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Influence du microbiote sur la colonisation gastro-
intestinale à Candida albicans chez des individus sains 

 

 

RESUME 

Candida albicans est une levure commensale des tractus intestinaux, génitaux et 

oraux de l’homme. Cette levure inoffensive chez le sujet sain peut devenir un 

redoutable pathogène opportuniste quand les défenses naturelles de l’hôte sont 

affaiblies, comme chez les patients immunodéprimés. C. albicans peut alors causer 

des infections systémiques mortelles, dont la source primaire est le portage intestinal 

de C. albicans. Au cours de cette thèse, je me suis intéressée aux facteurs qui 

pourraient moduler l’intensité du portage intestinal de C. albicans chez le sujet sain, et 

ainsi contribuer à contrôler le portage intestinal chez les patients à risque de 

développer des infections. 

J’ai notamment étudié l’influence de facteurs associés au mode de vie, comme la 

composition du microbiote, l’alimentation et la prise d’antibiotiques, mais également le 

profil génétique de l’hôte sur les niveaux de portage de C. albicans de sujets sains.  

Premièrement, j’ai comparé trois techniques d’extraction d’ADN fongiques et 

bactériens à partir d’échantillons fécaux. En parallèle, j’ai développé un protocole de 

PCR quantitative (qPCR) spécifique, pour quantifier de manière absolue la 

concentration de C. albicans présente dans les selles.  

Deuxièmement, j’ai étudié l’impact des β-lactamines, une famille d’antibiotiques à large 

spectre, sur le mycobiote de 22 sujets sains (cohorte CEREMI). L’analyse des selles 

collectés avant, durant et après le traitement par antibiotiques m’a permis de décrire 

chronologiquement les perturbations induites. J’ai ainsi constaté que l’abondance de 

C. albicans était augmentée suite au traitement, mais avec de fortes variations inter-

individuelles. Ces variations pouvaient être expliquées, en partie, par des 

changements de l’activité fécale des β-lactamases endogènes, des enzymes capables 

d’hydrolyser les β-lactamines. 

Troisièmement, j’ai étudié comment le microbiote bactérien, l’alimentation et la 

génétique de l'hôte modulent le portage de C. albicans chez 695 individus sains 

(cohorte Milieu Intérieur). J’ai détecté un portage intestinal de C. albicans chez 82,9% 
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des sujets par qPCR, mais à des concentrations très variables. À l'aide de modèles 

linéaires mixtes, j’ai exploré les concentrations intestinales de C. albicans en fonction 

de la composition du microbiote intestinal et de l’alimentation des sujets. J’ai ainsi 

montré que Intestinimonas butyriciproducens était la principale espèce bactérienne 

dont l'abondance relative était négativement corrélée aux concentrations de C. 

albicans chez ces sujets. Cependant, je n’ai pas pu observer un effet notable du 

surnageant de cette bactérie sur la croissance de C. albicans, du moins dans les 

conditions testées. J’ai également noté que le régime alimentaire des sujets contribuait 

à la croissance de C. albicans ; un régime faible en sel et le fait de manger entre les 

repas étant associés à de plus hautes concentrations de C. albicans. Par ailleurs, d’un 

point de vue génétique, j’ai identifié 26 polymorphismes associés à la colonisation par 

C. albicans. 

Finalement, j’ai constaté que les niveaux intestinaux de C. albicans influençaient la 

réponse immunitaire de l'hôte. J’ai analysé les niveaux de transcription de 546 gènes 

impliqués dans la réponse immunitaire de l’hôte et la concentration de 13 cytokines 

dans le sang des sujets, après stimulation avec des cellules de C. albicans et j’ai pu 

mettre en évidence des associations positives entre la concentration intestinale de C. 

albicans et l'expression de NLRP3, et les concentrations d'IL-2 et de CXCL5. 

Bien que l’importance relative de certaines associations identifiées doit encore être 

déterminée, ces résultats offrent une meilleure compréhension des mécanismes de la 

colonisation de C. albicans chez l’hôte sain. De plus, ces résultats pourraient permettre 

d’ouvrir la voie à de nouvelles cibles pour des stratégies d’intervention visant à limiter 

la prolifération de C. albicans. 

Mots-clés : Candida albicans, résistance à la colonisation, microbiote intestinal, 

mycobiote intestinal 
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Influence of the microbiota on Candida albicans 

gastrointestinal colonization in healthy individuals 

 

ABSTRACT 

Candida albicans is a commensal yeast of the intestinal, genital, and oral tracts of 

humans. This yeast, which is harmless in healthy individuals, can become a formidable 

opportunistic pathogen when the host's natural defenses are weakened, as in 

immunocompromised patients. C. albicans can then cause life-threatening systemic 

infections, whose primary source is C. albicans intestinal carriage. During this thesis, I 

was interested in the different factors that could modulate the intensity of C. albicans 

intestinal carriage in healthy subjects, and thus contribute to control this carriage in 

patients at risk of developing C. albicans infections. 

In particular, I studied the influence of lifestyle factors, such as the microbiota 

composition, diet and antibiotic use, but also the host’s genetic profile, on C. albicans 

intestinal levels in healthy subjects.  

First, I compared three protocols for fungal and bacterial DNA extraction from fecal 

samples. In parallel, I developed a specific quantitative PCR (qPCR) protocol to 

quantify the absolute concentration of C. albicans in fecal samples.   

Second, I studied the impact of β-lactam antibiotics, a broad-spectrum antibiotic family, 

on the mycobiota of 22 healthy subjects (CEREMI cohort). The analysis of fecal 

samples collected before, during and after antibiotic treatment allowed the 

chronological description of the induced perturbations. I found that the abundance of 

C. albicans was increased after treatment, but with strong interindividual variations. 

These variations could be explained, in part, by changes in the fecal activity of 

endogenous β-lactamases, enzymes capable of hydrolyzing β-lactams. 

Third, I studied how the bacterial microbiota, diet, and host genetics modulate C. 

albicans carriage in 695 healthy individuals (Milieu intérieur cohort). I detected C. 

albicans intestinal carriage in 82.9% of subjects by qPCR, but with highly variable 

concentrations. Using linear mixed models, I explored C. albicans intestinal 

concentrations based on the composition of the gut microbiota and the diet of the 
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subjects. I showed that Intestinimonas butyriciproducens was the main bacterial 

species whose relative abundance was negatively correlated with C. albicans 

concentrations in these subjects. However, I could not observe a significant effect of 

the supernatant of this species on C. albicans growth, under the tested conditions. I 

also noted that the subjects' diet contributed to the growth of C. albicans; eating 

between meals and a salt-free diet were associated with higher C. albicans 

concentrations. Moreover, from a genetic point of view, I identified 26 polymorphisms 

associated with C. albicans colonization using genome wide associations study. 

Finally, I found that C. albicans intestinal levels affected the host immune response. I 

analyzed the transcription levels of 546 immune genes and the concentration of 13 

cytokines in the blood of subjects after stimulation with C. albicans cells and showed 

positive associations between the extent of C. albicans intestinal levels and the 

expression of NLRP3, and the concentrations of IL-2 and CXCL5. 

Although the relative importance of some of the identified associations has yet to be 

determined, these results offer a better understanding of the mechanisms of C. 

albicans colonization in the healthy host. In addition, these results may open the door 

to new targets for intervention strategies aiming to curb C. albicans overgrowth.  

 

Keywords: Candida albicans, colonization resistance, gut microbiota, gut mycobiota 
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RESUME SUBSTANTIEL EN FRANÇAIS  

Contexte 

Souvent sous-estimés, les champignons peuvent être de redoutables pathogènes. 

Parmi les 1,5 à 3,8 millions d’espèces fongiques existantes, on décompte plus de 300 

pathogènes fongiques humains (Hawksworth and Lücking 2017). Chaque année, les 

pathogènes fongiques tuent plus de 1,6 millions de personnes (“Stop Neglecting 

Fungi” 2017), soit plus que le paludisme (United States Centers for Disease Control 

and Prevention 2014) et le cancer du sein (Arnold et al. 2022) combinés.  

Candida albicans est un champignon pathogène opportuniste qui cause 

principalement des infections superficielles, fréquentes mais bénignes. Toutefois, 

quand les défenses naturelles de l’hôte sont affaiblies, comme par exemple chez les 

patients immunodéprimés, C. albicans peut causer des infections systémiques 

sévères, associées à des mortalités supérieures à 50% (Pappas et al. 2018). La source 

primaire de ces infections est le portage de C. albicans dans le tractus digestif de 

l’hôte. En effet, bien qu’il soit un pathogène opportuniste redoutable chez les patients 

immunodéprimés, C. albicans est également une levure commensale des tractus 

gastro-intestinaux, vaginaux et oraux, dont le portage est le plus souvent 

asymptomatique, du moins chez les individus sains (d’Enfert et al. 2021).  

