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Résumé (francais)

Depuis la découverte des antibiotiques au cours du XXeme siecle, I'antibiothérapie a considérablement
réduit la mortalité causée par les bactéries pathogénes. Cependant, au cours des derniéres décennies,
la communauté humaine est continuellement confrontée a de nouveaux cas cliniques de résistance
aux antibiotiques et a I'émergence de clones multirésistants dans le monde entier, ce qui peut
entrainer I’échec de I'antibiothérapie et le début d'une ére post-antibiotiques. Les antibiotiques et la
résistance aux antibiotiques sont sur terre depuis des milliers d’années avant la découverte des
antibiotiques. Cependant, l'industrialisation et I'utilisation extensive des antibiotiques chez I'homme
et I'animal ont imposé une pression sélective sans précédent sur les communautés bactériennes,
accélérant le développement de la résistance aux antibiotiques a I'échelle mondiale. Les antibiotiques
sont utilisés dans le monde entier non seulement pour traiter les maladies causées par des agents
pathogénes humains, mais aussi a des fins thérapeutiques et de stimulation de la croissance dans les
fermes, I'aquaculture et I'agriculture. En raison des activités anthropiques, des concentrations
résiduelles d'antibiotiques, des génes de résistance aux antibiotiques et des bactéries résistantes aux
antibiotiques atteignent I'environnement principalement via les stations d'épuration des eaux usées,
la fertilisation du fumier ou des déchets des usines de production d'antibiotiques. Cela peut entrainer
le développement et la sélection de résistance aux antibiotiques dans I’environnement et la
dissémination des génes de résistance aux antibiotiques et des bactéries résistantes aux antibiotiques
de I'environnement aux microbiomes animaux et humains. Néanmoins, I'amplitude de ce phénomeéne
reste inconnue.

L'objectif de cette these était d'évaluer la réponse du microbiome et du résistome environnementaux
a la pollution chimique par des antibiotiques, ainsi qu'a la pollution biologique causée par les activités
humaines. Dans un premier temps, une étude méthodologique comparant cing méthodes d'extraction
d'ADN et quatre méthodes d'extraction d'ARN a été réalisée pour évaluer I'effet de I'extraction d'ADN
et de la profondeur de séquencage sur la découverte de la richesse taxonomique, fonctionnelle et de
genes de résistance aux antibiotiques du sol. Alors que la profondeur de séquencgage avait un impact
plus fort que I'extraction d'ADN sur la découverte de la richesse taxonomique et fonctionnelle, une
grande variabilité dans la découverte de la richesse de génes de résistance aux antibiotiques a été
observée entre les triplicats, quelle que soit la profondeur de séquengage. En outre, certaines
méthodes semblaient mesurer une richesse de genes de résistance aux antibiotiques plus élevée que
d'autres. Sur la base de cette étude, une méthode semi-automatisée a été sélectionnée pour
I'extraction d'ADN a partir de sols pollués par des antibiotiques.

Dans un second temps, deux études utilisant des microcosmes ont été menées pour évaluer les effets
de la pollution par des antibiotiques sur le microbiome et le résistome d'un sol agricole de la Cote de
Saint André (France) et de I'eau du Rhone (France) en utilisant une combinaison des cultures et
d’approches métagénomiques/qPCR. Les concentrations sous-inhibitrices et inhibitrices de
gentamicine pour les bactéries du sol et de I'eau enrichies en milieu de culture ont été déterminées en
évaluant la croissance bactérienne. Les microcosmes du sol ont été pollués avec une gamme de
concentrations inhibitrices de gentamicine, tandis que les microcosmes de |'eau ont été pollués avec
deux concentrations sous-inhibitrices et une concentration inhibitrice, afin d'établir des liens entre la
dose de gentamicine et I'ampleur de la réponse dans le microbiome et le résistome environnementaux
a différents temps d'exposition. Ces deux études illustrent comment les effets du méme antibiotique
sur différents environnements sont fortement dépendants des facteurs environnementaux et des
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propriétés physico-chimiques. Alors que des concentrations inhibitrices allant jusqu'a 1 mg de
gentamicine par gramme de sol étaient fortement adsorbées sur les particules du sol et n'avaient pas
d'effets significatifs sur le microbiome ni le résistome du sol aprés 8 jours d'exposition, une
concentration sous-inhibitrice de 50 ng de gentamicine par ml d’eau pendant 2 jours d’exposition
impactait la composition des communautés bactériennes totales et actives et |'abondance et
I'expression des genes de résistance a la gentamicine. Ces résultats supportent la crainte que les
concentrations sous-inhibitrices d'antibiotiques puissent sélectionner des résistances dans
I'environnement et méritent donc plus d'attention lors de I'évaluation des risques associés a la
pollution environnementale par des antibiotiques. De plus, cette recherche souligne les limites des
termes «sous-inhibiteur» et «inhibiteur» dans des environnements complexes et l'importance
d’effectuer des études en utilisant des microcosmes et des études de terrain afin d’évaluer les effets
de la pollution par des antibiotiques sur le résistome environnemental.

Pour terminer, une étude de terrain a été menée sur des échantillons de neige obtenus des Sudety
Mountains (Pologne) soumis a différentes expositions aux activités humaines et a différentes quantités
de végétation autour, afin d'évaluer I'impact de facteurs anthropiques et environnementaux sur le
microbiome et le résistome de la neige en utilisant une approche métagénomique / qPCR. Cette
recherche fournit des éléments qui supportent [|'hypothése selon laquelle des facteurs
environnementaux et anthropiques ont un impact sur I'écologie de la neige et induisent des
changements dans le microbiome et le résistome de la neige en fournissant aux communautés
bactériennes des niveaux plus élevés de carbone organique et d'autres nutriments. Cela favoriserait la
croissance d'une communauté bactérienne plus abondante, qui a son tour augmenterait I'abondance
des genes de résistance aux antibiotiques et pourrait stimuler la compétition et la prolifération de ces
génes dans la neige. Etant donné que les activités anthropiques induisent des modifications sur le
résistome de la neige en ayant un impact limité sur les composants principaux du microbiome, les
effets de cette pollution sont probablement générés par un apport accru de matiére organique
provenant de déchets générés par les humains plutdt que par I'apport direct de génes de résistance
aux antibiotiques et de bactéries résistantes aux antibiotiques du microbiome humain. Cette pollution
organique pourrait stimuler le développement d'une résistance aux antibiotiques dans le microbiome
de la neige qui pourrait ensuite étre disséminée dans I'atmosphére ou a travers la fonte des neiges.
Les recherches menées dans cette étude mettent en évidence la nécessité de faire des études sur le
développement de la résistance aux antibiotiques dans des environnements pollués par les activités
humaines et la prise en compte des sources organiques de pollution en plus des polluants biologiques
(génes de résistance aux antibiotiques et bactéries résistantes aux antibiotiques).

Mots clés : résistance aux antibiotiques, résistome environnemental, génes de résistance aux
antibiotiques, pollution anthropique, développement de résistances, extraction d'ADN, gentamicine,
concentrations sous-inhibitrices, concentrations inhibitrices, métagénomique, séquengage Illumina
MiSeq, séquencage Oxford Nanopore, gPCR / RT-gPCR.



Abstract

Since the discovery of antibiotics during the 20" century, antibiotic therapy has drastically reduced the
mortality caused by bacterial pathogens. However, during the last few decades, the human community
is continuously facing new cases of antibiotic resistance in clinics and the emergence of multidrug
resistant (MDR) clones worldwide that result in antibiotic therapy failure and the beginning of a post-
antibiotic era. Antibiotics and antibiotic resistance predate the discovery of antibiotics by millions of
years. However, the industrialization and extensive use of antibiotics in humans and animals has
imposed a selective pressure without precedent on bacterial communities and accelerated the
development of antibiotic resistance at a global scale. Antibiotics are used worldwide to treat diseases
caused by human pathogens and to promote therapeutic and growth in farms, aquacultures and crops.
As a consequence of anthropogenic activities, residual concentrations of antibiotics, antibiotic
resistance genes (ARGs) and antibiotic resistant bacteria (ARB) reach the environment mainly through
wastewater treatment plants, manure fertilization or release from antibiotic producing plants. This
may result in the development and selection of antibiotic resistance in environmental settings and the
dissemination of ARB and ARGs from the environment to animal and human microbiomes.
Nonetheless, the scope of this phenomenon remains unclear.

The goal of this thesis was to evaluate the response of the environmental microbiome and resistome
to chemical pollution with antibiotics and to biological pollution caused by anthropogenic activities. A
methodological study compared five DNA extraction methods and four RNA extraction methods to
evaluate the effect of DNA extraction and sequencing depth on taxonomic, functional and ARG
richness discovery in soil. Whereas sequencing depth had a stronger impact than DNA extraction on
taxonomic and functional richness discovery, a high variability in ARG richness discovery was observed
between triplicates regardless of sequencing depth. Furthermore, some methods arguably measured
a higher ARG richness than others. Based on this study, a semi-automated method was selected for
DNA extraction from antibiotic polluted soils.

Two microcosm studies were carried out to evaluate the effects of antibiotic pollution on the
microbiome and resistome of an agricultural soil from La Céte de Saint André (France) and of water
from the Rhoéne river (France) using a combination of culture-based and metagenomics/qPCR
approaches. Gentamicin sub-inhibitory and inhibitory concentrations in soil and water bacteria
enriched in culture media were determined by evaluating bacterial growth. Soil microcosms were
polluted with a range of inhibitory concentrations of gentamicin, whereas water microcosms were
polluted with two sub-inhibitory concentrations and an inhibitory concentration, in order to establish
links between gentamicin dose and the magnitude of the response in the environmental microbiome
and resistome at different exposure times. These two studies illustrate how the effects of the same
antibiotic on different environments are strongly dependent of environmental factors and
physicochemical properties. Whereas inhibitory concentrations up to 1 mg of gentamicin per gram of
soil were highly adsorbed onto soil particles and did not have significant effects on the soil microbiome
nor resistome after 8-days exposure, a sub-inhibitory concentration of 50 ng of gentamicin per ml of
water impacted in the composition of bacterial total and active communities and the abundance and
expression of gentamicin resistance genes during 2-days exposure. These findings support the concern
that sub-inhibitory concentrations of antibiotics may select for resistance in the environment and
therefore deserve more attention when assessing the risks associated to antibiotic environmental
pollution. In addition, this research underlines the limitations of the terms “sub-inhibitory” and
“inhibitory” in complex environments and the importance of microcosm and field studies for the
evaluation of the effects of antibiotic pollution on the environmental resistome.



Finally, a field study was carried out with snow from the Sudety Mountains (Poland) with a range of
exposure to human activities and surrounding vegetation in order to evaluate the impact of both
anthropogenic and environmental factors on the snow microbiome and resistome using a
metagenomics and gqPCR approach. This research supports the hypothesis that both environmental
and anthropogenic factors impact snow ecology and induce changes in the snow microbiome and
antibiotic resistome by providing bacterial communities with higher levels of organic carbon and other
nutrients. This would support the growth of a more abundant bacterial community, which in turn
increases the abundance of the antibiotic resistome and could stimulate competition and ARG
proliferation in snow. Since anthropogenic activities induce changes in the snow resistome without
having a strong impact on the core microbiome, the effects of this pollution are probably caused by an
increased input of organic matter from anthropogenic waste rather than by human microbiome ARB
and ARG. This organic pollution could stimulate the development of antibiotic resistance in the snow
microbiome that might be subsequently disseminated through the atmosphere or snow melting. The
research carried out in this study highlights the need for survey of antibiotic resistance development
in anthropogenic polluted sites and the consideration of organic sources of pollution in addition to
biological pollutants (ARB and ARGs).

Keywords : antibiotic resistance, environmental resistome, ARGs, anthropogenic pollution, resistance
development, DNA extraction, gentamicin, sub-inhibitory concentrations, inhibitory concentrations,
metagenomics, lllumina MiSeq sequencing, Oxford Nanopore sequencing, gPCR/RT-qPCR.
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Synthese (francais)
Chapitre I. Introduction et hypotheses

Depuis la découverte des antibiotiques au cours du XXeme siecle, I'antibiothérapie a considérablement
réduit la mortalité causée par les bactéries pathogénes. Cependant, au cours des derniéres décennies,
la communauté humaine est continuellement confrontée a de nouveaux cas cliniques de résistance
aux antibiotiques™? et a I'émergence de clones multirésistants dans le monde entier, ce qui peut
entralner I’échec de I'antibiothérapie et le début d'une ére post-antibiotiques. Les antibiotiques et la
résistance aux antibiotiques sont sur terre depuis des milliers d’années avant la découverte des
antibiotiques®*. Cependant, l'industrialisation et |'utilisation extensive des antibiotiques chez 'homme
et I'animal ont imposé une pression sélective sans précédent sur les communautés bactériennes,
accélérant le développement de la résistance aux antibiotiques a I'échelle mondiale®. Les antibiotiques
sont utilisés dans le monde entier non seulement pour traiter les maladies causées par des agents
pathogénes humains, mais aussi a des fins thérapeutiques et de stimulation de la croissance dans les
fermes, I'aquaculture et I'agriculture. En raison des activités anthropiques, des concentrations
résiduelles d'antibiotiques, des génes de résistance aux antibiotiques et des bactéries résistantes aux
antibiotiques atteignent I'environnement principalement via les stations d'épuration des eaux usées,
la fertilisation du fumier ou les déchets des usines de production d'antibiotiques. Cela peut entrainer
le développement et la sélection de résistance aux antibiotiques dans I’environnement et la
dissémination des genes de résistance aux antibiotiques et des bactéries résistantes aux antibiotiques
de I'environnement aux microbiomes animaux et humains. Néanmoins, I'amplitude de ce phénomeéne
reste inconnue.

Les bactéries peuvent étre intrinséquement résistantes a un antibiotique® ou acquérir une résistance
par mutations de leurs génes ou par transfert horizontal de génes’. Des mutations dans les génes
bactériens qui ont un impact sur l'activité antibiotique peuvent se produire pendant la réplication
cellulaire, étre sélectionnées et générer des clones par transfert vertical®. La souche porteuse de cette
mutation peut proliférer sous la pression des antibiotiques, ce qui lui confére un grand avantage
sélectif. Cependant, les mutations générent une diminution de la forme physique et sont souvent
perdues en |'absence de pression sélective®. D'autre part, la résistance aux antibiotiques peut se
propager a partir de bactéries contenant un géne de résistance vers des bactéries sensibles partageant
la méme niche au moyen du transfert horizontal de génes. Il a été démontré que les événements de
transfert horizontal des genes contribuent au développement de la majorité des résistances aux

10-13

antibiotiques actuellement trouvées chez les pathogénes Cependant, la contribution de

I'évolution verticale a la menace de résistance aux antibiotiques ne doit pas étre négligée, car plusieurs

14-16

souches mutantes ont abouti a des pathogénes d'importance clinique Les trois principaux

mécanismes de HGT sont la conjugaison, la transduction et la transformation.

Malgré le fait que la production d'antibiotiques et la résistance aux antibiotiques se produisent
naturellement dans I'environnement, |'utilisation d'antibiotiques dans la thérapie humaine et la
production alimentaire génere un flux de concentrations résiduelles d'antibiotiques, ainsi que des
bactéries résistantes aux antibiotiques et des genes de résistance aux antibiotiques vers
I'environnement®’® (Figure 1). Ces polluants peuvent atteindre I'environnement non seulement par
contact direct avec les humains, mais aussi par les effluents des hopitaux, les usines de traitement des
eaux usées, par contact direct avec les cultures contaminées, |'urine et les matieres fécales des

11



animaux ou par des applications de fumier pour la fertilisation des sols. Les antibiotiques des usines
de production peuvent également étre rejetés accidentellement dans I'environnement. A I'échelle
mondiale, les polluants biologiques (bactéries résistantes aux antibiotiques et génes de résistance aux
antibiotiques) peuvent intégrer le résistome environnemental, d'ou ils peuvent se disséminer vers le
microbiome humain. De plus, la pression sélective imposée par des concentrations résiduelles
d'antibiotiques sur les microbiomes humains, animaux et environnementaux peut favoriser le
développement des résistances aux antibiotiques'®?, le transfert horizontal de génes de résistance
aux antibiotiques aux bactéries sensibles’! et la dissémination des bactéries résistantes aux
antibiotiques entre les trois compartiments. Les bactéries résistantes aux antibiotiques et les génes de
résistance aux antibiotiques environnementaux peuvent disséminer aux microbiomes animaux par
contact direct, et au microbiome humain par contact direct ou par I'eau potable???3, les légumes ou
les vecteurs animaux. Par conséquent, la pollution de I'environnement par des antibiotiques et des
résidus issus des activités humaines pourrait entrainer le développement de nouvelles résistances dans
les cliniques.

A R A R SR G R %
: A R e N R e H

: : > UTICAL i

: X TURE
- QP N : I
HI q 3 e X

S & T9 S J

T A w5 as & T

5 n ' e ¢ e
: e s VT £ b
L] o

L] -

L ] L]

: | — J '

2 (R

8 S

o

o

k:

L]

SURFACE WATER

leaching & erosion AQUIFER

Figure 1. Voies de diffusion des antibiotiques, des bactéries résistantes aux antibiotiques et des génes de
résistance aux antibiotiques entre les humains, les animaux et I'environnement. En raison des activités
anthropiques, les concentrations résiduelles d'antibiotiques, de bactéries résistantes aux antibiotiques et
de genes de résistance aux antibiotiques atteignent I'environnement principalement par les effluents
hospitaliers, les stations d'épuration des eaux usées, la fertilisation du fumier, les aquacultures ou les
déchets des usines de production d'antibiotiques. Cela peut entrainer le développement et la sélection de
la résistance aux antibiotiques dans I’environnement et la diffusion des bactéries résistantes aux
antibiotiques et de génes de résistance aux antibiotiques entre différents compartiments
environnementaux et de I'environnement vers les microbiomes animaux et humains, soit par contact direct
avec des animaux ou des environnements contaminés, soit par la consommation alimentaire ou la
consommation d'eau. Figure extraite de Vikesland et al, 2017 118.
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L'objectif de cette these était d'évaluer les effets de la pollution anthropique de I'environnement sur
le développement et la dissémination des résistances aux antibiotiques dans I'environnement. Deux
types de polluants ont été analysés séparément. Dans un premier temps, les effets de la contamination
chimique par des antibiotiques ont été évalués dans les microcosmes du sol et de |'eau. L’hypothése
principale était que la gentamicine serait fortement adsorbée sur les particules du sol et sa
biodisponibilité serait réduite peu de temps apres I'administration. Ceci ajouté a la faible activité des
bactéries du sol et a la probabilité plus faible de contact dans une matrice solide entrainerait un
manque d'impact visible de la gentamicine, méme a des concentrations élevées, sur le microbiome du
sol ou la composition de son résistome a grande échelle. Si la gentamicine avait un effet sur le génome
bactérien, celui-ci serait couvert par la grande diversité du microbiome du sol et la faible abondance
de la plupart de ses composants. En ce qui concerne les effets des concentrations sous-inhibitrices de
gentamicine sur le résistome de I'eau, le contact accru entre les bactéries de |'eau -par rapport aux
bactéries du sol- et la plus grande disponibilité de la gentamicine dans I'eau entrainerait un
environnement plus propice pour favoriser le développement et la dissémination de la résistance. Ainsi,
des concentrations sous-inhibitrices de gentamicine induiraient des changements dans la
communauté bactérienne et augmenteraient I'abondance et I'expression des genes de résistance aux
antibiotiques sans inhiber la croissance globale des communautés bactériennes dans |'eau.

Deuxiemement, des échantillons de neige polluée et non-polluée par des humains ont été analysés
pour déterminer si les activités anthropiques ont provoqué une augmentation des polluants
biologiques dans la neige. L'hypothése principale de cette recherche était que les facteurs
environnementaux et anthropiques ont un impact sur I'écologie de la neige et induisent des
changements dans le microbiome de la neige et son résistome en fournissant aux communautés
bactériennes des niveaux plus élevés de carbone organique et d'autres nutriments. Cela favoriserait la
croissance d'une communauté bactérienne plus abondante, ce qui a son tour augmenterait
I'abondance des génes de résistance aux antibiotiques. Des recherches antérieures menées par notre
groupe montrent que des niveaux accrus d'acides organiques induisent une compétition et
augmentent I'abondance des ARG dans la neige, et qu'ils favorisent également I'établissement d'une
communauté plus active métaboliquement. Par conséquent, les sources anthropiques et
environnementales de carbone organique pourraient stimuler la concurrence et la prolifération des
ARG dans la neige.
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Chapitre Il. Optimisation de 'extraction des acides nucléiques du sol

Une étude méthodologique était nécessaire afin d'évaluer les biais liés a I'extraction de I'ADN et de
I'ARN du sol et le séquengage avant évaluation des effets de la pollution antibiotique. L'écosystéeme du
sol abrite I'une des plus grandes diversités de micro-organismes de tous les écosystémes?®. Il est
essentiel d’accéder a la totalité des communautés et fonctions du microbiome du sol pour mieux
comprendre le réle de ces communautés microbiennes dans le fonctionnement du sol et son
écosystéeme. L'utilisation des techniques de séquencage de nouvelle génération (NGS ou Next
Generation Sequencing) a amélioré notre accés aux communautés microbiennes présentes dans le sol,
en particulier a la grande proportion de micro-organismes non cultivés®>. Néanmoins, chaque étape
méthodologique, de I'échantillonnage du sol a Il'annotation des séquences, présente des biais
inhérents qui limitent la profondeur et la fiabilité des analyses du microbiome du sol?®. Parmi tous ces
biais, ceux associés a |I'extraction d'ADN ont été particulierement mis en évidence pour leurs effets?’?8,
L'ADN peut étre adsorbé par des composés du sol tels que l'argile, qui, lorsqu'ils sont combinés a la
présence de bactéries récalcitrantes de lyse, réduisent I'efficacité d'extraction de I'ADN. De plus, la
matiere organique et les acides humiques connus pour inhiber potentiellement les réactions
enzymatiques sont souvent co-extraits avec I'ADN. Ces biais s'appliquent également a I'extraction
d'ARN?°, qui est de plus en plus utilisée pour identifier des communautés et des génes potentiellement
actifs. De nombreuses études ont comparé les méthodes d'extraction de I'ADN et de I'ARN et
documenté les biais imposés par les procédures de lyse. Cela a suscité des propositions de différentes
méthodes d'extraction et de purification des acides nucléiques du sol au cours des derniéres décennies
dans le but d'obtenir une image impartiale de la biodiversité du microbiome du sol. Néanmoins,
aucune méthode ne permet de surmonter tous les biais décrits ci-dessus et le débat sur le choix des
méthodes d'extraction nucléique est toujours en cours.

D'autre part, la profondeur de séquencgage a également montré un effet important sur la découverte
bactérienne. Plusieurs études ont montré que de faibles profondeurs de séquengage peuvent biaiser
I'évaluation des communautés microbiennes, a la fois en termes de richesse et de diversité3032.
Cependant, la contribution relative de la profondeur de séquencage et de I'extraction d'ADN ou d'ARN
a la découverte de la richesse bactérienne du sol n'a pas encore été évaluée. Dans cette étude, nous
avons comparé la richesse phylogénétique et fonctionnelle détectée par deux nouvelles méthodes
semi-automatisées d'extraction et de purification d'ADN a celle mesurée par deux kits commerciaux
et la méthode phénol/chloroforme telle que décrite par Griffiths et al.?® Puisque les fonctions de
résistance aux antibiotiques sont rares dans le microbiome environnemental, la découverte de la
richesse des genes de résistance aux antibiotiques peut étre plus inégale en fonction de la profondeur
de séquencage et donc suivre un modele différent de la découverte de la richesse fonctionnelle. Ainsi,
la richesse en genes de résistance aux antibiotiques détectée par ces cing méthodes a également été
évaluée. De plus, nous avons évalué l'effet de la profondeur de séquengage sur la richesse
taxonomique mesurée par deux méthodes semi-automatisées pour l'extraction et la purification
d’ARN a celle mesurée par un kit commercial et la méthode phénol/chloroforme. Les acides nucléiques
ont été extraits de deux échantillons de sol et la région hypervariable V3-V4 du géne 16S de I'ARNr ou
de son ADNc a été séquencée pour déterminer ['unité taxonomique opérationnelle (OTU ou
Operational Taxonomic Unit). La richesse taxonomique mesurée par chaque méthode a été définie au
niveau du genre pour chaque séquence en utilisant la base de données Ribosome Database Project
(RDP) et le classificateur bayésien RDP**. Les séquences de métagénomique obtenues a partir
d'échantillons d'ADN ont été annotées a I'aide de MEGANG* et des sous-systémes hiérarchiques SEED.
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Le troisieme niveau de la classification SEED a été sélectionné pour I'analyse de découverte de la
richesse fonctionnelle. Enfin, les genes de résistance aux antibiotiques ont été identifiés en utilisant la
base de données CARD*®,

Le principal résultat de cette étude était que la profondeur de séquencgage a un impact plus fort sur la
découverte de la richesse taxonomique et fonctionnelle que le choix d'une méthode d'extraction, et
que la raréfaction des séquences a une profondeur égale conduit a I'attribution de genres et de classes
fonctionnelles uniques qui ont été réellement détectés par plus d'une méthode avant raréfaction. Par
conséquent, le choix d'une méthode d'extraction d'ADN ou d'ARN semble moins critique que la
nécessité d'optimiser les techniques de séquencage a haut débit pour étudier les communautés
microbiennes du sol et leurs fonctions associées. En revanche, la découverte de la richesse des genes
de résistance aux antibiotiques est fortement impactée par la variation de la composition du résistome
entre échantillons, et une seule méthode (Maxwell 1) a montré la découverte de richesse plus élevée
et plus cohérente que les autres dans le sol de la Coéte de Saint André, I'échantillon de sol qui allait étre
utilisé pour les expériences sur la pollution environnementale par des antibiotiques. Par conséquent,
bien que cette richesse accrue ne soit sirement pas exclusivement due a I'extraction d'ADN et que des
précautions doivent étre prises avant de préconiser cette méthode pour I'analyse du résistome du sol,
compte tenu de la globalité des résultats obtenus dans cette étude, cette méthode a été choisie pour
|'extraction d'ADN dans I'évaluation des effets de la pollution du sol par des antibiotiques.
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Chapitre Ill. Evaluation des effets de la pollution du sol par de la gentamicine sur le
microbiome et |e résistome du sol

La plupart des antibiotiques actuellement utilisés en thérapie humaine et en production alimentaire

I*7. Une conséquence naturelle de cette

ont été isolés a partir de bactéries et de champignons du so
production d'antibiotiques par les bactéries du sol est le développement des résistances aux
antibiotiques dans le sol. Le sol est considéré comme I'un des principaux réservoirs environnementaux
des génes de résistance aux antibiotiques®®. Des génes de résistance aux antibiotiques impliqués dans
des cas de résistances dans les hdpitaux, ainsi que des nouveaux genes de résistance aux antibiotiques,

ont été identifiés méme dans des sols quasiment pas soumis aux activités humaines®**

, montrant que
la résistance aux antibiotiques se produit dans le sol méme en I'absence d'une forte pression sélective
anthropique. De plus, les genes de résistance aux antibiotiques présents dans le sol sont souvent
associés a des éléments génétiques mobiles® et, par conséquent, peuvent étre transférés a la fois a

d'autres bactéries environnementales et a des agents pathogénes humains**.

L'utilisation d'antibiotiques en agriculture et l'application de fumier d'animaux traités avec des
antibiotiques pour la fertilisation des sols augmentent la pression sélective des antibiotiques et la
quantité de bactéries résistantes aux antibiotiques dans I'environnement**, Cette pression sélective
peut stimuler le développement des résistances aux antibiotiques dans le sol et leur mobilisation et
transfert vers des bactéries causant des infections chez I’"humain. Par conséquent, les risques liés a
|'utilisation d'antibiotiques en agriculture doivent étre évalués afin de réglementer leur utilisation. De
nombreuses études au cours des deux dernieres décennies ont analysé les effets du compostage du
fumier pollué par des antibiotiques sur le microbiome du sol. lls ont montré que ce fumier peut
augmenter |'abondance des bactéries résistantes aux antibiotiques, des genes de résistance aux
antibiotiques et des éléments génétiques mobiles*’2, Cependant, le sol est une matrice trés complexe
et diverse qui change avec le temps. Plusieurs facteurs, tels que les caractéristiques du sol (c'est-a-dire
le pourcentage d’eau, la concentration d’oxygéne ou la disponibilité des nutriments), la réduction de
la biodisponibilité des antibiotiques en raison de leur adsorption dans les particules du sol et |'activité
et la résilience des bactéries du sol peuvent modifier les effets des antibiotiques dans le sol. De plus,
le sol est une matrice solide et le contact physique entre les bactéries est réduit par rapport aux
environnements liquides. Ces différences peuvent empécher I'évaluation précise du transfert
horizontal des génes de résistance aux antibiotiques des bactéries résistantes aux bactéries sensibles
dans le sol. Les caractéristiques du sol peuvent fournir celui-ci avec une forte capacité de tamponner
la pollution par des antibiotiques®3, en réduisant I'impact des antibiotiques sur le microbiome du sol et
les conséquences potentielles de la pollution des sols par des antibiotiques sur la santé humaine. Ainsi,
il est difficile d'obtenir une image globale des effets de la pollution par des antibiotiques sur le
développement des résistances dans le sol, et aprés des décennies de recherche, 'amplitude de ce
phénomeéne reste a élucider.

Cette étude compare les effets a court terme d'une gamme de concentrations de gentamicine sur le
microbiome et le résistome des enrichissements bactériens et des microcosmes d'un sol agricole de La
Cote de Saint André (France) en utilisant une approche métagénomique. La gentamicine est un
aminoglycoside utilisé a la fois en thérapie humaine et en production alimentaire, et les génes
conférant une résistance a la gentamicine sont largement distribués dans I'environnement>*. Nous
avons émis I'hypothése que la pollution par de la gentamicine a une plus grande influence sur les
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bactéries du sol dans des milieux enrichis que dans les microcosmes, ou |'adsorption de la gentamicine
sur les particules du sol réduit sa biodisponibilité.

Les concentrations sous-inhibitrices et inhibitrices de gentamicine dans les bactéries du sol enrichies
en milieu de culture ont été déterminées en évaluant la croissance bactérienne. Ensuite, des
microcosmes du sol ont été pollués avec des concentrations inhibitrices de gentamicine ayant jusqu’a
1 mg par gramme de sol, alors que des cultures des bactéries du sol ont été polluées avec une
concentration sous-inhibitrice et une concentration inhibitrice de gentamicine. La différence de
réponse entre les communautés dans des milieux enrichis et des milieux environnementaux a plusieurs
temps d'exposition a été évaluée en utilisant une combinaison d'approches dépendant de la culture et
par métagénomique. L'ADN a été extrait des enrichissements bactériens et des microcosmes du sol, et
sa biomasse a été approximativement estimée par le nombre de copies du gene 16S de I'ARNT. De plus,
la région hypervariable V3-V4 du gene 16S de I’ARNr et les métagénomes de I'ADN extrait ont été
séquencés, et I'abondance des genes de résistance a la gentamicine a été évaluée par gPCR.
Finalement, la fraction biodisponible de gentamicine dans le sol a été mesurée par HPLC-MS / MS.

Alors que dans les enrichissements bactériens du sol, une concentration inhibitrice de 12 g de
gentamicine par ml de milieu réduit considérablement la taille des communautés bactériennes et
altere leur composition, dans les microcosmes du sol, ou la gentamicine est fortement adsorbée sur
les particules du sol et la diversité bactérienne est plus élevée, les concentrations inhibitrices jusqu'a
1 mg de gentamicine par gramme de sol n'a pas eu d'effets significatifs sur la croissance bactérienne,
ni sur la composition du microbiome et du résistome du sol, aprés une exposition de 8 jours (chapitre
). Les analyses de HPLC-MS/MS ont montré que la gentamicine est fortement adsorbée dans les
particules du sol, ce quil’'empéche d’avoir des effets sur les microcosmes du sol. Ceci expliquerait aussi
partiellement les différences observées entre la réponse des bactéries du sol dans les microcosmes et
les milieux enrichis, ou la gentamicine n'est pas adsorbée sur les particules du sol et peut avoir un effet
immédiat sur les bactéries du sol. Cette étude démontre les différences entre la réponse des
communautés bactériennes a la pollution antibiotique dans les milieux enrichis et dans leur matrice
environnementale et expose les limites des études basées sur la culture dans la surveillance de la
résistance aux antibiotiques. En outre, il est nécessaire d'établir des liens entre les effets de la pollution
antibiotique et les propriétés du sol.
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Chapitre IV. Evaluation de la réponse du microbiome et résistome de 'eau a des
concentrations sous-inhibitrices de gentamicine

Les concentrations d'antibiotiques trouvées dans les environnements pollués par des humains sont
souvent sous-inhibitrices®, c'est-a-dire trop faibles pour provoquer une inhibition visible de la
croissance des bactéries sensibles en culture®®. Cependant, des concentrations sous-inhibitrices
d’antibiotiques peuvent provoquer une perturbation de la communauté microbienne. lls peuvent
souvent ralentir la croissance bactérienne®’ et la pression sélective qu'ils exercent peut étre suffisante
pour compenser le colt de la résistance, contribuant ainsi a la sélection des résistances. En fait, un
nombre croissant d’études montre que des concentrations sous-inhibitrices d'antibiotiques peuvent
sélectionner des bactéries résistantes aux antibiotiques®® et induire un large éventail de réponses, y
compris le quorum sensing, la persistance, la formation de biofilms et I'expression de génes impliqués
dans la résistance aux antibiotiques, la virulence et la réponse SOS*°. En outre, des concentrations
sous-inhibitrices d'antibiotiques peuvent sélectionner des mutants avec un colt de maintenance
inférieur a ceux sélectionnés a des concentrations inhibitrices®” et peuvent étre suffisantes pour le
maintien des plasmides de multirésistance®®. Ces concentrations peuvent également stimuler
I'intégration des genes de résistance aux antibiotiques dans les éléments génétiques mobiles et la
diffusion via le transfert horizontal des génes®™®3. Par conséquent, certains antibiotiques peuvent
sélectionner des résistances indépendamment de leur dose et des concentrations inférieures a la
concentration minimale inhibitrice des bactéries sensibles pourraient contribuer au développement
des résistances autant que des concentrations inhibitrices.

