs was determined using 

the Inductively coupled plasma (ICP).  

For comparison with silver ions impact, experiments were carried using same 

method as previously: the synthesized Ag-NPs, at different concentrations were added 

to the bacteria culture. Bacterial cultures of R. gelatinosus were prepared on solid and 

liquid Malate medium for overnight growth, and under photosynthesis and aerobic 

conditions.  



-RESULTS- 
 

 183 

Results 

1- Silver nanoparticles synthesis 

Silver nanoparticles with different sizes were synthetized by a seed mediated 

growth methodology (Wan et al., 2013). This process is based on a two steps reaction, 

consisting on the synthesis of silver seeds and then, their subsequent growth in 

solutions containing metal precursors. This synthesis method is based on 

heterogenous nucleation in solution where the seeds become a nucleation sites for the 

growth of nanoparticles. We have synthetized silver seeds (AgSeed) using sodium 

borohydride as reducing agent and trisodium citrate as stabilizing agent. The purified 

AgSeed obtained have a spherical shape with a LSPR (Localised Surface Plasmon 

Response) band centered around 392 nm and measures 12 ± 2 nm (Fig. 73).  

 

 

Figure 73. TEM Images of seed silver nanoparticles AgSeed (left); and their 
characterization (right) using spectroscopy UV-Visble (up) and size distribution 

profiles and density given by images analysis (down). 
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To obtain bigger size, we can grow this first distribution (AgSeed) in solutions 

with silver precursor. The growth depends on different empirical parameters, but we 

were capable of a wide range of size distribution. With one step growth, silver 

nanoparticles size has increased from initial size 12 ± 2 nm (size of reactional brut 

reaction, data not shown) to 22 ± 15 nm. The obtained sample, labelled AgSMG1, have 

a LSPR band centred around 403 nm (characteristic yellowish color solution) (Fig. 74). 

 

Figure 74. TEM Images of grown silver nanoparticles AgSMG1 (left); and 
their characterization (right) using spectroscopy UV-Visble (up) and size 

distribution profiles and density given by images analysis (down). 
 

In general, there are many challenges when working with metal nanoparticles to 

control their stability (no size changes due to aggregation). This size control is crucial 

if we are concerned by their impact on biological applications. Ag-NPs were coated 

with sodium citrate (weakly bound capping agents) to avoid aggregation by creating a 

negatively charged layer around Ag-NPs, coulombic repulsion prevent from 

agglomeration. Ag-NPs stability checking while processing experiment, can be based 



-RESULTS- 
 

 185 

on stable solution color, TEM images and size distribution profiles, and optical spectra 

measurements.  

 

2- Sodium citrate effect on the growth of bacterial cells of R. gelatinosus.  

 Since citrate is used as coating for NPs stability, it was very important to ensure 

that it had no impact on bacteria or culture medium. Accordingly, we have tested the 

impact of increased concentration of sodium citrate (SC) [HOC(COONa)(CH2COONa)2 · 

2H2O] (Sodium Citrate | Sigma-Aldrich). To detect its effect on the growth of cells of R. 

gelatinosus bacteria, we prepared increased concentrations of SC (1 and 2 mM) in H2O 

and added them into bacterial cells cultures.  They were let to grow under aerobic 

condition; in comparison to control culture of wt cells alone.  

The result in (Fig. 75) showed that SC (even up to 2 mM) had no effect on overnight 

cells growth. 

 

 

Figure 75. The R. gelatinosus growth under SC effect. 
Wild-type cells of R. gelatinosus were grown in the presence of 1 and 2 mM of 
sodium citrate. Cultures were grown overnight under aerobic condition at 30°C. 

 

wt 
Control 
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3- Growth inhibition by silver  

Dose-dependent growth kinetics of bacterial cells was used to assess the toxicity 

of silver nanoparticles (coated with sodium citrate) in comparison to silver ions. 

Previously, we had shown that sodium citrate alone has no impact on the growth of R. 

gelatinosus cells. Wild types cells of R. gelatinosus were treated with increased 

concentrations of both forms of silver (ions and NPs). Bacterial cultures were prepared 

on solid malate medium for overnight aerobic growth.  

For Ag-NPs, we have tested the effect of two sizes of nanoparticles: 12 ± 2 

(AgSeed purified) and 22 ± 15 nm (AgSMG1). Moreover, we had in consideration to 

monitor the silver mass alone and its impact on bacteria without the effect of other 

chemical components. Thus, we made sure that silver doses used in (AgNO3, AgSeed 

and AgSMG1) were calculated to indicate the equal silver mass exposure.  

 

 

 

 

 

 

 

 

 

 
 

Figure 76. Growth phenotype of R. gelatinosus cells under silver stress. 
Wild-type cells of R. gelatinosus were grew in the presence of indicated 

concentrations (1, 3 and 5 µg/ml) of both AgNO3 and Ag-NPs on solid Malate media. 
Cells were spotted in 10 µl drops as undiluted, 10 and 100 times of dilutions; and they 

were grown aerobically for 24 hrs. at 30°C prior to photography. 
 

Control              AgNO3         Ag-NPs (~12nm)       Ag-NPs (~25nm)                                       

1 µg/ml  

3 µg/ml  

5 µg/ml  
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The result in (Fig. 76) shows that Ag+ are more toxic and 1 µg/ml of AgNO3 is 

enough for growth inhibition. On one hand, 3 µg/ml of Ag-NPs 12 ± 2 nm (AgSeed) 

have an impact on the ability of cells to grow as normal as control; and 5 µg/ml almost 

inhibited it. On the other hand, cells were resistant to same silver concentrations (3 and 

5 µg/ml) of Ag-NPs in range of size 22 ± 15 nm (AgSMG1). It appears that the 

probability of interaction with bacterial surface and the strength of the impact increase 

with surface-volume ratio i.e., with decreasing size. Furthermore, we can suppose that 

smaller NPs diffuse more easily through the cell’s membrane (Acharya et al., 2018; Pal 

et al., 2007; Periasamy et al., 2012).  Similar data was reported on E. coli by Agnihotri; 

testing the size-dependent antibacterial efficacy. It was reported that the 5 nm of Ag-

NPs have the greatest and fastest bactericidal action comparing to bigger sizes 7 and 

10 nm, respectively (Agnihotri et al., 2013).  