Objectifs de la thèse 

Au cours de cette thèse, je me suis intéressée aux différents facteurs qui pourraient 

moduler l’intensité du portage intestinal de C. albicans chez le sujet sain, et ainsi 

contribuer à contrôler ce portage chez les patients à risque de développer des 

infections. J’ai notamment étudié l’influence de facteurs associés au mode de vie des 

sujets sains, comme la composition du microbiote, l’alimentation et la prise 

d’antibiotiques. J’ai également étudié l’effet du profil génétique de l’hôte sur les niveaux 

de portage C. albicans de sujets sains. En outre, j’ai aussi déterminé si les niveaux 

intestinaux de C. albicans pouvaient influencer la réponse immunitaire de l’hôte dans 

le cas d’une infection simulée.  
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Chapitre 1 : Comparaison et implémentation de protocoles d’extraction d’ADN 

et de tests qPCR pour l’analyse des micro- et mycobiotes intestinaux 

Les microbiotes bactériens et fongiques (mycobiotes) intestinaux sont habituellement 

étudiés par des approches de séquençage à haut débit, soit par métagénomique 

ciblée, soit par le séquençage shotgun du génome entier. Le séquençage 

métagénomique ciblé repose sur l’amplification d’une région spécifique de l’ADN 

microbien, généralement l’ADN ribosomique 16S, pour l’ADN bactérien, ou l’ADN 

ribosomique 18S ou les régions ITS, pour l’ADN fongique. Le séquençage shotgun, 

quant à lui, est une forme de séquençage non ciblé qui repose sur le séquençage de 

l’ensemble des génomes composant le microbiome. Par conséquent, le séquençage 

shotgun offre une meilleure résolution taxonomique, permettant une distinction plus 

fine entre les espèces microbiennes, ou même les souches microbiennes, mais à un 

coût élevé (Peterson et al. 2021; Durazzi et al. 2021). De plus, cette approche est 

encore en cours de développement pour la caractérisation du microbiote fongique (Xie 

and Manichanh 2022; Lind and Pollard 2021; Marcelino et al. 2020). Le séquençage 

ciblé est moins coûteux mais donne des résultats moins précis. Le succès de ces 

approches dépend fortement de la qualité de l’ADN disponible (Angebault et al. 2018; 

Leigh Greathouse, Sinha, and Vogtmann 2019). Par conséquent, le choix d'un 

protocole d'extraction d'ADN approprié est crucial pour toute analyse du micro- ou du 

mycobiote. Dans le premier chapitre de cette thèse, j’ai donc comparé l’efficience de 

trois techniques d’extraction d’ADN fongiques et bactériens à partir d’échantillons 

fécaux. En parallèle, j’ai développé un protocole de PCR quantitative (qPCR) 

spécifique, pour quantifier de manière absolue la concentration d’ADN de C. albicans 

présente dans les selles. J’ai finalement mis au point une équation qui prend en 

compte l’efficacité de l’extraction d’ADN afin de convertir la quantité d’ADN de C. 

albicans, mesurée par qPCR, en un nombre de cellules.  

Dans un premier temps, j’ai comparé trois protocoles d’extraction d’ADN : (i) le 

protocole Q, qui est la référence actuelle des études de microbiote pour l’extraction 

d’ADN à partir d’échantillons fécaux (Santiago et al. 2014), (ii) le protocole A, une 

méthode simplifiée du protocole Q (Yu and Morrison 2004) et (iii) le protocole FAST, 

un protocole basé sur un kit commercial. Les protocoles Q et A contiennent plusieurs 

étapes de broyages par billes ce qui permet une lyse plus efficace de la paroi fongique 

mais augmente drastiquement la durée requise pour compléter le protocole (8-9 
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heures pour le protocole Q contre 6-7 heures pour le protocole A). Le protocole FAST 

consiste en une procédure plus directe et peut être réalisé en moins de deux heures. 

Les trois protocoles ont été testés sur les 10 mêmes échantillons fécaux et j’ai évalué 

leur efficacité en termes de quantité d’ADN total extrait, mesuré par Qubit, de quantité 

d’ADN fongique extrait, mesuré par un protocole de qPCR pan-fongique, et de qualité 

des séquences obtenues après un séquençage métagénomique ciblé des régions 

ITS1 et 16S.  

Dans l’ensemble, le protocole FAST était associé à de moins bons résultats que les 

protocoles Q et A. En effet, le protocole FAST a produit une quantité réduite d’ADN 

fongique, comparé aux autres protocoles, et des séquences ITS1 de moins bonne 

qualité, avec un fort pourcentage de séquences non-assignées au règne fongique. Les 

protocoles Q et A ont retournés, dans l’ensemble, des résultats satisfaisants. 

Toutefois, l’usage du protocole Q était associé à une diversité bactérienne réduite 

comparé au protocole A. Compte tenu de ces éléments et du fait que le protocole Q 

est plus fastidieux à réaliser, augmentant ainsi le risque d'erreurs expérimentales, j’ai 

décidé de sélectionner le protocole A pour toutes les extractions d'ADN à partir 

d'échantillons fécaux réalisées dans cette thèse.  

Dans la deuxième partie de ce chapitre, j’ai implémenté dans le laboratoire deux tests 

qPCR pour quantifier la charge fongique totale et les niveaux de C. albicans présents 

dans les échantillons fécaux. Je les ai également optimisés pour pouvoir les utiliser 

soit individuellement dans des tests simplex, soit en combinaison avec un test qPCR 

de contrôle interne pour la détection des inhibiteurs de qPCR, ceux-ci étant 

fréquemment présents dans les échantillons fécaux, pouvant ainsi conduire à des 

résultats faussement négatifs.  

Dans la dernière partie de ce chapitre, j’ai estimé l’efficacité du protocole d’extraction 

d’ADN sélectionné en début de chapitre en extrayant l’ADN d’échantillons fécaux non 

colonisés par C. albicans et inoculé avec des concentrations connues de cellules de 

C. albicans. Après quantification de l’ADN de C. albicans contenu dans les extraits 

d’ADN par qPCR, j’ai établi que l’extraction était associée à une efficacité moyenne de 

2,79%. En me basant sur la taille du génome de C. albicans, le poids moléculaire d’une 

base d’ADN et cette efficacité d’extraction, j’ai développé l’équation suivante qui 
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permet de transformer la quantité d’ADN de C. albicans, mesurée par qPCR, en un 

nombre de cellules :   

 

𝑁𝑐𝑒𝑙𝑙𝑠 =
𝐷𝑁𝐴𝑚  ×  𝑁𝐴

𝑀 ×  𝐺𝑒𝑛𝑜𝑚𝑒 × 𝐸𝑒𝑓𝑓
= 1,257,822 ×  𝐷𝑁𝐴𝑐 

 

Dans laquelle 𝑁𝑐𝑒𝑙𝑙𝑠 est le nombre estimé de cellule de C. albicans, 𝐷𝑁𝐴𝑚 est la 

quantité d’ADN de C. albicans mesurée par qPCR, en nanogramme, 𝑁𝐴 est le nombre 

d’Avogadro (6.022 x 1023 molécules par mole), 𝑀 est la masse molaire d’une paire de 

base d’ADN, 𝐺𝑒𝑛𝑜𝑚𝑒 est la taille du génome de C. albicans (26Mb), et 𝐸𝑒𝑓𝑓 est 

l’efficacité de l’extraction d’ADN, estimé par l’approche présentée ci-dessus (2,79%).  

 

Chapitre 2 : l’impact d’une dysbiose du microbiote, induite par antibiotiques, sur 

le mycobiote et le portage intestinal de C. albicans, chez des individus sains 

La prolifération intestinale de C. albicans est une condition préalable à la translocation 

intestinale, qui est à l'origine des infections systémiques par cette levure. Un facteur 

de risque bien connu pour ces infections est l'administration d'antibiotiques à large 

spectre (Pappas et al. 2018). Les antibiotiques sont des perturbateurs majeurs du 

microbiote intestinal, mais leur rôle sur le mycobiote reste à élucider (Burdet, Nguyen, 

et al. 2019 ; Burdet, Grall, et al. 2019 ; Seelbinder et al. 2020 ; Fouhy et al. 2012). Des 

études ont examiné l'effet des antibiotiques sur le mycobiote de la souris (Dollive et al. 

2013 ; Fan et al. 2015), mais, au début de cette thèse, il n'existait aucun rapport sur le 

rôle direct des antibiotiques dans la prolifération de C. albicans chez les humains en 

bonne santé. Dans le deuxième chapitre de cette thèse, j’ai analysé comment le 

mycobiote intestinal et, en particulier C. albicans, était affecté par les céphalosporines 

de troisième génération (C3G), des antibiotiques appartenant à la famille des β-

lactamines, une famille d'antibiotiques à large spectre largement utilisée en clinique, 

et qui sont excrétés par la bile dans l'intestin et peuvent donc affecter le mycobiote 

intestinal.  

Nous avons suivi prospectivement des volontaires sains avant, pendant et après un 

traitement antibiotique par C3G (Burdet, Nguyen, et al. 2019 ; Burdet, Grall, et al. 

2019). Le mycobiote des volontaires sains avant le traitement était caractérisé par une 
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faible richesse et homogénéité, avec une médiane de seulement 25 OTUs fongiques 

par échantillon et un indice de Shannon de 1,18, mais une forte diversité entre les 

sujets et également au sein d'un même individu, entre les différents échantillons 

collectés. Pour quantifier le portage de C. albicans, nous avons utilisé un test qPCR, 

plus sensible que la culture ou la métagénomique, ce qui nous a permis de déterminer 

l'abondance absolue de C. albicans alors que les approches métagénomiques ne 

peuvent retourner qu'une abondance relative. J’ai ainsi observé que 95,2% des sujets 

étaient colonisés par cette levure.  

Les antibiotiques C3G n'ont pas eu d'effet sur la diversité fongique mais ont modifié le 

profil du mycobiote, avec une diminution de l’abondance relative de Penicillium 

roqueforti et Debaryomyces hansenii et une augmentation de l'abondance relative de 

Saccharomyces cerevisiae après le traitement. L'abondance relative et absolue de C. 

albicans a augmenté après le traitement, mais cette augmentation dépendait du sujet, 

avec de fortes variations interindividuelles. Comme une étude préliminaire suggère 

que l'intestin humain héberge des bactéries naturellement capables de produire des 

β-lactamases (Leonard et al. 1989), des enzymes capables d'hydrolyser les 

antibiotiques de type β-lactamines, j’ai émis l'hypothèse que l'activité β-lactamase 

pouvait varier chez les sujets après le traitement antibiotique et ainsi réduire l'impact 

des antibiotiques dans l'intestin de certains d'entre eux. Dans l'ensemble, l'activité β-

lactamase a augmenté après le traitement antibiotique, mais certains sujets ont montré 

une augmentation plus forte que d'autres, et cette augmentation était négativement 

corrélée avec le changement des niveaux de C. albicans après traitement par 

antibiotiques.  