La majorité des études publiées visant a élucider les effets des concentrations sous-inhibitrices
d'antibiotiques sur les communautés bactériennes et leur résistome fondent leurs résultats sur des
approches basées sur la culture bactérienne. Les bactéries doivent posséder des genes impliqués dans
la résistance aux antibiotiques qui sont traduits en protéines pour pousser dans des milieux pollués
par des antibiotiques. Par conséquent, les approches basées sur la culture fournissent des preuves
phénotypiques de la résistance aux antibiotiques et des mécanismes impliqués. Cependant, ces
approches visent une partie réduite de la communauté bactérienne dans des conditions in vitro
établies et ne tiennent pas nécessairement compte de la complexité des milieux naturels, ou la
croissance bactérienne et les interactions sont influencées par plusieurs facteurs et les effets des
antibiotiques sur le microbiome peuvent varier. Les études métagénomiques évitent les biais des
études basées sur des cultures et permettent d'accéder a une proportion beaucoup plus large du
microbiome environnemental sans altérer les conditions de la matrice environnementale. Néanmoins,

les genes et taxons identifiés a I'aide d'approches métagénomiques ne répondent pas nécessairement
activement a I'antibiotique. Ainsi, la combinaison d'études métagénomiques avec des analyses basées
sur I'ARN devrait permettre de mieux comprendre les taxons et les genes impliqués dans la réponse

aux concentrations sous-inhibitrices d'antibiotiques.

Dans cette étude, nous avons cherché a déterminer si les concentrations sous-inhibitrices
d'antibiotiques induisent une réponse au niveau taxonomique ou fonctionnel dans le milieu aquatique
et a établir des relations entre la dose d'antibiotique et I'ampleur de la réponse, en utilisant la
gentamicine comme modéle. La gentamicine est un aminoglycoside utilisé a la fois pour la thérapie
humaine et vétérinaire, et des concentrations résiduelles de gentamicine excrétée ont été détectées
dans les stations d'épuration des eaux usées®. Il a été démontré que la gentamicine a des
concentrations sous-inhibitrices induisait le développement des résistances dans des cultures pures®.
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De plus, les genes de résistance aux aminosides sont largement distribués dans les intégrons
chromosomiques et plasmidiques de classe 1%, qui sont considérés comme des facteurs majeurs de
dissémination des résistances aux antibiotiques®’. Ainsi, en utilisant une combinaison de
métagénomique et d'analyses basées sur I'ARN, les bactéries et les génes impliqués dans la réponse
environnementale a la gentamicine a des concentrations sous-inhibitrices dans les microcosmes d'eau
de riviere ont été identifiés et des cassettes d'intégrons de classe 1 ont été séquencées pour cribler les
geénes de résistance aux aminosides. Nous avons émis I'hypothese que les concentrations inhibitrices
de gentamicine induiraient une réponse plus forte que les concentrations sous-inhibitrices, mais que
les derniéres provoqueraient des changements dans la composition des communautés microbiennes
et augmenteraient I'abondance et la transcription des génes liés a la résistance aux aminosides que
I'on peut trouver en classe 1 intégrons. Des microcosmes d’eau du Rhone ont été pollués avec deux
concentrations sous-inhibitrices et une concentration inhibitrice de gentamicine pour évaluer
I'ampleur de la réponse du microbiome et du résistome de I'eau a cette pollution. Les effets de la
gentamicine a des concentrations inhibitrices et sous-inhibitrices a différents temps d'exposition ont
été évalués en analysant la croissance globale et les niveaux de transcription, la composition des
communautés bactériennes totales et actives et I'abondance et la transcription de I'ARG sur les
microcosmes de |'eau. Les intégrons de classe 1 ont été séquencés et criblés pour les génes de
résistance aux aminosides, et des relations dose-réponse ont été établies entre les concentrations de
gentamicine mesurées dans l'eau par HPLC-MS / MS et |'abondance et I'expression des génes de
résistance aux aminoglycosides mesurées par qPCR / RT-qPCR.

Les résultats obtenus montrent qu’une concentration sous-inhibitrice de 50 ng de gentamicine par ml
d'eau, qui n'a pas eu d'incidence sur la taille de la communauté bactérienne, a provoqué une
augmentation significative des niveaux globaux de transcription aprés 2 jours d'exposition et induit
des changements dans la composition des communautés bactériennes totales et actives, augmentant
I'abondance des Limnohabitans aprés seulement 1 jour d’exposition. De plus, I'assemblage hybride de
séquences métagénomiques courtes et longues séquencées a |'aide des technologies lllumina MiSeq
et Oxford Nanopore, respectivement, a permis I'obtention d'un Limnohabitans MAG contenant une
séquence partielle du géne aac(6')-1b8, un géne codant pour une aminoglycoside acétyltransférase
impliquée dans la résistance a la gentamicine. Finalement, la pollution par la gentamicine a 50 ng/ml
a induit une augmentation de I'abondance et de la transcription des genes aac(6') aprés 2 jours
d'exposition, bien que I'ampleur de cette réponse soit inférieure a 800 ng/ml, une concentration
inhibitrice de gentamicine qui provoque l'inhibition de la plupart des membres de la communauté et
la sélection de clones résistants a la gentamicine. Ces génes sont au moins en partie présents dans les
intégrons de classe 1 et pourraient donc étre mobilisés et disséminés dans I’environnement et aux
microbiomes humain et animal.

Iy

Cette étude est la premiére a montrer que des concentrations sous-inhibitrices de gentamicine
induisent une réponse dans le microbiome et le résistome environnementaux in vivo et établissent des
liens entre la dose d'antibiotique et I'ampleur de la réponse. Ces résultats supportent la crainte que
des concentrations sous-inhibitrices d'antibiotiques puissent sélectionner des résistances dans

t56

I'environnement>® et méritent donc plus d'attention lors de I'évaluation des risques associés a la

pollution environnementale par les antibiotiques.
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Chapitre V. Evaluation des effets des facteurs anthropiques et environnementaux sur
le microbiome et le résistome de la neige

Les montagnes, et en particulier leur couverture neigeuse, sont un indicateur sensible du changement
climatique. Les montagnes abritent environ un tiers de toutes les especes terrestres et fournissent de
I'eau a prés de la moitié de la population mondiale®. Les montagnes se réchauffent a un rythme
similaire & celui de I'Arctique® , avec des impacts sur I'environnement (rétrécissement des glaciers,
dégradation du pergélisol, inondations, changements dans la distribution des espéces et des
écosystémes) et sur les sociétés (tourisme d'été et d'hiver). Une source majeure d'incertitude est la
mesure dans laquelle les activités humaines interagissent avec les facteurs climatiques pour modifier
les processus biogéochimiques et la santé et le fonctionnement des écosystemes. Parmi les activités
connues pour avoir un impact sur les écosystemes alpins, le tourisme est souvent cité. Le tourisme
peut avoir une gamme d'impacts positifs et négatifs sur les écosystemes, les communautés et les
économies de montagne’®. Les activités touristiques impliquent souvent le développement et
|'utilisation intensive de pistes, de sentiers et de pistes sportives par des véhicules, des transports non
motorisés et des piétons. La présence des visiteurs est également généralement concentrée dans de
petites zones, ce qui contribue a I'augmentation du bruit et des déchets. Les effets environnementaux
négatifs du tourisme peuvent inclure le défrichement de la végétation et I'érosion des sols, la
modification des paysages et des débits d'eau critiques, la pollution de I'eau et de l'air, et le
déplacement de la faune ou des changements de comportement’. L'introduction d'espéces et de
maladies exotiques et envahissantes peut également avoir un impact négatif important sur
I'environnement’?,

De plus, la neige est reliée a I'atmosphere, qui est considérée comme I'une des principales sources de
micro-organismes dans la neige et permet le transport a grande vitesse de la poussiere atmosphérique
dans la neige’?. Des génes de résistance aux antibiotiques et des agents pathogénes polluant
I'atmosphére peuvent étre déposés sur Terre par les chutes de neige, ce qui pourrait augmenter leur
dissémination’®’*, De plus, les microorganismes présents dans la neige sont mieux adaptés au
transport atmosphérique que d'autres microorganismes’® et les bactéries résistantes aux antibiotiques
des sites de neige pollués pourraient potentiellement disséminer vers des environnements éloignés.
Des bactéries résistantes aux antibiotiques et des genes de résistantes aux antibiotiques présents dans
la neige pourraient également étre disséminés dans I'eau douce par la fonte des neiges’®, ce qui a son
tour pourrait augmenter le risque de maladies d'origine hydrique.

Malgré ces impacts potentiels, I'effet du tourisme d’hiver sur la santé et le fonctionnement des
écosystemes de montagne reste a élucider. L'objectif de cette étude est de pallier ce manque
d'information en étudiant I'impact du tourisme d’hiver sur les écosystemes de montagne enneigés.
Des échantillons de neige ont été prélevés sur deux bassins situés dans le parc national de Karkonosze,
dans les Sudety Mountains en Pologne; un bassin Czarny Kociol Jagniatkowski non affecté et un bassin
Kociol Malego Stawu soumis a des activités humaines bien documentées telles que le tourisme et le
développement de chalets. De plus, des échantillons présentant différents niveaux de végétation ont
été récupérés dans les deux bassins.

L'hypothése principale de cette recherche était que les facteurs environnementaux et anthropiques
ont un impact sur I'écologie de la neige et induisent des changements dans le microbiome de la neige
et le résistome antibiotique en fournissant aux communautés bactériennes des niveaux plus élevés de
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carbone organique et d'autres nutriments. Cela favoriserait la croissance d'une communauté
bactérienne plus abondante, ce qui a son tour augmenterait I'abondance du résistome. Des recherches
antérieures menées par notre groupe montrent que des niveaux accrus d'acides organiques induisent
une compétition et augmentent I'abondance des génes de résistance aux antibiotiques dans la neige”’,
et qu'ils favorisent également I'établissement d'une communauté plus métaboliquement active’®. Par
conséquent, les sources anthropiques et environnementales de carbone organique pourraient
stimuler la concurrence et la prolifération des génes de résistance aux antibiotiques dans la neige.
L'impact de la végétation et de I'activité anthropique sur le microbiome et le résistome de la neige a
été évalué a I'aide d'une approche métagénomique (séquencage de la région V3-V4 du gene 16S de
I’ARNr et séquencage métagénomique) et qPCR (amplification du gene 16S de I’ARNr). La taille, la
composition, la richesse et la diversité des communautés bactériennes ont été les paramétres choisis
pour déterminer les effets des facteurs anthropiques et environnementaux sur le microbiome de la
neige, tandis que leurs effets sur le résistome des neiges ont été évalués par la détermination de la
taille et de la composition du résistome, ainsi que la richesse et la diversité des genes de résistance
aux antibiotiques.

Les résultats de cette étude appuient I’hypothése proposée. Premieérement, des niveaux plus élevés
de végétation environnante ont augmenté la biomasse bactérienne, réduit la diversité des genres et
faconné la composition des communautés bactériennes dans la neige. En fait, plusieurs genres qui
étaient plus abondants dans les sites avec des niveaux plus élevés de végétation environnante utilisent
le carbone comme source de nutriments, et les différences d'abondance des genres se sont accrues
parallelement aux différences dans la végétation environnante. De plus, la taille du résistome a été
augmentée dans les sites avec plus de végétation environnante, et cette augmentation était liée a
I'augmentation de la biomasse bactérienne. Enfin, le nombre de génes de résistance aux antibiotiques
conférant une résistance a toutes les classes d'antibiotiques identifiées dans la neige était plus élevé
dans les sites avec des niveaux plus élevés de végétation environnante, tout comme I'abondance de
plusieurs génes de résistance aux antibiotiques.

Concernant l'activité anthropique, ces recherches suggérent qu'elle induit des modifications du
résistome des neiges tout en ayant un impact limité sur la composition des communautés bactériennes.
Bien que des niveaux de biomasse bactérienne plus élevés aient été détectés dans les sites soumis a
une activité anthropique, les facteurs anthropiques n'ont pas montré un fort impact sur la richesse et
la diversité des genres ou la composition globale de la communauté, et les différences trouvées dans
I'abondance des genres liées a I"'activité anthropique étaient beaucoup plus faibles que celles liées a
la végétation environnante. Etant donné que les sites soumis & une activité anthropique étaient
entourés de végétation et que les bactéries du microbiome humain ont peu de chances de survivre
dans des environnements extrémes, les effets supplémentaires des déchets anthropiques peuvent ne
pas nécessairement avoir un impact sur la communauté bactérienne principale. Cependant,
I'augmentation de la taille de la communauté bactérienne dans les sites pollués par I'homme a été
suivie d'une augmentation de la taille du résistome et du nombre de séquences de génes de résistances
aux antibiotiques associées a plusieurs classes d'antibiotiques. Enfin, neuf génes impliqués dans la
résistance a six classes d'antibiotiques ont été trouvés plus abondants dans les sites pollués
anthropiques que dans la neige vierge. Ainsi, ces résultats soutiennent I'hypothése que les activités
humaines générent des quantités accrues de déchets qui fournissent au microbiome de la neige un
supplément de carbone organique, stimulant la compétition et la prolifération des ARG de la méme
maniéere que la présence de végétation.
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Chapitre VI. Conclusions et perspectives

La pollution anthropique de I'environnement avec des concentrations résiduelles d'antibiotiques et de
polluants biologiques (bactéries résistantes aux antibiotiques et génes de résistance aux antibiotiques)
est une source de préoccupation majeure. Les antibiotiques peuvent imposer une pression sélective
dans le microbiome environnemental stimulant le développement et la dissémination de résistances
aux antibiotiques, potentiellement méme a des concentrations sous-inhibitrices. De plus, la
contamination biologique peut contribuer au réservoir du résistome environnemental, et les
nutriments organiques présents dans les déchets générés par les activités humaines peuvent avoir un
impact sur |'écologie microbienne environnementale et favoriser des changements dans le résistome
environnemental. Dans les deux cas, les résistances aux antibiotiques présents dans I'environnement
sont susceptibles de disséminer aux microbiomes humain et animal, aggravant encore la crise
antibiotique a laquelle nous sommes actuellement confrontés. En revanche, les interactions entre les
polluants chimiques et biologiques et le microbiome environnemental récepteur sont affectées par
des facteurs environnementaux et les propriétés physico-chimiques de la matrice environnementale.
Des recherches sont fortement nécessaires pour déterminer i) I'amplitude de la réponse du
microbiome et du résistome environnementaux aux polluants chimiques et biologiques et la relation
entre cette réponse et les facteurs environnementaux, ii) le potentiel de mobilisation et de
dissémination de la résistance aux antibiotiques dans I'environnement, et iii) le risque de transfert des
ARB et ARG environnementaux vers le microbiome humain et animal.

L'objectif principal de cette thése était de fournir des éléments pour aider a élucider des questions
majeures concernant le développement des résistances aux antibiotiques dans I'environnement sous
pollution anthropique. Cette recherche a été divisée en trois axes principaux :

Dans un premier temps, une étude méthodologique visant a répondre a la question «Est-ce que la
découverte de la richesse taxonomique et fonctionnelle/des génes de résistance dans le sol est plus
impactée par les méthodes d'extraction des acides nucléiques ou par la profondeur de séquengage?».
Les résultats de cette étude montrent que la profondeur de séquencgage a un impact plus important
sur la découverte de la richesse taxonomique et fonctionnelle que le choix d'une méthode d'extraction,
et que la raréfaction des séquences a une profondeur égale conduit a |'attribution de genres et de
classes fonctionnelles uniques qui ont été réellement détectés par plus d'une méthode avant
raréfaction. Par conséquent, le choix d'une méthode d'extraction d'ADN ou d'ARN semble moins
critique que la nécessité d'optimiser les techniques de séquengage a haut débit pour étudier les
communautés microbiennes du sol et leurs fonctions associées. En revanche, la découverte de la
richesse des genes de résistance aux antibiotiques est fortement impactée par la variation de la
composition du résistome entre échantillons. Des variations entre méthodes ont également été
détectées.

Les biais associés a la profondeur de séquencgage Illumina MiSeq ont été considérés tout au long de
cette these. Il a été observé que la diversité bactérienne plus élevée dans les microcosmes du sol que
dans les enrichissements bactériens du sol était probablement la cause de la qualité inférieure de
I'assemblage obtenu a partir des séquences métagénomiques du microcosme du sol, soulignant la
nécessité de technologies de séquencage plus approfondies pour couvrir la diversité bactérienne du
sol et analyser avec précision le résistome du sol en utilisant des approches métagénomiques (chapitre
lll). De plus, le séquencage a lecture longue utilisant la technologie Oxford Nanopore et I'assemblage
hybride de lectures courtes et longues ont montré une amélioration de la complétion et de la définition
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des génomes assemblés a partir de métagénomes de |'eau, prouvant son importance dans |'analyse
métagénomique du résistome de communautés complexes (chapitre 1V). En outre, des analyses de
gPCR ont été effectuées pour compléter le séquencage d'lllumina MiSeq lors de I'évaluation de
I'abondance des génes de résistance aux antibiotiques (chapitres Il et IV), et le besoin d'une validation
gPCR supplémentaire des différences d'abondance de genes de résistance aux antibiotiques identifiées
par du séquencage métagénomique a été signalé lorsque ces analyses n'ont pas pu étre effectuées en
raison de contraintes de temps (chapitre V).

Deuxiemement, la réponse a la pollution par la gentamicine aux concentrations inhibitrices et sous-
inhibitrices a été évaluée dans deux environnements, le sol et I'eau douce, afin de répondre aux
guestions «Les concentrations sous-inhibitrices de gentamicine peuvent-elles induire une réponse
dans le microbiome environnemental et le résistome?», "Quel est le lien entre la dose de gentamicine
et I'ampleur de cette réponse?" et «Cette réponse est-elle cohérente entre les environnements?». Ces
deux études illustrent comment les effets du méme antibiotique sur différents environnements sont
fortement dépendants des facteurs environnementaux et des propriétés physico-chimiques. Cela
surligne la nécessité d'une surveillance de la pollution par des antibiotiques dans un large éventail de
contextes environnementaux et de la mesure systématique des concentrations d'antibiotiques et la
caractérisation des propriétés physico-chimiques de I'environnement, ainsi que de séries temporelles
pour tenir compte des changements saisonniers du milieu environnemental et de son microbiome
associé.

Ces études soulignent également les limites des termes «sous-inhibiteur» et «inhibiteur» dans des
environnements complexes. Puisque ces termes sont définis dans des cultures de souches isolées, ils
peuvent ne pas étre précis pour illustrer ce qui se passe chez des communautés environnementales
complexes dans leur milieu naturel. Les recherches menées dans cette thése montrent que des
concentrations sous-inhibitrices peuvent stimuler le développement de résistances in vivo et que des
concentrations inhibitrices peuvent ne pas impacter le résistome environnemental, en fonction des
interactions entre I'antibiotique, la matrice environnementale et son microbiome. Ainsi, ces résultats
suggerent qu’il faut préconiser des études sur des microcosmes et de terrain lorsque cela est possible,
car les études basées sur la culture ciblent une proportion réduite du microbiome environnemental et
ne prennent pas en compte les facteurs environnementaux. Par conséquent, la réponse observée a
|'aide de ces approches ne refléte pas nécessairement ce qui se passe dans |I'environnement.

Néanmoins, ces études évaluent les effets a court terme d'une dose unique d'un seul antibiotique dans
une seule matrice environnementale. Cette approche laisse plusieurs questions sans réponse.
Premiérement, la biodisponibilité de la gentamicine pourrait augmenter a plusieurs doses ou a des
temps d'exposition plus longs dans le sol et provoquer des perturbations a long terme sur les
communautés microbiennes a un niveau superficiel, et I'étude sur I'eau douce ne fournit aucune
information sur la réponse du microbiome environnemental a des temps d'exposition plus longs ni de
la persistance de la résistance en l'absence de pression sélective imposée par |'antibiotique.
Deuxiemement, différents sols ou environnements d'eau douce pourraient répondre différemment au
méme antibiotique, et des modeles devraient étre établis pour relier la composition de la matrice
environnementale et/ou les conditions environnementales et la réponse observée -ou |'absence de
réponse-. Troisiemement, une combinaison d'antibiotiques a des concentrations sous-inhibitrices peut
refléter plus précisément la situation se déroulant dans I'environnement. Il a été démontré que
I'association de plusieurs antibiotiques a des niveaux sous-inhibiteurs peut modifier le résultat de la
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sélection de résistance in vitro®®. Par conséquent, des études analysant I'effet des antibiotiques
combinés (et des agents co-sélectifs tels que les métaux et les biocides) a des concentrations sous-
inhibitrices sur le microbiome environnemental et le résistome sont fortement nécessaires pour
fournir des informations plus réalistes pour |'évaluation des risques. Enfin, ces expériences se
concentrent sur les effets de la pollution par la gentamicine sur le développement des résistances aux
antibiotiques dans I'environnement, et elles n'ont pas été congues pour analyser la mobilisation et la
diffusion des résistances aux antibiotiques dans I'environnement et la probabilité de transfert vers les
microbiomes humains et animaux. Tous ces éléments sont essentiels pour acquérir une
compréhension plus approfondie du risque posé par la pollution de I'environnement par des
antibiotiques et devraient étre envisagés dans un futur.

Finalement, une étude de terrain visait a éclairer la question «l'activité anthropique a-t-elle un impact
sur la composition du microbiome et du résistome dans les environnements froids?». Cette recherche
montre que certains organismes réagissent aux changements environnementaux provoqués par la
végétation environnante et l'activité anthropique dans la neige. Il s'agit de la premiere étude a
démontrer que le tourisme d’hiver induit des changements dans le résistome de la neige sans avoir un
fort impact sur les communautés bactériennes. Cela suggére que les activités anthropiques pourraient
polluer la neige par l'apport de matiere organique présente dans les déchets et stimuler le
développement de résistances aux antibiotiques dans le microbiome de la neige qui pourraient étre
disséminées par la suite dans I'atmosphéere ou par la fonte des neiges. Cela met en évidence la
nécessité de faire des études sur le développement de la résistance aux antibiotiques dans des
environnements pollués par les activités humaines et la prise en compte des sources organiques de
pollution en plus des polluants biologiques (génes de résistance aux antibiotiques et de bactéries
résistantes aux antibiotiques). Cependant, I'augmentation de I'abondance des génes de résistance aux
antibiotiques spécifiques dans les sites pollués par des activités humaines devrait étre validée par qPCR,
et des études complémentaires devraient évaluer le potentiel de dissémination de ces génes.
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Chapter I. A review on the effects of anthropogenic environmental
pollution on antibiotic resistance development and dissemination

Abstract

Since the discovery of antibiotics during the 20 century, antibiotic therapy has enabled the treatment
of infectious diseases and drastically reduced the mortality caused by bacterial pathogens. However,
during the last few decades, new cases of antibiotic resistance in clinics and the emergence of
Multidrug Resistant (MDR) clones worldwide have increased concerns and healthcare stress that may
result in antibiotic therapy failure and the beginning of a post-antibiotic era. Antibiotics and antibiotic
resistance predate the discovery of antibiotics by hundreds of thousands of years. However, the
industrialization and extensive use of antibiotics in humans and animals has imposed a selective
pressure without precedents on medical and agricultural bacterial communities and accelerated the
development of antibiotic resistance in these communities at a global scale. This selective pressure can
induce the acquisition of resistance traits through vertical evolution -mutations on a single strain that
transfers the resistant trait to its progeny- and by horizontal gene transfer (HGT). Socioeconomic
changes that have taken place since the Industrial Revolution also favor the worldwide dissemination
of antibiotic resistant bacteria (ARB) and antibiotic resistance genes (ARGs) through travel and global
trade. However, the interconnection between human, animal and environmental microbiomes and the
anthropogenic impact on non-human microbiomes may also affect the outcome of antibiotic
resistance in human pathogens.

Antibiotics are used worldwide to treat diseases caused by human and animal pathogens and for
therapeutic and growth promotion in aquacultures and crops worldwide. This use of antibiotics can
select for resistances in the animal microbiome and then can be disseminated to the human
microbiome through direct contact and food consumption (zoonotic diseases). Furthermore, wild
animals and pets can also act as vectors of antibiotic resistance to the human microbiome. On the
other hand, antibiotic production and consequently antibiotic resistance have existed for as long as
bacteria themselves in the environmental microbiome and today both pristine and urban
environments are reservoirs of antibiotic resistance. However, as a consequence of anthropogenic
activities, residual concentrations of antibiotics, ARGs and ARBs reach the environment mainly through
wastewater treatment plants, manure fertilization, and the release from antibiotic producing facilities.
This results in the development and selection of antibiotic resistance in environmental ecosystems and
the dissemination of ARGs and ARBs from the environment to animal and human microbiomes.
Nonetheless, the scope of this phenomenon remains unclear. This review will identify scientific
advances and knowledge gaps concerning the effects of biological and chemical pollutants on
environmental resistance development and dissemination.
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A brief introduction of antibiotics and antibiotic resistance

The discovery of antibiotics during the 20" century is one of the major breakthroughs of modern
science. Since Fleming’s discovery of penicillin in 1928, the isolation of new compounds with
antimicrobial activity and the development of antibiotic therapy has enhanced the treatment of
bacterial infections that have provoked pandemics with dramatic consequences during the Medieval
Era? and were the main cause of death at the beginning of the 20™ century®. The main classes of
antibiotics used in human therapy target a fairly reduced variety of processes*®. Penicillins,
cephalosporins, carbapenems, monobactams and glycopeptides inhibit cell wall synthesis, whereas
sulphonamides and trimetophim interfere in the folic acid metabolic pathway (Figure 1). Other classes
of antibiotics target the synthesis and expression of genetic material: fluoroquinolones interfere with
DNA replication by inhibiting the DNA gyrase; rifampin inhibits the DNA-dependent RNA-polymerase
and consequently RNA synthesis; and several antibiotic classes inhibit the synthesis of proteins by the
ribosome. Tetracyclines and aminoglycosides target the 30S subunit of the ribosome, whereas
macrolides, chloramphenicol and clindamycin target the 50S subunit. In addition, oxazoliodonones
bind a different target in the 50S subunit of the ribosome and inhibit the formation of the 70S initiation
complex.

Since their discovery, these antibiotics have been widely used to treat primary and opportunistic
infections caused by bacteria. However, over the last decades, a continuous increase in antibiotic
resistance in clinics>® has led to the failure of antibiotic therapy and the re-emergence of several
infections that were considered to be under control®’. The mechanisms conferring resistance to
antibiotics have been thoroughly reviewed elsewhere®*, The main resistance mechanisms found in
pathogens can be classified in three groups (Figure 2)8: those that reduce the concentration of
antibiotics in the bacterial cell by a decreased penetration or an increased efflux, those that modify
the target preventing the binding of the antibiotic and those mediated by enzymes that inactivate the
target by hydrolysis (i. e. beta-lactamases) or modification (i. e. methyltransferases). Generally, the
reduction of intracellular antibiotic concentration confers a lower level of resistance than target
modification and antibiotic inactivation®. However, several pathogens overexpressing efflux pumps
have been found in clinics!?*3. Several different resistance mechanisms can affect the performance of
a single antibiotic: some antibiotic classes are influenced by more than one — or even all — of these
mechanisms!®. For example, resistance to beta-lactams can be mediated by hydrolysis, by target
alteration and by an increased efflux.

Antibiotic production is far more ancient than their discovery by the scientists in the 20" century.
Antibiotics are naturally produced by bacteria as a mean of competition with other microorganisms
that share the same environmental nichel®. Therefore, antibiotic resistance is probably as ancient as
antibiotic production, since antibiotic-producing bacteria would themselves need to be resistant and
would impose a selective pressure on their neighbors that force them to adapt to this selective
pressure and develop or obtain antibiotic resistance that would enable their survival. Several studies
demonstrate that both antibiotics and antibiotic resistance have been here long before Fleming’s
scientific breakthrough. A study carried out in 1980 provided evidence of exposure to tetracycline in a
bone that predated the antibiotic era by at least 1400 years'®, whereas a more recent metagenomic
analysis of 30000 year-old permafrost sediments identified genes conferring resistance to several
antibiotics, such as B-lactams and tetracyclines'®. The presence of antibiotic resistance genes has also
been observed in the human microbiome of people living in a village in South America with no known
exposure to commercial antibiotics?’. Thus, the human microbiome has potentially been exposed to
antibiotics since long before their use in clinics. Even though antibiotic resistance predates the
discovery of antibiotics, resistance development in a closed niche, such as the Amerindian village,
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would not imply a global threat per se. However, the use, overuse and misuse of antibiotics to treat
human infections over the last century has applied an increasingly strong selective pressure on the
human microbiome and increased the development rate of antibiotic resistance® and the
dissemination of resistance genes in the human microbiome. Resistance has now been identified for
all antibiotics classes used in human therapy during the 20'" century>**!°, The mechanisms underlying
resistance development and dissemination need to be understood in order to determine to what
extent selective pressure in the environment affects the rise of resistance in human and animal
microbiomes and pathogens.
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Figure 1. Targets of antibiotics. The main classes of antibiotics exploited by humans inhibit cell-wall synthesis,
DNA synthesis, RNA synthesis, protein synthesis or folic acid metabolism. Figure from Lewis, 20134,
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One of the main concerns regarding human health is the emergence of multidrug-resistant (MDR)
bacterial clones?>?. These clones present highly-conserved genomes?? that are consistent with their
recent acquisition of their resistance mechanisms®® and are often easily disseminated over large spatial
distances even to other continents?2*, This ability to acquire and disseminate antibiotic resistance
genes threatens antibiotic efficacy even for last-generation antibiotics. We are approaching the “post-
antibiotic era” and unless alternative therapy options are developed or the spread of antibiotic
resistances in human pathogens is reduced, antimicrobial therapy will no longer be effective. This
would have dramatic consequences for human health. The inability to use antibiotics would affect the
outcome of surgical procedures, transplantations or chemotherapy? in addition to the expected
dramatic increase in mortality due to bacterial infections. Given the urgency of the situation, a global
effort is needed in order to respond to the threat imposed by antibiotic resistance worldwide.
Understanding the different factors that contribute to the rise of antibiotic resistance in human
pathogens is critical.
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Figure 2. Mechanisms of antibiotic resistance. Resistance mechanisms include the reduction of intracellular
antibiotic concentrations by a decreased penetration or an increased efflux, target modification and enzymatic
inactivation of the the target by hydrolysis or modification. Figure from Lewis, 2013%.

32



Antibiotic resistance dissemination: Horizontal Gene Transfer (HGT) and Mobile Genetic
Elements (MGE)

Bacteria can be intrinsically resistant to an antibiotic?® and/or acquire resistance through mutations of
their genes and by horizontal gene transfer (Figure 3)?’. Mutations in bacterial genes that affect
antibiotic activity can happen during cell replication and be selected for and generate successful clones
by vertical transfer®2®, The strain that carries this mutation can proliferate in the presence of antibiotics
has a selective advantage. However, mutations can also generate a decreased fitness and are often
lost in the absence of selective pressure!!. On the other hand, antibiotic resistance can disseminate
from bacteria containing a resistance gene to sensitive bacteria sharing the same niche by means of
horizontal gene transfer (HGT)%2. HGT events have shown to contribute to the development of the
majority of antibiotic resistances currently found in pathogens?*=32, However, the contribution of
vertical evolution to the threat of antibiotic resistance must not be overlooked, since several mutant
strains have resulted in pathogens of clinical relevance®3¢. The three main mechanisms of HGT are
conjugation, transduction and transformation (Figure 3).
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Figure 3. Transmission of antibiotic resistance. Blue cells: antibiotic sensitive bacteria. Red cells: antibiotic
resistant bacteria. Resistance development can take place through two mechanisms: vertical evolution -the
mutation of bacterial genes and their transfer to the progeny- or by horizontal gene transfer by conjugation,
transduction or transformation. Figure from Sommer et al. 2017°.