Dose-dependencie and size-dependencie of Ag-NPs effect on the bacterial cell 

growth were also studied using Malate liquid medium. Bacterial cultures were prepared 

to grow under photosynthesis condition for 48 hrs. in the presences of indicated 

concentrations of silver mass of each: AgNO3, AgSeed and AgSMG1. Despite the silver 

form and/or the particles size, silver was found highly toxic at doses of 1 µg/ml and 

above (Fig. 77). There was no observation of cells growth at all; expect for the control 

sample of course.   

The collective data can explain that the total inhibition bacterial growth 

observed here is due to most probable interaction between the metal ions and the cell 

membrane because of the liquid nature of the media. This hugely increase the ability 

to diffuse through the cell membrane and to interact within the inside cell’s 

components. By comparison in solid media, the diffusion of NPs is more restricted.   
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Figure 77. R. gelatinosus growth under silver stress. 
Cells were grown in liquid malate medium under photosynthetic conditions in the 

presence of increased concentrations of silver. 
 

 

Some experiments are still on going, since the research program was delayed 

due to both pandemic situation and LAC laboratory renovation. SEM and AFM imaging 

and specific NPs protein target identification as done for silver ions, has to be done to 

fully demonstrate the Ag-NPs specific impact on R. gelatinosus in comparison to Ag+ 

effect. In addition, and as comparison, we will examine the impact of NPs on other 

models of bacteria, both in gram negative and gram positive. For Ag-NPs preparation, 

we want to test other type of coating, to study their impact as well. Silica coating for 

example, will be used in comparison to sodium citrate coating. We started also the 

synthesis of non-spherical particles. It was suggested that the triangle shape for silver 

NPs can be more toxic than the spherical one. This is due to the surface tension and 

triangular tips effects increasing the efficiency of Ag ions release. The presence of (111) 

plans (link to higher compacity and density) seems to have also a bigger impact on 

bacteria (Djafari et al., 2019).   
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GENERAL DISCUSSION & 

PERSPECTIVES 
 

The past decades have witnessed exciting progress in our understanding of the 

elements required for the growth and survival of living cells (Crichton, 2020). Valuable 

data were also collected to understand the harmful effects these nutrients can cause 

to all types of living cells. Other non-essential elements found in our environment or 

generated by numerous human activities (chemistry, industry…) provide benefits to 

humans and still have promising applications. Among these elements, some metal ions 

are essential to life and other non-essential metals have been used by humans and 

have largely contributed to the evolution of our civilization.  

Over a period of thousands of years, humans learned to extract and shape 

metals into tools and weapons. Copper (Bronze Age) and iron (Iron Age) were the first 

to be used by humans; later other metals such as silver and gold were used in 

ornaments and jewelry making. Metals still continue to shape our lives. Indeed, 

nowadays other precious and rare metals such as lithium, gallium, zirconium, 

germanium, etc, are the main building blocks of many electronic and nano-

technologies.  

Metals were also used for over the years and are still used for their antimicrobial 

properties: in agriculture, animal feedings and healthcare facilities (Rensing et al., 2018). 

Because of their toxicity, metal homeostasis and metal impacts on living organisms are 

interesting and timely topics, in particular with the fast rate of the metal-industrial 

developments and metal related technologies. Silver for example, has started to gain 

interest owed to its evolving role in different research fields such as nanotechnologies, 
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bioengineering, medicine and nutrition. Thus, it is interesting and important to study 

its impact on the environment and living organisms. In this context, I started my project 

to study the effect of silver in comparison with other metals on the photosynthetic 

bacterium R. gelatinosus. The study led to interesting results and to a quite 

comprehensive view of the metal ions effects on bioenergetics complexes within the 

inner membrane in this bacterium. I have also initiated the study of the interaction of 

silver nanoparticles with the bacteria using microscopy. Some results, although 

preliminary, are very promising and suggested that ions and nanoparticles can interact 

and change the morphology of bacteria. I have also tried to identify genes that could 

be important for Ag+ toxicity in the bacterium. However, the obtained results were not 

conclusive, and some data require further investigations to confirm the obtained 

results. 

This brings me to the perspectives and experiments that we would suggest or 

do, to get a more complete view of the effect of silver in R. gelatinosus.  

First, in our analysis of copA- mutant exposed to AgNO3, no phenotype on silver 

was observed. This could be related to the fact that cop operon is not induced by Ag+ 

in R. gelatinosus. To unambiguously conclude on the role of copA in Ag+ efflux in R. 

gelatinosus, we should first induce copA expression by growing cells (WT and copA- 

strain) in medium containing sublethal concentration (50 µM) of CuSO4, to make sure 

that the ATPase is expressed in the WT, and then shock those cells with AgNO3. If CopA 

is required to expel Ag+, the WT will tolerate AgNO3 stress, while copA- strain will be 

sensitive to AgNO3. In contrast, if copA- strain tolerate AgNO3 shock, this will indicate 

that CopA is not involved in silver tolerance. Biochemical studies can also answer this 

question, but it requires the purification of CopA in liposomes and the set-up of 

transport experiments protocol with radioisotopic ions in the laboratory as described 

in (González-Guerrero et al., 2010; Rensing et al., 2000).  

On the other hand, since quantitative proteomics analyses are now affordable 

and can give a global description of changes in the proteome of the bacterium when 
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subjected to metal stress, I would compare the proteome of Ag+ stressed and 

unstressed wild type cells to identify proteins that could be involved in the transport 

of Ag+. Among the up-regulated proteins, I would select efflux transporters and 

regulators that could be involved in translocation of Ag+ outside the cell. Genetic 

inactivation of the genes that code for those proteins will validate our results. Similarly, 

from the down-regulated proteins, identified transporters may be involved in import 

and therefore, the inactivation of the encoding genes will be led to Ag+ resistant cells. 

Altogether, proteomics combined with genetic analyses can provide answer to the 

transport, in and out, of silver in R. gelatinosus. 

Secondly, I have showed that Ag+ ions damage the bioenergetics membranes 

and specifically the exposed chlorophyll in the LH2. As stated in the introduction, the 

toxicity of nanoparticles also related to release of ions, but the nanoparticle itself 

because of its specific characteristics could be active and toxic. It will be thus, 

interesting to check the direct effect of AgNPs on these membrane complexes. 

Unfortunately, we will need concentrated nanoparticle solutions to achieve this 

experiment either in vivo or in vitro. Otherwise, to use low concentration of protein 

membranes and lower the amount of nanoparticles we need adapted devices and 

spectroscopy to assess the effect on very low concentrated membranes by UV-Vis 

absorbance. Since now we have identified accurate targets in the membrane of 

bacteria, this experiment with AgNPs will be very interesting and will show if intact 

AgNPs can affect those complexes and assess their effect in comparison with Ag+ ions.  