Cela suggère que l'appauvrissement en bactéries spécifiques qui se produit à la suite 

du traitement antibiotique permet une croissance excessive de C. albicans. Des 

espèces bactériennes spécifiques pourraient donc être utilisées pour freiner la 

croissance de C. albicans. Cependant, peu d'études ont cherché à identifier des 

espèces bactériennes - ou des signatures bactériennes - ayant une activité anti-C. 

albicans potentielle. Dans cette section, j’ai cherché à identifier les bactéries dont les 

niveaux dans le microbiote intestinal étaient inversement corrélés à ceux de C. 

albicans, dans l’hypothèse que certaines de ces espèces pourraient limiter la 

colonisation intestinale de C. albicans. Pour identifier ces bactéries avec une 

potentielle activité antagoniste, j’ai recherché des corrélations de Spearman 
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significatives entre l'abondance absolue de C. albicans, déduite des données qPCR, 

et l'abondance relative des espèces métagénomiques intestinales, déduites des 

données métagénomiques shotgun obtenues à partir de tous les échantillons fécaux, 

et annotées au niveau des espèces. J’ai également recherché des espèces fongiques 

susceptibles d'inhiber la croissance de C. albicans : pour cela, j’ai recherché des 

corrélations de Spearman significatives entre l'abondance absolue de C. albicans, une 

fois encore déduite des données qPCR, et l'abondance relative des espèces fongiques 

intestinales, déduite des données métagénomiques ciblées ITS1 obtenues à partir de 

tous les échantillons des sujets CEREMI, et annotées au niveau des espèces. J’ai 

ainsi identifié un set de 54 espèces bactérienne et une espèce fongique, Geotrichum 

candidus (anciennement Galactomyces candidus), qui pourraient jouer un rôle dans la 

résistance de l’hôte à la colonisation intestinale par C. albicans. Des études 

supplémentaires doivent être menées afin de valider l'activité anti-C. albicans de ces 

espèces microbiennes, mais si elles sont confirmées in vitro et in vivo, ces résultats 

pourraient ouvrir la voie à de nouvelles stratégies d'intervention pour limiter la 

prolifération intestinale de C. albicans. 

Chapitre 3 : l'influence de l'hôte et des facteurs environnementaux sur la 

colonisation de C. albicans chez les individus sains. 

Il est bien connu que le microbiote intestinal et le système immunitaire de l'hôte jouent 

un rôle crucial dans le contrôle de la croissance de C. albicans dans l'intestin (Naglik 

et al. 2017; Kumamoto, Gresnigt, and Hube 2020; Ricci et al. 2022; Zeise, Woods, and 

Huffnagle 2021). Mais comme la plupart des études sont menées sur des cohortes de 

patients, il est nécessaire d’améliorer notre compréhension des mécanismes impliqués 

dans la prolifération de C. albicans chez le sujet humain sain. En outre, bien que 

plusieurs maladies génétiques ou polymorphismes génétiques communs aient été 

associés à une susceptibilité accrue aux infections à C. albicans (Ouederni et al. 2014; 

Smeekens et al. 2013; Puel 2020), on sait peu de choses sur les polymorphismes 

génétiques associés à la susceptibilité à la colonisation par C. albicans chez les 

personnes en bonne santé. Ainsi, dans le troisième chapitre de cette thèse, j’ai étudié 

comment la composition du microbiote bactérien et le régime alimentaire, les 

antécédents médicaux et l'environnement de l'hôte peuvent influencer le portage de 

C. albicans chez les adultes en bonne santé, en utilisant les données recueillies auprès 

de 695 volontaires sains de la cohorte Milieu Intérieur. De plus, grâce à une étude 
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d'association à l'échelle du génome (GWAS), j’ai recherché des facteurs génétiques 

associés à la susceptibilité de l'hôte à la colonisation par C. albicans. Enfin, compte 

tenu des rapports précédents sur l'importance de l'immunité innée « entraînée » dans 

les infections à C. albicans, je me suis demandé s'il y avait un avantage pour l'hôte 

sain à maintenir des niveaux élevés de C. albicans dans l'intestin. J’ai donc étudié 

l'interaction entre l'intensité du portage intestinal de C. albicans et la réponse 

immunitaire après la stimulation du sang de l’hôte par C. albicans. 

Dans un premier temps, j’ai caractérisé le mycobiote de 96 sujets sains de la cohorte 

Milieu Intérieur par séquençage ciblé ITS2. Le mycobiote des sujets était défini par 

une faible richesse et homogénéité, avec un indice de Shannon médian de 2,21 mais 

par une forte variation de la composition entre les différents individus. Le portage de 

C. albicans a été estimé par qPCR pour 695 des sujets Milieu Intérieur, et j’ai ainsi 

montré que 82.9% des individus étaient colonisés par cette levure mais avec de fortes 

variations interindividuelles.  

J’ai ensuite exploré le potentiel rôle du microbiote dans les variations de 

concentrations de C. albicans. J’ai donc recherché des espèces bactériennes 

susceptibles d’avoir une action antagoniste envers C. albicans. Pour ce faire, j’ai utilisé 

des modèles linéaires mixtes pour identifier des espèces bactériennes dont 

l’abondance relative, déduite des données métagénomiques shotgun obtenues à partir 

de tous les échantillons des sujets Milieu Intérieur, et annotées au niveau des espèces, 

était associée à l’abondance de C. albicans, déduite des données qPCR. J’ai ainsi 

montré que Intestinimonas butyriciproducens était la seule espèce dont l'abondance 

relative était négativement corrélée aux concentrations de C. albicans chez ces sujets. 

J’ai ensuite cherché à valider l’activité anti-C. albicans de cette espèce en testant l’effet 

du surnageant de la culture de I. butyriciproducens sur la croissance et la morphologie 

de C. albicans. Toutefois, je n’ai pas pu observer un effet notable du surnageant de 

cette bactérie sur la croissance de C. albicans, du moins dans les conditions testées.  

Comme la composition du microbiote intestinal semblait avoir un impact limité sur la 

colonisation par C. albicans chez les individus sains de Milieu Intérieur, l’intensité du 

portage de C. albicans pouvait être modulé par le régime alimentaire, les antécédents 

médicaux des sujets ou par des facteurs environnementaux. J’ai combiné des modèles 

linéaires mixtes et des analyses de variances, ajustés pour l'âge, le sexe et des 



Margot DELAVY – Thèse de doctorat - 2023 

14 
 

variables techniques, afin d'identifier les facteurs associés à la colonisation par C. 

albicans. J’ai ainsi noté que le régime alimentaire des sujets contribuait à la croissance 

de C. albicans ; un régime faible en sel et le fait de manger entre les repas étant 

associés à de plus hautes concentrations de C. albicans. De plus, étonnamment, la 

concentration intestinale de C. albicans était fortement associée à la concentration 

corpusculaire moyenne d’hémoglobine des sujets.  

J’ai ensuite étudié les effets de la variation génétique des sujets sur la susceptibilité à 

la colonisation intestinale par C. albicans. Par GWAS, nous avons ainsi comparé les 

profils génotypiques des 576 sujets Milieu Intérieur colonisés par C. albicans et ceux 

des 119 sujets Milieu Intérieur non colonisés. J’ai ainsi identifié 26 polymorphismes 

nucléotidiques (SNP), situés dans deux loci distincts, montrant une association 

potentielle avec la colonisation intestinale par C. albicans. Parmi ces associations, un 

SNP situé sur le chromosome 20, rs2870723, était caractérisé par la plus forte 

association avec la susceptibilité à la colonisation intestinale par C. albicans. Ce SNP 

est situé entre l'ARN5SP487, un pseudogène ribosomal 5S, et MC3R, un gène associé 

à l’obésité (Demidowich, Jun, and Yanovski 2017).  Il est intéressant de noter que ce 

SNP est relativement proche d’AURKA, un gène dans lequel plusieurs SNPs ont été 

associés à la concentration corpusculaire moyenne d'hémoglobine, une variable que 

j’ai identifiée comme étant significativement associée à la colonisation par C. albicans. 

Finalement, j’ai cherché à déterminer si les niveaux intestinaux de C. albicans 

influençaient la réponse immunitaire de l'hôte. J’ai donc analysé les niveaux de 

transcription de 546 gènes impliqués dans la réponse immunitaire et la concentration 

de 13 cytokines dans le sang des sujets, après stimulation avec des cellules de C. 

albicans ; cette analyse a révélé des associations positives entre les niveaux 

intestinaux de C. albicans et l'expression de NLRP3 d’une part , et les concentrations 

d'IL-2 et de CXCL5 d’autre part, par modèles linéaires mixtes, ajustés en fonction de 

l'âge et du sexe des sujets, des proportions de cellules immunitaires et des variables 

techniques relatives aux échantillons. 

Bien que l’importance relatives de certaines associations identifiées doive encore être 

déterminée, ces résultats offrent une meilleure compréhension des mécanismes de la 

colonisation de C. albicans chez l’hôte sain. De plus, ces résultats pourraient permettre 
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d’ouvrir la voie à de nouvelles cibles pour des stratégies d’intervention visant à limiter 

la prolifération de C. albicans. 
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PREFACE 

The human body is colonized by billions of bacteria, virus, and fungi, that form the 

human microbiota. In particular, the gut harbors the highest concentration of microbes 

within the human body. These microbes play an important role in health and disease, 

notably through a modulation of the human physiology, metabolism, nutrition and 

immune functions. In turn, the gut microbiota can be modified by various factors, 

including the host immune response, diet, or environment. The gut microbiota also 

contributes to the maintenance of the homeostasis of its environment by preventing 

infections by various pathogenic species.  

One of such species is Candida albicans, an opportunistic pathogen that commonly 

cause superficial infections. Besides, when the host immune defenses are 

compromised, for example after a surgery and/or in immunocompromised patients, C. 

albicans can cause severe systemic infections, which are associated to up to 50% 

mortality. Despite being an opportunistic pathogen, C. albicans is primarily a 

commensal yeast. It is the most frequently isolated yeast in humans and colonizes the 

healthy oral, vaginal and gastrointestinal tracts, therefore interacting with the 

thousands of microbial species sharing these niches.  

Consequently, C. albicans ability to colonize and maintain itself in the human gut is the 

result of an equilibrium between the microbiota, the host, and the fungus itself. This 

fine-tuned balance is particularly pivotal considering that C. albicans intestinal 

colonization is the cornerstone of the initiation of an infection in at-risk patients. 

Therefore, understanding the factors underlying this colonization is crucial to control 

the proliferation of C. albicans. 