Conjugation involves direct contact between the donor bacteria and its recipient and the acquisition
of new resistances through plasmids and integrative conjugative elements (ICE). Plasmids play a central
role in the dissemination of ARGs through HGT*. Conjugative plasmids may display a narrow or broad
host range, depending whether they are limited by a host phylogeny restriction®. Genes enabling
plasmid replication and vertical transmission and genes encoding for conjugation proteins form the
“backbone” core of housekeeping conjugative plasmid functions®. In addition, these plasmids contain
genes that may benefit their host under specific environmental conditions. In the case of resistance
plasmids, these genes include resistance genes as well as mobile genetic elements able to move within
and between DNA molecules, such as integrons and transposons?®. Transposons enable gene
recombination, integration and excision from the bacterial host chromosome to the conjugative
plasmid that mediates the horizontal transfer of the resistance gene to a recipient cell through
conjugation®.
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Integrons mediate the capture and expression of exogenous genes. The intl integrase catalyzes the
site-specific recombination of exogenous genes between the attC recombination site of the exogenous
gene cassette and the att/ recombination site of the integron (Figure 4). Several gene cassettes can be
integrated into the same integron cassette array. This recombination is reversible. Gene cassettes can
be excised as free circular DNA. The insertion of an exogenous gene at the att/ site enables its
expression by the integron promotor Pc*'. Integrons are present in chromosomes, but they also are
often associated to transposons and plasmids** to mediate their interchromosomal and intercellular
mobility, respectively. Several integron classes have been defined based on the phylogeny of the intl
gene. From these, class 1 integrons are often associated to ARGs, mobilized into transposons and
plasmids and found in human pathogens*. They have also been proposed as markers for
anthropogenic pollution®*.
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Figure 4. Recombination of exogenous gene cassettes. The intl integrase mediates the site-specific
recombination of exogenous gene cassettes between att/ and attC. Figure from Gillings, 20144,

Transposons are DNA segments that can move themselves and their associated resistance genes in a
non-site specific manner intra or inter-molecularly within a bacterial cell*. In order to be transferred
horizontally, these sequences need to be included in a plasmid. On the other hand, conjugative
transposons, also known as integrative and conjugative elements (ICEs), encode a functional
conjugation system that mediates their transfer between bacterial cells*. ICEs have been identified as
the most abundant conjugative elements in prokaryotes®. They are normally integrated in the host
chromosome as opposed to plasmids and are passively replicated within chromosomes. When the
expression of the ICEs genes that mediate the excision and conjugation is induced, the ICE excises from
the chromosome and can be transferred horizontally to a bacterial recipient?’. Thus, ICEs can be
disseminated both vertically and horizontally.

Conjugation is arguably the most efficient HGT mechanism* and poses a high risk for resistance
dissemination, since multiple genes conferring resistance to antibiotics, metals or quaternary
ammonium compounds can be located in the same gene cassette array as the gene selected under
antibiotic pressure. Therefore, even in the absence of selective pressure for the rest of the genes in
the plasmid or ICE, they can be co-selected with the gene that is primarily selected for*—%,
Furthermore, although conjugation often seems to be limited to phylogenetically-close bacteria and
plasmid-mediated conjugation often depends on the compatibility between the bacterial host and the
plasmid®, some conjugative elements can also be transferred among phylogenetically distant bacteria,
and increase the scope of antibiotic resistance dissemination.

34



Transduction involves the action of bacteriophages, which are the most abundant organisms in the
biosphere®®. Bacteriophages infect bacteria by attaching to specific receptors on their surface and
injecting their DNA (or RNA) in the bacterial genome. Virulent phages perform lytic cycles. They induce
the formation of phage particles and lyse the bacterial cell to release the newly assembled phages
instead of integrating their DNA into the host bacteria (Figure 4). On the other hand, the inserted DNA
of temperate phages, also called prophages, can be integrated in the host chromosome and/or
inserted as a free plasmid (Figure 5), and transmitted to the bacterial progeny (lysogenic cycle®”8).
The injection of genetic material through bacteriophages has a broader spectrum than the lysis of
bacterial cells®. Thus, ARGs in bacterial chromosomes and plasmids may be mobilized by phages
during the infection cycle and disseminated between different bacterial species sharing the same niche.
This gene mobilization can be carried out through generalized transduction, the mobilization of any
fragment of the bacterial genome and through specialized transduction or mobilization of a few
specific genes. In both cases, the survival of the inserted bacterial genes depends on the integration of
these genes into the recipient bacterial genome: the presence of genes encoding for recombinases,
integrases or transposases is critical for the acquisition of ARG in the recipient host®. Specialized
transducing phages include an integrase gene that increases the probability of successful integration.
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Figure 5. Infection and injection of DNA carried by phages into a bacterial host. After phage DNA insertion in
the bacterial host, either the lysogenic cycle (blue) or the lytic cycle (red) can be induced. Figure from Fortier,
2017°%

Finally, transformation takes place after the death and lysis of the donor bacterium, which releases its
DNA for its uptake by a recipient cell. Then, the exogenous DNA segment internalized in the recipient
cell is integrated into its genome by homologous (or heterologous) recombination. Thus, the newly
acquired genes that provide the recipient bacterium with resistance to environmental stressors such
as antibiotics can be transferred to their progeny®. Transformation is the only HGT mechanism that is
controlled by the recipient cell, which contains all the genetic mechanisms involved®®. However, this
mechanism has some ecological bottlenecks that limit its occurrence. In order to undergo
transformation, bacterial cells need to be competent®. Although competence can beinduced
chemically or physically in certain environments, not all bacterial taxa are naturally competent. In
addition, the proteins involved in competence of transformable bacteria are not expressed
systematically as their expression relies on specific conditions such as growth alterations®. Thus,
transformable bacteria are competent for a limited period of time in which transformation may take
place.
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Human, animal and environmental microbiomes and resistomes are interconnected

Along with the anthropogenic increase of the selective pressure imposed on bacteria, human society
itself has experienced a drastic change over the last century. Now, international trade and tourism are
critical to the global economy. This increased contact between individuals and environments from
distant places also affects the resistance profile of the human microbiome and stimulates resistance
dissemination around the planet®®7. In addition, the interconnection between the human, animal and
environmental microbiomes and the anthropogenic impact on non-human microbiomes may also
affect the outcome of antibiotic resistance in human pathogens.

Human and animal microbiomes are interconnected and infectious diseases caused by microorganisms
present in the animal microbiome can disseminate to humans through direct contact or food
consumption. The most recent and notorious example of this is the SARS-CoV-2 virus, which was
originally hosted by bats and quickly disseminated to the human microbiome worldwide®. In addition,
several food-born outbreaks caused by bacteria have been detected worldwide®®7°, Approximately 60%
of emerging diseases have a zoonotic origin’’. The use of antibiotics on animals has been widely
expanded over the last decades in order to prevent or treat infectious diseases as well as for growth
promotion purposes’. Both uses were mainly aimed at increasing production in order to satisfy the
demand for products of animal origin. These antibiotics can select for ARBs and ARGs and build a
reservoir of antibiotic resistance in farm animal microbiomes’. Antibiotic resistance can then
disseminate to the human microbiome either by food consumption and/or by direct contact, especially
to high-risk groups such as farm workers’®. Several studies link animal and the human microbiomes
and show evidence of a shared resistome between humans and farm animals’>’®. This kind of scenario
also applies to crops. Produce that harbors a wide range of ARB and ARG”””® and is often eaten raw
has been identified as the cause of several infectious outbreaks worldwide’?!. Due to the rising
concern about the triggering effect of antibiotic use in agriculture and aquaculture on resistance
development and dissemination, its use has been regulated in several countries®>®, However,
resistances can disseminate not only through food consumption, but also through pets and wild
animals, such as birds, insects, primates. Small mammals can act as vectors of ARB and ARG and
contribute to their dissemination around the world®°. Therefore, the animal resistome contributes
to resistance development in human microbiomes and consequently in human pathogens.

The selective pressure imposed by antibiotics in nature has been selecting for resistance long before
the human species started using them for their own purposes. Most of the antibiotics that were used
in human therapy during the 20™ century (some of which are still being used) have been isolated from
soil bacteria®. Both clinically important and novel ARGs have been identified in soil subjected to
relatively low anthropogenic pressure®®!. From a wider point of view, the environment can be
considered as a reservoir of antibiotic resistant bacteria (ARB) and antibiotic resistance genes
(ARGSs)?>%3, The ensemble of ARGs present in the environment is known as the environmental
resistome®. ARGs have been identified even in pristine environments such as a cave isolated for over
4 million years® and lakes subjected to low anthropogenic impact®. Several urban settings, such as
public restrooms®’, metro systems®, surface waters®, stormwater loadings'® and air'®* have also been
shown to harbor ARB and ARGs. Thus, both urban and pristine environments can be considered as
reservoirs of ARB and ARGs and these resistance determinants can spread under specific conditions
from the environmental resistome to commensal microorganisms and pathogens in the human
microbiome%219, Several resistance mechanisms found in clinics originated from environmental
bacterigl1%,
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Despite that antibiotic production and antibiotic resistance occur naturally in the environment, the use
of antibiotics in humans therapy and food production generates a flow of residual concentrations of
antibiotics, as well as ARB and ARGs'%1%, to the environment (Figure 6). These contaminants may
reach the environment through direct contact with humans, through hospital effluents, wastewater
treatment plants, and through direct contact with contaminated crops and animal urine and feces or
through manure applications for soil fertilization. Antibiotics from production plants may also be
unintentionally released to the environment. The effects of both chemical and biological
environmental pollutants on resistance development and dissemination are discussed below.
Generally, biological pollutants (ARB and ARGs) may integrate into the environmental resistome from
where they can disseminate back to the human microbiome. In addition, the selective pressure
imposed by residual concentrations of antibiotics on human, animal and environmental microbiomes
may enhance the development of antibiotic resistance!®%, the horizontal transfer of ARGs to
susceptible bacteria'’®, and the dissemination of ARB between the three compartments.
Environmental ARB and ARGs might disseminate to animal microbiomes by direct contact and to the
human microbiome by direct contact, through drinking water!'*!1?, vegetables and animal vectors.
Therefore, the anthropogenic input of antibiotics in the environment could result in the development
of new resistances in clinics.
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Figure 6. Routes of dissemination of antibiotics, ARB and ARG between humans, animals and the environment.
Residual concentrations of antibiotics, antibiotic resistant bacteria (ARB) and antibiotic resistance genes (ARG)
reach the environment mainly through hospital effluents, wastewater treatment plants, manure fertilization,
aquacultures or release from antibiotic producing plants. This may result in the development and selection of
antibiotic resistance in environmental settings and the dissemination of ARB and ARG between different
environmental compartments and from the environment to animal and human microbiomes, either through
direct contact with contaminated animals or environments or through food consumption or drinking water.
Figure from Vikesland et al. 20173,
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However, the proportion of ARGs found in pathogens is very low compared to those present in the
environment!*115_ This suggests that several bottlenecks regulate the dissemination of ARGs from
environmental bacteria to human pathogens. These bottlenecks have been reviewed elsewhere®?®,
Briefly, human pathogens need to share a niche with environmental bacteria in order to acquire
resistance mechanisms from them by horizontal gene transfer, whose rate is in turn influenced by the
phylogenic relation between the donor and the recipient!'’. In addition, the fitness cost of resistance
acquisition makes it unlikely for this dissemination to take place without a selective pressure (i.e.
environmental pollution with antibiotics, metals or biocides) and for the newly acquired ARGs to be
maintained in the genome of the human pathogen in the absence of selective pressure!'®. Only those
genes that present affordable fitness costs will successfully spread among bacteria. Thus, the scope of
resistance selection in the environment and the dissemination of resistances to the human
microbiome has not yet been elucidated!?®.

Humans, livestock and their products, wild animals and pets, plants and the environment form a global
resistome with shared elements between environments (Figure 7). As a consequence of the
interconnection between human, animal and environmental microbiomes and the dissemination of
antibiotic resistance between these environmental compartments®?°123 the “One Health” approach
has emerged to tackle the antibiotic resistance black box with a cross-disciplinary approach!?*. This
approach aims to incorporate resistance surveillance on agricultural and environmental settings,
especially those affected by anthropogenic activities instead of focusing only on clinical scenarios.
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Figure 7. The environmental and animal microbiomes are connected to human pathogens. Antibiotic resistance
in clinics mirrors and may originate from environmental compartments. Soil, aquatic, atmospheric, and built
environments, as well as wild, farm and domestic animals, can act as reservoirs of antibiotic resistance.
Furthermore, anthropogenic activities promote the selection and mobilization of resistance in these
environmental compartments that can disseminate to human pathogens causing clinical infections. Figure from
Surette et al. 2017%°.
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Consequences of anthropogenic activity on resistance development and dissemination in the
environment

Anthropogenic activities can pollute the surrounding environment with residual concentrations of
antibiotics used in human therapy, food production, and with biological pollutants (ARB and ARGs). In
the following section, the effects of both chemical and biological pollution on the environmental
microbiome and their potential consequences on human health will be discussed.

Environmental pollution with biological pollutants

Waste from humans and animals that have been exposed to antibiotics can contain antibiotic resistant
bacteria (ARB) and antibiotic resistance genes (ARGs). These may reach the environment through
wastewater treatment plants'?>12¢ and manure!?*13° and they are considered “hotspots” of ARB and
ARGs, which can survive in the environment even in the absence of selective pressure!®!. Effluents
from hospital and urban wastewater treatment plants reach lakes, rivers and coastal waters and they
are often reused for non-potable applications®3*33 such as soil irrigation. In addition, water sanitation
in developing countries is often scarce and the environment is often polluted with untreated
wastewater3*13>, On the other hand, the application of contaminated manure and fecal pollution from
aquacultures may affect the environmental microbiome and resistome®****’, The discharge of ARB and
ARGs into the environment may increase environmental resistance3®143, These biological pollutants
can disseminate back to the human and animal microbiomes*** through food ingestion, drinking
water and by direct contact while swimming in contaminated water'*® and contact with contaminated
crops, and thus create a loop between the human, animal and environmental microbiomes that may
compromise the efficacy of antibiotic therapy.

Yet, the scope of environmental contamination with biological pollutants remains unclear. For example,
whereas several studies point to treated sewage as a source of antibiotic resistance genes in the
receiving environment!#:14® even when trace levels of treated sewage are added to a receiving
environment'®, another study suggests a negligible effect of treated fecal pollution on the resistome
of the receiving environment®. Furthermore, geographical differences are reported between
environmental resistomes and associated with different socio-economic factors. Developing countries
with poorer sanitation systems presented the most divergent distribution of ARGs and were identified
as hotspots for antibiotic resistance emergence in a recent study®®l. Further research is needed to
assess the scope of pollution and the persistence of the biological pollutants in the receiving
environments, to determine to what extent the exposure to environments polluted with fecal ARB and
ARGs is associated to the dissemination of antibiotic resistance to the human microbiome, and to
provide quantitative data concerning routes of resistance dissemination from the environment to the
human microbiome®?,

Environmental pollution with chemical pollutants

Residual concentrations of antibiotics used in human therapy and animal production may reach the
environment through hospital, urban and agricultural wastewater effluents!>3, through untreated
sewage®™, animal feces and manure application’>>*>® and through intentional and accidental release
from antibiotic production plants®®’. These residual concentrations of antibiotics may impose a
selective pressure on environmental bacteria and result in the selection®® % development®,
mobilization'®! and dissemination of antibiotic resistance in the environment!®2. Furthermore, other
pollutants such as metals'®® and organic compounds'®* have been shown to co-select for antibiotic
resistance in the environment. ARB and ARGs selected in polluted environments may disseminate to
the human microbiome in the case of direct exposure and indirectly through animal vectors?’.
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However, the scope of this phenomenon and the consequences of environmental antibiotic pollution
on human health are not clear. Further research is needed to elucidate dose-response relationships in
the environment and to determine the mechanisms of resistance development and the rates of
dissemination of resistance acquired under selective pressure in the environment®,

The hypothesis of the selective window states that resistance selection only occurs at concentrations
between the minimal inhibitory concentration (MIC) of susceptible and resistant bacterial®®. The MIC
is defined as the minimal concentration of antibiotics that inhibits visible growth in culture®®’. Thus,
given that antibiotic concentrations found in natural and anthropogenically-polluted environments are
often sub-inhibitory!®® (i.e. too low to cause a visible growth inhibition of susceptible bacteria in
culture), their role on resistance development has been long overlooked. Nevertheless, sub-inhibitory
concentrations may cause a perturbation of the microbial community without inhibiting overall growth.
Sub-inhibitory concentrations are often sufficient to slow down bacterial growth'®® without causing
inhibition (Figure 8). Therefore, although sub-inhibitory, non-lethal concentrations of antibiotics would
not have an overall influence on bacterial community composition, the selective pressure they exert
may be sufficient to offset the cost of resistance, thereby, contribute to resistance selection’®.

ODEDU

TIME

Figure 8. Effects of sub-inhibitory concentrations of antibiotics on bacterial growth in culture. Sub-inhibitory
concentrations of antibiotics may slow down bacterial growth in culture without causing growth inhibition. These
effects may be observed as a delay on the offset of the exponential phase (purple) compared to bacteria growing
in media without antibiotics (blue), as a reduction of the slope of the curve (green) or both (orange). Nevertheless,
all curves at sub-inhibitory levels of antibiotic pollution reach the same plateau as the one without antibiotics
(i.e., sub-inhibitory concentrations of antibiotics do not inhibit visible growth). On the other hand, inhibitory
concentrations of antibiotics would visibly inhibit growth in culture (red).

Since environmental bacteria often produce antibiotics at sub-inhibitory concentrations, they may act
as signaling molecules in natural environments'’* and induce a wide range of responses in bacterial
communities. The responses induced by sub-inhibitory concentrations of antibiotics and their potential
for resistance selection have been described elsewhere'®”172, Briefly, an increasing body of evidence
shows that sub-inhibitory concentrations of antibiotics may induce quorum sensing, persistence,
biofilm formation and the expression of genes involved in antibiotic resistance, virulence and the SOS
response’’®. The induction of the SOS response has been related to increased mutation rates, an
activation of recombinases and the enhancement of horizontal gene transfer (HGT) by the induction
of prophages, integrative conjugative elements and transposons’#*’> that in turn would increase the
diversity of ARB and ARGs'’®. Furthermore, sub-inhibitory concentrations of antibiotics may also select
for ARB!® as illustrated by the strength of selection for blacrx.w genes at sub-inhibitory concentrations
appearing similar to that occurring at inhibitory concentrations!”’. Therefore, the idea of resistance
selection being proportional to antibiotic concentration is in jeopardy and at least some antibiotics
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select for resistance in a dose-independent manner and concentrations below the MIC of susceptible
bacteria may contribute to resistance development as much as concentrations between in the
selective window?”°.

These studies have used culture-based approaches to characterize the effects of sub-inhibitory
concentrations of antibiotics on individual strains and the cultivable fraction of complex communities.
So while they provide critical information about the ecological roles of sub-inhibitory concentrations
of antibiotics, these studies examined a small and specific portion of the bacterial community under
established in vitro conditions and do not necessarily account for the complexity of natural
environments'’?, where bacterial growth and interactions are influenced by several factors. For
instance, some PCR and gPCR based microcosm studies have observed a minor effect of spiked-in low
concentrations of tetracycline, doxycycline and streptomycin applied with manure on ARG diversity
and abundance in soil'’#718, Nevertheless, given that antibiotics can be adsorbed by soil at different
proportions depending on antibiotic structure and soil composition, each antibiotic-soil interaction will
probably have different effects on the resistome and the probability for resistance selection in
antibiotic-polluted soils cannot be underestimated. These studies targeted a limited set of genes and
do not necessarily provide a complete view of the impact of pollution with antibiotics at sub-inhibitory
concentrations on resistance development in soil. Therefore, studies combining metagenomics
resistome screening and quantitative measurements on the abundance of a selected set of genes may
provide a clearer view on the resistome response to antibiotic pollution at sub-inhibitory
concentrations.

Given the complexity of environmental biotic and abiotic factors, determining the scope of resistance
development and the risks associated to environmental antibiotic pollution at sub-inhibitory
concentrations remains a challenging task. In addition, the effects of sub-inhibitory concentrations on
complex communities may vary between the members of the community. While sub-inhibitory
concentrations of antibiotics might not have an overall lethal effect, this does not necessarily imply
that none of the members of a complex, environmental community will be sensitive to that antibiotic,
and therefore, selected against at “sub-inhibitory” concentrations. Therefore, fundamental research
is needed to determine whether sub-inhibitory antibiotic concentrations in natural settings can
promote resistance development and selection'®”%8! and to establish a quantitative relationship
between antibiotic concentration and selective force in the environment!®? in order to identify
threshold antibiotic concentrations that can impact the environmental microbiome and pose a
potential risk for human health.
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PhD objectives, approach and working hypothesis

Objective

The goal of this PhD was to evaluate the effects of anthropogenic environmental contamination on
antibiotic resistance development and dissemination in the environment. Two types of contamination
were analyzed separately. Firstly, the effects of chemical polluted with antibiotics were evaluated in
soil and water microcosms. Secondly, both pristine and anthropogenically-impacted snow samples
were analyzed to determine whether anthropogenic activities caused an increase in biological
pollutants in snow.

Effects of chemical environmental pollution on resistance development and dissemination

Hypothesis

Gentamicin would be highly adsorbed onto soil particles and its bioavailability would be reduced
shortly after administration. This added to the low activity of soil bacteria and the lower probability of
contact in a solid matrix would result in a lack of visible impact of gentamicin even at high
concentrations on the soil microbiome and resistome composition. If gentamicin had a small effect on
any individual bacterial genome, it would be non-detectable due to the high diversity of the soil
microbiome and the low abundance of most of individual members.

The increased contact between water bacteria (compared to soil bacteria) and the higher availability
of gentamicin in water would result in a more propitious environmental setting to promote resistance
development and dissemination due to sub-inhibitory concentrations of gentamicin. Thus, sub-
inhibitory concentrations of gentamicin would induce shifts in the bacterial community and would
increase the abundance and expression of ARGs without inhibiting overall community growth.

Approach

The effects of antibiotic environmental pollution on resistance development and dissemination in
environmental settings were evaluated using a microcosm approach. Firstly, new techniques for DNA
and RNA extraction from soil were compared to existent alternatives in order to improve access to the
soil microbial diversity. Then, a model antibiotic, gentamicin, was chosen to evaluate its effects on
microbial community, resistome composition and gene expression in the environment. Gentamicin is
an aminoglycoside used in both human therapy and food production for which enzymatic inactivation
is the most common resistance mechanism?®®%14 Gentamicin resistance genes are abundant and
diverse in several environmental settings, such as manure, animal feces or seawater®, and sub-
inhibitory concentrations of gentamicin have been shown to stimulate resistance selection and biofilm
formation in vitro® and resistance dissemination®’. Here, the concentrations that were inhibitory and
sub-inhibitory in soil and water bacteria enriched in culture media were determined by evaluating
bacterial growth. Agricultural soil microcosms were polluted with a range of inhibitory concentrations
of gentamicin from 1 pg/g to 1 mg/g of soil and culture-dependent and metagenomic approaches were
combined to analyze the difference in the response between the communities in enriched media and
environmental settings at several exposure times. The bioavailable fraction of gentamicin in soil was
measured by HPLC-MS/MS. In addition, river water microcosms were polluted with both inhibitory and
sub-inhibitory concentrations of gentamicin, and the response to soil microbial communities to
gentamicin pollution was evaluated, in order to determine whether sub-inhibitory concentrations of
gentamicin affected the river water microbiome and resistome. Class 1 integrons were sequenced and
screened for aminoglycoside resistance genes, and dose-response relationships were established
between gentamicin concentrations measured in water by HPLC-MS/MS and the abundance and
expression of aminoglycoside resistance genes measured by qPCR/RT-qPCR.
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Effects of anthropogenic activities on the snow microbiome and resistome

Hypothesis

Both environmental and anthropogenic factors influence snow ecology and induce changes in the
snow microbiome and antibiotic resistome by providing bacterial communities with higher levels of
organic carbon and other nutrients. This would support the growth of a more abundant bacterial
community that would increase the abundance of the antibiotic resistome. Previous research
performed by our group has shown that increased levels of organic acids induced competition and
increased the abundance of ARGs in snow!®. These increased concentrations also supported the
establishment of a more metabolically active community®®. Therefore, both anthropogenic and
environmental sources of organic carbon could stimulate competition and ARG proliferation in snow.

Approach

Snow samples were obtained from two watersheds located in the Karkonosze National Park in the
Sudety Mountains in Poland. One of them was subjected to human activities such as tourism and
cottage development and the other one was hypothetically unaffected by local anthropogenic activity.
In addition, snow with different levels of surrounding vegetation were sampled from both catchments.
DNA was extracted from snow samples and the impact of vegetation and anthropogenic activity on
the snow microbiome and resistome was evaluated using a metagenomics and gPCR approach.
Bacterial community size, composition, genus richness and diversity were the parameters chosen to
determine the effects of anthropogenic and environmental factors on the snow microbiome, whereas
their effects on the snow resistome were assessed by the determination of the size and composition
of the antibiotic resistome, as well as ARG richness and diversity.
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Chapter Il. Optimization of nucleic acid extraction from soil. Evaluation of
the effect of nucleic acid extraction and sequencing depth on taxonomic,
functional and ARG discovery.

Abstract

Soil ecosystems harbour the highest biodiversity on our planet. Although next generation sequencing
(NGS) techniques have increased our access to the soil microbiome, each step of soil metagenomics
presents inherent biases that prevent the accurate definition of the soil microbiome and its ecosystem
function. Biases related to nucleic acid extraction have been particularly well documented with no one
method being able to avoid them. In this study, we compared the phylogenetic and functional richness
detected by five DNA extraction methods and the phylogenetic richness measured by four RNA extraction
methods applied to two different soils. The V3-V4 hypervariable region of the 16S rRNA gene and cDNA
was sequenced to determine the taxonomical richness measured by each method at the genus level.
Functional and ARG richness were evaluated by metagenomics sequencing. Despite variable DNA
extraction methods, sequencing depth had a greater influence on bacterial richness discovery at both
taxonomical and functional levels than these extraction methods, whereas DNA extraction methods and
resistome variability between triplicates played a more important role than sequencing depth on ARG
richness discovery. Furthermore, at an equal sequencing depth, the differences observed between DNA
extraction methods in both soils were more likely a product of random subsampling than that of the DNA
extraction itself. Therefore, an optimization of each step of soil metagenomics workflow is needed in
order to sequence samples at an equal depth and to be able to perform more accurate metagenomics
comparisons.

Introduction

The soil ecosystem arguably harbours the highest diversity of microorganisms of any ecosystem?.
Unravelling the composition and function of the soil microbiome is critical to better understanding the
role of these microbial communities in soil function and ecosystem services. The use of next generation
sequencing (NGS) techniques has increased our access to the microbial communities present in soil,
especially to the large proportion of uncultured microorganisms®3. Nevertheless, each methodological
step from soil sampling to sequence annotation presents inherent biases that limit the depth and
reliability of soil microbiome analyses*”. Of all these biases, the ones associated with DNA extraction have
been particularly emphasized for their effects®°. DNA can be adsorbed by soil compounds such as clay'®,
which when combined with the presence of lysis-recalcitrant bacteria?, reduces DNA extraction efficiency.
Moreover, organic matter and humic acids that are known to potentially inhibit enzymatic reactions®® are
often co-extracted with DNA. These biases also apply to RNA extraction4, which is increasingly used to
identify potentially active communities and genes. Many studies have compared DNA and RNA extraction
methods and documented the biases imposed by lysis procedures®>8, This has provoked proposals of
different methods for nucleic acid extraction and purification from soil over the past few decades'>**? in
an attempt to obtain an unbiased picture of soil microbiome biodiversity®. Nevertheless, no method has
been shown to overcome all the biases described above and the debate on the choice of nucleic extraction
methods is still ongoing.

The criteria used to define the performance of a nucleic acid extraction method vary between studies and
range from nucleic acid yield to phylogenetic diversity. However, higher yields, purity, and integrity do
not always imply an improvement in bacterial diversity discovery*. Analyses of the relative abundance of
taxonomic groups have a limited potential for selecting nucleic acid extraction methods, since the biases
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associated with soil metagenomics prevent us from determining the actual distribution of soil microbial
populations within a community. Furthermore, nucleic acid extraction methods may modify the relative
abundance of detected communities without affecting bacterial richness discovery. The goal of this paper
was not to resolve the debate concerning the use of relative abundance versus richness. We believe that
bacterial richness measurements provide a more objective comparison of the performance of nucleic acid
extraction methods, since biodiversity calculations with a limited set of sequences are strongly biased by
evenness, which depends on the number of sequences. In addition, the actual relative abundances of the
soil microbiome remain unknown.

On the other hand, sequencing depth has also shown an important effect on bacterial discovery. Several
studies have shown that low sequencing depths may bias the evaluation of microbial communities, both
in terms of richness and diversity?!™2%. However, to the best of our knowledge, the relative contribution of
sequencing depth and DNA or RNA extraction to soil bacterial richness discovery has not been evaluated
yet. In this study, we compared the phylogenetic and functional richness detected by two novel semi-
automated methods for DNA extraction and purification to that measured by two commercial kits and the
phenol/chloroform method as described by Griffiths et al 2%, Since antibiotic resistance functions are rare
in the environmental microbiome, ARG richness discovery may be more unequal depending on
sequencing depth and, therefore, follow a different pattern than other functional richness discovery. Thus,
the ARG richness detected by these five methods was also assessed. Furthermore, we evaluated the effect
of sequencing depth on the taxonomic richness measured by two semi-automated methods for RNA
extraction and purification to that measured by a commercial kit and the phenol/chloroform method.
Nucleic acids were extracted from two soil samples and the V3-V4 hypervariable region of the 16S rRNA
gene and cDNA was sequenced to determine the Operational Taxonomic Unit (OTU). DNA and cDNA
richness measured by each method was defined at the genus level for each sequence using the Ribosome
Database Project (RDP) database and the RDP Bayesian classifier?®>. Metagenomics sequences obtained
from DNA samples were annotated using MEGAN62° and the SEED hierarchical subsystems. The third level
of the SEED classification was selected for functional richness discovery analysis. Finally, metagenomic
reads were blasted against the CARD antibiotic gene database?’ using Diamond?® to identify ARGs.

Materials and methods

Soil sampling

Two soils were selected for this study (Table 1). Soils were sampled at an experimental farm (Scottish
Agricultural College, Craibstone, Scotland, Grid reference NJ872104) and at a field planted with mature
corn at La Cote Saint Andre, France. All samples were kept at 4°C before DNA extraction. Aliquots of 250
mg of sample were taken and frozen to -20°C prior RNA extraction. Details about the Scottish Agricultural
College soil composition were provided by Kemp et al.? Physical characterization of the soil from La Cote
de Saint André was performed by the CESAR (Centre Scientifique Agricole Régional) using standard
methods (NFX 31-107, NFX 31-117, ISO 10694, 1SO 13878).

Scottls(l:'loll\lge::ultural La Cote de Saint André
Sand 73.85% 42.9%
Silt 20.04% 43.6%
Clay 6.11% 13.5%
pH 4.5 7.24
Organic matter 5.97% 292 %
Organic C 3.79% 1.7%
Total N 0.45% 0.17 %

Table 1. Physical characterization of samples selected for this study.
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DNA extraction and purification

DNA was extracted from 250 mg of sample using the DNeasy PowerSoil Kit (QIAGEN), the ZymoBIOMICS
DNA Mini Kit (Zymo Research) and the Phenol/Chloroform extraction method described by Griffiths et al
24 as well as a new semi-automated protocol in which the Maxwell® RSC Instrument (Promega) and a
prototype version of the Maxwell® Fecal Microbiome Kit (Promega) are used for DNA purification. Two
modifications of this protocol were tested, referred as Maxwell 1 and Maxwell 2 methods. All DNA
extractions were performed in triplicate. In the Maxwell 1 method, 250 mg of sample were diluted in 1
ml of Lysis Buffer (Promega) and heated for 5 minutes at 95 °C. Samples underwent bead-beating twice
at 5.5 m/s for 30 seconds in Lysis Matrix E tubes (MP Biomedicals) and centrifuged at 10600 x g for 5
minutes. Then, 300 pl of supernatant were added to 300 ul of Binding Buffer (Promega) and loaded into
a Maxwell RSC cartridge containing magnetic beads for DNA purification on the Maxwell RSC Instrument,
according to the Technical Manual TM473. A second purification using the ProNex Size-Selective
Purification System (Promega) was carried out to reduce humic acids carryover. Inthe Maxwell 2 method,
two variants were introduced in the previously described protocol: 500 pl of Lysis Buffer were mixed with
500 pl of 0.5 M Sodium Phosphate Buffer (pH 7.0) and added to 250 mg of sample, and cells were lysed
without bead-beating.