The effect of Ag+ and Cu2+ ions on LH2 is most likely related to the exposure of 

the B800 BCh (Fig. 78). For the electron transfer pathway within the bacterial 

photosystem (B800 → B850 → B875), light is first absorbed by the B800 BCh in LH2, 

and transferred to the B850, which then transfers this energy to the core complex of 

the photosynthetic complex (Saer & Blankenship, 2017). B800 Bch are therefore 

important to capture and transfer the light excitation to the reaction center.  
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Figure 78. Ag+ and Cu2+ target B800 BCh and could decrease light capture by 
LH2. 

Light energy is first trapped by B800 Bch, its damage by metals could therefore result 
in light trapping deficiency. Modified from (Saer & Blankenship, 2017). 

 
We have found that the loss of the B800 Bch does not lead to the loss of the 

LH2 complex in the membrane. Nonetheless, given that the B800 Bch is the first trap 

to capture the light energy within the photosystem, an immediate consequence of its 

loss could be the loss of light energy trapping or at least the decrease in energy capture 

efficiency by LH2 complex. Accordingly, photosynthetic growth could be decreased 

especially under conditions, which require the LH2 complex such as low light condition. 

This could be assessed by measuring growth rate or doubling time of cells stressed 

with excess metal under high and low light conditions.  

The specific effect of Ag+ and Cu2+ ions on B800 bacteriochlorophyll in the LH2 

complex could arise from i- de-metalation (loss of the Mg2+ atom from the 

bacteriochlorophyll) or mis-metalation (Ag+ instead of Mg2+) of the bacteriochlorophyll 

and ii- from the loss of the coordination bond that link the bacteriochlorophyll a to the 

protein. In the LH2 structure from both Rps. acidophila and Rs. molischianum, the α-

His34 and β-His35 form ligands to the central Mg2+ atoms of the two B850 BCh which 

are completely buried inside the membrane (Fig. 79 ) (Koepke et al., 1996). The ligand 

of B800 BCh is a methionine in Rps. acidophila or an aspartate of the α subunit in Rs. 

molischianum. In both structures, a water molecule makes contact with the B800 BCh 
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(Fig. 79 D), suggesting that this molecule is solvent exposed and that in fact, it could 

be accessible to ions. An interaction between Ag+ and the ligand residue (Met or Asp) 

would disrupt the link between B800 Bch and the α polypeptide leading to the release 

of B800 Bch. 

 

 

Figure 79. Position of the Bch molecules and their ligands in the LH2 
complex from Rs. Molischianum.  

A- The B850 Bch molecules are buried between the α (in white) and β (magenta) 
polypeptides inside the membrane. B- The axial ligands of the two B850 molecules 

are histidines. C- The B800 Bch are exposed between the β polypetides (outside). D- 
A close view to the B800 Bch pocket showing the coordination of the Mg2+ atom by 

Asp and the presence of water molecule in the structure. (Koepke et al., 1996).  
 

The bacterial LH2, with its simple structure (two small polypeptides with 

attached pigments), turns out to be an appropriate and relevant model to assay the 

effect of Ag+ and other metal ions on bound chlorophylls. Nevertheless, it will be 

interesting to assess the effect of Ag+ and metals on other photosynthetic complexes, 

from other organisms, in which the chlorophylls are solvent exposed and therefore 

accessible to the ions.  The structure of most photosynthetic complexes, from bacteria 

to plants are available, analyses of the pigment positions within the complexes is a 

prerequisite and will help selecting the complexes, with exposed pigments, to be 
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tested. If such experiments are feasible with plant photosynthetic complexes, it could 

shed more light on chlorosis (loss of chlorophyll) caused by the exposure of plants to 

metals. 

Regarding the interaction characterisation, which was imaged by microscopes, 

we have provided evidences, which to our knowledge are first direct and visual data, 

regarding the effect of Ag+ and its impact on damaging the cells structure of R. 

gelatinosus. The result showed that during the 1st hour of exposure with silver, silver 

ions precipitate around and on the bacteria membranes. The size distribution profiles 

of the obtained precipitates and/or aggregates suggest different stochastic nucleation 

and growth mechanism. Diffusion coefficient but also nucleation kinetics seems 

different on bacteria membrane. A link with the composition of the membrane surface 

(lipids, …) need still to be established. For cells exposed to silver for 24 hrs., we observed 

that silver ions and/or small particles impact and penetrate cell’s membrane inducing 

huge transformation of bacteria membranes morphology and mechanical properties 

leading to breaking and apoptosis. 

Several open questions remain concerning: 1- the localisation of silver fixation 

points, on the membrane surface first and after membrane penetration 2- the 

identification of a defence mechanism implying diffusion and nucleation of silver ions 

on the membranes to reduce for instance silver ions local concentration, 3- the optimal 

particles size for membranes penetration, probably correlated to pore dimension in the 

cells and optimal surface-volume ratio. A higher resolution imaging associated to 

chemical mapping will clarify most of this point (TEM imaging, EDX and/or EELS 

spectroscopy).  

Through this study, we have also confronted the effect of culture media used for 

bacterial growth on the metal addition. This could be due to the specific role of 

different chemical agent present in the media, and/or to the influence of bacteria 

behavior. Preliminary results show that silver performs differently in different media 

used for cells growth. It has more toxic impact on cells in malate medium than in LB 
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medium, for example, due, as we proposed, to the presence of phosphate in malate 

medium. The reaction between AgNO3 and K2HPO4, for example, leads to the 

precipitation of Ag3PO4 which appeared as nanoparticles accumulating on the surface 

membranes of R. gelatinosus. These precipitates were detected by the SEM due to the 

backscattered light of identified Ag atoms on the sample surface. It was suggested that 

the accumulation of Ag3PO4 particles could be the reason of the enhancement of the 

toxicity or speeding the toxic effect because of their direct attachment to the 

membrane and their ability to release Ag+ ions. We have performed preliminaries 

experiments to compare the impact of both malate and LB broth media on silver effect 

on the photosynthesis complexes of grown cell of R. gelatinosus. It shows clearly, a 

silver toxicity affected by the type/nature of the medium used for growing cell cultures. 