Thorough this thesis, I will discuss the different factors that can modulate the extent of 

C. albicans carriage in healthy individuals, with a particular interest in the gut 

microbiota, the host environment, and the host immune and genetic profile.  
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A -  BURDEN OF FUNGAL INFECTIONS IN HUMANS 

Although often underestimated, fungi are redoubtable disease-causing agents. Among 

the estimated 1.5 to 3.8 million fungal species (Hawksworth and Lücking 2017), 300 

are known human pathogens (“Stop Neglecting Fungi” 2017). They are responsible for 

a heavy economical and sanitary burden, with more than 300 million people affected 

by a severe fungal-disease annually (“Stop Neglecting Fungi” 2017). With 1.6 million 

deaths caused by fungal infections each year (“Stop Neglecting Fungi” 2017), fungi 

are more frequent killers than malaria (United States Centers for Disease Control and 

Prevention 2014) and breast cancer (Arnold et al. 2022) combined. Candida, 

Aspergillus, Pneumocystis and Cryptococcus sp. are the most common causal agents 

of fatal fungal infections in humans, causing more than 90% of the reported fungal-

related deaths (Brown et al. 2012; Bongomin et al. 2017, Fig. 1). In particular, species 

from the Candida genus are responsible for the majority of the invasive fungal 

infections, with more than 700,000 cases reported annually.  

Figure 1: Worldwide annual incidence of the invasive fungal infections caused by the 

Candida sp., Pneumocystis jirovercii, Aspergillus sp. and Cryptococcus sp. Figure 

adapted from Bongomin et al. 2017. 
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B -  CANDIDA ALBICANS AS A PATHOGEN 

Candida albicans, an Ascomycota from the Saccharomycetaceae family, is the main 

etiologic species associated to Candida infections. This opportunistic pathogen is 

responsible for 80-90% of Candida-associated mucosal infections and for 40% of 

invasive candidiasis (Macias-Paz et al. 2022; Talapko et al. 2021). 

 

1. Superficial infections 

Candida albicans causes mainly mucosal infections, which are frequent but benign 

(Dadar et al. 2018; Brown et al. 2012). In particular, vulvovaginal candidiasis (VVC), 

which is characterized by the overgrowth of C. albicans in the vaginal tract and a 

subsequent inflammatory host response, affects 70-75% of women, at least once in 

their lifetime (Foxman et al. 2013; Yano et al. 2019; Rosati et al. 2020) and more than 

100 million of women suffer from more than 3 VVC episodes each year (Bongomin et 

al. 2017). Meanwhile, more than 2 million people suffer from oropharyngeal candidiasis 

annually (OPC) (Bongomin et al. 2017; Talapko et al. 2021), a mucosal infection of the 

mouth and/or throat which is the most frequent oral opportunistic infection observed in 

HIV-positive patients, with many cases reported after a broad-spectrum antibiotic 

treatment (Vila et al. 2020; Samaranayake 1992).  

 

2. Invasive infections 

C. albicans is also responsible for life-threatening invasive infections, associated with 

up to 50% mortality (Pappas et al. 2018; Brown et al. 2012). Indeed, 700,000 invasive 

candidiasis are reported each year and half of them are caused by this yeast 

(Bongomin et al. 2017; Macias-Paz et al. 2022). Invasive candidiasis include deep-

seated Candida infections such as intra-abdominal abscesses and peritonitis and 

bloodstream infections, which are referred as candidemia (Pappas et al. 2016). Such 

infections arise when host defenses are compromised, for example after a surgery, the 

use of a central venous catheter, dialysis, and/or in immunocompromised patients 

(Pappas et al. 2018; Zhai et al. 2020). C. albicans can then invade the bloodstream 

and disseminate to all internal organs such as kidney, liver and spleen (Pappas et al. 

2018). These infections occur mainly after an intestinal overgrowth of C. albicans and 
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its subsequent translocation from the gut to the bloodstream (Zhai et al. 2020). Four 

main classes of antifungal agents are currently approved to treat C. albicans infections: 

azoles, polyenes, pyrimidine analogs and echinocandins (Sanglard 2016; Vandeputte, 

Ferrari, and Coste 2012; Sanguinetti, Posteraro, and Lass-Flörl 2015) and their 

efficiency is impaired by the rising incidence of antifungal resistance, especially when 

they are used in prophylaxis (Cleveland et al. 2012; Costa-de-oliveira and Rodrigues 

2020). 
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C -  C. ALBICANS AS AN INTESTINAL COMMENSAL 

Despite being a harmful opportunistic pathogen, C. albicans is primarily a commensal 

fungus. It is the most frequently isolated yeast in humans and colonizes the healthy 

oral, vaginal and gastrointestinal (GI) tracts (Ghannoum et al. 2010; Nash et al. 2017; 

d’Enfert et al. 2021). The prevalence of C. albicans and the extent of its carriage in the 

human gut is still questioned. Indeed, C. albicans has been shown to be present in 40-

50% of the population, by culture methods (Bougnoux et al. 2006; da Silva Dantas et 

al. 2016; Standaert-Vitse et al. 2009). However, targeted metagenomic sequencing 

has shown a higher prevalence of C. albicans, with this species being detected in 

63.6% of the studied cohort (Nash et al. 2017). Considering that most studies are 

conducted in cohorts of patients and that culture and metagenomic sequencing lack in 

specificity and sensitivity, we still need a reliable and accurate estimate of C. albicans 

carriage and colonization in healthy individuals.  

C. albicans is thought to be transmitted vertically, from mother to child. It is likely that 

the primo-colonization occurs at birth, especially during vaginal delivery, or in the 

perinatal period (Azevedo et al. 2023; Bliss et al. 2008; Bougnoux et al. 2006; d’Enfert 

2009), with babies delivered by cesarean-section (C-section) being twice less likely to 

become colonized by C. albicans, compared to babies born vaginally (Parm et al. 

2011). Moreover, several reports have suggested that C. albicans might be transmitted 

from mother to offspring through breastfeeding (Boix-Amorós et al. 2017; Azevedo et 

al. 2023; Richard and Sokol 2019). There is also evidence of intrafamilial transmission 

since it has been shown that members from the same family, including spouses, are 

frequently colonized by genetically indistinguishable or close C. albicans isolates 

(Bougnoux et al. 2006).  

 

1. Adaptation to the GI tract 

Contrary to what has been described for other fungal pathogens, C. albicans 

colonization is strictly associated with warm-blooded animals and an environmental 

reservoir for this species has yet to be found (Jabra-Rizk et al. 2016; Nucci and 

Anaissie 2001; d’Enfert et al. 2021). C. albicans has thus evolved to be particularly 

adapted to colonize the human body, especially the GI tract.  
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i. Morphogenic adaptation 

One of the key factors in the ability of C. albicans to adapt both as a commensal and 

as a pathogen is its polymorphic nature. Indeed, depending on the environmental 

conditions, such as the physiological temperature, cell starvation, pH, CO2 levels or 

presence of serum, C. albicans can adopt a yeast form, or become either a pseudo- or 

true hypha (Mayer, Wilson, and Hube 2013, Fig. 2). Yeasts are round or oval and 

unicellular while hyphae are tubular and multicellular. Pseudohyphae stand in between 

yeast and hyphae in term of morphology and harbour a long, elliptic multicellular form 

(Chen et al. 2020). The yeast form is thought to allow an easier dissemination of the 

fungus whereas the hyphal form enables tissue invasion (Gow, Brown, and Odds 2002; 

Min, Neiman, and Konopka 2020; Jacobsen and Hube 2017). 

 

Figure 2: Scheme of C. albicans yeast, pseudohypha and hypha and environmental 

inputs triggering the transition to each form. Figure created with Biorender.com and 

inspired from Chen et al. 2020 and d’Enfert et al. 2020. 

In the yeast form, C. albicans cells can adopt one of three non-genetic phenotypes: 

white, opaque or gray cells, each with a distinct cell morphology and gene expression 

profile (Tao et al. 2014).  In addition, during colonization, C. albicans can also form 

Gastrointestinally Induced Transition (GUT) cells (Pande, Chen, and Noble 2013). 

These cells experience developmental modifications through their passage in the GI 

tract, resulting in a more elongated morphology than that of the yeast form usually 
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observed in the bloodstream (Pande, Chen, and Noble 2013). They also exhibit a 

distinct transcriptomic and metabolic activity, which confer them a better adaptation to 

the commensal state. In particular, they have been shown to display an increased 

adhesion to the gut mucosa (Prieto et al. 2017). However, this morphology has been 

only observed in strains over-expressing the white–opaque regulator 1 (WOR1). Thus, 

GUT cells have yet to be observed outside of experimental settings to confirm their 

role in C. albicans gut colonization (Rai et al. 2021).  

On the contrary, hyphal morphology seems to be detrimental to the maintenance of C. 

albicans in the GI tract as a commensal (Tso et al. 2018; Witchley et al. 2019). Indeed, 

the loss of hyphal-specific transcription factors such as Ume6 or hyphal-associated 

factors such as secreted aspartyl protease 6 (Sap6) and hyphal-regulated gene 1 

(Hyr1) have been shown to enhance C. albicans gut colonization (Witchley et al. 2019). 

Moreover, long-term experimental colonization results in mutated strains that tend to 

lose their ability to form hyphae (Tso et al. 2018).  Interestingly, several intestinal 

bacteria have been shown to inhibit C. albicans yeast-to-hyphae transition (Cruz et al. 

2013; Matsubara et al. 2016; García et al. 2017), which might explain why C. albicans 

yeast morphology is predominant in the GI tract (Jacobsen and Hube 2017). However, 

despite the fact that the yeast form seems to favor C. albicans GI colonization, there 

might be an evolutionary pressure to maintain the ability to form hyphae. Indeed, C. 

albicans has been shown to colonize the gut under both yeast and hyphal forms, and 

most clinical strains retain the ability to filament (Kumamoto, Gresnigt, and Hube 2020; 

Tso et al. 2018).  

ii. Adaptation to hypoxia 

The GI tract is mostly hypoxic although oxygen gradients exist along the length of the 

gut and between the lumen and the epithelium (L. Zheng, Kelly, and Colgan 2015). 

This usually results in a geographical repartition of the microbial species in the intestine 

depending on their respective oxygen tolerance (Zeise, Woods, and Huffnagle 2021).  

C. albicans is a facultative anaerobe. It is thus able of both aerobic respiration and 

anaerobic fermentation, although its growth is enhanced in presence of oxygen. 

Consequently, C. albicans can thrive in various niches along the GI tract by adapting 

its metabolism to account for the surrounding oxygen levels (Burgain et al. 2020, Fig. 

3).  
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Figure 3: C. albicans adaptation to hypoxic conditions. C. albicans is able of anaerobic 

fermentation, under hypoxic conditions, and aerobic respiration, in the presence of oxygen. 