DNA quantification and quantitative PCR (qPCR) assays

DNA concentrations were measured using the Qubit Fluorometer and the Qubit dsDNA HS Assay Kit
(ThermoFisher). Then, total bacterial abundance was estimated by quantifying the V3 region of the 16S
rRNA gene by gPCR using the “universal” primers 341F (5'-CCT ACG GGA GGC AGC AG- 3’) and 534R (5'-
ATT ACC GCG GCT GCT GGC A-3')%931, gPCR assays were carried out using the Corbett Rotor-Gene 6000
(QIAGEN) in a 20 pl reaction volume containing GoTag® qPCR Master Mix (Promega), 0.75 uM of each
primer and 2 pl of DNA at 2.5 ng/ul. Two non-template controls were also included in all the assays.
Standard curves for all the assays were obtained using 10-fold serial dilutions of a linearized plasmid
pGEM®-T Easy Vector (102 to 107 copies) containing the 16S rRNA gene of Pseudomonas aeruginosa PAO1.
Cycling conditions for gPCR amplification were 95 °C for 2 minutes followed by 30 cycles of 95 °C for 15
seconds, 60 °C for 30 seconds and 72 °C for 30 seconds. Melting curves were generated after amplification
by increasing the temperature from 60 °C to 95 °C.

RNA extraction and purification

RNA was extracted from 250 mg of sample using the RNeasy PowerSoil Total RNA Kit (QIAGEN), two semi-
automated protocols using the Maxwell® RSC Instrument (Promega) and either the Maxwell® RSC miRNA
Tissue Kit (Promega) or the Maxwell® RSC simplyRNA Tissue Kit (Promega), and the Phenol/Chloroform
extraction method described by Griffiths et al > with an extra DNase treatment using the RQ1 RNase-Free
DNase (Promega). In semi-automated protocols, 250 mg of sample were diluted in 1 ml of CTAB Buffer
(Promega) with 2% 1-thioglycerol and underwent bead-beating at 5.5 m/s for 30 seconds in Lysis Matrix
E tubes (MP Biomedicals). Then, samples were centrifuged at 10600 x g for 5 minutes. Finally, 300 pl of
supernatant were added to 300 pl of Lysis Buffer (Promega), and 400 ul of this mix were loaded into a
Maxwell RSC cartridge containing magnetic beads for RNA purification on the Maxwell RSC Instrument
using the Maxwell miRNA Tissue Kit (according to the Technical Manual TM441) or the Maxwell simplyRNA
Kit (according to the Technical Manual TM416). Both protocols using Promega RNA extraction kits include
DNase treatment.

16S rRNA gene and cDNA V3-V4 amplicon sequencing and analysis

All DNA samples were diluted to 2.5 ng/ul before 16S rRNA gene PCR amplification and sequencing, except
for some samples extracted using the ZymoBIOMICS DNA Kit, which were already at lower concentrations.
Regarding RNA, samples were diluted to 1 ng/ul and retrotranscribed using the GoScript™ Reverse
Transcriptase (Promega) and random primers (Promega). Then, the V3-V4 hypervariable regions of
bacterial 16S rRNA gene and cDNA were amplified using the Titanium Tag DNA Polymerase (Takara
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Clontech) and the Platinum Taq Polymerase (Invitrogen), respectively, and forward 341F with lllumina
overhang (5’-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG TCG TCG GCA GCG TCA GAT GTG TAT
AAG AGA CAG CCT ACG GGN GGC WGC AG-3’) and reverse 785F with Illumina overhang (5’-GTC TCG TGG
GCT CGG AGA TGT GTA TAA GAG ACA GGT CTC GTG GGC TCG GAG ATG TGT ATA AGA GAC AGG ACT ACH
VGG GTA TCT AAT CC-3’) primers’ to determine the Operational Taxonomic Unit (OTU). Cycling conditions
for PCR amplification were 95 °C for 3 minutes followed by 25 cycles of 95 °C for 30 seconds, 55 °C for 30
seconds and 72 °C for 30 seconds and a final extension step at 72°C for 5 minutes. DNA libraries were
prepared based on lllumina’s “16S Metagenomics Library Prep Guide” (15044223 Rev. B) using the
Platinum Taq DNA Polymerase (Invitrogen) and the Nextera XT Index Kit V2 (lllumina). DNA and cDNA
sequencing with a 15% PhiX spike-in was performed using the MiSeq System and the MiSeq Reagent Kit
v3 (lllumina). Reads were trimmed to meet a quality score of Q20. Pair-ended reads were assembled using
PANDAseq>? at a sequence length between 410 and 500 bp and an overlap length between 20 and 100
bp, using the rdp_mle algorithm. Then, each of the DNA and cDNA sequences was annotated using the
Ribosome Database Project (RDP) database and the RDP Bayesian classifier using an assignment
confidence cut-off of 0.6%° and singletons were removed. In order to evaluate the effect of sequencing
depth in taxonomic richness assessment, the genus richness detected in each sample was determined
using the vegan package (version 2.5-6) in R (version 3.5.1) and plotted as a function of sequencing depth.
Then, triplicates from each DNA extraction method/soil couple were pooled and a subsample of each
method pool was randomly rarefied at the lowest size of the cohort using the vegan package in R. Venn
diagrams were obtained using the VennDiagram package (version 1.6.20%) in R and the number of
sequences annotated as unique genera (i.e., genera detected by a single method) were inferred from the
rarefied sample. Finally, the distribution of each unique genera before rarefaction and the number of
sequences associated to those that were detected by a single method before rarefaction were determined.

Metagenomics sequencing and analysis

Metagenomics libraries were prepared from <1 ng of DNA using the Nextera XT Library Prep Kit and
Indexes (Illumina), as detailed in lllumina’s “Nextera XT DNA Library Prep Kit” reference guide (15031942
v03). DNA sequencing with a 1% PhiX spike-in was performed using the MiSeq System and the MiSeq
Reagent Kit v2 (lllumina). Reads were trimmed and filtered using USEARCH3> where all nucleotides had a
quality score of Q20 and above were selected. In addition, sequences that had one nucleotide below Q20
were also accepted, but the nucleotide below Q20 was replaced with an “N”. A minimum length of 120
bp was required before blasting against the nr database using Diamond default parameters and a
coverage of 60%. Sequences were functionally annotated using MEGAN6 and the SEED hierarchical
subsystems. The third level of hierarchical functional subsystems classification was selected for richness
discovery analysis and singletons were removed. Samples extracted from both soils using the
ZymoBIOMICS DNA Mini Kit were excluded from the analysis, since the ensemble of annotated reads from
extraction triplicates did not add up to 10000. To evaluate the effect of sequencing depth in functional
richness assessment, the functional class richness detected in each sample was determined using the
vegan package in R and plotted as a function of sequencing depth. Then, after pooling triplicates from
each method/soil couple, a subsample of each method pool was randomly rarefied at the lowest size of
the cohort using the vegan package in R. Venn diagrams were obtained using the VennDiagram R package,
and the number of sequences annotated as unique functional classes (i.e., functional classes detected by
a single method) were inferred from the rarefied sample. Then, the distribution of each unique functional
class before rarefaction and the number of sequences associated to those that were detected by a single
method before rarefaction were determined. Finally, metagenomic reads were blasted against the CARD
antibiotic gene database using Diamond to identify ARGs. The obtained results were filtered at a minimum
identity of 60%, a minimum length of 50 amino acids and an e-value of 10e*°. The best hit was chosen.
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ARGs that had less than 10 copies total from in all samples were removed and the ARG richness measured
in each sample was determined and plotted as a function of sequencing depth.

Results

DNA guantification and quantitative PCR (qPCR) assays

DNA samples were quantified and amplified before library preparation to assess the concentrations and
number of copies of the 16S rRNA gene obtained by each method (Table 2). Both DNA concentrations and
16S rRNA gene copies obtained using the ZymoBIOMICS DNA Kit were lower than those measured by the
other methods for both soils. The highest DNA concentrations were obtained from both soils using the
Phenol/Chloroform method and the DNeasy PowerSoil Kit. However, when performing DNA amplification,
similar numbers of 16S rRNA gene copies were obtained after DNA extraction using the Maxwell 1 and 2
methods, which are modifications of the prototype Maxwell Fecal Microbiome Kit (Promega). Therefore,
PCR inhibition was greater in samples with higher DNA concentrations (i.e. extracted using the
Phenol/Chloroform method and the DNeasy PowerSoil Kit). In order to reduce amplification biases and
normalize the amount of starting material for library preparation, all samples were diluted to 2.5 ng/ul
before 16S rRNA gene PCR amplification and sequencing.

Soil Method DNA concentration (ng/ul) | 16S rRNA gene copies/pl
Scottish Agricultural Maxwell 1 9.05+1.35 153,955 + 52,412
College soil Maxwell 2 6.01+1.50 64,279 +9,133
Phenol/Chloroform method 23.40+1.90 189,213 + 15,036
DNeasy PowerSoil Kit 17 £3.12 165,311 + 65,886
ZymoBIOMICS DNA Mini Kit 2.79£0.64 20,056 + 27,979
La Cote de Saint Maxwell 1 6.43 +0.97 160,608 + 14,701
André soil Maxwell 2 5.06 £ 0.54 170,391 + 16,323
Phenol/Chloroform method 15.20+2.76 211,949 + 45,407
DNeasy PowerSoil Kit 22.90+1.15 88,904 + 25,638
ZymoBIOMICS DNA Mini Kit 0.12 £0.06 2,557 £1,376

Table 2. DNA concentrations and 16S rRNA gene copy numbers from the Scottish Agricultural College
(Craibstone, Scotland) and La Cote de Saint André (France) soils (250 mg) using different DNA extraction and
purification strategies. Maxwell 1 and 2: modifications of the prototype Maxwell Fecal Microbiome Kit (Promega).
All data (averages and standard deviations) are based on three separate soil samples for each method.

Sequencing depth effect on taxonomic and functional richness discovery

In order to assess the relative contribution of sequencing depth and DNA and RNA extraction methods on
taxonomic richness discovery, the richness measured in each sample was determined and plotted as a
function of sequencing depth (Figure 1). The functional richness detected in each DNA sample was also
plotted as a function of sequencing depth (Figure 2). Less than 10000 reads were obtained from
ZymoBIOMICS DNA Mini Kit (Zymo Research) triplicate pools after metagenomics sequencing and
annotation. Therefore, they were excluded from functional richness analysis. Sequencing depth showed
a higher influence on bacterial richness discovery at both taxonomical and functional levels than DNA
extraction methods: measured richness increased proportionally with sequencing depth regardless of the
method used for DNA extraction. Furthermore, DNA extraction triplicates that had been sequenced at
different depths had access to a different proportion of bacterial DNA richness (Figures 1 and 2). The same
tendency was observed when extracting RNA (Figure 1): sequencing depth had a higher impact on genus
richness discovery than the choice of the RNA extraction method. In addition, a PCoA analysis showed
four main clusters representing the total and active communities extracted from both soil samples (Figure
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3). Globally, samples from the same soil extracted using different DNA or RNA extraction methods showed
a similar composition. However, samples sequenced at a lower depth were more distant to the rest of the
cluster, regardless of the method used for DNA or RNA extraction. Given these results, DNA samples were
normalized by size (sequence or read numbers) before comparing the taxonomic and functional richness
measured by different DNA extraction methods in order to limit the effect of sequencing depth. After
removing singletons and pooling method triplicates, subsamples of each method were randomly rarefied
at 58645 sequences annotated as genera for the Scottish Agricultural College soil, 36311 sequences
annotated as genera for La Cbte de Saint André soil, 32693 sequences annotated as functions for the
Scottish Agricultural College soil and 159748 sequences annotated as functions for La Cote de Saint André
soil, as this represented values that all samples could meet, even the samples with the lowest number of
reads.
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Figure 1. Effect of sequencing depth on taxonomic richness discovery (top: DNA extraction; bottom:RNA
extraction).Maxwell 1 and 2: modifications of the prototype Maxwell Fecal Microbiome Kit (Promega). PowerSoil:
DNeasy PowerSoil Kit (QIAGEN). Zymo: ZymoBIOMICS DNA Mini Kit (Zymo Research). miRNA: Maxwell RSC miRNA
Tissue Kit (Promega). simplyRNA: Maxwell RSC simplyRNA Tissue Kit (Promega). Triangles: DNA from the Scottish
Agricultural College soil. Circles: DNA from La Cbte de Saint André soil. Diamonds: cDNA from the Scottish
Agricultural College soil. Squares: cDNA from La Cote de Saint André soil. Yellow and green: Promega’s Maxwell 1
and 2 methods, respectively. Orange: Phenol/Chloroform DNA and RNA methods. Grey: DNeasy and RNeasy
PowerSoil Kit (QIAGEN). Blue: ZymoBIOMICS DNA Mini Kit (Zymo Research). Dark blue Maxwell RSC miRNA Tissue
Kit (Promega). Pink: Maxwell RSC simplyRNA Tissue Kit (Promega). The taxonomical richness measured in each
sample was determined and plotted as a function of sequencing depth. For each method/soil pair, triplicates were
performed and plotted in the graph.
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Maxwell 1 and 2 methods, respectively. Orange: Phenol/Chloroform method. Grey: DNeasy PowerSoil Kit (QIAGEN).
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from ZymoBIOMICS DNA Mini Kit (Zymo Research) triplicate pools after metagenomics sequencing and annotation.
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Figure 3. PCoA showing the total and active communities extracted from the Scottish Agricultural College soil and La Céte
de Saint André soil using different DNA and RNA extraction methods. Maxwell 1 and 2: variants of the prototype
Maxwell® Fecal Microbiome Kit (Promega). PowerSoil: DNeasy PowerSoil Kit (QIAGEN). Zymo: ZymoBIOMICS DNA
Mini Kit (Zymo Research). miRNA: Maxwell® RSC miRNA Tissue Kit (Promega). simplyRNA: Maxwell® RSC simplyRNA
Tissue Kit (Promega). Triangles: DNA from the Scottish Agricultural College soil. Circles: DNA from La Céte de Saint
André soil. Diamonds: cDNA from the Scottish Agricultural College soil. Squares: cDNA from La Cote de Saint André
soil. Yellow and green: Promega’s Maxwell 1 and 2 methods, respectively. Orange: Phenol/Chloroform DNA and RNA
methods. Grey: DNeasy and RNeasy PowerSoil Kit (QIAGEN). Blue: ZymoBIOMICS DNA Mini Kit (Zymo Research).
Dark blue Maxwell RSC miRNA Tissue Kit (Promega). Pink: Maxwell RSC simplyRNA Tissue Kit (Promega). n=3.

61



DNA extraction methods comparison at an equal sequencing depth

At an equal sequencing depth, genera and functional classes shared by all methods as well as those
detected by only one method for each of the two soils were represented using Venn Diagrams (Figure 4).
The proportion of genera detected by a single method represented 8.29% of the Scottish Agricultural
College soil pool and 12.84% of the pool from La Cote de Saint André soil. For functional classes, the ones
measured by a single method represented 20.22% of the Scottish Agricultural College pool and 12.11% of
La Cbte de Saint André pool. The average relative abundance of the 25 most abundant genera and
functional classes and their relative abundances in each method subsample were inferred from the
rarefied pool (Tables S1, S2, S3 and S4 in Supplementary Material). For taxonomic genera, most values fit
into the average plus/minus one standard deviation for the Maxwell 1 and phenol/chloroform methods
and the DNeasy PowerSoil Kit. The Maxwell 2 method globally showed higher relative abundances than
the average plus one standard deviation in both soils, whereas the relative abundances of the most
abundant genera were often lower than the average minus one standard deviation in the ZymoBIOMICS
DNA Mini Kit rarefied pools. The most abundant functional classes were more likely to be between the
average plus/minus one standard deviation than the genus distribution. Most of the function values
outside one standard deviation from the mean belonged to the Maxwell 2 method for both soils.

Complementary analysis had shown that only a small proportion of annotated genera and functional
classes are relatively abundant in the analysed ecosystems. Most of the annotated genera and functional
classes were present at low abundance, with less than 30 associated sequences each (Figures S1 and S2
in Supplementary Material). Therefore, random subsampling of low abundant genera and functional
classes could generate a loss of information, detecting artificially unique genera and functional classes. To
determine whether the genera and functional classes classified as unique were a product of random
rarefaction, their distribution between the different methods before rarefaction was determined. A genus
or functional class was validated as unique when it was detected by only one method both before and
after rarefaction. Otherwise, it was classified as a false assignation due to random rarefaction (Tables 3
and 4). The percentage of false assignation of unique genera or functional classes and its correlation to
the number of sequences before rarefaction were assessed. Regarding genera, the percentage of false
assignment ranged between 33% and 87% and it showed no correlation to the sample size before
rarefaction with R?values of 0.31 and 0.003 in the Scottish Agricultural College soil and La Céte de Saint
André soil, respectively (Tables 3 and 4). On the other hand, there was a negative correlation between
the percentage of false assignment of functional classes and the sample size before rarefaction, with R2
values of 0.99 and 0.96 in the Scottish Agricultural College soil and La Cote de Saint André soil, respectively
(Tables 3 and 4).
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Figure 4. Venn Diagrams representing shared and unique (A) genera from DNA extracted from the Scottish
Agricultural College soil; (B) genera from DNA extracted from La Cote de Saint André soil; (C) functional classes
from DNA extracted from the Scottish Agricultural College soil; (D) functional classes from DNA extracted from La
Cote de Saint André soil. Maxwell 1 and 2: modifications of the prototype Maxwell Fecal Microbiome Kit (Promega).
POWERSOIL: DNeasy PowerSoil Kit (QIAGEN); ZYMO: ZymoBIOMICS DNA Mini Kit (Zymo Research). Less than 10000
reads were obtained from ZymoBIOMICS DNA Mini Kit (Zymo Research) triplicate pools after metagenomics
sequencing and annotation. Therefore, they were excluded from functional richness analysis. Sequences from
triplicates for each method/soil couple were pooled and singletons removed. Then, a subsample of each method
pool was randomly rarefied using the vegan package in R at the lowest size of the cohort (58645 sequences
annotated as genera for the Scottish Agricultural College soil; 36311 sequences annotated as genera for La Cote de
Saint André soil; 32693 sequences annotated as functions for the Scottish Agricultural College soil; 159748
sequences annotated as functions for La Céte de Saint André soil). Venn Diagrams were obtained using the R package

VennDiagram.
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% False
Sequences before = Detected unique | Validated unique )

Soil Method . assignation of
rarefaction genera genera .

unique genera
Maxwell 1 80628 12 8 33
:tl Maxwell 2 58645 11 4 64
‘z :’D_‘ 3 Phenol Chloroform 64805 6 3 50
E é g PowerSoil 76270 10 3 70
e g O | Zymo 82187 13 8 38
< TOTAL 362535 52 26 50
R? between sequences before rarefaction and % false assignation of unique genera = 0.31
Maxwell 1 61656 19 3 84
5 Maxwell 2 70676 13 3 77
5‘) w Phenol Chloroform 77866 15 2 87
§ é PowerSoil 108447 10 3 70
'é < | zymo 36311 22 7 68
< TOTAL 354956 79 18 77

R? between sequences before rarefaction and % false assignation of unique genera = 0.003

Table 3. Percentage of false assignation of unique genera due to sample size normalization and correlation to
sample size before rarefaction. Maxwell 1 and 2: modifications of the prototype Maxwell Fecal Microbiome Kit
(Promega). PowerSoil: DNeasy PowerSoil Kit (QIAGEN); Zymo: ZymoBIOMICS DNA Mini Kit (Zymo Research).
Detected unique genera: genera identified in a single method after sample rarefaction at the lowest size of the
cohort (58645 sequences for the Scottish Agricultural College soil and 36311 sequences for La Cote de Saint André
soil). Validated unique genera: genera identified in a single method both before and after rarefaction. False
assignation of unique genera: genera detected as unique after rarefaction but detected by more than one method
before rarefaction. All data (averages and standard deviations) are based on three separate soil samples for each
method.

Finally, the number of sequences associated with each validated unique genus and functional class before
sample size normalization was inferred. Most genera detected by only one method had less than six
annotated sequences before rarefaction (Tables S5 and S6 in Supplementary Material). The only exception
was Staphylococcus, which was detected by the ZymoBIOMICS DNA Mini Kit and had 95 and 130
annotated sequences before rarefaction in the Scottish Agricultural College soil and La Cbte de Saint André
soil, respectively. Regarding functions, the same tendency was generally observed with less than six
sequences annotated per unique function before size normalization. However, in the Scottish Agricultural
College soil, more than six sequences were associated to half of the functional classes detected only by
the DNeasy PowerSoil Kit, the largest pool of the cohort before rarefaction (Table S7 in Supplementary
Material). Thus, size normalization did not appear to account for the sequencing depth effect on bacterial
richness discovery.
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% False

Soil Method Sequences Pefore Detef:ted unique Valid.ated unique a.ssignation. of
rarefaction functional classes | functional classes | unique functional

classes
Maxwell 1 39204 181 11 94
- 5 » Maxwell 2 32693 136 12 91
‘é E g Phenol Chloroform 104693 215 21 90
S S g Powersoil 644248 188 118 37
@ § “ TOTAL 820838 720 162 78

R? between sequences before rarefaction and % false assignation of unique functions = 0.99
- Maxwell 1 159748 121 39 68
5 Maxwell 2 234007 123 54 56
E § Phenol Chloroform 566982 146 95 35
e <Zt PowerSoil 296570 134 57 57
8 TOTAL 1257307 524 245 53

3 R? between sequences before rarefaction and % false assignation of unique functions = 0.96

Table 4. Percentage of false assignation of unique functions due to sample size normalization and correlation to
sample size before rarefaction. Maxwell 1 and 2: modifications of the prototype Maxwell Fecal Microbiome Kit
(Promega). PowerSoil: DNeasy PowerSoil Kit (QIAGEN). Less than 10000 reads were obtained from ZymoBIOMICS
DNA Mini Kit (Zymo Research) triplicate pools after metagenomics sequencing and annotation. Therefore, they were
excluded from functional richness analysis. Detected unique functional classes: functional classes identified in a
single method after sample rarefaction at the lowest size of the cohort (32693 sequences for the Scottish Agricultural
College soil and 159748 sequences for La Cote de Saint André soil). Validated unique functional classes: functional
classes identified in a single method both before and after rarefaction. False assignation of unique functional classes:
functional classes detected as unique after rarefaction but detected by more than a method before rarefaction. All
data (averages and standard deviations) are based on three separate soil samples for each method.

Sequencing depth effect on ARG richness discovery

In order to evaluate the relative contribution of DNA extraction methods and sequencing depth on ARG
abundance and ARG richness discovery, the ARG richness and the number of ARG reads detected in each
DNA sample were plotted as a function of sequencing depth (Figure 5). Less than 10000 reads were
obtained from ZymoBIOMICS DNA Mini Kit (Zymo Research) triplicate pools after metagenomics
sequencing and annotation. Therefore, they were excluded from ARG richness analysis. The maximum
richness measured from soil metagenomic DNA represented roughly 10% of the references found in the
CARD database (320 ARG detected in soil versus 3057 reference sequences in the CARD database) and a
plateau was observed between 300 and 320 ARG regardless of the extraction method or soil type (Figure
5, top left). The ARG richness detected by the different extraction methods showed some important
variability between samples, except for the triplicates sequenced from DNA extracted from La Cote de
Saint André soil using the method Maxwell 1, which detected between 250 and 280 ARGs. In fact, similar
or higher ARG richness was measured from these samples than from samples sequenced at a higher
sequencing depth. Regarding ARG reads annotation, more reads were detected in some samples than in
others and this was not necessarily due to a higher sequencing depth (Figure 5, top right). In addition,
although the number of ARG reads and the ARG richness obtained from each sample was not obviously
related to sequencing depth, measured ARG richness was clearly dependent on the number of annotated
ARG reads (Figure 5, bottom). Thus, differences in measured ARG richness seemed to be related to
variability between sample resistome content, DNA extraction methods and, to a lesser extent,sequencing
depth.
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Figure 5. Effect of sequencing depth on ARG richness discovery (top left) and ARG reads detection (top right);
effect of ARG read detection on ARG richness discovery (bottom). Maxwell 1 and 2: modifications of the prototype
Maxwell Fecal Microbiome Kit (Promega). PowerSoil: DNeasy PowerSoil Kit (QIAGEN). Triangles: DNA from the
Scottish Agricultural College soil. Circles: DNA from La Cote de Saint André soil. Yellow and green: Promega’s Maxwell
1 and 2 methods, respectively. Orange: Phenol/Chloroform method. Grey: DNeasy PowerSoil Kit (QIAGEN). For each
method/soil pair, triplicates were performed and plotted in the graph.

Discussion

In this study, we compared the bacterial richness detected by different DNA and RNA extraction methods.
Although some methods detected a higher ARG richness than others sequenced at a higher depth (Figure
5), greater sequencing depth increased taxonomic and functional richness discovery regardless of the
method used for DNA or RNA extraction (Figures 1 and 2). In other words, at a cursory level, all methods
detected a similar taxonomical and functional richness at equal sequencing depths. In addition, higher
differences in bacterial community composition were found between soil samples than between DNA or
RNA extraction methods (Figure 3). Thus, sequencing depth has a larger influence on taxonomic and
functional richness discovery and on the observed composition of bacterial communities than DNA or RNA
extraction methods, whereas some methods arguably detected a higher ARG richness than others did.
However, variability between triplicates in terms of ARG content also plays an important role on ARG
richness discovery and a plateau of 320 ARGs was reached regardless of soil type or DNA extraction
method, suggesting that ARG richness in these two soil types is similar and represents around 10% of the
ARG richness identified in the CARD database. Previous studies have shown that sequencing depth has an
impact on bacterial richness and diversity discovery 12 but, unfortunately, they were not coupled to
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extraction method variants since these also have been considered as critical for bacterial richness and
diversity 78 Thus, this is the first study (to the best of our knowledge) evaluating both effects
simultaneously and demonstrating that the impact of sequencing depth on soil taxonomic and functional
richness discovery is greater than that of DNA and RNA extraction methods, while this tendency is less
obvious when it comes to ARG richness discovery.

The main implication of the observed unequal sampling depths and their effect on richness discovery was
the need for normalizing sample sizes in order to be able to perform comparisons between DNA extraction
methods. One of the most popular approaches for sample normalization is the use of relative abundance
6 that have often been selected as a criteria to compare the performance of DNA extraction methods.
However, since soil DNA complete diversity has not been extracted and sequenced yet®, the actual
relative abundances of soil microbiome cannot be known and the obtained profiles cannot be validated.
In addition, relative abundances are potentially influenced by sequencing depth, since the probability of
detecting rare OTUs or functions increases with the number of sequences and, therefore, affects the
relative proportions of high (and not unique) abundant versus low abundant OTUs or functions. Finally,
differences in sample lysis and DNA purification may affect the relative abundances of the detected
communities without modifying measured richness. In other words, the use of different DNA extraction
methods might detect different proportions of the same communities rather than different OTUs or
functions. Altogether, the informative potential of relative abundance measurements appears to be
considerably limited and the performance of DNA extraction methods should be compared using absolute
values.

Thus, after pooling the DNA from the three samples, we normalized sample size by randomly rarefying
every method pool at the lowest measured sequencing depth. Only a few of the genera and functional
classes present in the non-rarefied pools were abundant (see Figures S1 and S2 in Supplementary Material)
as both genera and function pools were mainly composed by low-abundant elements. This pattern of
taxonomical distribution has already been observed in a study comparing soils from 237 different
locations, where only 2% of the ensemble of bacterial phylotypes were found to be dominant . For
functions, this distribution is consistent with a few functions being shared between different taxa and
implicated in common bacterial ecology processes, while a large pool of low abundant genes confers
functions specific to single taxonomical groups. Given this distribution of genera and functions, random
sub-sampling of pools mainly composed by low-abundant sequences could result in the selection of false
positives (falsely considered unique to the soil or the extraction method). Indeed, our results show that
random rarefaction results in the false identification as unique of genera and functional classes that were
detected by several methods before rarefaction (Tables 2 and 3).

Furthermore, there was a negative correlation between sample size before rarefaction and the
percentage of false identification of unique functional classes, suggesting that size normalization of
unequal pools is not enough to avoid the effect of sequencing depth and perform accurate comparisons
between DNA extraction methods. The number of sequences associated to the OTUs and functional
classes that were detected by a single method both before and after rarefaction was relatively low, which
raises questions about their real “uniqueness” in extracted DNA samples. Only Staphylococcus discovery
by the ZymoBIOMICS DNA Mini Kit from both soils had enough annotated sequences before rarefaction
to provide a certain confidence on the uniqueness of the genera. Nevertheless, the possibility that
Staphylococcus was present in DNA eluates extracted using other methods and was overlooked during
any of the steps following DNA extraction cannot be ruled out. Given that sequencing itself is a
subsampling of extracted DNA, the differences detected between DNA extraction methods could be due
to any other step of the soil metagenomics workflow, from sampling to sequence annotation, rather than
DNA extraction. The higher numbers of sequences associated to unique functional classes are only
observed in the largest pool of the cohort and, thus, support this hypothesis.
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Although the effects of sequencing depth on bacterial discovery have been observed before, to the best
of our knowledge, this is the first study comparing both nucleic acid extraction and sequencing depth on
bacterial richness discovery. This comparison can help determine which investments are more urgently
needed to improve the metagenomics workflow. Our results show that sequencing depth has a more
determinant effect on the bacterial richness measured from the same microbial community than the
method chosen for DNA extraction. Furthermore, the different DNA extraction “triplicates” that had been
sequenced at different depths had access to a different proportion of bacterial DNA richness. Similar
results have been reported in a study analysing soil fungi, where higher levels of dissimilarity between
replicates were found at low sequencing depths 22. Therefore, differences found between DNA extraction
methods are probably due to DNA subsampling for sequencing instead of to the choice of a DNA extraction
method, and we are currently unable to determine which of these differences account for DNA extraction
technique variability. For RNA extraction, the same tendency was observed for taxonomic richness
discovery, supporting the hypothesis that sequencing depth has a higher impact than nucleic acid
extraction on bacterial richness discovery. However, the relative contribution of RNA extraction methods
and sequencing depth on functional richness discovery were not evaluated in this study. This kind of study
would be of interest, since functional richness discovery in metatranscriptomic studies is critical to analyse
the potential activity of soil microbial communities.

Since samples were sequenced at unequal depths, comparisons between DNA extraction methods needed
a size normalization that inevitably caused a loss of information and the selection of false positives due to
random subsampling. On the other hand, the effect of sequencing depth is still observed in functional
analysis after rarefaction, thus, size normalization is not sufficient to compensate for the effect of
sequencing depth on bacterial richness discovery. Whereas DNA extraction methods may affect
sequencing depth, other factors, such as DNA amplification, library preparation, sequencing techniques
and sequence annotation may also contribute to this inequality and lead to inaccurate comparisons
between methods. Therefore, efforts should be made to optimize each of these steps in order to sequence
representative samples of extracted DNA at a sufficient and equal depth. This would not only facilitate
the accurate comparison between DNA extraction methods but would also help define standard methods
for soil metagenomics that would improve metagenomic comparison and eventually lead to accurate
profiles of soil microbiomes.

Finally, the main goal of this methodological study was to determine which method was the best choice
for resistome analysis in soil. Given that sequencing depth showed a stronger effect on taxonomic and
the functional richness discovery than ARG discovery, this decision was made based on ARG richness
discovery. Although some samples extracted with other methods showed a higher ARG richness than
triplicates from La Cote de Saint André extracted using the Maxwell 1 method, the Maxwell 1 showed a
more consistent ARG richness discovery than other methods. Therefore, this method could arguably be
more adequate to resistome richness discovery in soil and was selected for the next study.
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Chapter Ill. Gentamicin adsorption onto soil particles prevents it from
having overall short-term effects on the soil microbiome and resistome

Abstract

Antibiotics used in agriculture may reach the surrounding environment, impose a selective pressure
on soil bacterial communities and stimulate the development and dissemination of antibiotic
resistance in the soil microbiome. On the other hand, the adsorption of antibiotics onto soil particles
can buffer the effects of antibiotic pollution on soil microbial communities. The scope of antibiotic
pollution on resistance development and ARG dissemination in soil and the link to soil properties needs
to be elucidated. This study compared the short-term effects of a range of gentamicin concentrations
on the microbiome and resistome of bacterial enrichments and microcosms of an agricultural soil using
a metagenomics approach. We hypothesized that gentamicin pollution has a greater influence on soil
bacteria in enriched media than in microcosms, where gentamicin adsorption onto soil particles
reduces its bioavailability. Gentamicin impact on bacterial biomass was roughly estimated by the
number of 16S rRNA gene copies. In addition, soil microbiome and resistome response to gentamicin
pollution was evaluated by 16S rRNA gene and metagenomic sequencing, respectively. Finally,
gentamicin bioavailability in soil was determined by HPLC-MS/MS. While gentamicin pollution at the
scale of ug/g strongly influenced the bacterial communities in soil enrichments, concentrations up to
1 mg/g were strongly adsorbed onto soil particles and did not cause significant changes in the
microbiome and resistome of soil microcosms. This study demonstrates the differences between the
response of bacterial communities to antibiotic pollution in enriched media and in their environmental
matrix and exposes the limitations of culture-based studies in antibiotic resistance surveillance.
Furthermore, establishing links between the effects of antibiotic pollution and soil properties is needed.