This is true regarding the chemical synthesis of nanoparticles induced. We are also 

carrying a chemical investigation on silver stress on R. gelatinosus grown in different 

mediums. To have in consideration that medium such as malate contains traces of 

other metals such as: Zn+ and Cu2+, and Malic acid as main ingredient for its formula 

preparation. Furthermore, malate molecules contain carboxylate groups, as the citrate, 

which can act as stabilizing agent to stabilize smaller particles and prevent their 

possible aggregation. Thus, the reaction of silver ions (AgNO3) can go in different 

directions, accordingly, more data are needed to clarify the phenomena (particles 

formation) observed and then propose a novel toxic mechanism of silver toxicity on R. 

gelatinosus.  

From biological point of view, the formation of particles after silver addition to 

the bacterial culture could also be related to the interaction with specific produced 

proteins or enzymes by the bacteria itself. It could be a defence strategy where bacterial 

cells react with silver beforehand in the environment to prevent its entering inside the 

cells. Various studies have reported that some bacteria such as Pseudomonas 

aeruginosa have the ability to locate soluble silver and reduce it to colloidal or 

nanoparticles (biosynthesis nanoparticle method) (Kalimuthu et al., 2008; Klaus et al., 
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1999; Kumar & Mamidyala, 2011; Muller & Merrett, 2014; Nanda & Saravanan, 2009; 

Parikh et al., 2008; Thakkar et al., 2010). However, the reduction mechanism is still 

unidentified.  It was suggested that this could be the case for R. gelatinosus as well; 

and more investigation should also be carried to identify the genes involved in silver 

reduction mechanism.   

Finally, these results open several other perspectives. We want to study the 

morphological changes using genetically modified bacteria, with no porins (porinless) 

which protect cells from inside overload of metals ions. The cells exposed, accordingly, 

will get metal ions accumulated and adhinse on their surface. Thus, should show 

different results and different characterization of metal toxicity mechanisms. For more 

general perspectives, in order to understand the mechanism of silver toxicity on 

prokaryotic and eukaryotic, more experiments should address the issue of interaction 

between membrane complexes involved in cellular bioenergetics and silver in its ions 

and NPs forms. 

 

Figure 80. Different morphologies obtained through self-organization and 
driven organization of metal or semi-metal preformed nanoparticles deposited 

on substrate. 
 (LAC – Nano3 group) 
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The interaction with nanoparticles and nanostructures deposited in substrate 

can also be a broad field of investigation. Through self-organisation and induced 

organisation, we are able to build a wide range of morphologies, densities, and nature 

of nanostructures that can exhibits a multiscale effect on isolated bacteria or bacterial 

biofilm adhesion and growth.  
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Article IV: Cross-Tolerance and Targets of Metals in 
Bacteria  

 

Summary and main results in Article IV:  

Heavy metals have a great impact on living cells and the environment around 

us. Numerous studies have tested and found specific targets of individual metals. 

However, environments are contaminated with multiple and mixture of metals. 

Interestingly, cells can respond differently to individual versus mixture of metals to 

meet homeostasis.   

In our laboratory, previous studies have studied the effect of copper and 

cadmium on the photosynthetic bacterium R. gelatinosus. The CadA efflux pump, and 

CopA/CopI detoxification systems are the identified system to tolerate Cd+ and Cu+, 

respectively. In the frame of this study, it was found that cadmium induced the CadA 

ATPase and the copper tolerance protein CopI in R. gelatinosus. This suggested that 

copper may help cadmium-exposed cells to tolerate cadmium. In this paper, my 

contribution was the analyses of ΔcadA mutant phenotype under cadmium and zinc 

excess. Moreover, in this study, it is also shown that cadmium targets the heme and 

chlorophyll biosynthesis pathway.  

In bacteria, the P1B-type ATPase CadA (ZntA) protein is known for its role to 

provide resistance to Cd2+ and Zn2+. The gene encoding CadA was inactivated in R. 

gelatinosus bacterium. As expected, the mutant was sensitive to cadmium and zinc. 

Exposure of the mutant to excess cadmium resulted in the production of 

coproporphyrin III in the medium, demonstrating that cadmium affected tetrapyrrole 

biosynthesis pathway at the level of the coproporphyrin III oxidase HemN as previously 

shown with copper stress (Azzouzi et al., 2013). It is therefore suggested that cadmium 

affected the 4Fe-4S cluster of HemN, as demonstrated previously for other enzymes in 

E. coli (Xu & Imlay, 2012). The consequence of tetrapyrrole biosynthesis inhibition is 
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the decrease of heme or chlorophyll containing complexes, namely, the cytochrome c 

oxidase and the light harvesting-reaction center photosynthetic complexes. 

 

Unexpectedly, Western blot analyses showed that the addition of Cd2+ induced 

the production of CopI and CopA required for Cu+ tolerance. Steunou AS., found that 

CopI is also involved in cadmium tolerance, although the mechanism is not yet known, 

CopI could sequestrate Cd2+ for example. Most importantly, she showed that copper 

improved the tolerance towards Cd in R. gelatinous ΔcadA mutant, demonstrating that 

metal mixtures in the environment could also be favorable for some microorganisms. 

In this context, it is known for example, that excess iron can provide protection against 

excess metals including copper, cadmium, cobalt or zinc in many organisms including 

bacteria and eucaryotes. The copper/ cadmium cross-talk or cross-tolerance described 

in this work was also reported in other bacteria as P. aeruginosa, E. coli or B. subtilis. as 

discussed in our paper. 
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Article IV: Cadmium and Copper Cross-tolerance. Cu+ alleviates Cd2+ 

toxicity, and both cations target heme and chlorophyll biosynthesis 

pathway in Rubrivivax gelatinosus 

__________________________________________________ 
*Published. Frontiers in Microbiology 2020 
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Cadmium and Copper
Cross-Tolerance. Cu+ Alleviates
Cd2+ Toxicity, and Both Cations
Target Heme and Chlorophyll
Biosynthesis Pathway in Rubrivivax
gelatinosus
Anne Soisig Steunou, Anne Durand, Marie-Line Bourbon, Marion Babot, Reem Tambosi,

Sylviane Liotenberg and Soufian Ouchane*

Université Paris-Saclay, CEA, CNRS, Institute for Integrative Biology of the Cell (I2BC), Gif-sur-Yvette, France

Cadmium, although not redox active is highly toxic. Yet, the underlying mechanisms
driving toxicity are still to be characterized. In this study, we took advantage of the
purple bacterium Rubrivivax gelatinosus strain with defective Cd2+-efflux system to
identify targets of this metal. Exposure of the 1cadA strain to Cd2+ causes a decrease
in the photosystem amount and in the activity of respiratory complexes. As in case of
Cu+ toxicity, the data indicated that Cd2+ targets the porphyrin biosynthesis pathway
at the level of HemN, a S-adenosylmethionine and CxxxCxxC coordinated [4Fe-4S]
containing enzyme. Cd2+ exposure therefore results in a deficiency in heme and
chlorophyll dependent proteins and metabolic pathways. Given the importance of
porphyrin biosynthesis, HemN represents a key metal target to account for toxicity.
In the environment, microorganisms are exposed to mixture of metals. Nevertheless,
the biological effects of such mixtures, and the toxicity mechanisms remain poorly
addressed. To highlight a potential cross-talk between Cd2+ and Cu+ -efflux systems,
we show (i) that Cd2+ induces the expression of the Cd2+-efflux pump CadA and the
Cu+ detoxification system CopA and CopI; and (ii) that Cu+ ions improve tolerance
towards Cd2+, demonstrating thus that metal mixtures could also represent a selective
advantage in the environment.