Hypoxia triggers C. albicans adaptation to the GI tract via Crz2 activity, biofilm formation and 

immune evasion through β-glucans masking. Hypoxia also decreases hyphae formation and 

results in altered fatty acid and iron metabolism, glycolysis and ergosterol synthesis. C. 

albicans grows optimally under aerobic conditions. Figure created with Biorender.com. 

In particular, hypoxic conditions are required to ensure the optimal activity of Crz2p, a 

transcription factor that contributes to C. albicans adaptation during the early 

colonization of the GI tract (Znaidi et al. 2018). Low oxygen levels also trigger C. 

albicans immune evasion by promoting the masking of β-glucans, cell wall molecules 

usually recognized by the immune system, thus leading to an anti-C. albicans immune 

response (Pradhan et al. 2018).  Moreover, hypoxia can induce modification in C. 

albicans fatty acid metabolism, glycolysis, iron metabolism and ergosterol synthesis 

(Grahl et al. 2012). Efg1, a crucial regulator of the hypoxic response, downregulates 

hyphal formation while inducing genes involved in biofilm formation (Setiadi et al. 2006; 
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Stichternoth and Ernst 2009), thus suggesting that adaptation to low oxygen levels is 

crucial for C. albicans commensal colonization (Grahl et al. 2012).  

iii. Metabolic adaptation 

C. albicans maintenance in the GI tract is dependent on the fungus access to carbon, 

nitrogen and phosphate sources, which are essential to maintain its metabolic 

functions (Zeise, Woods, and Huffnagle 2021). C. albicans preferred carbon source is 

glucose, whose concentration is particularly limited in the intestine (Kastora et al. 

2017). However, C. albicans displays a highly flexible nutrient metabolism, which 

allows the exploitation of various alternative carbon sources.  C. albicans is therefore 

well adapted to a glucose-free environment (Miramón et al. 2020; Miramón and Lorenz 

2017; Kastora et al. 2017). For instance, under-sugar limiting conditions, C. albicans 

can use amino acids both as a source of carbon and nitrogen (Tripathi et al. 2002; 

Tournu et al. 2005; Mayer et al. 2012; Vylkova et al. 2011; Ene et al. 2014) and can 

exploit simultaneously different carbon sources, including lactate (Kumamoto, 

Gresnigt, and Hube 2020). In the gut, mutants unable to grow on alternative carbon 

sources such as lactate, citrate and glycerol are rapidly outcompeted by wild-type C. 

albicans strains (Ramírez-Zavala et al. 2017).  

Iron metabolism also plays an important role in C. albicans GI tract colonization. 

Indeed, a decrease of iron acquisition is observed in GUT cells in response to the iron 

high availability observed in the gut. Iron availability also seems to act as a signalling 

factor for C. albicans, thus activating pathways involved in stress response, adhesion 

and biofilm formation (Fourie et al. 2018; Kaba et al. 2013; Puri et al. 2014).  

Finally, secondary bile acids limit the growth, filamentation and adhesion of C. 

albicans, and could thus participate in the maintenance of a commensal state in the GI 

tract (Guinan, Villa, and Thangamani 2018). On the other hand, primary bile acids can 

promote the proliferation of C. albicans and trigger hyphae formation (Guinan and 

Thangamani 2018; Hsieh, Brunke, and Brock 2017).  
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D -  C. ALBICANS – A MEMBER OF THE INTESTINAL 

MICROBIOTA 

In the GI tract, C. albicans shares a niche with thousands of bacterial and fungal 

species (Nash et al. 2017) that play an important role in homeostasis (Ohland and 

Jobin 2015) and compose the gut microbiota, which includes bacteria, archaea, 

eukaryotes and viruses. The fungal component of the microbiota is called mycobiota.  

 

1. The gut mycobiota 

The gut mycobiota represents less than 0.1% of the total microbiota and is therefore 

more tedious to study than its bacterial counterpart (Underhill and Iliev 2014; Qin et al. 

2010; Zuo et al. 2018). The gut mycobiota is characterized by a low α-diversity, 

resulting in a low richness and species homogeneity, with an average of only 10-25 

different fungal species per sample and a Shannon index usually comprised between 

1.2 and 1.8, depending of the cohorts studied (Nash et al. 2017; Chehoud et al. 2015; 

Olaisen et al. 2022). However, the gut mycobiota is highly variable from one individual 

to another, but also within the same individual, with a fungal composition that can 

change drastically within days in a same individual (Nash et al. 2017; Raimondi et al. 

2019). This makes it particularly difficult to define a healthy “core mycobiota”. However, 

research agrees that the majority of the mycobiota is composed of species from the 

phyla Ascomycota and Basidiomycota, with a predominance of species from the 

phylum Ascomycota (Nash et al. 2017; Chehoud et al. 2015, Fig. 4). In particular, 

Galactomyces, Penicillium, Saccharomyces (with mainly S. cerevisiae), 

Debaryomyces, Fusarium, Aspergillus, Malassezia (with mainly M. restricta) and 

Candida (with mainly C. albicans) are the most frequently identified genera in 

mycobiota studies (Nash et al. 2017; Chehoud et al. 2015, Fig. 4). Most of the fungi 

detected in the GI tract are probably only transient species, brought by diet or the 

environment and are thus not true colonizers (Auchtung et al. 2018; Raimondi et al. 

2019), which suggests a strong impact of the lifestyle on the composition of the gut 

mycobiota.  

i. Gut mycobiota and aging 

The healthy gut mycobiota has been shown to be modified with age (d’Enfert et al. 

2021; Mishima et al. 2023; Schei et al. 2017; Wu et al. 2020, Fig. 4).  A recent study 
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conducted in Japanese infants showed that new-borns had a relatively high fungal 

diversity that was progressively decreasing in the three first years of life. During this 

period, a yeast-dominant mycobiota was established whereas the relative abundance 

of molds progressively decreased (Mishima et al. 2023). Weaning appears to plays an 

important role in the establishment of a mature intestinal mycobiota, with differentiation 

of the gut mycobiota occurring after this stage (Mishima et al. 2023). Similarly, another 

study showed that the intestinal mycobiota of infants was characterized by an 

enrichment of Debaryomyces hansenii and that, with age, children acquire a mycobiota 

similar to their mother’s (Schei et al. 2017). Debaryomyces sp. seems to be also less 

predominant in elderly than in young populations (L. Wu et al. 2020).  

ii. Gut mycobiota and alimentation 

Different diets have been reported to impact differently the richness or the composition 

of the gut mycobiota (D’Enfert et al. 2021, Fig. 4). For example, an increase of 

Penicillium sp. was observed in volunteers subjected to a short-term animal-based 

diet, whereas plant-based diet resulted in an increase of Candida sp. (David et al. 

2014). Similarly, the high abundance of Penicillium sp. and Debaryomyces sp. 

observed in Sardinian volunteers was suggested to be associated with the high cheese 

consumption reported in this region (L. Wu et al. 2020). Aspergillus oryzae, a fungal 

species commonly used in the fermentation of soybeans during the fabrication of soy 

sauce, has been shown to be a common species of the Japanese healthy gut (Motooka 

et al. 2017). Finally, Wayampi Amerindians harbour higher amounts of Candida krusei 

and S. cerevisiae in their GI tract compared to what is usually observed in industrialized 

population, and these species were identified in local fruits and cachiri, a handmade 

manioc-fermented beverage commonly consumed by this population (Angebault et al. 

2013). Overall, a recent study conducted on Polish volunteers showed that the 

consumption of chips, meats, soda, alcohol, sugar and processed food was the factor 

that most strongly affected the composition of the gut mycobiota (Szóstak et al. 2023). 

In particular, vegetarians had a more diverse gut mycobiota than the other participants 

(Szóstak et al. 2023).   
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Figure 4: Gut mycobiota and factors that influence its composition. The mycobiota is 

composed mainly of species from the Ascomycota (purple) and Basidiomycota (gray). 

The pie chart represents the relative abundance of both phyla in a representative healthy gut. 

The lower panels summarize the effects of age, alimentation, antibiotics, and diseases on the 

composition of the gut mycobiota. Figure created with Biorender.com. 
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iii. Perturbations of the gut mycobiota and contribution to diseases 

An healthy intestinal mycobiota can be disturbed by many factors (d’Enfert et al. 2021), 

including antibiotics (Fig. 4). By killing the resident bacteria of the gut, broad-spectrum 

antibiotics allow an overgrowth of the fungal component of the GI tract (Dollive et al. 

2013). A recent study investigated the effects of 5 different antibiotics on the fungal 

and bacterial microbiota and showed a long-term perturbation of the fungal species 

profile after antibiotic exposure, with decreased relative abundance of Saccharomyces 

spp., Candida parapsilosis and M. restricta. Interestingly, the relative abundance of C. 

albicans tended to increase during antibiotic treatment but was decreased after it 

(Seelbinder et al. 2020).  

A perturbation of the gut mycobiota has also been reported in many different diseases 

(Sokol et al. 2018; 2017; Chehoud et al. 2015; Chen et al. 2023; Gao et al. 2022; 

Maeda et al. 2022; Wang et al. 2021; d’Enfert et al. 2021). Patients suffering from 

inflammatory bowel diseases (IBD) experiment a decrease of fungal diversity and an 

increase of a small subset of species, especially Candida sp., including C. albicans, 

which suggests that fungi might play a role in the pathogenicity of this disease (Sokol 

et al. 2018; 2017; Chehoud et al. 2015). Changes in the gut mycobiota have also been 

reported in patients suffering from Parkinson disease, with an increased abundance of 

S. cerevisiae, Aspergillus sp., Candida solani and Aspergillus flavus and a decrease 

of Malassezia restricta (Chen et al. 2023). Severe and mild COVID-19 patients have 

also been shown to experience mycobiota dysbiosis, with a decrease of the mycobiota 

diversity and an increase of Candida sp. and a domination of C. albicans (Maeda et al. 