Introduction

Among all the ecosystems present on Earth, soil harbors the highest microbial diversity® and is likely
the biggest reservoir of antibiotics. Most of the antibiotics currently used in human therapy and food
production have been isolated from soil bacteria and fungi®. A natural consequence of this production
of antibiotics by soil bacteria is the development of antibiotic resistance in soil. Soil is considered as
one of the main environmental reservoirs of antibiotic resistance genes (ARGs)3. Both clinically relevant
and novel ARGs have been identified even in low-anthropogenically impacted soils*”’, showing that
antibiotic resistance occurs in soil even in the absence of a strong anthropogenic selective pressure.
Furthermore, antibiotic resistance genes present in soil are often associated with mobile genetic
elements (MGEs)® and, therefore, can be transferred to both other environmental bacteria and human
pathogens®.

The use of antibiotics in agriculture and the application of manure from antibiotic-treated animals for
soil fertilization increase antibiotic selective pressure and ARG-containing microorganisms in the
environment'®!, This selective pressure may enhance the development of antibiotic resistance in soil
and its mobilization and transfer to clinically relevant bacteria. Therefore, the risks associated with the
use of antibiotics in agriculture must be evaluated in order to regulate their use. Multiple studies over
the last two decades have analyzed the effects of antibiotic-polluted manure composting on the soil
microbiome. They have shown that this manure can increase the abundance of antibiotic resistant
bacteria (ARB), ARGs and MGEs!*™¥, However, soil is a highly complex and diverse matrix that changes
over time®, Several factors, such as soil characteristics (i.e. water content, oxygen concentration or
nutrient availability)?®?°, the percentage of reduced bioavailability of antibiotics due to their
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adsorption onto soil?*?2 and the activity and resilience of soil bacteria?®?* may alter the effects of

antibiotics in soil. In addition, soil is a solid matrix and the physical contact between bacteria and
antibiotic compound is reduced in comparison to liquid environments. These differences may inhibit
accurate evaluation of the horizontal transfer of ARGs between resistant and susceptible bacteria in
soil. Soil characteristics can provide a strong buffering capacity for antibiotic pollution® by reducing
the impact of antibiotics on the soil microbiome and the potential consequences of soil pollution with
antibiotics on human health. Thus, a global picture of the effects of antibiotic pollution on resistance
development in soil is difficult to determine and after decades of research the scope of this
phenomenon still remains unclear?.

This study compared the response of soil bacteria to antibiotic pollution in soil microcosms and
enrichments in selective media. Gentamicin is an aminoglycoside used in both human therapy and
food production and genes conferring resistance to gentamicin are widely distributed in the
environment?’. A range of concentrations of gentamicin from 1 pg/g of soil up to 1 mg/g of soil were
added to an agricultural soil with no previous known exposure to gentamicin to evaluate their effects
on the soil microbiome and resistome. Bacterial enrichments were contaminated with gentamicin up
to 12 ug/ml. The main hypothesis was that gentamicin would be strongly adsorbed onto soil particles
and that gentamicin pollution has a higher effect on soil bacteria in enriched media than in soil
microcosmes, since it would be more bioavailable and bacteria in enriched media are more responsive
to gentamicin given their higher activity, lower diversity, and the higher availability of nutrients. This
work demonstrates the differences in the microbiome and resistome response to gentamicin pollution
between soil microcoms and bacterial enrichments and exposes the limitation of culture-based studies
in antibiotic resistance surveillance in terrestrial ecosystems.

Materials and methods

Soil sampling

Soil was sampled from a plowed corn field at La Cote de Saint André, France (45,38N - 5,26E) on January
2018, on which manure from farm animals treated with cefalexin, neomycin, cefalonium, tetracycline,
oxytetracycline, tylosin and sulfamidine was applied. This soil had no previous exposure to gentamicin.
Soil characteristics are described in Table 1. Ninety-six sampling points were randomly selected within
the field and soil was shoveled at 20 cm depth. Five kg of sample were mixed together and kept at 4°C
until the start of the experiments.

La Cote de Saint André

Sand 42.9%
Silt 43.6%
Clay 13.5%
pH 7.24

Organic matter 292 %
Organic C 1.7%
Total N 0.17 %

Table 1. Physical characterization of La Cote de Saint André soil (France).

Determination of gentamicin effect on soil enrichments

First, in order to determine whether gentamicin had an effect on the enriched fraction of soil bacteria
in liquid enrichments and which gentamicin concentrations were sub-inhibitory at a cursory level, soil
bacteria were extracted in 0.9% NaCl solution, and 150 pl of 1:10 Tryptic Soy Broth (TSB) medium
containing soil bacteria without antibiotics or with gentamicin at 0, 0.01, 0.05, 0.1, 0.5 or 11 pg/ml
were transferred to a 96-well culture plate and incubated for 24 hours at 29°C under continuous

72



shaking in the MultiSkan GO Plate Reader (Thermo Scientific). Optical Density at 600 nm (ODgoo) Was
measured every hour over the 24-hour incubation. Then, ANOVA tests and t-student tests between
the ODsoo measured at each gentamicin concentration after 24-hour incubation and the average
between all groups were performed using the ggpubr package in R.

Enrichment of soil bacteria in 1:10 TSB medium polluted with gentamicin

Soil bacteria were extracted in 0.9% NaCl solution. 0.5 ml of extracted bacteria were added to 4.5 ml
of 1:10 TSB medium without antibiotics or polluted with gentamicin at 0.1 and 12 pg/ml. Enrichments
were incubated at 29°C for 24 hours. Then, 1 ml of soil bacteria enrichments was centrifuged at 2000
x g for 5 minutes. The pellet was resuspended in 100 pl of 10 mg/ml lysozyme and 400 pl of TE buffer.
After heating at 37°C for 30 minutes shaking at 800 rpm, the lysate was purified using the Maxwell RSC
Instrument and the Maxwell RSC Whole Blood DNA Kit (Promega).

Microcosm experiment

Soil from La Cbte de Saint André stored at 4°C was sifted at 4 mm and homogenized, and 100 gram
microcosms without vegetation were prepared in polypropylene containers, since gentamicin has
shown to be highly adsorbed onto glass®. Soil water retention capacity was of 24.2% + 0.64%.
Microcosms were left at room temperature overnight before pollution with 1 pg/g, 100 pug/g or 1 mg/g
of gentamicin (Duchera Biochemie). Serial dilutions of gentamicin were made in water, and 1 ml of
solution was applied to soil four times intermittently, mixing with a metal bar in between applications.
Triplicates were made for each concentration, as well as for non-polluted samples. DNA was extracted
after 0, 2, and 8-day incubation at ambient temperature and light without moisture maintenance
treatment.

DNA extraction from soil microcosms

DNA was extracted using the Maxwell RSC Instrument (Promega) and a prototype version of the
Maxwell Fecal Microbiome Kit (Promega). 250 mg of sample were diluted in 1 ml of Lysis Buffer
(Promega) and heated for 5 minutes at 95 °C. Samples underwent bead-beating twice at 5.5 m/s for
30 seconds in Lysis Matrix E tubes (MP Biomedicals) and centrifuged at 10600 x g for 5 minutes. Then,
300 pl of supernatant were added to 300 ul of Binding Buffer (Promega) and loaded into a Maxwell
RSC cartridge containing magnetic beads for DNA purification on the Maxwell RSC Instrument,
according to the Technical Manual TM473.

DNA quantification and quantitative PCR (qPCR) assays in soil microcosms

DNA concentrations extracted from soil microcosms and bacterial enrichments were assessed using
the Qubit Fluorometer and the Qubit dsDNA HS Assay Kit (ThermoFisher). The size of the total bacterial
community was estimated by quantifying the V3 region of the 16S rRNA gene by qPCR using the
“universal” primers 341F (5'-CCT ACG GGA GGC AGC AG- 3’) and 534R (5'-ATT ACC GCG GCT GCT GGC
A-3')%3° One of the primer pairs (F: 5-CATGACCTTGCGATGCTCTATG-3’; R: 5’-
TCCAAGAGCAACGTACGACTG-3’) designed to in Chapter IV was used to target a 201-bp conserved
region of 15 genes belonging to the AAC(6’) acetyltransferase family: aac(6’)-Ib, aac(6’)-Ib’, aac(6’)-1b-
cr, aac(6’)-1b3, aac(6’)-1b4, aac(6’)-1b7, aac(6’)-1b8, aac(6’)-1b9, aac(6’)-1b10, aac(6’)-1b11, aac(6’)-
30/aac(6’)-1b’, aac(6’)-Ib-Hangzhou, aac(6’)-1b-Suzhou, aac(3)-1b/aac(6’)-11b”, ant(3”)-1l/aac(6’)-1ld.
gPCR assays were carried out using the Corbett Rotor-Gene 6000 (QIAGEN) in a 20 pl reaction volume
containing GoTaq gPCR Master Mix (Promega), 0.75 uM of each primer and 2 pl of DNA at <2.5 ng/pul.
Two non-template controls were also included in all the assays. Standard curves for 16S rRNA gene
assays were obtained using 10-fold serial dilutions of a linearized plasmid pGEM-T Easy Vector (107 to
10? copies) containing the 16S rRNA gene of Pseudomonas aeruginosa PAO1. Cycling conditions for
16S rRNA gene gPCR amplification were 95 °C for 2 minutes followed by 30 cycles of 95 °C for 15
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seconds, 60 °C for 30 seconds and 72 °C for 30 seconds. Standard curves for aac(6’) gene gPCR assays
were obtained from river water DNA, cloned and transformed using the TOPO TA cloning Kit
(Invitrogen), linearized and diluted (107 — 102 copies/ul). Cycling conditions for qPCR amplification
were 95 °C for 2 minutes followed by 35 cycles of 95 °C for 30 seconds, 55 °C for 30 seconds and 72 °C
for 30 seconds. Melting curves were generated after amplification by increasing the temperature from
60 °Cto 95 °C. The number of copies per ul of reaction obtained from the amplification of aac(6’) genes
was normalized by the copies of the 16S rRNA gene per pl of reaction to assess their relative abundance
in soil microcosms and bacterial enrichments. Then, ANOVA tests and t-student tests between the DNA
concentration, copies of 16S rRNA gene per pl of reaction and relative abundance of aac(6’) genes
measured from each group (each gentamicin concentration after 24-hour exposure for bacterial
enrichments and each gentamicin concentration and each exposure time for microcosms) and the
average between all groups were carried out using the ggpubr package in R.

16S rRNA gene and cDNA sequencing and analysis

The V3-V4 hypervariable region of bacterial 16S rRNA gene weas amplified from DNA obtained from
both enriched bacteria and soil microcosms except for enriched media polluted at 12 pg/ml due to
insufficient DNA concentration. DNA was amplified using the Titanium Tag DNA Polymerase (Takara
Clontech) forward 341F with lllumina overhang (5’-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG
TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG CCT ACG GGN GGC WGC AG-3’) and reverse 785F
with Illumina overhang (5’-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGT CTC GTG GGC TCG
GAG ATG TGT ATA AGA GAC AGG ACT ACH VGG GTA TCT AAT CC-3’) primers3!. Amplification conditions
were as follows: 95 °C for 3 minutes followed by 25 cycles of 95 °C for 30 seconds, 55 °C for 30 seconds
and 72 °C for 30 seconds and a final extension step at 72°C for 5 minutes. DNA libraries were prepared
from amplified products based on Illumina’s “16S Metagenomics Library Prep Guide” (15044223 Rev.
B) using the Platinum Taq DNA Polymerase (Invitrogen) and the Nextera XT Index Kit V2 (lllumina). DNA
sequencing with a 15% PhiX spike-in was performed using the MiSeq System and the MiSeq Reagent
Kit v2 (Illumina). Reads were trimmed to meet a quality score of Q20. Then, pair-ended reads were
assembled using PANDAseq® at a sequence length between 410 and 500 bp and an overlap length
between 20 and 100 bp, using the rdp_mle algorithm. Finally, each of the DNA sequences was
annotated to the genus level using the Ribosome Data Project (RDP) database and the RDP Bayesian
classifier using an assignment confidence cut-off of 0.6%3. Three microcosm samples were excluded
from further analyses due to insufficient sequencing depth: a triplicate polluted at 1 pug/g of gentamicin
after 0-day exposure, a triplicate polluted at 1 pug/g of gentamicin after 2-day exposure and a non-
polluted triplicate after 8-day exposure. The genera that had less than 10 associated sequences in the
ensemble of sequences from enriched media and soil microcosms were removed. Then, the relative
abundances of the remaining genera were calculated and plotted individually. PCoA analyses were
performed using R to compare the community composition of soil microcosms and bacterial
enrichments. In addition, the genus richness measured in each sample was determined using the vegan
package in R**. Then, ANOVA tests and t-student tests between the genus richness detected in each
group (each gentamicin concentration after 24-hour exposure for bacterial enrichments and each
gentamicin concentration and each exposure time for microcosms) and the average between all
groups were carried out using the ggpubr package in R.

Metagenomics sequencing and analysis

Metagenomics libraries were prepared from <1 ng of DNA obtained from both enriched bacteria and
soil microcosms using the Nextera XT Library Pep Kit and Indexes (lllumina), as detailed in [llumina’s
“Nextera XT DNA Library Prep Kit” reference guide (15031942 v03). DNA sequencing with a 1% PhiX
spike-in was performed using the MiSeq System and the MiSeq Reagent Kit v2 (Illumina). Two
approaches were used to evaluate the antibiotic resistome of non-polluted and gentamicin-polluted
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soil bacterial enrichments and microcosms using metagenomics sequences. First, sequences from soil
bacterial enrichments and soil microcosms were co-assembled in order to generate metagenome
assembled genomes (MAGs) and associate possible resistome elements to concrete taxa.
Metagenomic reads obtained from soil microcosms or bacterial enrichments were filtered according
to the criteria described by Minoche et af*>. Then, reads were co-assembled using MEGAHIT®® to
generate contigs, and reads were mapped onto the contigs using Bowtie 237 to generate BAM files.
Profiles were created for each individual sample and merged using the anvi’o metagenomic workflow?2,
Samples were binned based on differential coverage and sequence composition. A bin was considered
as a MAG when it showed a completion higher than 50% and a redundancy lower than 10%. In order
to determine whether the assembled contigs contained ARGs, the merged profile was blasted against
the CARD database®® using Diamond. The obtained results were filtered at a minimum identity of 60%
and a minimum length of 33 amino acids and the best-hit was selected. A summary of these assemblies
is found in Table S1 in Supplementary Information. Since the assembly represented a very low
proportion of the total of sequenced reads from soil microcosms, information regarding soil resistome
composition could be lost using this approach. Therefore, the resistome screening was carried out on
non-assembled reads from bacterial enrichments and soil microcosms in order to evaluate all the
sequences. Reads were trimmed using the Fastq Quality Trimmer tool of the FASTX-Toolkit.
Nucleotides that did not meet a minimum quality score of Q20 were trimmed from the sequences, and
sequences shorter than 100 nucleotides after trimming were removed. Then, reads from R1 and R2
were concatenated and blasted against the CARD database using Diamond. The obtained results were
filtered at a minimum identity of 60% and a minimum length of 33 amino acids, and the best hit was
chosen. Genes that had less than 10 copies in the ensemble of samples were removed and the relative
abundance of each gene was calculated. The genes that increased their relative abundance over time
in non-polluted samples were removed, i.e. the genes for those the Pearson coefficient between time
and relative abundance in non-polluted microcosms was higher or equal to 0.9. Finally, the genes that
did not show a Pearson coefficient between time and relative abundance in polluted samples higher
than 0.9 were also removed. The remaining genes were subjected to a Leave-one-out cross-validation
in order to determine whether their increase under gentamicin pollution over time was significant.

Gentamicin bioavailability and adsorption in soil

One gram of unpolluted soil or soil polluted at 1 pg/g, 100 pg/g or 1 mg/g of gentamicin was diluted in
10 ml of water to determine the bioavailable fraction, vortexed and stocked at -20°C until analysis.
Then, tubes were centrifugated at 10000 rpm for 5 minutes to recover the bioavailable fraction of
gentamicin. A 200 ul sample of supernatant was transferred to a polypropylene tube. Then, 200 pl of
75 mM sodium hexanesulfonate and 200 pl of 75 mM sodium heptanesulfonate were added to the
tube, and after vortexing for 30 seconds were analyzed by HPLC-MS/MS*,

Results

Gentamicin effect on soil bacterial communities

The highest tested concentration of gentamicin that could be considered as sub-inhibitory for enriched
soil bacteria at a cursory level was 0.1 pug/ml since it did not cause significant overall growth inhibition
and the growth curve approached that of the non-polluted soil bacteria enrichments (Figure 1). On the
other hand, a delay of 15 hours on the offset of the curve was observed at 0.5 pug/ml of gentamicin
and there was no visible growth in soil bacteria enrichments with 1 ug/ml of gentamicin (Figure 1a). In
addition, significantly lower optical densities were measured at 600 nm (ODeggo) in bacterial
enrichments with 0.5 and 1 pg/ml of gentamicin when compared to the average of all samples (Figure
1b). Both concentrations were considered, therefore, to be inhibitory for enriched soil bacteria. The
inhibitory concentration selected for samples undergoing DNA extraction was scaled up to 12 pg/ml
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of gentamicin to ensure that inhibitory effects were observed. DNA was extracted from bacterial liquid
enrichments with 0.1 pg/ml of gentamicin (a sub-inhibitory concentration), 12 ug/ml of gentamicin (an
inhibitory concentration) and in control enrichments with no added gentamicin.
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Figure 1. Gentamicin growth inhibition on soil bacterial enrichments. Optical density measured at 600 nm
(ODs0oy of cultivable soil bacteria incubated in 1:10 Tryptic Soy Broth (TSB) with different gentamicin
concentrations for every hour during a 24-hour incubation at 29°C (left) and after 24-hour incubation (right).
Significant differences between each group (each gentamicin concentration) and the average between all groups
(horizontal dashed line) were determined by a t-test. **p-value < 0.01; ***p-value < 0.001. n=3.

Significantly lower DNA concentrations and biomass were detected in soil bacterial enrichments with
12 pg/ml of gentamicin (Figure 2), showing a clear inhibitory effect, whereas gentamicin
concentrations of up to 1 mg/g did not show a significant decrease of DNA concentrations nor bacterial
biomass in soil microcosms (Figure 3). Non-gentamicin soil microcosms showed a significantly lower
number of 16S rRNA gene copies than soil with gentamicin after both a 2-day exposure and an 8-day
exposure. Non-gentamicin soil microcosms also showed a significantly lower DNA concentration than
soil with gentamicin after an 8-day exposure. The significant differences found between soil
microcosms with and without added gentamicin may reflect, rather than a growth stimulation induced
by gentamicin, small differences in the community composition between soil triplicates polluted at the
same gentamicin concentration and exposure times. The differences in the bacterial size of
gentamicin-polluted soil microcosms may also account for handling error during DNA extraction and
guantitative-PCR (gPCR) amplification. Thus, no obvious effect of gentamicin on the size of the
bacterial community can be observed.
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Figure 2. Gentamicin effect on soil bacterial growth in 1:10 TSB medium enrichments after 24-hour exposure.
DNA concentrations (left) and number of 16S rRNA gene copies/ul of gPCR reaction (right). Significant differences
between each group (each gentamicin concentration) and the average between all groups (horizontal dashed
line) were determined by a t-test. **p-value<0.01. n=3.
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Figure 3. Bacterial dynamics over time in soil microcosms at different gentamicin concentrations. DNA
concentrations (left)and number of 16S rRNA gene copies/ul of qPCR reaction obtained from non-polluted soil
microcosms or microcosms polluted with gentamicin at 1 pug/g, 100 pg/g or 1 mg/g (right). DO: 0-day exposure;
D2: 2-day exposure; D8: 8-day exposure. Significant differences between each group (each concentration and
each exposure time) and the average between all groups (horizontal line) were determined by a t-test *p-value
<0.05. **p-value<0.01. ****p-value<0.0001. n=3.

Five genera represented almost 100% of the total communities extracted from soil bacteria
enrichments in 1:10 Tryptic Soy Broth (TSB) medium (Figure 4). Propinimicrobium was the most
prevalent genus, representing between 65 and 90% of the total in non-gentamicin (control)
enrichments and almost 100% in enrichments at gentamicin concentrations of 0.1 pg/ml. Enrichments
at 12 pg/ml of gentamicin could not be sequenced, since DNA concentrations were very low and the
16S rRNA gene could not be amplified. Whereas the composition of the bacterial communities in non-
polluted enrichments varied between triplicates, gentamicin at 0.1 pg/ml reduced those differences
(Figure Sla in Supplementary Information). In addition, a significantly lower genus richness was
detected in gentamicin contaminated enrichments when compared to non-contaminated controls
(Figure S2 in Supplementary Information). These results suggest that gentamicin, even at sub-
inhibitory concentrations, inhibits some members of the community in bacterial enrichments.
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Figure 4. Relative abundances of the five most abundant genera from soil bacteria enrichments in 1:10 TSB
medium incubated at 29°C for 24 hours at gentamicin concentrations of 0 and 0.1 ug/mL. Triplicates are plotted
individually.

On the other hand, the relative abundance of the 24 most abundant genera in soil microcosms
experienced only little changes under gentamicin pollution over time (Figure 5), and both the overall
composition of the bacterial communities (Figure S1b in Supplementary Information) and genus
richness (Figure S2 in Supplementary Information) remained stable after 8-day exposure. None of the
gentamicin concentrations used in this study had an overall inhibitory effect on soil microcosms and
even concentrations at mg/g levels showed little effect on the composition of soil bacterial
communities after 8-day exposure, while 12 pug/ml of gentamicin had clear inhibitory effects on the
culturable fraction of the soil microbiome. This may partly be due to differences in the communities
present in soil microcosms and bacterial enrichments (Figure S1c in Supplementary Information). The
genus richness measured in bacterial enrichments was significantly lower than that of most of the
communities present in soil microcosms (Figure S2 in Supplementary Information). Therefore, the
proportion of culturable soil bacteria does not represent the diversity present in soil microcosms.
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Figure 5. Relative abundances of the 24 most abundant genera in the total communities from non-polluted
soil microcosms or microcosms with 1 pg/g, 100 pg/g or 1 mg/g of gentamicin. Triplicates are plotted
individually.
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Gentamicin effect on the soil resistome

Regarding soil bacterial enrichments, samples at 12 pg/ml were generally absent in the metagenomics
assembly, while samples from non-polluted enrichments and enrichments polluted at 0.1 pug/ml of
gentamicin showed a high alignment rate (Figure 6). Two metagenome assembled genomes (MAGs)
were obtained from the assembly. The first one had a completion of 81.69% and a redundancy of
9.86%, and belonged to the genus Bacillus. The second one had a completion of 60.56% and a
redundancy of 2.82%, and belonged to the genus Lysinbacillus. Both MAGs were virtually absent in
samples at 12 pg/ml of gentamicin and their presence did not show any obvious link to gentamicin.
Many contigs (39) contained different (27) ARGs (Figure 6). However, none of these genes was specific
to gentamicin. On the other hand, only 137 contigs were co-assembled from soil microcosms and the
maximum alignment rate obtained when mapping metagenomic reads against the contigs was of
0.08%. No ARGs were identified when blasting the contigs against the CARD database and filtering at
60% identity and 33 amino acid length.
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Bin_1 anvi-interactive Lysinibacillus 1.46 Mb 1,023 1,376 38.37% 60.56% 2.82% bacteria
Bin_3 anvi-interactive Bacillus 2.80 Mb 1,736 1,634 36.08% 0.00% 0.00% blank

Figure 6. Assembly of metagenomic samples obtained from soil bacterial enrichments. EM: Enriched
Medium. 1,2,3: triplicates from each condition.
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Two genes encoding for components of multidrug efflux pumps, muxB and adeF, were found to
significantly increase their relative abundance in non-assembled metagenomic sequences from
bacterial enrichments polluted at 12 pg/ml of gentamicin (Table 1). However, none of these efflux
pumps is related to gentamicin efflux. Thus, although gentamicin causes significant effects on the
bacterial communities of soil bacterial enrichments, a selection for genes conferring resistance to
gentamicin was not obvious. Regarding soil microcosms, 26 genes showed an increased relative
abundance over exposure time in non-assembled metagenomic sequences from gentamicin-polluted
soils (Table S2 in Supplementary Information). 5 of these genes were related to aminoglycoside
resistance, 11 were related to multidrug efflux, 5 to tetracycline efflux and 5 to other mechanisms.
However, when applying the Leave-One-Out cross-validation to each of these genes, none of these
increases in relative abundance was found significant. In addition, although almost all samples from
soil microcosms and non-contaminated bacterial enrichments contained genes coding for enzymes of
the AAC(6’) aminoglycoside acetyltransferase family that had been overlooked by metagenomic
sequencing, these were low-abundant and a significant increase on their abundance with gentamicin
present was not detected (Figure 7). Therefore, gentamicin, even at high concentrations on the order
of mg/g, did not induce any significant change in the resistome of soil bacteria.

[Gentamicin] 0 ug/ml 0.1 pg/ml 12 pg/ml

Sample/Gene SC1 SC2 SC3 SC4 SC5 SC6 SC7 SC8 SC9

muxB 0 4,9E-6 | O 0 54E-6 | O 1,5E-4 | 6,7E-5 | 1,3E-4

adeF 0 0 0 0 0 0 5,1E-5 | 9,3E-5 | 6,4E-5

Table 1. Antibiotic resistance genes (ARGs) that increase their average relative abundance in soil
enrichments in 1:10 TSB medium with different gentamicin concentrations after 24-hours incubation
(Pearson coefficient > 0.9). Both genes showed a significantly higher abundance at 12 pg/ml of
gentamicin compared to the rest of culture enrichments (p-values of 0.046 and 0.032 for muxB and
adeF, respectively).
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Figure 7. Dynamics of gentamicin resistance gene abundance in soil microcosms and enriched media
with and without gentamicin. Number of copies of gentamicin resistance genes from the AAC(6’)
aminoglycoside acetyltransferase family per ul of qPCR reaction normalized by the number of copies
of the 16S rRNA gene per pl of qPCR reaction. DO: 0-day exposure; D2: 2-day exposure; D8: 8-day
exposure. No significant differences were found between conditions (each gentamicin concentration
and each exposure time for soil microcosms and each gentamicin concentration after 24-hour
exposure for bacterial enrichments). n=3.

The available fraction of gentamicin in soils polluted at the concentrations used in this study was
measured by High-Performance Liquid Chromatography/Mass Spectometry (HPLC-MS/MS) to
estimate the percentage of gentamicin that is adsorbed onto soil particles (Table S3 in Supplementary
Information). No trace of gentamicin was detected in any of the measured samples, suggesting that it
is almost completely adsorbed onto soil particles. Although a small percentage of gentamicin can
escape this adsorption, it was under the quantification limit (10 ng/ml) of the technique used in this
study and below the inhibition threshold determined with enriched media. Thus, even when high
concentrations of gentamicin were added to soil, the bioavailable fraction was sub-inhibitory. The lack
of bioavailability of gentamicin in soil partially accounts for the differences observed between the
response of soil bacteria in microcosms and enriched media, where gentamicin was not adsorbed onto
soil particles and had an immediate effect on soil bacteria.

Discussion

The main goal of this study was to compare the response of soil bacteria to the antibiotic gentamicin
in soil microcosms and enriched media using a metagenomics approach. The effects of gentamicin
pollution on the soil microbiome and resistome were analyzed at three levels: overall effects on
bacterial growth, impact on the community composition and potential selection for ARGs. As
hypothesized, clear differences were observed between the response to gentamicin of soil bacteria
enriched in selective media and in soil microcosms. These differences probably lay in the limited
bacterial diversity present in bacterial enrichments and in gentamicin adsorption onto soil particles.

The reduced richness detected in bacterial enrichments (Figure S2 in Supplementary Information) and
the differences observed in bacterial composition between soil microcosms and bacterial enrichments
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(Figure Slc in Supplementary Information) support the concerns about the use of culture-based
studies for antibiotic surveillance in terrestrial ecosystems. The majority of the bacteria present in soil
are uncultured**** and these uncultured soil bacteria are a reservoir of ARGs®. In addition, in complex
environments such as soil, other selective forces such as nutrient availability or predation are likely to
take place®. The impact of the environmental and bacterial interactions on the development of
antibiotic resistance is critical and should not be overlooked**¢. Therefore, these results demonstrate
the need to analyze the effects of antibiotics using microcosms and field studies when possible, since
the response observed using culture-based approaches does not necessarily reflect what happens in
the environment.

In addition, this research illustrates how the effects of the same antibiotic are strongly dependent on
the environmental matrix. Concentrations that were overall sub-inhibitory in bacterial enrichments
perturbed the bacterial community structure without changing their resistome. Concentrations that
were roughly four orders of magnitude higher than the inhibition threshold did not cause significant
short-term effects on soil bacteria in their environmental matrix due to gentamicin adsorption onto
soil particles. Thus, this study demonstrated the need to take environmental physico-chemical
properties into account in antibiotic surveillance studies in terrestrial ecosystems and to systematize
antibiotic concentration measurement, since both antibiotic structure and soil properties affect the
behavior of antibiotics in the receiving environment*’. Furthermore, these results demonstrated the
limitations of the terms “sub-inhibitory” and “inhibitory” in complex environments. These terms were
initially defined in single cultures and they may not be descriptive of the dose-response relationships
taking place in complex communities in situ*, where some members of the community may be
inhibited even at concentrations below the overall inhibitory threshold.

Finally, gentamicin resistance genes were detected by gqPCR (Figure 7), even though they had been
undetected during metagenomics analyses. Although they provide a more complete version of the
environmental microbiome than culture-based experiments, metagenomic techniques are still biased
and do not uncover all soil bacterial diversity*. Sequencing technologies such as the one used in this
study (MiSeq sequencing) may not sequence deeply enough to obtain MAGs from samples as rich and
diverse as soil. Deeper sequencing technologies should be used in this kind of matrixes in order to
obtain a more accurate picture of the soil microbiome® and identify the bacterial hosts of
environmental ARGs.