Keywords: CadA/ZntA, cadmium/copper, metal homeostasis, metal toxicity, cross-talk, [4Fe-4S], porphyrin
biosynthesis

INTRODUCTION

Metal accumulation, through environmental contamination by anthropogenic release, results in
toxicity leading to impaired growth of microorganisms (Nunes et al., 2016). Indeed, excess metal
can a�ect and disrupt di�erent cellular metabolic pathways. Because of their thiophilicity, metals

Abbreviations: BN-PAGE, blue native polyacrylamide gel electrophoresis; DAB, 3,3’-diaminobenzidine tetrahydrochloride;
DDM, n-dodecyl-b-D-maltopyranoside; HRP, horseradish peroxidase; LH-RC, light harvesting-reaction center; PVDF,
polyvinylidene difluoride.

Frontiers in Microbiology | www.frontiersin.org 1 June 2020 | Volume 11 | Article 893
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Article V: Interplay Between Metals Efflux and ROS 

Detoxifying Systems 

Summary and main results in Article V: 

 In general, bacterial cell rely on various defense strategies in order to survive 

environmental stresses. For metal stress, as metal could target metallo-proteins and 

generate reactive oxygen species, bacteria can induce metal efflux systems and/or the 

ROS detoxification enzymes to deal with excess metal and/or increased ROS 

production.  

 Reactive oxygen species include oxygen singlet, superoxide, hydroxyl radicals, 

hydrogen peroxide etc. Many respiratory and photosynthetic complexes produce 

superoxide in presence of oxygen. Superoxide dismutase (SOD) catalyze the 

dismutation of superoxide anion (O2
-) and generates hydrogen peroxide (H2O2) that 

can be inactivated by catalases or peroxidases to oxygen and water. The role of these 

enzymes in protecting bacteria from oxidative stress is well known  (Storz & Imlay, 

1999). Their contribution to tolerate excess metal was also suggested based on 

transcriptomic data for example showing the induction of ROS detoxification enzymes 

encoding genes (sod, kat, prx, ahp…), upon copper or cadmium stress (Imlay, 2013). 

Nevertheless, the consequences of the simultaneous loss of metal and ROS 

detoxification systems was not reported.  

 While assessing the expression of CadA in cadR- (cadR is the Cd2+-sensor-

regulator of CadA) mutant, on Western blot, using the His probe (because of the 

presence of histidine residues in CadA sequence  (Steunou et al., 2020a), I have revealed 

the induction of a protein under excess cadmium. This protein was identified as the 

cytosolic Fe-superoxide dismutase SodB. Analyses of the SodB sequence showed the 

presence of five histidines in its N-ter domain that is recognized by the His probe on 

the Western blot. 
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Anne Soisig Steunou has made the mutant of sodB- and showed that it is 

sensitive to superoxide generator (menadione), but resistant to metal (Cd2+ or Cu2+). 

On the contrary, SodB protein became essential to tolerate metal in the medium when 

the detoxification systems (ATPases) were deficient. Indeed, the double mutant 

DcadAsodB- was extremely sensitive to Cd2+ compared to the single mutant DcadA. 

Similarly, the double mutant copAsodB- was extremely sensitive to Cu2+ compared to 

the single mutant copA-. These results showed that expression of SodB is important to 

face metal toxicity. To explain the toxicity encountered in the double mutants, we 

suggested that since both Cd2+or Cu2+ and superoxide damage 4Fe-4S, accumulation 

of both in the double mutant would accentuate the loss of 4Fe-4S proteins and release 

of iron that may generate more ROS trough the Fenton reaction. Such conditions would 

be unendurable by the cell and would lead to growth inhibition or cell death. 
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Article V: Additive effects of metal excess and superoxide, a highly toxic 
mixture in bacteria 

*Published. Microbial Biotechnology 2020
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Additive effects of metal excess and superoxide,
a highly toxic mixture in bacteria

Anne Soisig Steunou,* Marion Babot, Marie-Line
Bourbon, Reem Tambosi, Anne Durand, Sylviane
Liotenberg, Anja Krieger-Liszkay, Yoshiharu
Yamaichi and Soufian Ouchane**
Institute for Integrative Biology of the Cell (I2BC), CEA,
CNRS, Universit!e Paris-Saclay, 91198, Gif-sur-Yvette,
France.

Summary

Heavy metal contamination is a serious environmen-
tal problem. Understanding the toxicity mechanisms
may allow to lower concentration of metals in the
metal-based antimicrobial treatments of crops, and
reduce metal content in soil and groundwater. Here,
we investigate the interplay between metal efflux
systems and the superoxide dismutase (SOD) in the
purple bacterium Rubrivivax gelatinosus and other
bacteria through analysis of the impact of metal
accumulation. Exposure of the Cd2+-efflux mutant
DcadA to Cd2+ caused an increase in the amount
and activity of the cytosolic Fe-Sod SodB, thereby
suggesting a role of SodB in the protection against
Cd2+. In support of this conclusion, inactivation of
sodB gene in the DcadA cells alleviated detoxifica-
tion of superoxide and enhanced Cd2+ toxicity. Simi-
lar findings were described in the Cu+-efflux mutant
with Cu+. Induction of the Mn-Sod or Fe-Sod in
response to metals in other bacteria, including
Escherichia coli, Pseudomonas aeruginosa, Pseu-
domonas putida, Vibrio cholera and Bacillus subtilis,
was also shown. Both excess Cd2+ or Cu+ and
superoxide can damage [4Fe-4S] clusters. The addi-
tive effect of metal and superoxide on the [4Fe-4S]
could therefore explain the hypersensitive phenotype
in mutants lacking SOD and the efflux ATPase.
These findings underscore that ROS defence system

becomes decisive for bacterial survival under metal
excess.