2022). Finally, recent studies have shown associations between intestinal mycobiota 

dysbiosis and cancers. Indeed, patients with colorectal cancers harbor a specific 

mycobiota, with a particular increase of M. restricta (Gao et al. 2022). In another study, 

C. albicans was shown to be more abundant in patients with colorectal cancers than 

in healthy controls (Wang et al. 2021). Finally, a recent study identified several 

mycobiota signatures associated with colorectal cancers. In particular, Aspergillus 

rambellii abundance was not only associated with colorectal cancers but this species 

had a direct effect on tumor growth in vitro and in vivo (Lin et al. 2022), probably 

through the secretion of Aflatoxins, a fungal toxin with mutagens and carcinogen 

properties (Perrone and Gallo 2017). 
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2. The gut bacterial microbiota 

Contrary to its fungal counterpart, the bacterial component of the microbiota has been 

extensively studied. The bacterial microbiota is highly diverse, and is composed in 

average of 200 to 250 different bacterial species, which corresponds to a Shannon 

index superior to 4 (Byrd et al. 2020; Manor et al. 2020).  Its composition varies 

geographically along the GI tract, in adaptation to the physicochemical characteristics 

specific to each region (Fig. 5). In the small intestine, the bacterial population is less 

diverse than in the colon and is composed principally of fast-growing facultative 

anaerobes such as Proteobacteria and bacteria from the Streptococcaceae family 

(Zoetendal et al. 2012). Such species are well adapted to the high levels of stomach 

acids, the higher oxygen and bile acids concentrations and the antimicrobial molecules 

present in this environment (Donaldson, Lee, and Mazmanian 2015). In the colon, the 

microbiota becomes more diverse and is mainly composed of fermentative anaerobes.  

Firmicutes and Bacteroidetes are the more abundant phyla (Donaldson, Lee, and 

Mazmanian 2015). The colon is also the human niche with the highest bacterial 

concentrations, with densities that can reach up to 1011 cells per gram of colonic 

content. However, the bacterial population is not distributed evenly in the colon. The 

colon harbours two layers of mucus that acts as a barrier between the epithelial cells 

and the bacterial communities. The inner layer is nearly sterile whereas the outer layer, 

in direct contact with the lumen, is a rich niche for bacterial, but also fungal, colonization 

(Johansson, Holmén Larsson, and Hansson 2011; Johansson et al. 2008; Witchley et 

al. 2019). The gut bacterial microbiota varies from one person to another although 

slightly less than its fungal counterpart (Nash et al. 2017). In particular, the abundance 

of specific bacteria such as Lachnospiraceae and Bifidobacterium seems to have a 

genetic component. However, host genetic has only a minor impact on gut microbiota 

composition, with genetics accounting for 1.9 to 8.1% of gut microbiota variability 

(Scepanovic et al. 2018; Bonder et al. 2016; Goodrich et al. 2016; Rothschild et al. 

2018). 

i. Gut bacterial microbiota and aging 

The initial structure of the gut bacterial population is strongly affected by the mode of 

delivery (d’Enfert et al. 2021; Reyman et al. 2019, Fig. 5). Indeed, the gut microbiota 

of vaginally born babies is enriched in bacterial species derived from the mother’s 

vaginal microbiota, such as Bifidobacterium, Lactobacillus, Prevotella and Atopobium 
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(Dominguez-Bello et al. 2010). In contrast, more Enterobacter, Haemophilus, 

Staphilococcus and Veillonella are found the in gut of babies born by C-section 

(Bäckhed et al. 2015). After birth, the gut microbiota is shaped by the babies’ diet.  

Infants fed exclusively on breastmilk have a higher abundance of Bifidobacterium, a 

genus comprising species able to metabolize milk oligosaccharides (Lawson et al. 

2020; Yatsunenko et al. 2012; Odamaki et al. 2016; Hill et al. 2017), whereas the gut 

microbiota of formula-fed infants is more diverse (Lee et al. 2015; Klaassens et al. 

2009). After weaning, children develop a richer microbiota that tends to remain 

relatively stable into adulthood (Faith et al. 2013), as long as no microbiota-disturbers 

such as antibiotics are introduced (Burdet, Grall, et al. 2019; Burdet, Nguyen, et al. 

2019). Finally, a decrease in bacterial diversity and beneficial bacteria is observed in 

the elderly, while opportunistic bacteria become more frequent (Simon, Hollander, and 

McMichael 2015; C. Xu, Zhu, and Qiu 2019).  

ii. Gut bacterial microbiota and alimentation 

The composition of the gut microbiota is strongly influenced by diet (D’Enfert et al. 

2021; Walker et al. 2011, Fig. 5). Animal-based diets, high in fat and proteins, result in 

higher levels of Bacteroides, Bilophilia and Alistipes, whereas people on plant-based 

diets have higher abundance of Prevotella and Firmicutes (G. D. Wu et al. 2011; 

Pareek et al. 2019; David et al. 2014). In addition, an unhealthy diet, with high 

consumption of fried foods, soda, sugary drinks, fatty sugary products, meat and/or 

convenience foods is associated with decreased bacterial α-diversity (Partula et al. 

2019). In contrast, people who regularly eat fish and raw fruits have a more diverse gut 

microbiota (Partula et al. 2019).  

It is well known that the gut microbiota vary between people residing in different regions 

or countries, or even between people living in urbanised and rural habitats (He et al. 

2018; Schnorr et al. 2014; Vangay et al. 2018). However, rather than being due to 

geographical characteristics, these variations are largely explained by the difference 

of diets observed in these different regions (He et al. 2018). This could be explained 

by the fact that people residing in more urbanized areas or countries consume more 

protein, fat and processed foods, thereby reducing their α-bacterial diversity (Schnorr 

et al. 2014).  
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iii. Perturbations of the gut bacterial microbiota and contribution to 

diseases 

The taxonomic composition or the diversity of the gut microbiota can be disturbed in 

disease or metabolic disorders (Fig. 5). For instance, IBD patients show a reduction of 

their microbiota diversity and a decrease in beneficial Firmicutes bacteria such as 

Faecalibacterium prausnitzii. In parallel, they have increased levels of 

Enterobacteriaceae, probably because these bacteria are better adapted to an 

inflammatory environment (Manichanh et al. 2006; Sokol et al. 2009; Pascal et al. 

2017; Lloyd-Price et al. 2019). The gut microbiota is not only disturbed by an unhealthy 

state, but an unbalanced microbiota can promote health-related issues. The gut 

microbiota regulates obesity by modulating absorption of energy, appetite, fat storage, 

chronic inflammation, and circadian rhythms (for review, see Liu et al. 2021). The first 

evidence of the direct link between the composition of the gut microbiota and obesity 

was obtained from germ-free mice studies. It was thus demonstrated that transplanting 

the gut microbiota of overweight mice into germ-free mice resulted in a drastic increase 

of the transplanted mice weight, fat content and insulin resistance levels (Bäckhed et 

al. 2004). In humans, there is a decrease in bacteria usually considered as probiotics 

such as Christensenellaceae, Methanobacteriales, Lactobacillus, Bifidobacteria, and 

Akkermansia ( Liu et al. 2021) in people suffering from obesity. In addition, perturbation 

of the gut microbiota might regulate Alzheimer’s disease and other neurological 

disorders pathogenesis (Jiang et al. 2017; Chen et al. 2022). Microbiota dysbiosis is 

also contributing to carcinogenesis and can affect the response to treatment (Meng et 

al. 2018; Zhou, Zhou, and Fang 2021). This association is not limited to GI cancer as 

the bacterial gut microbiota has been shown to promote the progression of liver 

cancers through the activation of inflammatory and metabolic pathways (Dapito et al. 

2012; Yoshimoto et al. 2013). Finally, besides its role in carcinogenesis, the gut 

microbiota affects the patient response to cancer treatments, such as chemotherapy 

and immunotherapy (Terrisse, Zitvogel, and Kroemer 2022; 2023; Routy et al. 2018, 

for review, see Helmink et al. 2019). 
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Figure 5: Gut bacterial microbiota and factors that influence its composition. The gut 

microbiota composition varies across the gut. The pie chart represents the relative abundance 

of the main phyla in a representative healthy colon. The lower panels summarize the effects 

of age, alimentation, and diseases on the composition of the gut bacterial microbiota. Figure 

created with Biorender.com. 
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3. Finding microbiome-based antifungal strategies: impact of 

OMICs approaches 

 

i. Context and aim 

As mentioned previously, C. albicans shares its anatomical niches with numerous 

bacterial species from the microbiota, that form together an ecosystem able to prevent 

infections by various pathogens, including fungi. It is thus acknowledged that specific 

bacterial species could be used to curb C. albicans growth before the emergence of 

an infection.  In the recent years, in silico and experimental approaches have allowed 

an ever-growing understanding of the mechanisms that support, in the gut and vaginal 

microbiota, the host’s resistance to colonization by C. albicans. In particular, the 

emergence of next-generation sequencing (NGS) and metabolomics approaches has 

made it possible to accumulate an ever-growing amount of data. Therefore, in my 

thesis, I became interested in the methods available for generating and, above all, 

analysing these types of data, with the aim of identifying bacterial species with 

antifungal potential. In this context, I wrote a literature review that is currently under 

review in Trends in Microbiology, to highlight and hopefully answer these questions. 

This review, presented in the section below, takes a multidimensional look on the 

research of microbiome-based anti-C. albicans strategies, by describing not only the 

recent literature on the experimental approaches available to identify or validate 

bacterial species with potential antifungal activities, but also by highlighting recent 

approaches based on cutting-edge NGS- and metabolomic-based technologies 
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ii. Submitted review 

 

Finding microbiome-based antifungal strategies: impact of OMICs 

approaches 
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Highlights 

 Candida albicans is an opportunistic fungal pathogen that can cause superficial 

and invasive infections.  

 

 75% of women suffers from vaginal candidiasis at least once in their lifetime, 

372 million women are currently suffering from recurrent vulvovaginal 

candidiasis and 700’000 cases of invasive candidiasis are reported yearly, with 

an associated mortality of 30-40%.   

 

 Bacteria from the gut and vaginal microbiota can control C. albicans growth by 

the release of antifungal metabolites, modulation of the host immune response 
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and/or competition for nutrients, niches, and adhesion sites.  

 

 Cutting-edge OMICs-based pipelines, relying on metagenomics and/or 

metabolomics have permitted the identification of bacterial species and 

metabolites with potential antifungal activities.  

Abstract 

In silico and experimental approaches have allowed an ever-growing understanding of 

the interactions within the microbiota. For instance, recently acquired data have 

increased knowledge of the mechanisms that support, in the gut and vaginal 

microbiota, the resistance to colonization by Candida albicans, an opportunistic 

pathogen whose overgrowth can initiate severe infections in immunocompromised 

patients. Here, we review how bacteria from the microbiota interact with C. albicans. 