Different antibiotic-soil combinations may cause different effects on the soil microbiome. However,
this study evaluated the short-term effects of gentamicin after a single dose. Antibiotic sequestration
being a reversible process??, the bioavailability of gentamicin could increase at longer exposure times
and cause long-term perturbations on the soil microbial communities. In addition, several studies have
shown that environmental factors, such as particle size or mineral composition, create specific
microenvironments adequate for the growth of specific bacterial taxa®*™3. This generates a spatial
heterogeneity in the soil microbial communities at a small scale. Moreover, antibiotic concentrations
in the environment likely form gradients in soil and these gradients are likely associated with soil
resistome heterogeneity at a small scale. The different populations in soil may respond differently to
the same antibiotic according to their physiological state®. Thus, the dilution of local heterogeneity
during DNA extraction at higher sample sizes might hide changes at a micro-scale. Further studies
should analyze the effects of antibiotics in soil microenvironments and account for differences related
to soil spatial heterogeneity, since studies designed to observe general changes in soil microcosms
after antibiotic addition might overlook any event happening at a local scale and, therefore,
underestimate the risk associated with antibiotics in soil.
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Chapter IV. Gentamicin pollution at sub-inhibitory concentrations
induces a response in the environmental microbiome and resistome

Abstract

Residual concentrations of antibiotics are often released to the environment after wastewater
treatment and through waste from pharmaceutical factories, farms, and aquacultures. These
antibiotics might impose a selective pressure on the environmental resistome and induce the selection
for ARB and ARG that can be disseminated to human and animal microbiomes. Residual concentrations
of antibiotics are often sub-inhibitory and have traditionally been considered as innocuous. However,
anincreasing body of evidence shows that sub-inhibitory concentrations of antibiotics might select for
resistance and induce a wide range of processes related to resistance development in vitro. This is, to
the best of our knowledge, the first study to determine the effects of sub-inhibitory concentrations of
antibiotics on the environmental microbiome. Given the higher complexity of the microbial community
and the environmental matrix in different ecosystems, antibiotics could have considerably different
effect than that observed in microbial cultures in the laboratory. River water microcosms were dosed
with both sub-inhibitory and inhibitory concentrations of gentamicin as determined previously based
on bacterial growth in enriched media. DNA and RNA were extracted after 0, 1 and 2-day exposure,
and the effects of gentamicin were assessed at three different levels: a) overall effects on bacterial
growth and transcription, b) effect on the composition of the total and active communities, and c)
effect of the abundance of aac(6’) and aadA aminoglycoside resistance gene transcripts. Furthermore,
the genes associated to specific taxa were identified by metagenomic sequencing and both the
assembly of short reads and the hybrid assembly of short and long reads. A sub-inhibitory
concentration (gentamicin at 50 ng/ml) provoked a significant increase in overall transcription levels
without inhibiting growth. Furthermore, a shift in the total and active communities was identified in
water microcosms with gentamicin at that concentration after only a 1-day exposure with an
concomitant increase Limnohabitans abundance. The gentamicin resistance gene (aac(6’)-1b8) was
identified in the partially-assembled genome of Limnohabitans. Finally, the abundance and
transcription of genes belonging to the aac(6’) family identified in class 1 integrons from water
microcosms increased under gentamicin pollution at 50 ng/ml. Thus, gentamicin at sub-inhibitory
concentrations induced a response (identified via mobile genetic elements) in the environmental
microbiome and resistome, a change in community composition and activity, and a selection of genes
conferring resistance to gentamicin. This is the first study showing evidence of the effects of sub-
inhibitory concentrations of antibiotics in situ and establishing dose-response relationships between
antibiotic dose measured by HPLC-MS/MS and the magnitude of the resistome response. The scope of
antibiotic selection under sub-inhibitory concentrations of antibiotics and the mechanisms underlying
this process might provide the basis for understanding antibiotic resistance dispersion in low antibiotic
concentration ecosystems.
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Introduction

Most of the antibiotics used in human therapy and animal production are excreted unaltered to the
environment®. These bioactive antibiotics enter wastewater treatment plants (WWTP) and agricultural
fields and groundwater, and stimulate resistance development and horizontal gene transfer (HGT).
Thus, even though the majority of antibiotic resistant bacteria (ARB) and their associated antibiotic

t23, some of

resistance genes (ARGs) present in wastewater influents are removed during treatmen
them can be released to the environment*>®. Thus, antibiotics remaining in WWTP effluents can reach
the receiving aquatic environment’. In addition, they can contaminate food crops through the use of
treated wastewater for irrigation®. Residual antibiotic concentrations might also reach fresh water
through the waste of antibiotic manufacturing plants, farms and aquacultures®. The selective pressure
imposed by environmental pollution with residual concentrations of antibiotics due to anthropogenic
activities might result in the development and selection of antibiotic resistance in environmental

1011 and the subsequent dissemination of ARB and ARGs from the environment to animal and

14-16

settings
human microbiomes'®*3, Nonetheless, the scope of this phenomenon remains unclear

Antibiotic concentrations found in anthropogenically-polluted environments are often sub-inhibitory'’
(i.e. too low to cause a visible growth inhibition of susceptible bacteria in culture'®). However, sub-
inhibitory concentrations might cause a perturbation of the microbial community. They could slow
down bacterial growth'® and the selective pressure they exert might be sufficient to offset the cost of
resistance, and thereby, contribute to resistance selection®. An increasing body of evidence shows
that sub-inhibitory concentrations of antibiotics might select for ARB**?! and induce a wide range of
responses including quorum sensing, persistence, biofilm formation and the expression of genes
involved in antibiotic resistance, virulence and the SOS response?’. Furthermore, sub-inhibitory
concentrations of antibiotics might select for mutants with a lower fitness cost than the ones selected
at inhibitory concentrations®® and might be sufficient for the maintenance of multidrug resistance
plasmids®®. These concentrations might also stimulate ARG integration in mobile genetic elements
(MGEs) and dissemination through horizontal gene transfer (HGT)**?’. Therefore, at least some
antibiotics might select for resistance in a dose-independent manner and contribute to resistance
development at concentrations below the minimal inhibitory concentration (MIC) of susceptible
bacteria as much as at inhibitory concentrations®.

Published studies working to elucidate the effects of sub-inhibitory concentrations of antibiotics on
bacterial communities and their associated resistome base their findings on culture-based approaches.
Bacteria need to possess genes involved in antibiotic resistance that are translated to proteins in order
to grow in antibiotic-polluted media. Therefore, culture-based approaches provide phenotypical
evidence of antibiotic resistance and the mechanisms involved. However, these approaches deal with
a reduced portion of the bacterial community under established in vitro conditions and do not
necessarily account for the complexity of natural environments?®, where bacterial growth and
interactions are influenced by several factors. Experiments with natural microbial communities can be
monitored by environmental DNA sequencing (i.e., metagenomics approaches). Metagenomic studies
avoid culturing biases and provide access to a much wider proportion of the environmental
microbiome without altering the original conditions of the environmental matrix. Nevertheless, the
genes and taxa identified using metagenomics approaches are not necessarily actively responding to
the antibiotic. Thus, the combination of metagenomic studies with RNA-based analyses should provide
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a better understanding of the taxa and genes involved in the response to sub-inhibitory concentrations
of antibiotics.

In this study, we examined whether sub-inhibitory concentrations of antibiotics induce a response at
the taxonomical and functional level in the aquatic environment and established relationships
between antibiotic dose and the magnitude of the response using gentamicin as a model antibiotic.
Gentamicin is an aminoglycoside used in both human therapy and veterinary medicine. Residual
concentrations of excreted gentamicin have been detected in wastewater treatment plants®.
Gentamicin at sub-inhibitory concentrations has been shown to induce resistance development in pure
cultures®®. Moreover, aminoglycoside resistance genes are widely distributed in both chromosomal
and plasmid class 1 integrons3!, which are considered major drivers in antibiotic resistance
dissemination®. Thus, using a combination of metagenomics and RNA-based analyses, the bacteria
and genes involved in the environmental response to gentamicin at sub-inhibitory concentrations in
river water microcosms were identified and class 1 integron cassettes were sequenced to screen for
aminoglycoside resistance genes. The response to sub-inhibitory concentrations of gentamicin was
compared to that observed under gentamicin pollution at inhibitory concentrations. We hypothesized
that inhibitory concentrations of gentamicin would induce a stronger response than sub-inhibitory
concentrations, but that the latter would induce shifts in the composition of the microbial communities
and increase the abundance and transcription of genes related to aminoglycoside resistance found in
class 1 integrons. To the best of our knowledge, this is the first study showing that sub-inhibitory
concentrations of gentamicin induce a response in the environmental microbiome and resistome and
establishing links between antibiotic dose and the magnitude of the response.

Materials and methods

Sampling and determination of gentamicin effect on river water enrichments

Rhéne river water was sampled in Lyon (45°45’08.3”N 4°50°11.3”E). In order to determine which
gentamicin concentrations had sub-inhibitory effects on Rhéne river water, 200 ul of river water
containing bacteria in R2A medium without antibiotics or with gentamicin at 10, 50, 100, 500 or 1000
ng/ml were transferred to a 96-well culture plate and incubated for 45 hours at 29°C under continuous
shaking in the MultiSkan GO Plate Reader (Thermo Scientific). ODgoo Was measured every hour (Figure
S1 in Supplementary Information). Based on these results, 10 and 50 ng/ml were identified as sub-
inhibitory concentrations. Since both 500 ng/ml and 1 pg/ml were identified as inhibitory, an
intermediary inhibitory concentration of 800 ng/ml was the one selected for this study.

Microcosm experiment using river water polluted with gentamicin

One-liter microcosms of Rhone river water were prepared in polypropylene containers in order to
avoid gentamicin adsorption on glass. Then, 0, 10, 50 or 800 ng/ml of gentamicin were added to the
river water and incubated for 48 hours at room temperature. Microcosms were gently shaken at 35
rpm to emulate river currents. Triplicates were made for each gentamicin concentration. After 0, 24-
and 48-hour exposure, DNA and RNA were extracted from water microcosms. Gentamicin
concentration was measured for every sample and exposure time by HPLC-MS/MS (Table S1 in
Supplementary information).

88



DNA extraction from water microcosms

For each extraction, 90 ml of sample were filtered through a 0.2 um filter using a vacuum pump. Then,
the bacteria on the filter were resuspended in 1 ml of CTAB Buffer (Promega) and heated for 5 minutes
at 95 °C. After vortexing for 1 minute, 300 ul of supernatant were added to 300 pl of Lysis Buffer
(Promega) and purified using the Maxwell® RSC Instrument and the Maxwell® RSC PureFood GMO and
Authentication Kit (Promega). DNA was eluted in 100 pl of Elution Buffer (Promega).

RNA extraction from water microcosms

For each extraction, 90 ml of sample were filtered through a 0.2 um filter using a vacuum pump. Then,
the bacteria on the filter were resuspended in 1 ml of CTAB Buffer (Promega) with 2% 1-thioglycerol
and vortexed for 1 minute. 200 pl of supernatant were added to 200 pl of Lysis Buffer (Promega) and
purified using the Maxwell® RSC Instrument and the Maxwell® RSC miRNA Tissue Kit (Promega), which
includes DNase treatment. RNA was eluted in 60 pl of nuclease-free water.

DNA quantification and 16S rRNA gene quantitative PCR (qPCR) assays

DNA concentrations were measured using the Qubit Fluorometer and the Qubit dsDNA HS Assay Kit
(ThermoFisher). Then, the size of the total bacterial community was estimated by quantifying the V3
region of the 16S rRNA gene by gPCR using the “universal” primers 341F (5'-CCT ACG GGA GGC AGC
AG- 3') and 534R (5'-ATT ACC GCG GCT GCT GGC A-3')**3* gPCR assays were carried out using the
Corbett Rotor-Gene 6000 (QIAGEN) in a 20 pl reaction volume containing GoTag qPCR Master Mix
(Promega), 0.75 uM of each primer and 2 pl of DNA. Two non-template controls were also included in
all the assays. Standard curves for all the assays were obtained using 10-fold serial dilutions of a
linearized plasmid pGEM-T Easy Vector (10° to 10’ copies) containing the 165 rRNA gene of
Pseudomonas aeruginosa PAO1L. Cycling conditions for gPCR amplification were 95 °C for 2 minutes
followed by 30 cycles of 95 °C for 15 seconds, 60 °C for 30 seconds and 72 °C for 30 seconds. Melting
curves were generated after amplification by increasing the temperature from 60 °C to 95 °C. Then,
ANOVA tests andt-student tests between each group (each gentamicin concentration and each
exposure time) and the average between all groups were performed using the ggpubr package in R.

RNA quantification, retrotranscription and 16S rRNA gene quantitative PCR (qPCR) assays

RNA was quantified using the Quantus Fluorometer and the QuantiFluor RNA System (Promega). Then,
RNA samples were diluted by 10x in nuclease-free water and retrotranscribed using the SuperScript IlI
RT (Invitrogen). cDNA was analyzed by qPCR assays and statistical analyses as explained in the previous
paragraph in order to estimate the size of the active bacterial community.

16S rRNA gene and cDNA sequencing and analysis

The V3-V4 hypervariable regions of the bacterial 16S rRNA gene were amplified using the Titanium Taq
DNA Polymerase (Takara Clontech) and forward (5-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA
CAG TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG CCT ACG GGN GGC WGC AG-3’) and reverse
(5’-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGT CTC GTG GGC TCG GAG ATG TGT ATA AGA
GAC AGG ACT ACH VGG GTA TCT AAT CC-3')®* primers. DNA was amplified as follows: 95 °C for 3
minutes followed by 30 cycles of 95 °C for 30 seconds, 55 °C for 30 seconds and 72 °C for 30 seconds
and a final extension step at 72°C for 5 minutes. cDNA was amplified using the Platinum Tag DNA
Polymerase (Invitrogen) and the primers described above. cDNA was amplified as follows: 94 °C for 2
minutes followed by 30 cycles of 94 °C for 30 seconds, 55 °C for 30 seconds and 72 °C for 30 seconds
and a final extension step at 72°C for 5 minutes. DNA and cDNA libraries were prepared from amplified
products based on lllumina’s “16S Metagenomics Library Prep Guide” (15044223 Rev. B) using the
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Platinum Tag DNA Polymerase (Invitrogen) and the Nextera XT Index Kit V2 (Illumina). DNA and cDNA
were sequenced with a 15% PhiX spike-in using the MiSeq System and the MiSeq Reagent Kit v2
(llumina). Reads were trimmed to meet a quality score of Q20. Then, pair-ended reads were
assembled using PANDAseq?® at a sequence length between 410 and 500 bp and an overlap length
between 20 and 100 bp using the rdp_mle algorithm. Finally, each of the DNA sequences was
annotated to the genus level using the Ribosome Data Project (RDP) database and the RDP Bayesian
classifier’” using an assighment confidence cut-off of 0.6. The genera that had less than 10 associated
sequences in the ensemble of DNA or cDNA sequences were removed. Finally, the relative abundances
of the remaining genera were assessed and normalized per number of copies of the 16S rRNA gene
per L of water.

Illumina metagenomics sequencing and analysis

Metagenomics libraries were prepared from <1 ng of DNA obtained from water microcosms using the
Nextera XT Library Prep Kit and Indexes (lllumina), as detailed in lllumina’s “Nextera XT DNA Library
Prep Kit” reference guide (15031942 v03). DNA sequencing with a 1% PhiX spike-in was performed
using the MiSeq System and the MiSeq Reagent Kit v2 (lllumina). Metagenomic reads were filtered
according to the criteria described by Minoche et al’®. Then, reads were co-assembled using
MEGAHIT* to generate contigs. Reads were mapped onto the contigs using Bowtie2*® to generate
BAM files. Data regarding the co-assembly of [llumina reads can be found in Table S2 (Supplementary
Information). Profiles were created for each individual sample and merged using the anvi'o™
metagenomic workflow. The assembled contigs were blasted against the CARD antibiotic gene
database* to identify ARGs. Results were filtered at an amino acid identity percentage of 60%, 33
amino acid length and an e-value of 10°. The best hit was used. Finally, contigs were binned based on
their differential coverage across samples using anvi’o*, and the bins were refined based on
differential coverage and sequence composition. Bins with <50% completion and 210% redundancy
were discarded, since they were considered low-quality metagenome assembled genome (MAG) drafts
according to Bowers et al**. A summary of the remaining bins is shown in Figure S2 (Supplementary
Information).

Oxford Nanopore metagenomics sequencing and analysis

One hundred ng of pooled DNA extracted from the three microcosms polluted at 50 ng/ml of
gentamicin after 2-day exposure were sequenced using the Oxford Nanopore MiniON and the Oxford
Nanopore Ligation Sequencing Kit. Libraries were prepared as detailed in Oxford Nanopore’s “1D
Genomic DNA by Ligation” protocol. Short-reads sequenced using lllumina’s MiSeq System and filtered
according to the criteria described by Minoche et al. were co-assembled to long-reads obtained from
the Oxford Nanopore sequencing using Unicycler**. Information regarding the hybrid assembly of short
and long reads can be found in Table S3 (Supplementary Information). The rest of sequencing analysis,
from the mapping of Illumina reads onto the assembled contigs to the refinement of bins, was
described in the previous section.

Sequencing of chromosomal class 1 integron cassettes

Since aminoglycoside resistance genes are often integrated in class 1 integrons, chromosomal class 1
integron cassettes were amplified and sequenced in order to identify the ARGs that they encoded.
Specific primers for the integrase intl (HS463a: 5-CTGGATTTCGATCACGGCACG-3’ and HS464: 5'-
ACATGCGTGTAAATCATCGTCG-3')* were used to detect class 1 integrons in water DNA samples. Three
pl of DNA were amplified using the Platinum Tag DNA Polymerase (Thermofisher) as follows: 94 °C for
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2 minutes followed by 35 cycles of 94 °C for 30 seconds, 60 °C for 30 seconds and 72 °C for 90 seconds
and a final extension step at 72°C for 5 minutes. All water DNA samples contained class 1 integrons.
Then, the integron gene cassette arrays were amplified from water DNA using MRG284 (5'-
GTTACGCCGTGGGTCGATG-3’) and MRG285 (5’- CCAGAGCAGCCGTAGAGC-3’) primers®®. These primers
amplified the entire cassette array in chromosomal class 1 integrons and Tn402-like elements from the
aatll site to a conserved region beyond the final attC site in the cassette array. Annealing was
performed at 65°C for 2 minutes instead of 60°C for 30 seconds. Then, amplicons were cleaned-up
using AMPure XP beads (Beckman-Coulter) and sequenced as explained in the “lllumina metagenomic
sequencing and analysis” section.

Metagenomics reads were trimmed using the Fastq Quality Trimmer tool of the FASTX-Toolkit.
Nucleotides that did not meet a minimum quality score of Q20 were trimmed from the sequences and
sequences shorter than 100 nucleotides after trimming were removed. R1 and R2 reads were blasted
separately against the CARD database using Diamond*’. The obtained results were filtered at a
minimum identity of 90%, a minimum length of 50 amino acids and an e-value of 10°. The best hit
was used. Results obtained from R1 and R2 blasts were identical. Therefore, the analysis was continued
using only R1. The abundance of the aminoglycoside resistance genes encoded by class 1 integrons
was normalized by sequencing depth (Figure S3 in Supplementary Information).

Quantification of aminoglycoside resistance genes by gPCR

Thirty-two aminoglycoside resistance genes coding for aadA aminoglycoside nucleotidyltransferases
and AAC(6’) aminoglycoside acetyltransferases were identified in integron cassette arrays. Since
abundance calculations of aminoglycoside resistance genes based on the sequencing of amplified
integron cassettes lacks accuracy, two primer pairs were designed to target conserved regions of the
identified aadA (17 genes) and the aac(6’) (15 genes) genes, respectively. Information regarding these
primers is in Table S4 (Supplementary Information). Then, aadA and aac(6’) genes were quantified by
gPCR in water DNA and cDNA samples in order to evaluate the abundance and transcription of
aminoglycoside resistance genes under gentamicin pollution at different concentrations and exposure
times. The Corbett Rotor-Gene 6000 (QIAGEN) amplified target genes in a 20 ul reaction volume
containing GoTaqg qPCR Master Mix (Promega), 0.75 uM of each primer and 2 pl of DNA or cDNA. Two
non-template controls were also included in all the assays and non-retrotranscribed controls were
included in cDNA amplifications. Standards for qPCR assays were obtained from water DNA samples
using aadA and aac(6’) primers. Standards were cloned and transformed using the TOPO TA cloning
Kit (Invitrogen) and normalized to 10% copies/ul. Standard curves were made using 10-fold serial
dilutions of the standards (107 — 10% copies/ul). Cycling conditions for qPCR amplification were 95 °C
for 2 minutes followed by 35 cycles of 95 °C for 30 seconds, 55 °C for 30 seconds and 72 °C for 30
seconds. Melting curves were generated after amplification by increasing the temperature from 60 °C
to 95 °C. The number of copies per ul of gPCR reaction obtained from the amplification of aadA and
aac(6’) genes or transcripts were normalized by the copies of the 16S rRNA gene or transcripts per pl
of gPCR reaction to assess their relative abundance in water. Average values and the percentage of
standard deviation calculated for each condition are shown in Table S5 (Supplementary Information).
Since gentamicin pollution at 800 ng/ml provoked a higher increase on gene abundance and
transcription than sub-inhibitory concentrations, dose-response graphs were created only for sub-
inhibitory concentrations for better visualization of the effect of gentamicin pollution at sub-inhibitory
concentrations on aminoglycoside resistance gene abundance and transcription.
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Results

Effect of gentamicin on the growth of enriched bacterial communities from river water

At 10 and 50 ng/ml of gentamicin, the offset of the growth curve was delayed. At 50 ng/ml, slower
growth rates were observed (Figure S1 in Supplementary Information). However, similar ODggo than in
non-polluted controls were detected after 45-hours growth at both concentrations. Therefore, 10
ng/ml and 50 ng/ml of gentamicin did not inhibit overall growth in the enriched fraction of water
bacteria. Concentrations from 100 ng/ml cause a strong growth inhibition in water bacteria. Indeed,
no growth was observed in enriched media polluted with gentamicin at 500 ng/ml nor at 1 ug/ml after
45-hours incubation. Therefore, a concentration of 800 ng/ml of gentamicin was chosen as an
inhibitory concentration control, whereas 10 ng/ml and 50 ng/ml were the sub-inhibitory
concentrations selected for this study.

Gentamicin at 50 ng/ml increased global transcription levels without inhibiting overall bacterial growth
Based on ANOVA statistical tests, significant (p<0.05) differences between the conditions (different
gentamicin concentrations and exposure times) were found for DNA and RNA yield and number of
copies of the 16S rRNA gene and transcript (Figure 1). In addition, whereas the size of the bacterial
community was significantly lower in microcosms polluted at 800 ng/ml after 2-day exposure than
those at the other concentrations (p-values<0.05) for both DNA quantity and number of copies of the
16S rRNA gene), both the quantity of DNA and the number of copies of the 16S rRNA gene increased
slightly over time. In the non-polluted microcosms and microcosms with gentamicin at sub-inhibitory
concentrations (10 or 50 ng/ml), the bacterial concentration increased significantly (Figure 1).
Significantly higher bacterial transcription levels were detected in microcosms polluted up to 50 ng/ml
of gentamicin based on the number of copies of 16S rRNA transcripts (p-value<0.0001). Therefore,
gentamicin at 50 ng/ml did not inhibit bacterial transcription nor overall bacterial growth in the river
water microcosms.
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Figure 1. Bacterial dynamics over time at different gentamicin concentrations in river water microcosms. Yield
of extracted DNA in ng per L (top left), 16S rRNA gene copies per L (top right), yield of extracted RNA in ng per L
(bottom left), 16S rRNA transcript copies per L (bottom right) obtained from non-polluted water or water
polluted with gentamicin at 10, 50 or 800 ng/ml after 0, 1 or 2-day exposure. qPCR efficiency=1.07. R? linearity
coefficient=0.996. Significant differences between each group (each gentamicin concentration and each
exposure time) and the average between all groups (horizontal dashed line) were determined by a t-test. *p-
value <0.05. **p-value<0.01. ***p-value <0.001. ****p-value<0.0001. n=3.
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Gentamicin at 50 ng/ml increased the abundance of Limnohabitans in the total and active communities
of water microcosms after 1-day exposure

The average relative abundance of the 24 most abundant genera amongst 16S rRNA gene and cDNA
sequences represented between 65 and 90% of the total communities and between 75% to 95% of the
active communities sequenced from water microcosms. All gentamicin concentrations tested affected
(although differently for each concentration) the composition of total and active communities in the
river water microcosmes. First, the abundance of several genera, including Zooglea, Sphingohabdus and
Polynucleobacter, was slightly lower in the total and active communities from microcosms polluted at
10 ng/ml of gentamicin after a 2-day exposure compared to non-polluted controls (Figure 2). In
addition, the abundance of Limnohabitans and Pseudomonas transcripts increased over time at this
gentamicin concentration. However, this concentration does not seem to have a big impact on
community composition. In microcosms polluted at 50 ng/ml of gentamicin, a shift in community
composition was observed after a 1-day exposure, when the average relative abundance of
Limnohabitans increased from 6.28% to 34.64% of the total communities and from 8.91% to 47.68%
of the active communities. This increase became more evident after a 2-day exposure, when
Limnohabitans represented 58.59% of the total communities and 60.36% of the active communities
present in microcosms polluted at 50 ng/ml of gentamicin, whereas its relative abundance in the other
microcosms was relatively stable over time and concentrations. This increase was also observed after
normalizing the number of copies of the 16S rRNA gene per liter of water. Other genera such as
Pseudomonas and Zooglea were less abundant in microcosms polluted at 50 ng/ml of gentamicin after
a 2-day exposure than in non-polluted controls. On the other hand, at 800 ng/ml, a concentration that
inhibited growth in water microcosms, the abundance and transcription of virtually all genera was
reduced compared to the rest of microcosms. However, Pseudomonas increased its abundance and
transcription over time and thus seems to be able to grow under gentamicin pollution at 800 ng/ml. In
addition, even though Rhodoferax abundance was lower in microcosms with 800 ng/ml of gentamicin
than in the other microcosms, its transcription levels increased over time.
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Figure 2. Changes in the relative abundance and transcription levels of the 24 most abundant bacteria in river
water microcosms. Average relative abundance of 16S rRNA gene sequences (top left); average relative
abundance normalized per number of copies of 16S rRNA gene per L of water (top right); average relative
abundance of 16S rRNA cDNA sequences (bottom left); average relative abundance normalized per number of
copies of 16S rRNA transcripts per L of water (bottom right) from non-polluted water microcosms and
microcosms polluted at 10, 50 or 800 ng/ml of gentamicin after 0, 1 or 2-day exposure. n=3.

Hybrid assembly of short and long reads of a gentamicin resistance gene in a partial genome
reconstruction from Limnohabitans

Short metagenomic reads obtained from water microcosms were co-assembled in order to obtain
metagenome-assembled genomes (MAGs) and identify their associated ARGs. Three bins with more
than 50% completion and less than 10% redundancy were assembled from Illumina metagenomic
reads (Figure S2 in Supplementary Information). The first bin had a completion of 60.2%, a redundancy
of 4.2, contained 683 splits, and had a length of 1.86 Mbp. Its coverage increased over time in
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metagenomic sequences from all microcosms except for the ones contaminated at 800 ng/ml of
gentamicin. It was identified as Burkholderiaceae. Two hits from the CARD antibiotic database were
found in this MAG. One belonged to the mexW gene that encodes for the MexW protein of the MexW-
OprM multidrug efflux pump. The other one belonged to the ugd gene that is involved in peptide
resistance. The second bin was identified as Pseudomonas. It contained 602 splits, had a completion
of 67.6%, a redundancy of 1.4%, and a length of 852 Kbp. Its coverage increased over time in all
microcoms except for the ones contaminated at 50 ng/ml of gentamicin. Four hits from the CARD
antibiotic database were identified in this bin. All hits were related to drug efflux (opmH for triclosan
efflux and mexW, mexF and mvaT related to multidrug efflux). Finally, the third bin, which had a
completion of 56.3%, a redundancy of 5.6%, a length of 2.04 Mbp, and contained 880 splits was
identified as Limnohabitans. Its coverage increased over time in microcosms polluted at 50 ng/ml of
gentamicin similar to that shown by the 16S rRNA gene sequencing. However, no associated ARGs
were identified in this bin. Therefore, the DNA from microcosms polluted at 50 ng/ml of gentamicin
after 2-day exposure was sequenced by Oxford Nanopore to determine whether Limnohabitans
contained genes related to antibiotic resistance within its genome. Two bins with more than 50%
completion and less than 10% redundancy were identified as Limnohabitans. The first one had a
coverage of 81.7%, a redundancy of 9.9%, 311 splits, and a length of 2.99 Mbp. The aac(6’)-1b8 gene,
which codes for the homonymous protein, an aminoglycoside acetyltransferase involved in gentamicin
resistance, was identified in this MAG. The second bin had a coverage of 54.9%, a redundancy of 2.8%,
a length of 4.45 Mbp, and 1423 splits. A hit from the mexK gene encoding for the MexK component of
the MexJK multidrug efflux pump was identified in this MAG.
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Figure 3. Two Limnohabitans MAGS co-assembled with Oxford Nanopore long and lllumina Miseq short metagenomic
reads of DNA from water microcosms polluted at 50 ng/ml of gentamicin after 2-day exposure.
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Gentamicin at 50 ng/ml increased the abundance and transcription of aminoglycoside resistance genes
from the AAC(6’) family, which were present in class 1 integrons cassettes

Aminoglycoside resistance genes found in sequenced class 1 integrons belonged to two main families,
the aadA genes coding for aminoglycoside nucleotidyltransferases, which confer resistance to
spectinomycin and streptomycin®, and the aac(6’) genes coding for AAC(6’) acetyltransferases, which
mediate resistance to several aminoglycosides including gentamicin®® (Figure S3 in Supplementary
Information). The 17 aadA genes and 15 aac(6’) genes were found in class 1 integrons. While the
relative abundance of the ensemble of aadA gene-related reads generally remained constant
regardless of gentamicin concentration or exposure time, the relative abundance of aac(6’) gene-
related reads showed an increase in gentamicin-contaminated microcosms over time.

To avoid metagenomic biases, the relative abundance of these genes and their transcripts was
determined by gPCR. Whereas in non-polluted controls and in microcosms polluted at 10 ng/ml of
gentamicin the relative abundance of aac(6’) genes and transcripts remains stable over time, both
experience an increase over exposure time in microcosms polluted at 50 ng/ml of gentamicin (Figure
4). After 2-day exposure, the average relative abundance of aac(6’) genes and transcripts in
microcosms contaminated at 50 ng/ml was two orders of magnitude higher than that observed in non-
polluted controls and samples contaminated at 10 ng/ml of gentamicin, although the response varied
between triplicates. The gentamicin concentration decreased from an average of 52 ng/ml to 32 ng/ml
after 2-day exposure. On the other hand, the relative abundance of aac(6’) genes and transcripts was
between 10 and 100 times higher at gentamicin concentration of 800 ng/ml than at 50 ng/ml (Table
S5 in Supplementary Information).The relative abundance of aadA genes and transcripts remained
relatively constant over exposure time and gentamicin concentration. A slightly higher abundance of
aadA genes was observed over time at 10 and 50 ng/ml of gentamicin than in non-polluted controls,
but this is not followed by a similar increase in transcription levels.
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Figure 4. Dose-response linking sub-inhibitory gentamicin concentrations and relative abundance of gene
copies (top left) and transcript copies (top right) of the genes from the aac(6’) family and relative abundance
of gene copies (bottom left) and transcript copies (bottom right) of the genes from the aadA family. Blue: 0
ng/ml of gentamicin. Orange: 10 ng/ml of gentamicin. Green: 50 ng/ml of gentamicin. Dot color gets darker with
exposure time (DO; day 0, D1: day 1; D2; day 2). aac(6’) family gene primers: qPCR efficiency=0.99; R? linearity
coefficient =0.997. aadA family gene primers: gPCR efficiency=1; R?linearity coefficient =0.996.

Discussion

The aim of this study was to determine whether sub-inhibitory concentrations of gentamicin induced
a response in the environmental microbiome and to evaluate the magnitude of that response as a
function of antibiotic concentration. An increasing body of evidence suggests that sub-inhibitory
concentrations of antibiotics might stimulate changes in the bacterial communities and their
associated resistome and the links between antibiotic dose and community response in the
environmental microbiome need to be elucidated>*°. The environmental impact of gentamicin at both
inhibitory and sub-inhibitory concentrations determined in vitro was evaluated by assessing its effects
on overall growth and transcription levels, the composition of total and active bacterial communities,
and the abundance and transcription of ARGs in water microcosms.

The overall bacterial transcription levels increased over time without growth inhibition in river water
with gentamicin at 50 ng/ml (putatively sub-inhibitory). This is consistent with previous findings that
showed that sub-inhibitory concentrations of antibiotics induced changes in overall transcriptional
levels in vitro**?>*, This increase in transcription levels could be related to a higher energy
consumption in sensitive bacteria and/or to an adaptive response of resistant bacteria. In any case,
sub-inhibitory concentrations of gentamicin affected the bacterial transcriptome without inhibiting
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overall growth. This effect on transcription demonstrated one of the mechanisms that sub-inhibitory
antibiotic concentrations might have in diverse ecosystems.

In addition, subinhibitory gentamicin concentrations shifted the composition of both total and active
communities with a drastic increase in Limnohabitans (Figure 2). Possibly gentamicin at subinhibitory
concentrations favors different bacteria than at inhibitory concentrations due to differences in
resistance levels and mechanisms. For example, Pseudomonas, which dominated at inhibitory
concentrations where Limnohabitans were missing, might not be as competitive when Limnohabitans
was not inhibited. Thus, Limnohabitans would dominate taking advantage of the possible inhibition of
some competitors for nutrients. This is consistent with overall growth remaining high at these
“subinhibitory” concentrations, although some members of the community are clearly not favored.
Therefore, the use of the term “sub-inhibitory”, which has been defined in single-cultures, might not
be accurate to explain what takes place in complex microbial communities in their natural setting.