Introduction

Heavy metal pollution, mainly caused by anthropogenic
activities, may have adverse effects on the ecosystems
and living organisms unless sustainable management
practices are implemented. Cu2+ and Cd2+ pollution origi-
nating from activities including excessive use of fertiliz-
ers, antimicrobials and agrochemicals is an important
environmental concern (Ballabio et al., 2018).
https://ec.europa.eu/environment/integration/research/

newsalert/pdf/agricultural_management_practices_influe
nce_copper_concentrations_european_topsoils_518_na
2_en.pdf
Metal pollution contributes also to the selection and

spread of antibiotic resistance factors. In fact, cross-re-
sistance in bacteria can occur through transfer of genes
encoding efflux pumps that can expel antibiotics in
addition to metals (Baker-Austin et al., 2006; Rensing
et al., 2018; Asante and Osei Sekyere, 2019). Metal
pollution affects groundwater and soils properties by
altering the microbial diversity and evenness (Nunes
et al., 2016). Limiting the concentration of heavy metals
in agrochemicals or in metal-based antimicrobial treat-
ments can lead to a sustainable use of metals in agri-
culture and farming (Turner, 2017) and may limit the
metal-related co-selection for metal and antibiotic resis-
tance in bacteria.
In contaminated soils, exposed organisms have to

deal with excess metal. In bacteria, most metal ions
presumably reach the bacterial cytoplasm through por-
ins and specific or non-specific transporters in the inner
membrane. The lack of rigorous control or specific
uptake system for some metals is often compensated
for by the presence of effective efflux systems. This
allows cells to tolerate the excess of metal(s) in their
immediate environment by expelling the surplus of
metal ions (Arguello et al., 2007; von Rozycki and Nies,
2009; Capdevila et al., 2017; Chandrangsu et al.,
2017). The P1B-type ATPases family of heavy metal
transporters is the most frequently present in bacteria.
They are efficient efflux pumps that extrude excess of
toxic metal ions such as copper (Cu+), zinc (Zn2+), cad-
mium (Cd2+) or silver (Ag+) from the cytoplasm to the
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Principles and application of DAB staining  

DAB (3,3′-Diaminobenzidine) is a derivative of benzene. It is most often used in 

immunohistochemically (IHC) staining as a chromogen. It is also used in in 

situ hybridization (ISH) and sometimes in dot blots and in western blotting. In DAB 

staining, DAB is oxidized by hydrogen peroxide in a reaction typically catalyzed by 

horseradish peroxidase (HRP). The oxidized DAB forms a brown precipitate, at the 

location of the HRP, which can be visualized using light microscopy. The DAB 

precipitate is insoluble in water, alcohol, and other organic solvents most commonly 

used in the lab (such as xylene and isopropanol). This allows for great flexibility in the 

subsequent treatment of the tissue section, such as in the choice of counterstain and 

mounting medium. DAB staining is also heat-resistant, so it can be used in double 

labeling IHC/ISH experiments and is extremely stable in fact stained slides are often 

stable for many years. When used together with a nickel or cobalt solution as a DAB 

enhancer, DAB staining becomes a more intense, black color. OD of overnight growth 

culture is 3.10 9/ ml. 

 

Bacterial strains and growth.  

E. coli and B. subtilis were grown aerobically (500 ml flasks containing 50 ml 

medium) at 37°C in LB medium. R. gelatinosus was grown at 30°C, in the Dark micro-

aerobically (low oxygenation: 50 ml flasks containing 50 ml medium) or in light by 

photosynthesis (filled tubes with residual oxygen in the medium) in malate growth 

medium. Antibiotics kanamycin (km) and trimethoprim (Tp) were used at a final 

concentration of 50 µg/ml. Growth inhibition curves were monitored at OD 680 nm 

with measurements taken every 15 min for 24 h using a Tecan Infinite M200 

luminometer (Tecan, Mannerdorf, Switzerland) for aerobic condition. For 

photosynthesis conditions, strains were grown as described above and OD was 

measured after 24 h using the Tecan luminometer. 
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Membrane proteins preparation. 

Cells were disrupted by sonication in 0.1 M sodium phosphate buffer (pH 7.4) 

containing 1 mM phenylmethylsulfonyl fluoride. Unbroken cells were removed by a 

low-speed centrifugation step (25000 g, 30min, 4°C) and supernatants were subjected 

to ultracentrifugation (200.000g, 1h30, 4°C) to collect the membrane fraction. 

Membrane fractions were then resuspended in the same buffer. Membrane protein 

concentration was estimated using the bicinchoninic acid assay (Sigma) with bovine 

serum albumin as standard. For membrane proteins metal treatment, required 

concentration of metal solution was mixed with 50 mg/ml membrane proteins at room 

temperature. Spectra were recorded every 30 min. 

 

Spectrophotometric measurements.  

Absorption spectroscopy was performed with a Cary 500 spectrophotometer. 

For spectra on whole cells, cells were resuspended in a 60% (wt/v) sucrose solution. 

Membrane fractions were in 0.1 M sodium phosphate buffer (pH 7.4). 

 

Blue-native gel electrophoresis and in-gel assays.  

To assay cbb3 and succinate dehydrogenase activities, R. gelatinosus wild-type 

cells were grown micro-aerobically. For E. coli and B. subtilis, cells were grown 

aerobically. Membranes were prepared as previously described. Blue-native 

polyacrylamide gel electrophoresis (BN-PAGE) and in gel Cox activity assays (DAB:CytC 

staining), and succinate dehydrogenase activity was assayed using succinate and NBT 

(Nitroblue tetrazolium) as described in reference.  

 

Western blot and His Probe-HRP detection.  

Equal number of cells (OD680nm=1) were disrupted in SDS loading buffer, 

proteins were then separated on a 15% SDS–PAGE and further transferred to a Hybond 

ECL PVDF membrane (GE Healthcare). Membranes were then probed with the His 

Probe-HRP (Pierce) according to the manufacturer’s instruction and positive bands 
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were detected using a chemiluminescent HRP substrate according to the method of 

Haan and Behrmann. Image capture was performed with a ChemiDoc camera system 

(Biorad). 

 

Gene transfer and strain selection:  

 Transformation of R. gelatinosus cells was produced by electroporation as 

previously described  (Ouchane et al., 1996). The transformants were selected on plates 

of malate medium containing the appropriate antibiotic under aerobic conditions. 