We show how recent OMICs-based pipelines, using metagenomics and/or 

metabolomics, have identified bacterial species and metabolites modulating C. 

albicans growth. We finally discuss how the combined use of cutting-edge OMICs-

based and experimental approaches could provide new means to control C. albicans 

overgrowth within the microbiota and prevent its consequences. 

 

Interactions between Candida albicans and the microbiota 

Candida albicans is an opportunistic pathogen that causes superficial infections such 

as vaginal candidiasis which affects 75% of women during their lifetime (Rosati et al. 

2020; Denning et al. 2018). When the host’s defenses are compromised, as in 

immunocompromised patients, C. albicans can cause systemic infections, associated 

to a mortality of 30-40% (Brown et al. 2012; Zhai et al. 2020; Pappas et al. 2018). 

However, C. albicans is also a commensal yeast that colonizes the gastrointestinal 

(GI) tract of up to 95% of the healthy population (Delavy et al. 2022). It belongs to the 

healthy oral, vaginal and intestinal human microbiota and shares a niche with 

thousands of bacterial species (d’Enfert et al. 2021), some of which can prevent 

infections by various pathogens (Sonnenborn 2016; Deriu et al. 2013). Bacteria from 

the gut microbiota act as fungal growth regulator, the depletion of the intestinal 

bacterial microbiota by broad-spectrum antibiotics resulting in an increase of the fungal 
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burden and C. albicans carriage in the mice and human gut (Dollive et al. 2013; Delavy 

et al. 2022; Seelbinder et al. 2020). Specific bacteria have been shown to modulate C. 

albicans growth (for review, see (Li et al. 2022)). Especially, Lactobacillus rhamnosus 

strain Lcr35 inhibits C. albicans growth in vitro and in vivo (Coudeyras et al. 2008; 

Poupet et al. 2019; Dausset et al. 2020). Bacteria might even play a role in C. albicans 

systemic infections since immunocompromised patients experience a loss in bacterial 

diversity before C. albicans overgrowth and translocation into the bloodstream (Zhai et 

al. 2020).  

Therefore, specific bacteria might be used to curb C. albicans growth before the 

emergence of an infection. However, few studies have aimed to identify new bacterial 

species – or bacterial signatures – with a potential anti-C. albicans activity. Here, we 

examine how bacteria might inhibit C. albicans growth and how recent OMICs-based 

studies have allowed the identification of such species. Moreover, we discuss the 

limitations and the experimental validations required for such approaches.  

Modes-of-action of C. albicans inhibition: how can bacteria modulate C. 

albicans growth? 

Bacteria can inhibit C. albicans growth through the release of metabolites, such as  

short-chain fatty acids (SCFA) (Nguyen et al. 2011; Guinan et al. 2019). The decrease 

of bacteria-derived SCFA after antibiotics exposure has been associated to an 

increase of C. albicans intestinal carriage (Guinan et al. 2019). Butyrate, especially, 

impairs C. albicans growth  (Nguyen et al. 2011) and hyphae formation (García et al. 

2017). Besides SCFA, the effect of lactate on C. albicans growth has been questioned, 

due to numerous reports of the potential anti-C. albicans activity of lactic acid-

producing bacteria and to this metabolite presence in the vaginal niche  (Liang et al. 

2016; Jang et al. 2019; Zeise, Woods, and Huffnagle 2021). 

A second mode-of-action for C. albicans growth inhibition is the stimulation of the host 

immune defenses by bacteria. The microbiota, especially in the gut, can train and 

shape the host’s immune systems (D. Zheng, Liwinski, and Elinav 2020; Gensollen et 

al. 2016). Therefore, specific bacteria might modulate the host immune response 

against C. albicans, leading to a limitation of its growth. SCFA can modulate host 

inflammation and promote immune cells recruitment and maturation, leading to C. 

albicans reduced survival (Nguyen et al. 2011). Bacteria can also modulate C. albicans 
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gut colonization by activating mucosal immune effectors. For instance, Bacteroides 

thetaiotaomicron protects mice against C. albicans gut colonization and invasive 

infections by activating HIF-1α, a transcription factor expressed in intestinal epithelial 

cells, leading to the secretion of antimicrobial peptides (Fan et al. 2015). Alternatively, 

Lactobacillus crispatus activates the epithelial immune response against C. albicans 

by modulating the expressions of TLR2 and TLR4 toll-like receptors in epithelial cells, 

thus inducing the production of cytokines and β-defensins (Rizzo, Losacco, and 

Carratelli 2013). 

Besides releasing metabolites with a direct effect against C. albicans or modulating the 

host immune response, commensal bacteria regulate C. albicans growth through 

competition for niches, nutrients and/or for adhesion to epithelium receptors. 

Lactobacillus rhamnosus thus protects the host against C. albicans infections via a 

competition for carbon and nitrogen sources (Alonso-Roman et al. 2022; Mailänder-

Sánchez et al. 2017), and by blocking adhesion sites, thus reducing C. albicans ability 

to bind to epithelial cells (Mailänder-Sánchez et al. 2017).   

Potential anti-C. albicans bacterial signatures identified by OMICs-based 

approaches. 

Considering the various ways by which microbes can inhibit fungal growth, identifying 

bacterial species with a potential anti-C. albicans activity by experimental works alone 

can be tedious. OMICs-based approaches thus offer an alternative for this 

identification.  

Two main types of OMICs-based approaches have been used to identify bacterial 

species associated to C. albicans carriage: (i) sequencing-based approaches that rely 

on sequencing data and consist of associating C. albicans carriage to the relative 

abundance of the bacterial species present in the same niche (Seelbinder et al. 2020; 

Xie and Manichanh 2022; Fan et al. 2015), and (ii) metabolomics-based approaches, 

in which C. albicans carriage or metabolic profile is associated to the metabolome of 

the microbial population present in the same environment (Mirhakkak et al. 2021; 

Gutierrez et al. 2020). In the first approach, microbial sequences are acquired with 

targeted metagenomics sequencing, whole-genome shotgun metagenomics 

sequencing, or a mix of both. Targeted metagenomics - or amplicon sequencing - relies 

on the amplification of a specific region, usually the ribosomal DNA (rDNA) 18S or ITS 



Margot DELAVY – Thèse de doctorat - 2023 

50 
 

regions for fungal DNA, and the rDNA 16S region for bacterial DNA, whereas 

untargeted shotgun sequencing relies on sequencing the full genomes composing the 

microbiome (Fig. 1). 

Figure Review 1: Comparison of whole-genome shotgun metagenomic sequencing and 

targeted metagenomic sequencing. Whole-genome shotgun sequencing consists in 

sequencing the full genomes present in the microbiota, whereas targeted metagenomic 

sequencing consists in the amplification and subsequent sequencing of a specific genomic 

region. 
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Shotgun sequencing offers a deep taxonomic resolution, allowing an easier distinction 

between microbial species and strains, but at a high cost (Peterson et al. 2021; Durazzi 

et al. 2021) and although some recent studies have proposed new pipelines, shotgun 

metagenomics is still at a developing stage for the characterization of the fungal 

microbiota (Xie and Manichanh 2022; Lind and Pollard 2021). Amplicon-based 

sequencing is cheaper but returns less accurate results. Moreover, the amplification of 

18S and ITS regions can introduce analysis bias since rDNA copy number is highly 

variable across the fungal kingdom, leading to an uneven quantification of the different 

fungal species (Lofgren et al. 2019). Such variation in rDNA copy number has also 

been observed across bacterial taxa but at a much lower extent (Větrovský and 

Baldrian 2013).  In the second approach, metabolomics profiles are obtained 

experimentally (Seelbinder et al. 2020; S. Han et al. 2021; Krautkramer, Fan, and 

Bäckhed 2021) or predicted in silico using genome-scale metabolic models (GEMs), a 

computational description of the metabolic pathways of a given organisms (Mirhakkak 

et al. 2021; Zampieri et al. 2019). GEMs have been constructed and experimentally 

validated for hundreds of bacteria, archaea and eukaryotes (Feist et al. 2009; 

Mirhakkak et al. 2021).    

Xie and Manichanh study is a fitting example of the sequencing-based approach; the 

authors analyzed a publicly accessible set of metagenomes obtained from gut samples 

of healthy individuals from Spain and Denmark to generate an inter-kingdom 

association network, using SparCC correlations (Friedman and Alm 2012). They 

identified 20 bacterial species negatively associated to C. albicans in the Spanish 

cohort and 17 in the Danish cohort.  Notably, in the Spanish cohort, C. albicans was 

strongly negatively correlated to Bifidobacterium scardovii, Desulfovibrio fairfieldensis, 

Ruminococcus sp CAG563, Coprococcus catus, and Roseburia sp CAG309, most of 

these bacteria being probable SCFA producers. However, the correlations were cohort 

specific.  

Meanwhile, the study performed by Seelbinder et al. allowed the identification of 

potential anti-C. albicans bacteria by combining sequencing- and metabolomics-based 

approaches (Seelbinder et al. 2020). First, the authors integrated shotgun and ITS-

targeted sequencing and created a co-abundance network, using BAnOCC (Schwager 

et al. 2017), a Bayesian method, to study the inter- and cross-kingdom interactions of 

the human gut upon various antibiotic treatments. They identified three bacterial 
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species negatively associated to C. albicans abundance: Odoribacter splanchnicus, 

Roseburia inulinivorans and Eubacterium rectale. In parallel, they searched for 

bacteria likely to produce metabolites with an anti-C. albicans activity. They established 

the bile acids and metabolites profiles of a subset of the subjects and searched for 

correlations between the abundance of each metabolite and C. albicans relative 

abundance, estimated by ITS-targeted sequencing, before associating the 

concentrations of the metabolites of interest with the bacterial species relative 

abundance, inferred from the shotgun sequencing data. The predicted inhibiting 

bacterial species included Faecalibacterium prausnitzii, Bacteroides eggerthi, Alistipes 

obesi, Odoribacter splanchnicus, Coprococcus comes, Roseburia inulinivorans and 

Eubacterium rectale. 