One of the Limnohabitans MAGs obtained from the hybrid assembly of short and long reads contained
a putative gentamicin resistance gene (aac(6’)-I1b8) and could explain in part its dominance at
measurable, but generally subinhibitory gentamicin concentrations. This supports the hypothesis that
Limnohabitans can actively respond to gentamicin, survive at sub-inhibitory concentrations and
dominant sensitive bacteria. If these genes explain Limnohabitans lack of inhibition at 50 ng of
gentamicin/ml, their lack of resistance at 800 ng/ml might be due the inefficiency of these genes to
protect at such high concentrations. The hybrid assembly of short and long reads produced a more
complete and better-defined vision of the genome of Limnohabitans than that using short reads alone.
This approach should be routinely used for the resistome metagenomic analysis of complex
communities, since sequence depth plays a crucial role in the identification of ARG>**? and long-read
sequences increase the contiguity of plasmid assemblies®.

The isolation of Limnohabitans from bacterial enrichments and the sequencing of its genome should
provide a more complete reconstruction of its genome and a deeper analysis of the resistance
mechanisms associated with this taxon. In addition, although the aac(6’)-1b8 gene has been found in
several human pathogens, such as Enterobacter cloacae, Salmonella enterica, Klebsiella pneumoniae,
Escherichia coli or Pseudomonas aeruginosa, to the best of our knowledge, it has not been previously
associated with Limnohabitans. However, the data gathered in this study does not differentiate
between Limnohabitans from Rhone river water having the resistance gene or having acquired it in the
laboratory through HGT. Further research should answer this question and provide a deeper
understanding of both the genetic background associated with Limnohabitans dominance at sub-
inhibitory gentamicin concentrations and the underlying mechanism(s) of gene acquisition by
Limnohabitans.

Two genera seemed to survive at inhibitory concentration. First, Pseudomonas benefited from the high
gentamicin dose although no specific gentamicin resistance gene was found in its reconstructed
genome. Antibiotic resistant Pseudomonas have been identified in both the environment and in

355 and its resistance is often related to multidrug resistance®®’. In this study, several efflux

clinics
pumps conferring resistance to other antibiotics were found in the partial reconstruction of the
Pseudomonas genome (Figure S2 in Supplementary Information), although the possibility that these
pumps have some use against gentamicin has not been reported yet. However, these pumps or other
mechanisms that have not been identified in this study, including gentamicin resistance genes, might

be responsible for Pseudomonas survival at inhibitory concentrations of gentamicin. Second, the
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increased activity of Rhodoferax without an increase in growth might indicate that it was consuming
energy to survive in the presence of gentamicin and its activity was not related to growth but rather
to survival under antibiotic pressure. Thus, Rhodoferax could possess a mechanism that provides
moderate resistance to gentamicin, sufficient to enable its survival without promoting its growth.
However, since its genome could not be assembled from metagenomic reads, there is no evidence to
support that this genus had specific gentamicin resistance or any other antibiotic resistance
mechanism.

Finally, aminoglycoside resistance genes belonging to the aac(6’) acetyltransferase and the aadA
nucleotidyltransferase families were identified in class 1 integrons cassette arrays. Although the
relative abundance and transcription levels of aac(6’) genes was lower at sub-inhibitory concentrations
than in microcosms with 800 ng/ml of gentamicin (Table S5 in Supplementary Information), bacterial
biomass was significantly reduced in microcosms at this inhibitory concentration. Therefore, the
selective pressure imposed by inhibitory concentrations of gentamicin inhibited most of the members
of the community and resulted in a higher abundance of gentamicin resistance genes per 16S rRNA
genes, whereas gentamicin at 50 ng/ml selected for aac(6’) genes in water microcosms without
inhibiting overall bacterial growth. Therefore, gentamicin at sub-inhibitory concentrations may select
for gentamicin resistance genes in the environment and contribute to the burden of antibiotic
resistance. On the other hand, the slightly higher abundances of aadA family in the presence of
gentamicin could be a consequence a co-selection of these genes with aac(6’) genes located in the
same integron cassettes. Since aadA genes did not show an active response to gentamicin addition,
they did not appear to confer resistance to gentamicin, although they are often found in class 1
integrons®®,

In conclusion, this study was, to the best of our knowledge, the first to show that sub-inhibitory
concentrations of antibiotics induced a response in the environmental microbiome and resistome in
situ and to establish relationships between antibiotic dose and the selective force for aminoglycoside
resistance genes. In addition, the genes that increased their abundance and transcription at sub-
inhibitory gentamicin concentrations were present in class 1 integrons and might be mobilized and
disseminated across the environmental microbiome and into the human and animal microbiomes.
These results support the concern that sub-inhibitory concentrations of antibiotics affect resistance
profiles in the environment?®,

This study was based on a single environmental model and a single antibiotic. Future studies should
compare the response of different environments to the same antibiotic and establish patterns
between the composition of the environmental matrix and/or environmental conditions and the
observed response. In addition, a combination of antibiotics at sub-inhibitory concentrations might
reflect more accurately the situation occurring in freshwater environments receiving treated
wastewater.Therefore, studies analyzing the effect of combined antibiotics at sub-inhibitory
concentrations on the environmental microbiome and resistome are needed to fill knowledge gaps
and provide a more realistic risk assessment. In addition, this study analyzed a short-term
environmental response to gentamicin, but did not provide any results concerning the response at
longer exposure times nor the persistence of resistance without antibiotic pressure. These elements
are key to gain a more thorough understanding of the risk posed by sub-inhibitory concentrations of
antibiotics and should be evaluated in the future.
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Additional research
Elucidating the resistance mechanisms associated to Limnohabitans: perspectives

The results obtained from this study show an increase of abundance of Limnohabitans over exposure
time and an increased abundance and transcription of gentamicin resistance genes at concentrations
that are sub-inhibitory in culture (50 ng/ml). In addition, a gentamicin resistance gene was identified
in a MAG estimated to be Limnohabitans. These results supported the hypothesis that Limnohabitans
is resistant to gentamicin at 50 ng/ml and can benefit from the death of susceptible members of the
water bacterial community and use the available nutrients to grow in presence of the antibiotic. These
results supported the hypothesis that gentamicin at sub-inhibitory concentrations selects for ARB and
ARGs in the environment. However, the data gathered in this study was not sufficient to confirm this
hypothesis. This section discusses the approaches carried out to analyze the MAG of Limnohabitans,
its associated resistome and mobilome as well as to discuss perspectives and approaches that should
be used to help answer this question.

Evaluation of the genetic context of the aac(6’)-Ib8 gene identified in the Limnohabitans bin

After co-assembling long and short metagenomic reads, a Limnohabitans MAG containing a hit for a
gentamicin resistance gene, aac(6’)-1b8, was obtained. However, the sequence that aligned the gene
when contigs where blasted against the CARD database had only 132 nucleotides, whereas the
complete gene is 678 nucleotides long. Thus, this hit was obtained from a partial protein alignment
(61% identity) of the first 39 amino acids of the aac(6’)-1b8 gene, as shown on Figure LH1. The contig
containing the sequence identified as the aac(6’)-1b8 was inspected to analyze its genetic context
(Figure LH2). A gap was found downstream from the 132 nucleotide bases that aligned the aac(6’)-1b8
gene and the region downstream the gap was blasted against the CARD database in order to determine
whether it contained another fraction of the gene: the sequence did not blast against any gene on the
CARD database. Secondly, the 132-nucleotide sequence identified as an aac(6’)-Ib8 hit was blasted
against a set of Limnohabitans genomes and assembled genomes downloaded from the NCBI database.
However, no alighments were found. Finally, the set of Limnohabitans genomes and assembled
genomes was blasted against the CARD database in order to identify the ARG associated to publicly
available Limnohabitans sequences. No aminoglycoside resistance genes were found in these genomes:
hits were obtained from the ugd gene, involved in peptide antibiotic resistance, and the gacH gene, a
gene codifying for a subunit of the gac multidrug efflux pump, commonly associated with class 1
integrons. Therefore, the presence of the aac(6’)-1b8 gene in the Limnohabitans genome could not be
confirmed using these approaches. In addition, the aac(6’)-1b8 gene has been found in several
Enterobacteriaceae, such as Enterobacter cloacae, Enterobacter hormaechei, Salmonella enterica,
Klebsiella pneumoniae, Escherichia coli, Pseudomonas aeruginosa and Pseudomonas putida, and in
some genera from the Burkholderiales order belonging to the Achromobacter, Delftia, Sphingomonas
and Sphingobium genera, but it has not been previously identified in Limnohabitans. Thus, the
presence of the aac(6’)-1b8 gene in the Limnohabitans MAG identified by metagenomic sequencing
could mean a recent acquisition of the aminoglycoside resistance gene by Limnohabitans under
gentamicin pressure, but it could as well be a sequencing artifact, or Limnohabitans could already have
acquired the gene before the beginning of the experiment. The metagenomic sequencing carried out
in this study does not provide enough information to confirm or exclude the hypothesis that the
Limnohabitans contains a gentamicin resistance gene nor to determine whether it has been acquired
through HGT during the experiment.
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Score = 51.6 bits (122), Expect = 6e-11, Method: Compositional matrix adjust.
Identities = 24/39 (62%), Positives = 31/39 (79%), Gaps = @/39 (8%)
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Figure LH1. Protein alignment between the sequence from co-assembled contigs identified as the aac(6’)-1b8
gene (query) and the sequence of the aac(6’)-1b8 gene obtained from the CARD database (sbjct).

In addition, the genes that were present in the same contig as the 132-nucleotide sequence were
inspected. Only one matched the nr database. Probably the putative genes that did not match were
only partly sequenced and the sequenced region was not sufficient to identify the genes. On the other
hand, a site-specific DNA recombinase related to the DNA invertase Pin was located near the gene
(green arrow in Figure LH2). It was commonly associated to species from the Burkholderiaceae family,
but no prior association to Limnohabitans was described. However, when extracting the sequence
identified as the recombinase from the assembled contigs and blasting it against the set of genomes
and assembled genomes from Limnohabitans, it aligned at 93.5% identity and 1003 nucleotides length
to a Limnohabitans parvus genome and at 74.2% identity and 508 nucleotides length to a
Limnohabitans sp. Hippo4 LimB-Hippo4-C7 genome. Thus, Limnohabitans genomes could encode an
homologous of that protein that could have mediated the recombination of the aac(6’)-1b8 gene in its
genome -assuming that the gene is actually in the Limnohabitans genome-. However, the gathered
information is insufficient to confirm this hypothesis. A PCR amplification and sequencing of the
regions flanking the 132 nucleotide sequence identified as part of the aac(6’)-I1b8 gene could help
elucidating whether the whole gene is present in water microcosms and whether its flanked by
recombinases or by MGEs such as class 1 integrons, since the gene seems to be present in integrons
from the water environment according to the metagenomic sequencing of the integron cassettes.
However, determining whether the sequenced regions belong to Limnohabitans might not be
straightforward. Furthermore, no DNA remains from microcosms polluted at 50 ng/ml of gentamicin
at 2-day exposure. Thus, the isolation and sequencing of Limnohabitans from enriched media could be
an alternative approach to answer the questions raised during this analysis.
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Figure LH2. Contig containing the sequence identified as the aac(6’)-1b8 gene. Red: 132-nucleotide region that
aligned the aac(6’)-1b8 gene. Green: recombinase related to the DNA invertase Pin. Yellow: gap downstream the
132-nucleotide sequence. Blue: region downstream the gap that was blasted against the CARD database.
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Limnohabitans isolation from bacterial enrichments and metagenomic sequencing

In order to understand why Limnohabitans increased its abundance in the total and active
communities of water microcosms 50 ng/ml of gentamicin, to determine whether the aac(6’)-1b8 gene
its present in its genome and to identify the possible recombinases or MGEs, Limnohabitans should be
isolated from enriched media and sequenced. Since the sequencing carried out on water microcosms
was not sufficient to obtain the whole genome of Limnohabitans, isolating it from the rest of
environmental microorganisms could improve the sensitivity of metagenomic techniques and provide
a whole genome reconstruction. A preliminary approach consisted of isolating colonies from R2A agar
plates inoculated with the samples that were used to determine gentamicin effect on water and
sequencing their 16S rRNA gene using the Sanger method. However, although Limnohabitans grows
well on R2A medium, Arthrobacter was largely predominant in water bacterial enrichments (Figure
LH3) and it was the only genus identified from 6 different colonies. Therefore, a more thorough
screening of Limnohabitans from the colonies plated on R2A agar should be carried out to increase the
probability of sequencing the genome of Limnohabitans. Alternatively, Limnohabitans acclimatation
and enrichment in increasing doses of NSY medium>°, which is commonly used to culture this genus®®?,
could be carried out if no Limnohabitans colonies are obtained from R2A medium.

10 most abundant genera

. Pseudomonas
Arthrobacter

. Massilia
Bacillus

. Acinetobacter
Limnohabitans

. Renibacterium

. Rhodoferax

. Flavobacterium

. Zhihenglivella

Relative abundance of 165 rRNA gene sequences

GO G10 G50 G800

Figure LH3. Average relative abundance of the 16S rRNA gene of the 10 most abundant genera identified in
bacterial enrichments. DNA was extracted from bacterial enrichments incubated for 48 hours at 29°C in R2A
medium. Then, the 16S rRNA gene was sequenced and analyzed as explained in the Materials and Methods
section. PCR amplification was performed in 25 cycles instead of 30. n=3.
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Evaluation of the relative abundance of class 1 integrons and clinical class 1 integrons

gPCR of class 1 integrons
In order to determine whether the selection for aminoglycoside resistance genes was related to an

increase in the relative abundance of integrons, a qPCR was carried out using HS463a/HS464 primers
(information about this primers can be found in the Materials and Methods section). Standards for
gPCR assays were obtained from water DNA, cloned and transformed using the TOPO TA cloning Kit
(Invitrogen) and normalized to 108 copies/pl. Standard curves were made using 10-fold serial dilutions
of the standards (107 — 10? copies/pl). Amplification was performed as explained in the Materials and
Methods section. The reaction had an efficiency of 1.02 and a R? coefficient of 0.98. Results were
submitted to a Leave-One-Out cross-validation, and no significant increase over was detected on the
relative abundance of the intl gene in any of the gentamicin-polluted microcosms (Figure Intl).
However, the integration rate of aminoglycoside resistance genes could increase under gentamicin
pollution without impacting the abundance of intl genes. On the other hand, the increase of the
relative abundance of aminoglycoside resistance genes observed in Figure 8 was not necessarily
related to genes belonging to integron cassettes. Given that the sequencing of integrons carried out in
this study was based on previously amplified products, calculations on the integration rate of
aminoglycoside resistance genes -as performed in Figure S3 (Supplementary Information)- was not
accurate. Therefore, with the elements analysed in this study, the question remains whether there was
an increase of aminoglycoside resistance gene integration under gentamicin pollution. However, with
the sequencing of class 1 integrons, at least some of the genes that are being selected for were shown

to be present in class 1 integron cassette arrays.
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Figure Int1l. Number of copies of the int1 gene per pl of qPCR reaction normalized by the number of copies of
the 16S rRNA gene per pl of reaction in water microcosms. The int1 gene was amplified from water microcosms
using HS463a/HS464 primers. Results were submitted to a Leave-One-Out cross-validation. ***: p-value > 0.001.

n=3.
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qPCR of clinical class 1 integrons

A second question that was raised during the analysis of these results was whether the relative
abundance of clinical 1 integron-integrase genes (int/1) showed a different tendency despite that the
relative abundance of class 1 integron-integrase genes (int1) did not increase under gentamicin
pollution over time. If the abundance of clinical class 1 integrons increased over time in gentamicin-
polluted microcosms, this would be an indicative of potential risks for human health. Therefore, a gPCR
was carried out using the primers intl1F165 (5’-CGA ACGAGTGGCGGAGGGTG-3’) and intI1R476 (5’-TAC
CCGAGAGCTTGGCACCCA-3’), as described by Gillings et al.®* The efficiency of the reaction was of 0.95
and the R?linearity coefficient was of 0.998 (Figure Int2). However, all samples at day 0 and microcosms
polluted at 800 ng/ml after 1-day exposure had to be excluded from the analysis, since they presented
2 curves in the melting curve analysis (Figure Int3). Therefore, this analysis could not be considered as
conclusive, since it lacked accurate information for more than a third of the samples.
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Figure Int2. Number of copies of the int/1 gene per pl of qPCR reaction normalized by the number of copies of
the 16S rRNA gene per pl of reaction in water microcosms. The int/1 gene was amplified from water microcosms
using intllF165 and intl1R476 primers. Results were submitted to a Leave-One-Out cross-validation. No
significant differences were found. n=3.
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Figure Int3. Melting curve of intl1 gene standards (left) and samples at day 0 and samples polluted at 800

ng/ml after 1-day exposure (right), from 80 to 95°C. Lower temperatures have been excluded from the pictures
for better visualization of the curves.
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Chapter V. Environmental and anthropogenic factors shape the snow microbiome and
the antibiotic resistome

Abstract

Winter tourism can generate environmental pollution and affect microbial ecology in mountain
ecosystems. This could stimulate the development of antibiotic resistance in snow and its
dissemination through the atmosphere and through snow melting. Despite these potential impacts,
the effect of winter tourism on ecosystem health and functioning remains to be elucidated. In this
study, snow samples subjected to different levels of anthropogenic activities and surrounding
vegetation were obtained from the Karkonosze National Park in the Sudety Mountains in Poland and
the impact of vegetation and anthropogenic activity on the snow microbiome and resistome was
evaluated using a metagenomics approach. We hypothesized that both surrounding vegetation and
anthropogenic pollution generate an additional input of organic carbon, which supports the growth of
a larger bacterial community and stimulates competition and ARG proliferation. DNA was extracted
from filtered snow and the bacterial abundance was estimated by gPCR amplification of the 16S rRNA
gene. In addition, bacterial community composition, genus richness and diversity were evaluated by
the sequencing of the V3-V4 hypervariable region of the 16S rRNA gene. The size and composition of
the antibiotic resistome and the ARG richness and diversity were analyzed using shotgun sequencing
of total extracted DNA (metagenomics) sequences. Finally, metagenomic sequences were co-
assembled to evaluate the resistome of assembled contigs. Both vegetation and anthropogenic effects
increased bacterial numbers, induced changes in the antibiotic resistome, and increased the
abundance of antibiotic resistance genes (ARGs). In addition, sites with surrounding vegetation
showed a less diverse bacterial population with an increased abundance of bacteria that use the higher
levels of organic carbon. This is the first study to show that anthropogenic activity influences the
antibiotic resistome in alpine snow and to provide evidence of the impact of environmental and
anthropogenic factors on snow microbial ecology, while highlighting the need to survey antibiotic
resistance development in anthropogenically polluted sites.

Introduction

Mountains, and especially their snow cover, are sensitive indicators of climate change. Mountains
support roughly one-third of all land-dwelling species and supply water for nearly half the global
population. Mountains are warming at rates similar to the Arctic? with impact on the environment
(glacier shrinking, permafrost degradation, floods, changes in the distribution of species and
ecosystems) and society (summer and winter tourism). One major source of uncertainty is the extent
to which human activities interact with climatic factors to modify biogeochemical processes and
ecosystem health and functioning. Among the activities known to affect alpine ecosystems, tourism*"
> can have both positive and negative effects on mountain ecosystems, communities and economies®.
Tourism activities often involve the development and intense use of tracks, paths and sport slopes by
vehicles, non-motorized transport and pedestrian traffic. Visitor presence is also usually concentrated
in small areas and contribute to increased noise and waste. The negative environmental effects of
tourism can include devegetation, soil erosion, alteration of critical landscapes and water flows, water
and air pollution, and wildlife relocation and behavioral changes®. The introduction of exotic and
invasive species and diseases can also have a significant negative impact on the environment’.

The snow cover on mountains is connected to the atmosphere, which is considered one of the main
sources of microorganisms in snow and is responsible for the transport of atmospheric dust and its
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inclusion in snow®. ARGs and pathogens contaminating the atmosphere can be deposited on Earth
through snowfall, which could increase their dissemination®°. In addition, microorganisms present in
snow are better adapted to atmospheric transport that other microorganisms*! and antibiotic resistant
bacteria from contaminated snow could potentially be transported to remote environments. ARB and
ARGs could also be transferred to freshwater through snow melting!? and increase the risk of
waterborne disease.

Despite these potential impacts, the effect of winter tourism on ecosystem health and functioning
remains to be elucidated. The objective of this study was to address this lack of information by studying
the impact of winter tourism on snow-covered mountain ecosystems. We hypothesized that
anthropogenic activity would increase waste in snow environments and would support the growth of
a more abundant community while stimulating interspecies competition and ARG production.
Anthropogenic activity might shape the antibiotic resistome without necessarily changing snow
bacterial communities, since human microbiome bacteria would be unlikely to survive in snow. We
also hypothesized that surrounding vegetation would also affect the snow microbiome and resistome
through bacterial growth on plant-derived organic matter. This increased nutrient availability would in
turn stimulate competition and ARG production. In order to test this hypothesis, snow samples were
obtained from two watersheds located in the Karkonosze National Park in the Sudety Mountains in
Poland: an unaffected Czarny Kociol Jagniatkowski catchment and a Kociol Malego Stawu catchment
with well documented human activities such as tourism and cottage development. Samples with
different levels of surrounding vegetation were recovered from both catchments. Vegetation and
anthropogenic activity effects on the snow microbiome (bacterial community numbers and
composition, genus richness and diversity) and resistome (size and composition of the antibiotic
resistome and ARG richness and diversity) were evaluated using metagenomics and 16SrRNA gene
analyses.

Materials and methods

Snow sampling

Snow samples were obtained from two watersheds located in the Karkonosze National Park in the
Sudety Mountains in Poland (Figure 1): an unaffected Czarny Kociol Jagniatkowski catchment and a
Kociol Malego Stawu catchment with well documented human activities such as tourism and cottage
development.

Samples with different levels of surrounding vegetation were recovered from both catchments. NP 1-
10 samples from the Czarny Kociol Jagniatkowski catchment were obtained from open spaces, whereas
NP 11-20 were sampled next to trees. S samples were obtained from paths in the Kociol Malego Stawu
catchment with frequent human transit, SF were obtained from the surrounding forest areas, and LB
were sampled from the highest point of the catchment in the open, less transited and windier areas
with no surrounding vegetation. These samples, therefore, cover a range of human and vegetation
interaction (Figure 2).

Samples were taken in March 2020 and left at room temperature until melted. The microbial fraction
of snow was recovered by filtering melt water through 0.2 um Nucleopore membranes (Whatman).
Filters were then frozen at -20°C until DNA extraction. The coordinates and elevation of each sample,
as well as the volume of sample that was filtered are shown in Table S1 (Supplementary Information).
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Figure 1. Map of the samples from the Czarny Kociol Jagniatkowski catchment (top) and the Kociol Malego Stawu catchment
(bottom). LB1 to 3 were outside Polish territory in the Czech Republic and satellite images are not shown.
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Figure 2 . Diagram illustrating the gradient of human activity and surrounding vegetation that characterized
the five areas analyzed in this study.
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DNA extraction, quantification and 16S rRNA gene amplification by gPCR

Microbial DNA was extracted from 0.2 um filters using the DNeasy PowerWater Kit (QIAGEN) and
eluted in 100 pl of Solution EB (QIAGEN). DNA concentrations were measured using the Qubit
Fluorometer and the Qubit dsDNA HS Assay Kit (ThermoFisher). The size of the total bacterial
community was estimated by quantifying the V3 region of the 16S rRNA gene by qPCR using the
“universal” primers 341F (5'-CCT ACG GGA GGC AGC AG- 3’) and 534R (5'-ATT ACC GCG GCT GCT GGC
A-3')1>14 gPCR assays were carried out using the Corbett Rotor-Gene 6000 (QIAGEN) in a 20 pl reaction
volume containing GoTaq qPCR Master Mix (Promega), 0.75 uM of each primer and 2 pl of DNA. Two
non-template controls were also included in all the assays. Standard curves were obtained using 10-
fold serial dilutions of a linearized plasmid pGEM-T Easy Vector (102 to 107 copies) containing the 16S
rRNA aeruginosa PAO1. Cycling conditions for gPCR amplification were 95 °C for 2 minutes followed
by 35 cycles of 95 °C for 15 seconds, 60 °C for 30 seconds and 72 °C for 30 seconds. Melting curves
were generated after amplification by increasing the temperature from 60 °C to 95 °C. The number of
copies of the 16S rRNA gene were normalized per liter of snow. ANOVA tests and pairwise t-student
tests between sites were done using the ggpubr package in R.

16S rRNA gene sequencing and analysis

The V3-V4 hypervariable regions of bacterial 16S rRNA gene were amplified from 3 pl of DNA using the
Platinum Taq Polymerase (Invitrogen) and forward 341F with Illumina overhang (5’-TCG TCG GCA GCG
TCA GAT GTG TAT AAG AGA CAG TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG CCT ACG GGN
GGC WGC AG-3’) and reverse 785F with lllumina overhang (5’-GTC TCG TGG GCT CGG AGA TGT GTA
TAA GAG ACA GGT CTC GTG GGC TCG GAG ATG TGT ATA AGA GAC AGG ACT ACH VGG GTA TCT AAT
CC-3’) primers®. Amplification conditions were as follows: 95 °C for 3 minutes followed by 35 cycles of
95 °C for 30 seconds, 55 °C for 30 seconds and 72 °C for 30 seconds and a final extension step at 72°C
for 5 minutes. DNA libraries were prepared from amplified products based on lllumina’s “16S
Metagenomics Library Prep Guide” (15044223 Rev. B) using the Platinum Tag DNA Polymerase
(Invitrogen) and the Nextera XT Index Kit V2 (lllumina). DNA sequencing with a 15% PhiX spike-in was
performed using the MiSeq System and the MiSeq Reagent Kit v2 (lllumina). Reads were trimmed to
meet a quality score of Q20. Then, pair-ended reads were assembled using PANDAseq'® at a sequence
length between 410 and 500 bp and an overlap length between 20 and 100 bp, using the rdp_mle
algorithm. Each of the DNA sequences was annotated to the genus level using the Ribosome Data
Project (RDP) database and the RDP Bayesian classifier using an assignment confidence cut-off of 0.6%.
Obtained sequencing depths are plotted in Figure S1 in Supplementary Material. Contaminant
sequences from blanks and non-template controls were removed using the decontam package in R*®
and genera that had less than 10 sequences in the ensemble of reads were removed. Then, genus
richness and diversity were calculated using the vegan package in R®. ANOVA tests and pairwise t-
student tests between sites were used to compare genus richness and diversity using the ggpubr
package in R. In addition, genus relative abundances were calculated and a NMDS analysis was
performed using the vegan package in R. Finally, genus relative abundances were normalized by the
number of copies of the 16S rRNA gene per liter of snow and statistical differences in genus abundance
between sites were found using the DESeq2 package in R¥. Log2FoldChange values were adjusted
using the Approximate Posterior Estimation for generalized linear model or apeglm?! and results with
a log2FoldChange higher than +2 and an adjusted p-value lower than 0.05 were plotted using the
ggplot2 package in R.

Metagenomics sequencing and analysis

Metagenomics libraries were prepared from <1 ng of DNA using the Nextera XT Library Pep Kit and
Indexes (Illumina), as detailed in Illumina’s “Nextera XT DNA Library Prep Kit” reference guide
(15031942 v03). DNA sequencing with a 1% PhiX spike-in was performed using the MiSeq System and
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the MiSeq Reagent Kit v2 (lllumina). Sequencing depths are plotted on Figure S1 in Supplementary
Material. Non-assembled reads were submitted to an ARG screening. Firstly, reads were trimmed using
the Fastq Quality Trimmer tool of the FASTX-Toolkit. Nucleotides that did not meet a minimum quality
score of Q20 were trimmed from the sequences, and sequences shorter than 100 nucleotides after
trimming were removed. Then, reads from R1 and R2 were concatenated and blasted against the CARD
antibiotic gene database?? using Diamond?3. The obtained results were filtered at a minimum identity
of 60%, a minimum length of 33 amino acids and an e-value of 10e”, and the best hit was chosen.
Singletons and ARGs present in blanks were removed and ARG richness and diversity were calculated
using the vegan package in R. Then, ARG copies were normalized per liter of snow. ANOVA tests and
pairwise t-student tests between sites were used to compare total ARG reads per liter of snow, ARG
richness and diversity using the ggpubr package inR. Then, ARGs were grouped by antibiotic class and
their average abundance was compared between sites. In addition, statistical differences in ARG
abundance between sites were found using the DESeq2 package in R. Log2FoldChange values were
adjusted using the Approximate Posterior Estimation for generalized linear model or apeglm. Results
with a log2FoldChange higher than £2 and an adjusted p-value lower than 0.001 were plotted using
the ggplot2 package in R.

In addition, metagenomic reads were filtered according to the criteria described by Minoche et a/*
and co-assembled using MEGAHIT? to generate contigs. Then, reads were mapped onto the contigs
using Bowtie 22° to generate BAM files. Profiles were created for each individual sample and merged
using the anvi’'o metagenomic workflow?’. In order to determine whether the assembled contigs
contained ARGs, the merged profile was blasted against the CARD antibiotic resistance gene database
using Diamond. The obtained results were filtered at a minimum identity of 60%, a minimum length of
33 amino acids and an e-value of 10e®. The best-hit was selected. Samples were binned based on
differential coverage and sequence composition. A bin was considered as a metagenome assembled
genome (MAG) when it showed a completion higher than 50% and a redundancy lower than 10%.

Results

Bacterial abundance

The effects of vegetation and anthropogenic activity on bacterial abundance in snow were estimated
by comparing the 16S rRNA gene copy number measured by gqPCR across sampling site. Samples that
had less surrounding vegetation showed a lower microbial biomass than those surrounded by
vegetation (Figure 3). Samples from the LB site had significantly lower copies of the 16S rRNA gene per
L of snow than samples from any other site. Samples from NP 1-10 had significantly lower copies of
the 16S rRNA gene per L of snow than samples from NP 11-20. Although surrounding vegetation
correlated to the abundance of bacterial communities in snow, the increase in bacterial biomass in SF
compared to S was not significant and NP 1-10 had significantly less copies of the 16S rRNA gene than
S. Thus, in order to evaluate the impact of anthropogenic activity on bacterial biomass regardless of
vegetation, NP 1-20 were compared to S and SF (Figure 3). Bacterial abundance measured from the
sites affected by anthropogenic activity in the Kociol Malego Stawu catchment (S-SF) was significantly
higher than that detected in the Czarny Kociol Jagniatkowski catchment (NP 1-20).
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Figure 3. Estimates of microbial biomass based on qPCR of the 16S rRNA gene from all sites (left) and from NP
and S-SF (right). Copies were normalized per L of water. gPCR efficiency=1.04. R? linearity coefficient=0.986.
Significant differences between sites were determined by pairwise t-tests. *p-value <0.05. **p-value<0.01.

Genus richness and diversity

Although no significant differences were found between sites in terms of bacterial richness, the
diversity in samples from LB was significantly higher than that detected from any other site (Figure 4).
Anthropogenic activity did not have any significant impact on genus richness and diversity (Figure 4).
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Figure 4. Genus richness (left) and diversity estimated using the Shannon Diversity Index (right) obtained from
all sites (top) and from NP versus S-SF (bottom). Significant differences between sites were determined by
pairwise t-tests. *p-value <0.05. **p-value<0.01. ***p-value <0.001. ****p-value<0.0001.
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Community composition

A non-metric multidimensional scaling (NMDS) analysis was applied to all of the samples to determine
whether vegetation and/or anthropogenic activity correlated with bacterial community composition
(Figure 5). Most of the samples from NP 1-10, NP 11-20, S and SF formed a cluster, whereas all LB
samples clustered separately from the rest. The only sample from SF that was included in the LB cluster
was SF9, which is geographically closer to LB than to the rest of samples in SF (Figure 1).
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Figure 5. Bacterial community similarity (NMDS analysis) of snow from all sites.

Pairwise comparisons of genus abundance were performed between each site combination (Figure 6).
No significantly more abundant genera were found in LB as compared to other sites. On the contrary,
when compared to LB, all sites had significantly more abundant genera. Both Acidipila and Acidicapsa,
which belong to the family Acidobacteriaceae, were found in a higher abundance at all sites than in LB
(Figure 6A-D). Several members of the heterotrophic Oxalobacteraceae family (Telluria, Massilia,
Janthinobacterium, Paraherbaspirillum and Glaciimonas) had higher abundances at NP 11-20 than at
LB (Figure 6B) and all but Paraherbaspirillum and Glaciimonas were also at higher abundances at SF
than at LB (Figure 6D). Some genera belonging to the Sphingobacteriaceae family were also found to
be more abundant at other sites than at LB. Nubsella was more abundant at NP 12-20, S and SF (Figure
6B-D), whereas Mucilaginibacter was more abundant at S than at either LB or NP 1-10 (Figure 6C, F)
and Pedobacter was more abundant at SF than at either LB or NP 1-10 (Figure 6D, G). This difference
in genus abundance is not sufficient to change the overall similarity of S, SF, NP1-10, and NP11-20. No
significant differences were found between NP 1-10 and NP 11-20 nor between S and NP 11-20.
Insignificant differences were found between sites subjected to different levels of anthropogenic
activity with only two genera showing significant shifts between sites (Figure 6E-1). This is consistent
with the NMDS analysis.
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Antibiotic resistome size, richness and diversity

The number of ARG reads obtained from the metagenomic sequencing of snow DNA was normalized
per liter of snow (Figure 7). Significantly less ARG reads were obtained from the sequencing of LB
samples than from NP 11-20, S and SF. NP 1-10 had fewer ARG sequences than S. In addition, the size
of the antibiotic resistome was significantly lower at NP 1-20 than at S and SF (Figure 7).
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Figure 7. Size of the snow antibiotic resistome. Total ARG copies per L of snow from all sites (left) and from NP
and S-SF (right). Significant differences between sites were determined by pairwise t-tests. *p-value <0.05. **p-

value<0.01.