Ampicillin-sensitive transformants are from two homologous recombination events 

and have not integrated the recombinant plasmid. After the selection of the 

transformant, the genomic DNA was prepared from these ampicillin-sensitive strains 

and confirmation of the presence of the resistance to the antibiotic was checked by 

PCR. 

 

Table: Primers used in the experiments  

cusA F5’- CTCGACGCTGCTGATCGG Rev5’- GAACATCACCGGCGTCAAC 

cdfA Ndel 5’- ACAGTCGGGCGCATATGAGTTCG BamHI 5’-TCTAGTGAGACGGATCCTATCCG 

cdfA F5’- ATCACCACGATCACCACCAC  Rev5’- CCTGCAGCCGTTAACTCTAG 

ompW F5’-AAGATGGAAGGCTTCATGGAC Rev5’- CAGAAGATGGTGCGAGCTTC 

  

Table: Antibiotics used for genes inactivation  

 Conc. In Malate liquid 

(µg/ml) 

Conc. In LB liquid   µg/ml) 

Kanamycine (Km) 50  50 

Trimethoprim (Tp) 50 50 

Streptomycine (Sp) 25 25 

Spectinomycine (Sm) 25 25 

Ampicilline (Amp) 50 100 
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Bacterial Immobilizing for imaging by AFM 

Acquisition of AFM images in air was much more convenient and had higher 

resolution than that in liquid. Our air/nitrogen dried microbial samples provided a 

suitable hardness for scanning without significant topographic changes and good 

resolution. Bacteria were immobilized on Mica Substrate with gelatin. MICA 

substrates are used for its properties as it has no known effect on biological subject, 

transparent, easy to cut and to manipulate, atomically flat and inexpensive. The 

substrate must be coated to immobilize the living cells on it by creating electrostatic 

interaction between the negative charge of bacteria and the positive charge of gelatin. 

Gelatin preparation (sigma G-6144): we used 0.5 g in 100 ml of hot distilled water. 

We used around 15 ml in a beaker, enough to dip mica substrate in it. We leave 

substrate to dry, to be used after 24 hours. Placing bacteria on gelatin coated mica: 

we centrifuge 1 mL of a bacterial culture (0.5 - 1.0 OD at 680 nm) at 500 rpm; use the 

minimum rpm to get the pellet of cells for 5 minutes. Then, we wash the pellet using 

an equal volume of deionized water, then, by centrifugation collect the cells again. In 

500 µL of deionized water resuspend the pellet rapidly. Finally, we apply 5 µl of 

suspension cell on the gelatin-coated mica substrate. Carefully, spread on the surface 

using a pipette tip and make sure not touching the surface of the gelatin to avoid 

damaging it, and let it dry again (Allison et al., 2011).  

 

Atomic Force Microscopy (AFM) 

AFM images were taken under ambient air condition at room temperature, 

using the tapping mode of a Bruker Nanoscope AFM. Probe and cantilever used from 

Nanosensors type: (PPP-NCHR, tip radius of curvature < 10 nm, tip height 10-15 mm, 

highly doped silicon to dissipate static charge with high mechanical Q-factor for high 

sensitivity, nominal resonance frequency is 330 kHz and a force constant of 45 N/m). 

Images in this paper are taken at 50 µm for ensemble imaging or at 5 µm scale for 

individual bacteria imaging. Image resolution are at 512*512 Pixels. The scan speed is 
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kept at 1 Hz. One image acquisition takes less than 10 min, ensuring a stable 

observation time window. Data acquired include height (topographical), peak force 

Error image (mechanical), 3D and cross-section. Data analysis were carried using 

Gwyddion open source software. 

 

Preparation of bacterial sample for SEM  

 We prepare 2 ml of new culture of bacteria to grow overnight in PS condition. 

At (OD 680 nm = 1) treat with 200 µl with AgNO3 and in another tube keep 200 µl as 

control. When the incubation time is finished, samples must be washed in DI H2O. Then 

diluted 10 times with DI water; then vortex. Then, we use a clean graphite substrate 

(freshly cleaved before) and dip coat in the cellular culture, and then let to dry (Murtey 

& Ramasamy, 2016).  

 

Scanning Electron Microscopy (SEM)  

We imaged bacteria, which had been fixed, dehydrated and dried with a Zeiss 

Semfeg. It wasn’t necessarily to frozen them. We used low tension (2.0 – 3.0 kV) to 

avoid contamination and electron damaging of structures. Images were taken at 

different magnifications. The specimen didn’t release any volatile substance even at 

high vacuum. We kept same resolution as AFM to enable image comparison and 

control.  

 

TEM Images 

Images were acquired using a microscope JEOL1400 operating at 80 kV. 

Colloidal solutions were ultrasonicated and diluted in water or citrate 1 mM aqueous 

solution. A drop of 5 µL of nanoparticles solutions was added to Formvar/Carbon-Cu 

200 mesh TEM grids and let dry at ambient temperature 
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Silver Seed Synthesis – AgSeed purified 

Silver nanoparticles were synthetized by seed mediated growth methodology 

based on previous report (Wan et al., 2013). Briefly, seeds were prepared by mixing 20 

mL of 1% (w/v) citrate solution in 75 mL of water during 15 minutes at 70 °C. Then, 

AgNO3 was added to the mixture (Final concentration of 1 mM), followed by the quick 

addition of freshly prepared NaBH4 solution (Final concentration of 0,525 mM). The 

reaction mixture was left under stirring at open atmosphere with a condenser, during 

1 h at 70°C. After the cooling of the reaction mixture, the NPs were centrifugated twice 

at 13000 rpm for 70 min and resuspended in citrate 1 mM. Another quick 

centrifugation step was realized to collect smallest nanoparticles from the supernatant. 

 

Seed Mediated Growth of AgSeed - 1 Step – AgSMG1  

We have prepared two growth samples from the AgSeed. A solution containing 

0,87 mM of citrate was brought to ebullition. Then, 10 mL of AgSeed unpurified is 

added to the mixture followed by 1,5 mL of 1% AgNO3 aqueous solution. The solution 

mixture is vigorously stirred under reflux during 1h.  

The reaction solution turned yellow and became browner. AgSMG1 was centrifugated 

twice at 10000 rpm for 15 min, washed in citrate 1mM and resuspended in citrate 1mM 

or water for further analysis.  

 

Ag-NPs Characterization Apparatus 

UV-Visible spectroscopy (Spectrophotometric measurements) was performed with 

a Cary 500 spectrophotometer. For spectra on whole cells, cells were resuspended in 

a 60% (wt/vol) sucrose solution. For the Ag-NPs spectra, we used Thermo Scientific 

Multiskan GO from Thermo Scientific in wavelength between 200 to 900 nm.  