In addition, the impact of vegetation and anthropogenic activity on ARG richness and diversity was
evaluated. Both ARG richness and diversity were significantly lower at LB than at S and SF (Figure 8).
No significant differences were found between NP 1-20 and S-SF.
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Figure 8. ARG richness (left) and diversity estimated using the Shannon Diversity Index (right) obtained from
all sites (top) and from NP versus S-SF (bottom) Significant differences between sites were determined by

pairwise t-tests. *p-value <0.05. **p-value<0.01.
Antibiotic resistome composition
The composition of the antibiotic resistome at different sites was compared. Sites with less

surrounding vegetation (i.e. NP 1-10 and LB) had a lower amount of ARGs from all antibiotic classes
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than at any other site (Figure 9). In addition, S and SF had higher numbers of multidrug efflux genes
than NP 11-20 and an increase in ARGs conferring resistance to antimicrobial peptides and triclosan
was also observed at SF. When NP 1-20 were compared to S-SF, ARGs from virtually every antibiotic
class were more abundant in anthropogenically-impacted sites (S-SF, Figure 9). This increase in
abundance was particularly high in genes related to multidrug resistance.
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Figure 9. ARG copies per L of snow from all sites (left) and from NP vs S-SF (right) grouped by antibiotic class.

Gene abundance differences between sites were evaluated by pairwise comparisons using DESeq2
(Figure 10). All sites had several genes that were significantly more abundant than in LB, whereas no
ARGs were significantly more abundant at LB (Figure 10 A-D). S showed the highest number of ARGs
(14) with a significant increase in abundance as compared to LB, followed by SF (8), NP 11-20 (6) and
NP 1-10 (5). In addition, the same number of ARG were significantly more abundant at NP 11-20 than
at NP 1-10 and vice versa: vanO, tet(43) and smeF were more abundant at NP 11-20, whereas tetA(46),
LpeB and bcrA were more abundant at NP 11-10 (Figure 10E). On the other hand, S showed a higher
abundance of nine ARGs when compared to SF, which only had three genes that were more abundant
than at S (Figure 10F). Furthermore, when comparing S and SF to NP 1-10 and NP 11-20 (Figure 10 G-
J), more genes were found in a higher abundance at S or SF than at NP 1-10 or NP 11-20. These
differences were higher between S and NP 1-10 or NP 11-20 than between SF and NP 1-10 or NP 11-
20. Finally, the resistome of NP 1-20 was compared to that of S-SF (Figure 10K). tetA(60), tetA(46) and
LpeB were more abundant at NP 1-20, whereas tetO, tetB(58), rphB, Rm3, otrC, mexJ, FosA5, aadA25
and aadA17 were found in a higher abundance at S and SF. These genes were involved in resistance to
several antibiotic classes (tetracyclines, rifamycin, beta-lactams, fosfomycin, aminoglycosides and
multidrug resistance).
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The co-assembly of metagenomics sequences produced a bin with a completion of 59.2% and a
redundancy of 2.8% (Figure 11). This bin was putatively identified as Rickettsiella isopodorum. The bin
showed a higher coverage in samples from SF and had one associated ARG, vatF. This streptogramin
resistance gene was found more abundant at SF than anywhere else when pairwise comparisons were
performed (Figure 6).
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Figure 11. Bin obtained from the co-assembly of metagenomic sequences from all sites. Light blue: NP 1-10,
dark blue: NP 11-20, light red: S. dark red: SF. Green: LB. n=10.

Discussion

The goal of this study was to determine whether environmental factors such as vegetation and
anthropogenic activity influenced the size and composition of the snow bacterial communities and
antibiotic resistome. Our results support the hypothesis that growth is limited at sites with lower levels
of organic carbon and that sites with more surrounding vegetation seem to able to support a higher
biomass and less diverse community. While no significant overall community differences were found
between sites (other than the extreme LB site), several genera that use carbon as a nutrient source
were more abundant in sites with higher levels of vegetation. Both Acidipila and Acidicapsa, which
belong to the family Acidobacteriaceae and are able to degrade organic carbon and plant
polysaccharides including cellulose, and some genera belonging to the Sphingobacteriaceae family,
which is composed of chemo-organotrophic organisms, were found in a higher abundance at all sites
other thanin LB (Figure 6). In addition, the differences in genus abundance of genera that use organic
carbon as a nutrient source increased along with differences in surrounding vegetation. We
hypothesized that the higher abundance of heterotroph and chemo-organotroph organisms was
related to higher organic carbon and other nutrient availability. The low microbial biomass site (LB) is
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the site subjected to the most extreme environmental conditions (wind, cold) and lowest amount of
surrounding vegetation. Therefore, lower amounts of organic carbon would reduce the growth of
potentially copiotrophic organisms and produce a more even microbial community where no specific
taxon can outgrow others, which is supported by the high diversity levels at LB (Figure 4). Thus, only
the extreme conditions and the virtually complete absence of vegetation associated with LB samples
seem to have an effect on bacterial diversity. The presence of vegetation could be inversely related to
a higher diversity of bacteria. Snowpack microbial communities are seeded from the atmosphere
through wet and dry deposition processes®?8, Since the snow is coupled to the atmosphere, factors
that affect airborne microbial communities, such as surrounding ecosystems and local meteorological
conditions, should change the snow microbial community structure?®3°, At sites where the vegetation
is scarce, microbial life would be expected to colonize snow mainly from the atmosphere and dust!
and at sites with surrounding vegetation, the plants would contribute to the bacterial communities
present in snow, providing a less even and less diverse community.

In addition, the more favorable conditions for bacterial growth observed at sites with higher levels of
surrounding vegetation seem to provoke higher levels of antibiotic resistance at the genetic level. All
sites with more surrounding vegetation had a more abundant antibiotic resistome, which was likely a
consequence of the higher biomass. Sites surrounded by vegetation contained several ARGs that were
more abundant than at the low vegetation extreme site (LB), whereas LB did not have any ARGs in a
higher abundance than anywhere else (Figure 10). Thus, vegetation appeared to support the growth
of a more abundant bacterial community, which in turn had a higher abundance of antibiotic resistance
genes. Previous research showed that increased levels of organic acids induced competition and
increased the abundance of ARGs in snow32. They also support the establishment of a more
metabolically active community33. Therefore, surrounding vegetation may provide additional sources
of organic acids and stimulate competition and ARG proliferation in snow.

Although surrounding vegetation correlated to the abundance of bacterial communities in snow, a
significantly higher bacterial abundance was measured at sites associated with anthropogenic activity
than at less frequented sites with similar levels of surrounding vegetation (Figure 3). Thus, both
vegetation and anthropogenic activity influenced the abundance of the bacterial community in snow.
Anthropogenic activity was related to a higher biomass community and induced changes in the snow
antibiotic resistome while having a limited impact on the composition of the bacterial communities.
Both sites subjected to anthropogenic activity (S and SF) were surrounded by vegetation, which
translated to favorable conditions for bacterial growth. Therefore, the potential added effects of
anthropogenic waste would not necessarily impact the core bacterial community. This is consistent
with the lack of differences in genus richness and diversity and the overall composition of the bacterial
communities despite the higher biomass. On the other hand, anthropogenic activities seemed to
influence the size and composition of the antibiotic resistome without having a significant effect on
ARG richness and diversity. A partial metagenome assembled genome (MAG) predominantly with
sequences from an anthropogenically-impacted site (SF) was putatively identified as Rickettsiella
isopodorum, a Gammaproteobacteria that is an intracellular pathogen of terrestrial isopod
crustaceans® (Figure 11). This MAG had one associated ARG, vatF, that was first isolated from Yersinia
enterocolitica®, a bacterium associated to the pet microbiome that can cause infections in humans.
Since human microbiome bacteria are unlikely to survive in extreme environments, direct biological
contamination of anthropogenically-impacted snow should not have a strong effect on the snow
microbiome. Nevertheless, human activities could provide the snow microbiome with additional levels
of organic carbon through increased waste dispersion. This in turn would stimulate bacterial growth,
competition and ARG production in a similar way as the presence of vegetation. A previous study has
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shown that anthropogenic waste can induce ARG spread without influencing community composition,
and linked these changes to a higher macronutrient load in sewage®.

In conclusion, both vegetation and anthropogenic activities induced changes in the snow microbiome
and its associated resistome and showed that some micro-organisms are responding to environmental
changes in alpine snow. Although several studies have illustrated the impact of anthropogenic activity
on the environmental resistome®’=?, this is the first study to demonstrate that winter tourism induced
changes in the snow resistome without affecting the core bacterial community structure. Thus,
anthropogenic activity could be an indirect source of environmental pollution and stimulate the
development of antibiotic resistance in the snow microbiome that might be subsequently
disseminated through the atmosphere and snow melting. The genes that showed an increased
abundance at sites contaminated by human activity could be considered as biomarkers of
anthropogenic impact on alpine snow. However, this increase in abundance needs to be confirmed by
gPCR analyses. This study provides insights into the potential impact of environmental and
anthropogenic factors on snow microbial ecology and highlights the need for survey of antibiotic
resistance development in sites affected by anthropogenic activities and the consequences that
environmental pollution may have on antibiotic resistance dispersion.
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Chapter VI. Conclusions and perspectives

Anthropogenic environmental pollution with residual concentrations of antibiotics and biological
pollutants (ARB and ARGs) is a major source of concern (Chapter I). Antibiotics may impose a selective
pressure in the environmental microbiome stimulating the development and dissemination of
antibiotic resistance and potentially even at sub-inhibitory concentrations (discussion in Chapter I). In
addition, biological contamination may contribute to the environmental resistome reservoir and
organic nutrients present in anthropogenic waste may affect environmental microbial ecology and
promote changes in the environmental resistome. In both cases, environmental antibiotic resistance
is susceptible to transfer to the human and animal microbiome and further aggravate the antibiotic
crisis that we are currently facing. On the other hand, interactions between both chemical and
biological pollutants and the receiving environmental microbiome are influenced by environmental
factors and the physicochemical properties of the environmental matrix. Research is needed in order
to determine i) the scope of the response of the environmental microbiome and resistome to both
chemical and biological pollutants and the relationship between this response and environmental
factors, ii) the mobilization and dissemination potential of antibiotic resistance in the environment,
and iii) the risk of transfer of environmental ARB and ARGs to the human and animal microbiome.

The main objective of this PhD was to provide elements to help respond to major questions regarding
antibiotic resistance development in the environment subjected to anthropogenic pollution. This
research was divided into three main axes. First, a methodological study aimed to answer the question
“is taxonomic and functional/ARG richness discovery in soil dependent on nucleic extraction methods
or sequencing depth?” Second, the response to gentamicin pollution at both inhibitory and sub-
inhibitory concentrations was evaluated in two environments, soil and freshwater, in order to answer
the questions “can sub-inhibitory concentrations of gentamicin induce a response in the environmental
microbiome and resistome?”, “how is the link between gentamicin dose and the magnitude of this
response?” and “is this response consistent between environments?” Finally, a field-study aimed to
provide insights into the question “does anthropogenic activity impact microbiome and resistome
composition in cold environments?” This work is summarized and discussed here.

Effect of DNA/RNA extraction and sequencing depth on richness discovery

A methodological study was considered to be necessary in order to assess the biases related to soil
DNA and RNA extraction and sequencing prior to the evaluation of the effects of antibiotic pollution
(Chapter Il). Since soil is a particularly challenging matrix due to its high microbial diversity and its
heterogeneous physicochemical properties that induce biases in DNA and RNA extraction. The effect
of the choice of an extraction method on the outcoming results is not new. Yet, this study addresses a
critical aspect of the growing use of high throughput sequencing to characterize different
environments. Taxonomic, ARG and functional richness measured by several DNA extraction methods
were compared using an Illumina MiSeq sequencing approach. In addition, the taxonomic richness
revealed by different RNA extraction methods was evaluated. The main outcome of this study was that
sequencing depth has a stronger effect on taxonomic and functional richness discovery than the choice
of an extraction method and that sequence rarefaction at an equal depth lead to the assignation of
unique genus and functional classes that were detected by more than one method before rarefaction.
Therefore, the choice of a DNA or RNA extraction method seemed less relevant than the need for
optimization of high throughput sequencing techniques to study soil microbial communities and their
associated functions. On the other hand, ARG richness discovery was strongly influenced by sample
variation in ARG content. Only one method (Maxwell 1) showed a higher and more consistent richness
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discovery than the others in La Céte de Saint André soil, (the soil selected for antibiotic pollution
experiments). Therefore, although this increased richness is arguably exclusively due to DNA extraction
and caution should be taken before recommending this method for resistome discovery analyses in
soil, this method was chosen for DNA extraction in the evaluation of antibiotic pollution in soil.

The limitations linked to lllumina MiSeq sequencing depth have been considered all through this thesis.
Higher bacterial diversity observed in soil microcosms than in soil bacterial enrichments was probably
due to the lower quality of the assembly obtained from soil microcosm metagenomic sequences,
underlining the need of deeper sequencing technologies to cover soil bacterial diversity and accurately
analyze the soil resistome using metagenomic approaches (Chapter Ill). In addition, long read
sequencing using the Oxford Nanopore technology and the hybrid assembly of short and long reads
showed an improvement of the completion and definition of MAGs from freshwater and demonstrated
Nanopore importance in the metagenomic analysis of the resistome of complex communities (Chapter
IV). Furthermore, qPCR analyses were performed to complement lllumina MiSeq sequencing when
assessing ARG abundance (Chapters Il and IV) and the need of further gPCR validation of differences
in ARG abundance observed through metagenomic sequences was unfortunately limited when these
analyses could not been carried out due to time limitations (Chapter V).

Impact of antibiotic anthropogenic pollution on resistance development in the
environment

Microcosm studies were performed to evaluate the effects of antibiotic pollution on the environmental
microbiome and resistome (Chapters lll and IV). Gentamicin was chosen as a model antibiotic, since it
is used in both human therapy and food production. Gentamicin resistance genes are abundant and
diverse in several environmental settings and sub-inhibitory concentrations of gentamicin have been
shown to stimulate resistance selection and biofilm formation in vitro' as well as resistance
dissemination?. In addition, this aminoglycoside could be analyzed by HPLC-MS/MS, and help establish
links between gentamicin dose and the magnitude of the response observed in the environmental
microbiome and resistome.

Gentamicin sub-inhibitory and inhibitory concentrations in soil and water bacteria enriched in culture
media were determined by evaluating bacterial growth. Since the response to gentamicin pollution
was expected to have a much lower magnitude in soil than in water due to gentamicin adsorption onto
soil particles, different approaches were used depending on the receiving environment. On the one
hand, soil microcosms were polluted with inhibitory concentrations of gentamicin. The difference in
the response between the communities in enriched media and environmental settings at several
exposure times was evaluated using a combination of culture-dependent and metagenomic
approaches. In addition, the bioavailable fraction of gentamicin in soil was measured by HPLC-MS/MS
(Chapter Ill). On the other hand, river water microcosms were polluted with two sub-inhibitory
concentrations and an inhibitory concentration to evaluate the magnitude of the response of the
environmental microbiome and resistome. The effects of gentamicin at both inhibitory and sub-
inhibitory concentrations at different exposure times were evaluated by assessing its effects on overall
growth, transcription levels, the composition of total and active bacterial communities, and the
abundance and transcription of ARGs in water microcosms. Class 1 integrons were sequenced and
screened for aminoglycoside resistance genes and dose-response relationships were established
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between gentamicin concentrations measured in water by HPLC-MS/MS and the abundance and
expression of aminoglycoside resistance genes measured by gPCR/RT-qPCR (Chapter 1V).

These two studies illustrate how the effects of the same antibiotic on different environments are
strongly dependent of environmental factors and physicochemical properties. Whereas in soil bacterial
enrichments, an inhibitory concentration of 12 pug of gentamicin per ml of medium significantly
reduced the size of the bacterial communities and altered their composition, in soil microcosms, where
gentamicin is highly adsorbed onto soil particles and bacterial diversity is higher, inhibitory
concentrations up to 1 mg of gentamicin per gram of soil did not have significant effects on bacterial
growth nor on the composition of the soil microbiome and resistome after 8-days exposure (Chapter
Il1). With the river water microcosms, a sub-inhibitory concentration of 50 ng of gentamicin per ml of
water, which did not affect the size of the bacterial community, caused a significant increase of overall
transcription levels after 2-days exposure and induced shifts in the composition of both total and active
communities and increased the abundance of Limnohabitans after only 1-day exposure (Chapter IV).
In addition, the hybrid assembly of short and long metagenomic reads sequenced using the Illumina
MiSeq and the Oxford Nanopore technologies, respectively, were used to assemble a Limnohabitans
MAG that contained a partial sequence of aac(6’)-1b8, a gene encoding for an aminoglycoside
acetyltransferase involved in gentamicin resistance. Finally, gentamicin pollution at 50 ng/ml induced
an increase in the abundance and transcription of aac(6’) genes after 2-days exposure, although the
magnitude of this response was lower than at 800 ng/ml, an inhibitory gentamicin concentration that
causes the inhibition of most of the members of the community and the selection of gentamicin
resistant clones. These genes are present in class 1 integrons and might, therefore, be mobilized and
disseminated across the environmental microbiome and to the human and animal microbiome.
Whereas gentamicin concentrations at the ng/ml scale induced changes in the freshwater microbiome
and resistome after 2-days exposure without inhibiting overall growth, the same antibiotic at
concentrations up to 1 mg/g did not affect soil bacterial communities nor their resistome after 8-days
exposure. This demonstrates the need for antibiotic pollution surveillance in a wide range of
environmental settings and the systematic measurement of antibiotic concentrations and
characterization of environmental physicochemical properties as well as temporal series to account
for seasonal changes in the environmental setting and its associated microbiome.

These studies also demonstrate the limitations of the terms “sub-inhibitory” and “inhibitory” in
complex environments. Since these terms were defined in single cultures, they may not be accurate to
illustrate what takes place in complex environmental communities. Regarding soil, these results
illustrate the differences between the response to gentamicin pollution between bacterial
enrichments and soil microcosms, where gentamicin adsorption, a higher bacterial diversity and
selective forces, such as nutrient availability and predation are likely to take place. In addition, sub-
inhibitory concentrations that do not cause an overall growth inhibition in freshwater may inhibit some
members of the community and stimulate the growth of others, thereby changing community
composition and potentially selecting for antibiotic resistance. Therefore, the term “sub-inhibitory”
should be used carefully, since the research carried out in this PhD shows that sub-inhibitory
concentrations may stimulate resistance development in vivo and inhibitory concentrations may not
impact the environmental resistome, depending on the interactions between the antibiotic, the
environmental matrix and its microbiome. Thus, these results demonstrate the need of analyzing the
effects of antibiotic pollution using microcosm approaches and field studies when possible, since
culture-based studies target a reduced proportion of the environmental microbiome?® and they do not
take environmental factors into account.
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These two studies compared the impact of the same antibiotic on different environmental matrixes.
Furthermore, the study on freshwater microcosms is, to the best of our knowledge, the first to show
that sub-inhibitory concentrations of antibiotics induce a response in the environmental microbiome
and resistome in vivo and to establish relationships between antibiotic dose and the selective force for
gentamicin resistance genes. These findings are critical, since they support the concern that sub-
inhibitory concentrations of antibiotics may select for resistance in the environment and, therefore,
deserve more attention when assessing the risks associated to antibiotic environmental pollution.

However, further research is needed to answer several questions that were raised during this PhD and
that should provide useful insights into the development of resistance in gentamicin-polluted
environments and the associated mechanisms. First, the spatial heterogeneity in the soil microbiome
and resistome created by environmental factors and antibiotic concentration gradients may create a
different response to the same antibiotic depending on the microniche population and physiological
state. Therefore, the dilution of local heterogeneity during DNA extraction at higher sample sizes could
hide changes at a microenvironment scale and underestimate the risk associated with soil antibiotic
pollution. Future studies should analyze the effects of antibiotics in soil microniches and account for
differences related to soil spatial heterogeneity. On the other hand, the Limnohabitans MAG
reconstructed from water metagenomic sequences was not complete and thus reduced the potential
evaluation of the genetic context and mobility potential of the gentamicin resistance gene that it
contained. Further research, including the isolation of Limnohabitans from bacterial enrichments and
the sequencing of its genome, should provide a deeper understanding of both the genetic background
associated to Limnohabitans dominance at sub-inhibitory concentrations of gentamicin and the
underlying mechanisms of gene acquisition by Limnohabitans.

Finally, these studies evaluated the short-term effects of a single dose of a single antibiotic in a single
environmental matrix. This approach leaves several unanswered questions. First, the bioavailability of
gentamicin could increase at several doses and with longer exposure times in soil and cause long-term
perturbations on microbial communities. The study on freshwater does not provide any insights on the
response at longer exposure times nor the persistence of resistance in the absence of antibiotic
pressure. Second, different soil and freshwater environments could respond differently to the same
antibiotic. Patterns should be established to link the composition of the environmental matrix and/or
environmental conditions and the observed response (or lack of). Third, a combination of antibiotics
at sub-inhibitory concentrations may reflect more accurately the actual environmental contamination.
The combination of several antibiotics at sublethal levels might alter the outcome of resistance
selection in vitro®. Therefore, studies analyzing the effect combined antibiotics (and co-selective agents
such as metals and biocides) at sub-inhibitory concentrations on the environmental microbiome and
resistome are needed to fill knowledge gaps and provide more realistic information for risk assessment.
Finally, these experiments focused on the effects of gentamicin pollution on antibiotic resistance
development in the environment and they were not designed to analyze mobilization and
dissemination of antibiotic resistance in the environment and the probability of transfer to the human
and animal microbiomes. All these elements are key to gain a more thorough understanding of the risk
posed by antibiotic environmental pollution.
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Impact of anthropogenic activities on resistance development in the environment

The field study carried out in Chapter V aimed to evaluate the extent to which anthropogenic activities
and environmental factors affect the microbiome and resistome of snow-covered mountain
ecosystems. Snow samples were obtained from two watersheds located in the Karkonosze National
Park in the Sudety Mountains in Poland. One of them was subjected to human activities such as tourism
and cottage development and the other one was hypothetically unaffected by local
anthropogenicactivity. In addition, snow with different levels of surrounding vegetation were sampled
from both catchments. The impact of vegetation and anthropogenic activity on the snow microbiome
and resistome was evaluated using a metagenomics and qPCR approach. Bacterial community size,
composition, genus richness and diversity were the parameters chosen to determine the effects of
anthropogenic and environmental factors on the snow microbiome, whereas their effects on the snow
resistome were assessed by the determination of the size and composition of the antibiotic resistome,
as well as ARG richness and diversity.

The main hypothesis of this research was that both environmental and anthropogenic factors influence
snow ecology and induce changes in the snow microbiome and antibiotic resistome by providing
bacterial communities with higher levels of organic carbon and other nutrients. This would support the
growth of a more abundant bacterial community that would increase the abundance of the antibiotic
resistome. Previous research performed by our group has shown that increased levels of organic acids
induced competition and increased the abundance of ARGs in snow”. These increased concentrations
also supported the establishment of a more metabolically active community®. Therefore, both
anthropogenic and environmental sources of organic carbon could stimulate competition and ARG
proliferation in snow.

The results obtained from this study support that hypothesis. First, higher levels of surrounding
vegetation increased bacterial biomass, reduced genus diversity and shaped the composition of
bacterial communities in snow. Several genera that were more abundant at sites with higher levels of
surrounding vegetation use carbon as a nutrient source and the differences in genus abundance
increased with differences in surrounding vegetation. Furthermore, the size of the antibiotic resistome
increased at sites with more surrounding vegetation and this increase was related to the increase in
bacterial biomass. Finally, the number and abundance of ARGs conferring resistance to all antibiotic
classes identified in snow were higher at sites with higher levels of surrounding vegetation.

This research shows that anthropogenic activity induced changes in the snow antibiotic resistome
while having a limited impact on the composition of the bacterial communities. Although higher
bacterial biomass levels were detected at sites subjected to anthropogenic activity, anthropogenic
factors did not show significant influence of genus richness, diversity and overall community
composition. The differences found in genus abundance along the anthropogenic activity gradient
were much lower than the ones observed along the surrounding vegetation gradient. Since sites
subjected to anthropogenic activity were surrounded by vegetation and human microbiome bacteria
are unlikely to survive in extreme environments, the added effects of anthropogenic waste may not
necessarily affect the core bacterial community. However, the increase in bacterial community size in
anthropogenic-polluted sites was followed by an increase in the size of the antibiotic resistome and
the number of ARG reads associated with several antibiotic classes. Finally, nine genes involved in
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resistance to six antibiotic classes were found more abundant at anthropogenic polluted sites than in
pristine snow. Thus, these results support the hypothesis that human activities generate increased
amounts of waste that provide the snow microbiome with additional organic carbon and stimulate
competition and ARG proliferation similar to the presence of vegetation.

In conclusion, this research shows that some micro-organisms respond to environmental changes due
to the surrounding vegetation and the local anthropogenic activity. This is the first study to
demonstrate that winter tourism induces changes in the snow resistome without affecting the core
bacterial communities. Anthropogenic activities could pollute surrounding snow through the input of
organic matter present in waste and stimulate the development of antibiotic resistance in the snow
microbiome that might be subsequently disseminated through the atmosphere and by snow melting.
This highlights the need for a survey of antibiotic resistance development at anthropogenic polluted
sites and the consideration of organic sources of pollution in addition to biological pollutants (ARB and
ARGs). However, the increase in the abundance of specific ARGs at anthropogenic polluted sites should
be validated by qPCR and further studies should evaluate the dissemination potential of these genes.
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Annex. Supplementary Information

Chapter II. Optimization of nucleic acid extraction from soil. Evaluation of the effect of nucleic
acid extraction and sequencing depth on taxonomic, functional and ARG discovery
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Figure S1. Total abundance of the ensemble of genera annotated using RDP classifier from DNA extracted from (A) the
Scottish Agricultural College soil; (B) La Cote de Saint André soil. The abundance of each measured genus was
determined and plotted in a decreasing order using R. N=3.
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SCOTTISH AGRICULTURAL COLLEGE SOIL

Method Genus Annotated sequences Annotated sequences
after rarefaction before rarefaction
Maxwell 1 Gp22 2 2
Arenicella 2 2
Phyllobacterium 2 2
Falsirhodobacter 2 2
Hydrogenophaga 1 4
Geothermomicrobium 2 2
Curtobacterium 2 3
Nitrosopumilus 3 4
Maxwell 2 Parapedobacter 2 2
Chelatococcus 2 2
Amantichitinum 2 2
Leucobacter 4 4
Phenol/Chloroform Acaricomes 2 2
method Sphaerobacter 3 3
Salinispira 2 2
DNeasy PowerSoil Kit Syntrophobacter 2 2
Chitinibacter 2 2
Thermomarinilinea 3 3
ZymoBIOMICS Fulvimonas 2 2
DNA Mini Kit Nitratireductor 2 2
Paenochrobactrum 1 2
Sorangium 2 2
Desulfomonile 2 2
Hungatella 2 2
Staphylococcus 63 95
Thermocrispum 2 2

Table S5. List of genera detected as unique in both rarefied and non-rarefied pools of
sequences from the Scottish Agricultural College soil. Maxwell 1 and 2: variants of the
Maxwell RSC PureFood GMO and Authentication Kit (Promega). N=3.
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LA COTE DE SAINT ANDRE SOIL

Method Genus Annotated sequences Annotated sequences
after rarefaction before rarefaction

Maxwell 1 Limnobacter 2 2
Terribacillus 1 2
GpXlll 2 3

Maxwell 2 Epilithonimonas 1 3
Pseudenhygromyxa 4 4
Thioreductor 2 2

Phenol/Chloroform Sporomusa 2 2

method Actinocatenispora 3 3

DNeasy PowerSoil Kit Tolumonas 1 2
Nereida 1 2
Smithella 1 2

ZymoBIOMICS Alistipes 2 2

DNA Mini Kit Desulfomonile 2 2
Nitrosomonas 6 6
Gracilibacillus 6 6
Staphylococcus 130 130
Anaerosinus 3 3
Melioribacter 2 2

Table S6. List of genera detected as unique in both rarefied and non-rarefied pools of sequences from La Cote
de Saint André soil. Maxwell 1 and 2: variants of the Maxwell RSC PureFood GMO and Authentication Kit
(Promeg). N=3.
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Chapter IV. Gentamicin pollution at sub-inhibitory concentrations induces a response in
the environmental microbiome and resistome
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Figure S1. Average ODeoo of culturable water bacteria incubated in R2A medium with different gentamicin
concentrations for 24 hours. 150 pl of culture were transferred to a plate and incubated at 29°C for 45 hours,
measuring the ODesoo every hour. N=3.

[GMI\Time | _ Ohours | 2d4hours | 48hours

831.7 + 85.7 703.2 + 39.8 757 + 68.8
52.54 +8.13 35.38 +3.95 32.13 +3.02
15.89 +5.26 12.80 +0.93 9.35+1.96
a a

Table S1. Gentamicin concentrations in water microcosms measured by HPLC-MS/MS. QL: quantification
limit. N=3.

13,282,170 reads (36 samples)
14983 contigs

1000 - 34750 bp

1806 bp

1697 bp

2.67% - 33.80%

Co-assembly of
lllumina metagenomic
reads (MEGAHIT)

Input

Assembled contigs
Contig length
Average length

N50

Alignment rate range

Mapping (Bowtie2)

Table S2. Assembly of lllumina metagenomic reads obtained from non-polluted water microcosms and microcosms
polluted with gentamicin at 10, 50 or 800 ng/ml.

Short-read assembly (SPAdes) Short reads: 16930 contigs =

13157648 (3 samples)

Co-assembly of
lllumina and Nanopore

metagenomic reads Long read input

8000 reads (34,385,859 bp)

Assembly of long reads to short-
read contigs (miniasm)

(Unicycler)

Fully aligned reads: 392
Partially aligned reads: 1782
Unaligned reads: 5826

Total bases aligned: 9293553 bp
Mean alignment identity: 81.1%
Splits: 2195

Mapping (Bowtie2) Alignment rate range

18.55% - 33.21%

Table S3. Hybrid assembly of Oxford Nanopore and lllumina metagenomic reads microcosms polluted

gentamicin at 50 ng/ml after 2-days exposure.
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Figure S3. Relative abundance of the aminoglycoside resistance genes from the aadA family (blue) and the

AAC(6’) family (orange) in class 1 integrons. Chromosomal class 1 integrons were amplified using

MRG284/MRG285 primers and sequenced. Aminoglycoside resistance genes were identified by blasting integron

reads against the CARD database using Diamond and filtered at a minimum identity of 90%, a minimum length

of 50 aminoacids and an e-value of 107'°. The best hit was taken. Reads from genes belonging to the aadA

aminoglycoside nucleotidyltransferase family or the AAC aminoglycoside acetyltransferase family, respectively,

were grouped together. Then, their abundance was normalized by sequencing depth. N=3.

Primer Sequence Target genes Amplicon
pair size (bp)
aac(6’) AAC(6)-1b10, AAC(6)-1b11, AAC(6’)-Ib3, AAC(6')-
family F: 5'-CATGACCTTGCGATGCTCTATG-3’ Ibd, AAC(6)-1b7, AAC(6')-1b8, AAC(6)-1bO,
genes AAC(6’)-Ib’, AAC(6’)-Ib-cr, AAC(6’)-1b, ANT(3”)- »o1
1I/AAC(6)-11d, AAC(3)-Ib/AAC(6’)-IIb”, AAC(6’)-
R: 5"-TCCAAGAGCAACGTACGACTG-3" | 30 /ApC(6')-Ib?, AAC(6')-Ib-Hangzhou, AAC(6')-Ib-
Suzhou

aadA F: 5-GGCCTGAAGCCATACAGTGA-3’ aadA3, aadAS8, aadA21, aadA15, aadA24, aadAl2,
family aadAl7, aadA25, aadA23, aadA, aadAl1l, aadAl0, 234
genes | Ri5-AAGAATGTCCTTACGCTGCCA-3" | aadA6/aadA10, aadA6, aadA13, aadA22, aadA2

Table S4. Details of gPCR primers targeting aminoglycoside resistance genes designed in this study.
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