 

ICP Results - AgNPs by Seed mediated growth synthesis 

Samples of synthesized silver nanoparticles were prepared and sent to CEA for 

concentration characterization was performed by Icap Q from Thermo Scientific. Ag-
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NPs were prepared in H2O and in sodium citrate; in different sizes as shown in the 

table below. 

 

 

Sample 
List 

Sample identification Size (nm) 
Concentration 

(mg/L) = (µg/ml)
Silver (mmol/L)

3,24

F AgS5MG2a in Citrate 1 mM 23,2 ± 5,66 350,6 3,25

E AgS5MG2a in H2O 23,2 ± 5,66 349,87

1,22

D AgS5MG1 in Citrate 1 mM 22,55 ± 14,7 144,95 1,34

C AgS5MG1 in H2O 22,55 ± 14,7 132,33

0,84

B AgSeed5 in Citrate 1 mM 11,9 ± 2,05 92,4 0,86

A AgSeed5 in H2O 11,9 ± 2,05 90,6
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Titre : STRESS et TOXICITÉ des MÉTAUX dans LES BACTÉRIES PHOTOSYNTHÉTIQUES :  
Étude multi-échelles de l'effet et de la cible des ions métalliques et des nanoparticules 

Mots clés : Stress métallique, Cuivre et Argent, Métabolisme, nanoparticules, Toxicité, AFM et SEM 

Résumé : L’usage extensif des métaux et des ions 
métalliques dans l'industrie et l'agriculture 
représente une menace sérieuse pour 
l'environnement et pour tous les êtres vivants en 
raison de la toxicité aiguë de ces ions. Cependant, 
cela peut aussi être un outil prometteur. En effet, les 
ions comme les nanoparticules d'argent sont très 
utilisés dans diverses applications médicales, 
industrielles et sanitaires. L'effet antimicrobien de ces 
nanoparticules est en partie lié aux ions Ag+ libérés 
et à leur capacité à interagir avec les membranes 
bactériennes.  
L'objectif de ce projet est d'étudier l'interaction entre 
un objet biologique (les bactéries) et des objets 
physiques (métaux), pour comprendre l'impact des 
métaux sous différentes formes (ions, nanoparticules 
et nanostructures) sur les cellules bactériennes en 
utilisant différentes approches : de physiologie, 
biochimie, génétique et de biologie cellulaire. Nous 
avons utilisé comme modèles biologiques, 
principalement la bactérie photosynthétique pourpre 
Rubrivivax (R.) gelatinosus, mais aussi Escherichia 
coli; et pour les objets physiques, nous avons utilisé 
l'argent comme métal principal mais aussi d'autres 
métaux (cuivre, cadmium et nickel) à titre de 
comparaison. 
 

Les principaux objectifs de ce travail sont : 1- 
d'étudier l'impact et les mécanismes de toxicité de 
ces ions métalliques / NPs sur les métabolismes 
bactériens respiratoire et photosynthétique. 2- 
Identifier des gènes bactériens impliqués dans la 
réponse à un excès d'ions Ag+. 3- Etudier 
l'internalisation et l'interaction des ions métalliques 
et des NPs au sein des membranes biologiques. 
Ainsi, nous avons pu identifier, à la fois in vitro et in 
vivo, des cibles spécifiques d'ions Ag+ et Cu2+ dans 
la membrane des bactéries. Cela inclut des 
complexes impliqués dans la photosynthèse, mais 
également des complexes de la chaine respiratoire. 
Il a été démontré que les ions Ag+ et Cu2+ ciblent 
spécifiquement une bactériochlorophylle exposée 
au solvant dans les antennes de collecte de lumière 
du photosystème de la bactérie. Ceci présente 
également, à notre connaissance, la première 
preuve directe de dommages induits par des ions 
Ag+ sur les protéines membranaires impliquées 
dans ces métabolismes. Par ailleurs, nous avons 
également réalisé une étude comparative par 
microscopie (AFM/ SEM) de l'effet de l'Ag+ en 
solution ou des Ag-NPs synthétisés dans notre 
laboratoire, sur la morphologie des cellules 
bactériennes. 
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Title: STRESS and TOXICITY of METALS in PHOTOSYNTHETIC BACTERIA: 
Multi-scale study of the effects and targets of metal ions and nanoparticles 

Keywords: Metallic stress, Copper and Silver, Metabolism, nanoparticles, Toxicity, AFM and SEM 

Abstract: The extensive use of metal ions in industry 
and agriculture represents a serious threat to the 
environment and to all living being because of the 
acute toxicity of these ions. However, it can also be a 
promising tool, silver ions and nanoparticles are 
some of the most widely used metals in various 
industrial and health applications. The antimicrobial 
effect of these nanoparticles is in part related to the 
released Ag+ ions and their ability to interact with 
bacterial membranes. 
The goal of this project is to study the interaction 
between biological subject (the bacteria) and 
physical objects (metals), and more specifically to 
understand the impact of metals in different forms 
(ions, nanoparticles and nanostructures) on the 
growth of the bacterial cells using different 
approaches : physiology, biochemistry, genetics and 
cell biology. 
We used as biological models, principally the purple 
photosynthetic bacterium Rubrivivax (R.) gelatinosus, 
but also Escherichia coli; and for physical objects, we 
used silver as main metal but also other metals 
(copper, cadmium and nickel) for comparison. 

 

The main objectives are: 1- to study the impact and 
the mechanisms of toxicity of these metallic 
ions/NPs on the bacterial respiratory and 
photosynthesis metabolisms. 2- To identify the 
bacterial genes involved in response to excess 
silver. 3- To study the internalization and 
interaction of metals ions and NPs within biological 
membranes.  
The results showed that we were able to identify, 
both in vitro and in vivo, specific targets of Ag+ and 
Cu2+ ions within the membrane of bacteria. This 
include complexes involved in photosynthesis, but 
also complexes involved in respiration. Ag+ and 
Cu2+ were shown to specifically target a solvent 
exposed bacteriochlorophyll in the light harvesting 
antennae of the photosystem. This also presents, in 
our knowledge, the first direct evidence of silver 
ions damages to membrane proteins involved in 
these metabolisms. We also carried out a 
microscopy (AFM/ SEM) comparative study of the 
effect of Ag+ ions or Ag-NPs synthesized in our 
laboratory, on the bacterial cell morphology. 

 
 

 
 
 
 
 
 
 