In contrast, Mirhakkak et al. identified bacteria of interest by implementing a 

metabolomics-based approach complemented with a sequencing analysis (Mirhakkak 

et al. 2021). To investigate the interactions between C. albicans and the intestinal 

bacteria, they constructed a C. albicans GEM and coupled it to 910 published gut 

bacteria GEMs. They thus predicted how intestinal bacteria might modulate essential 

C. albicans metabolic pathways, and identified several potential anti-C. albicans 

bacterial signatures, including species from the Bifidobacterium and Listeria genera 

and species from the Bacteriodetes phylum, including Alistipes putredinis. To 

strengthen their findings, they performed metagenomics analyses of the gut microbiota 

of 24 cancers patients. By computing spearman correlations between C. albicans 

relative abundance, estimated from ITS-targeted sequencing, and the gut bacteria 

relative abundances, estimated by shotgun sequencing, they highlighted two bacteria 

with a potential antagonistic activity against C. albicans: Barnesiella intestinihominis 

and Alistipes putredinis. 

Although several potential anti-C. albicans bacteria were identified in each of the 

studies presented above (Fig. 2), there is a poor overlap between the studies. This 

might be explained by the different technics and sequencing approaches used. First, 

the choice of a sequencing approach is crucial since different methods might return 

different microbial profiles, and thus different anti-C. albicans bacterial signatures. 

Consequently, it is probably not surprising that the bacteria highlighted by Xie and 

Manichanh, who used shotgun sequencing to estimate both bacterial relative 
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abundance and C. albicans carriage, are distinct from the one identified in the study 

conducted by Seelbinder et al., which used ITS-targeted sequencing to quantify C. 

albicans burden. 

 

Figure Review 2: Anti-Candida albicans signatures identified by metabolomic-based 

and sequencing-based approaches. The bacterial species identified only by a sequencing-

based analysis are represented in the right circle, the bacterial species identified only by a 

metabolomic-based analysis are represented in the left circle. Bacterial species identified both 

by a metabolomic- and a sequencing-based approach are represented in the intersection 

between the two circles. The anti-C. albicans activity of the bacteria highlighted in bold was 

validated in an in vitro assay. It should be noted that none of these species were identified in 

two of the presented study. 

In addition, the sequencing-based approaches used by Xie and Manichanh and 

Seelbinder and colleagues are based on co-abundance analyses (Xie and Manichanh 

2022; Seelbinder et al. 2020). These correlations cannot distinguish the direction of a 
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potential inhibition. Some of the bacteria identified might thus be inhibited by C. 

albicans rather than having themselves an antagonistic activity. Besides, a correlation 

does not always translate into causation and some associations identified might be 

coincidental. The samples and cohorts used in the analysis might also be a determining 

factor. All studies used fecal samples (Xie and Manichanh 2022; Seelbinder et al. 2020; 

Mirhakkak et al. 2021), but they were collected from different types of volunteers, with 

Xie and Manichanh using fecal samples from healthy volunteers whereas Seelbinder 

et al. and Mirhakkak and colleagues used fecal samples from adults treated with 

antibiotics and from cancer patients, respectively. Since antibiotics kill the resident 

bacteria of the gut, a part of the negative associations between bacterial species and 

C. albicans might results from false-positive signals, due to the overall decrease of 

bacterial abundance and overall increase of C. albicans carriage observed after 

antibiotics. Moreover, certain cancers are characterized by specific gut microbiota 

profiles (Narunsky-Haziza et al. 2022; Dohlman et al. 2022), which might also explain 

why the bacterial species identified by Mirhakkak and colleagues in the sequencing 

part of their study were not identified in the two other studies. Finally, some differences 

in the anti-C. albicans bacterial signatures identified might originate from the 

differences between the sequencing-based and the metabolomics-based approaches. 

Indeed, the use of GEMs in Mirhakkak studies highlighted the metabolic interactions 

between the intestinal bacteria and C. albicans (Mirhakkak et al. 2021). By highlighting 

anti-C. albicans metabolites, this approach offers a mode-of-action behind the potential 

antagonistic effect of the bacterial species on C. albicans. However, metabolic 

interactions represent only a subset of the mechanisms by which bacteria can 

modulate C. albicans growth. Considering the limitations associated with each study, 

it is essential to validate in vitro or in vivo any signature identified by OMICs 

approaches. 

Experimental validation of anti-C. albicans bacterial signatures identified 

by OMICs-approaches: current approaches and future development.  

The validation of the potential antagonistic activity of a bacterium on C. albicans 

depends on the inhibition mechanism. Thus, the choice of a validation assay is crucial. 

In this part, we review four approaches that have been or could be used to evaluate 

the antifungal activity of specific bacteria: (i) supernatant-based inhibition assays, (ii) 

murine models, (iii) fermentation-based systems and (iv) organs-on-a-chip.  



Margot DELAVY – Thèse de doctorat - 2023 

55 
 

Supernatant-based inhibition assays 

A first experimental validation is the assessment of the effect of bacterial supernatants 

on C. albicans growth. This is a widespread approach to validate or screen microbial 

species for inhibition against C. albicans (Ricci et al. 2022; Parolin et al. 2022; 

Mirhakkak et al. 2021; Seelbinder et al. 2020) or other fungal (Mani-López, Arrioja-

Bretón, and López-Malo 2022) and bacterial species (Mani-López, Arrioja-Bretón, and 

López-Malo 2022; Santos et al. 2022). In particular, Walker and colleagues have 

recently shown the anti-C. albicans activity of Bifidobacterium adolescentis using such 

approach (Ricci et al. 2022).  Seelbinder et al. and Mirhakkak et al. both used a similar 

approach to validate in vitro at least some of the bacterial species they identified 

(Seelbinder et al. 2020; Mirhakkak et al. 2021). Seelbinder and colleagues measured 

how the culture supernatant of two of their candidate bacterial strains impacted C. 

albicans growth in vitro and demonstrated that sterilized supernatants from 

Bacteroides eggerthii and Odoribacter splanchnicus could inhibit C. albicans growth 

by 50% and 40% respectively. By a similar approach, Mirhakkak et al. showed that C. 

albicans growth was reduced when it was co-cultured with spent media from Alistipes 

putredinis (Mirhakkak et al. 2021). These in vitro assays, that bring bacteria or the 

metabolites they produce into contact with C. albicans in a growth medium or on 

epithelial cells allow the detection of an inhibition caused by the release of small 

metabolites and are essential to have a first understanding of their potential anti-C. 

albicans activity. However, these assays do not reproduce the complexity of C. 

albicans natural niches, especially the human gut. Ideally, the biological effect of 

bacterial signatures on C. albicans should be tested within a system that considers the 

interactions between these bacteria and the microbiota and their ability to efficiently 

colonize the target niche, since this ability can itself determine if these bacteria can 

modulate C. albicans growth. In addition, most of the bacterial species with a known 

anti-C. albicans activity are obligate anaerobes, as are more than 99% of the gut 

bacteria (Guarner and Malagelada 2003), whereas C. albicans growth is optimal in 

aerobic conditions (Biswas and Chaffin 2005). We thus need a system that can include 

an oxygen gradient, such as the one naturally found in the gut, at least for the validation 

of bacteria originating from this niche. 
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Murine models 

The mouse is another desirable model to study the factors behind C. albicans 

colonization since it reproduces the main human characteristics (Neville, d’Enfert, and 

Bougnoux 2015). Murine models have been developed to study C. albicans 

colonization of the vaginal (Miao, Willems, and Peters 2021; Jang et al. 2019) and 

intestinal (Neville, d’Enfert, and Bougnoux 2015; Fan et al. 2015) tract, and the 

interactions between C. albicans and vaginal or intestinal bacteria (Fan et al. 2015; 

Jang et al. 2019). Mice are naturally resistant to C. albicans GI colonization (Fan et al. 

2015), thus forcing the experimenter to use antibiotics or a specific diet to implement 

C. albicans in the GI tract. While this does not reproduce a healthy human gut (Neville, 

d’Enfert, and Bougnoux 2015), a part of the issue can be circumvented by the use of 

germ-free mice, since they lack a C. albicans-inhibitory microbiota. Using germ-free 

mice allows the implementation of a controlled microbiota, such as what is observed 

in humans. Murine models can be used to determine if a candidate anti-C. albicans 

bacterial species – or a consortium of bacteria – can prevent C. albicans colonization. 

However, identifying by which mechanisms bacteria modulate C. albicans growth 

remains a challenge, the use of living animals limiting the dynamic monitoring of C. 

albicans colonization since it relies on endpoint measurements that often require the 

animals sacrifice. This and the fact that animal models are a rising concern that still 

causes ethical issues (Kiani et al. 2022), might lead researchers to develop additional 

platforms to use instead, or in combination, with murine models.  

Fermentation-based system - SHIME® 

Fermentation-based systems are powerful in vitro tools mimicking the human gut 

properties. They consist in a single static (Walker et al. 2005) or multi-stage 

fermentation models (Payne et al. 2003; Wynne et al. 2004; Van Den Abbeele et al. 

2010). Continuous fed-batch models have already been used to demonstrate the anti-

C. albicans activity of Lactobacillus plantarum (Payne et al. 2003; Wynne et al. 2004). 

The SHIME® (Simulator of Human Intestinal Microbial Ecosystem) is a multi-

compartment semi-continuous fed-batch system, originally developed in Ghent 

University and currently further developed and commercialized by the company 

ProDigest, that simulates the different sections of the GI tract from the stomach or 

small intestine to the distal colon (Van Den Abbeele et al. 2013). It can also include a 
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mucosal compartment (d’Enfert et al. 2021; Van Den Abbeele et al. 2013) and a Host-

Microbiota Interaction module that allow co-culturing complex bacterial communities 

with a monolayer of enterocyte human cells (Marzorati et al. 2014).  

SHIME® studies have focused on the bacterial component of the gut microbiota but we 

can expect, before long, an application for the interactions between C. albicans and 

commensal bacteria. Indeed, in the context of the FunHoMic consortium (FunHomic 

consortium 2023.), ProDigest is developing a SHIME® model to assess the interplay 

between fungi and bacteria, with a specific focus on C. albicans (Marsaux and 

Marzorati, personal communication). Such model would be particularly relevant to 

study the impact of a single or a cocktail of bacteria on C. albicans gut colonization, 

since it would allow following not only the bacteria and C. albicans growth, but also the 

levels of molecules with potential anti-C. albicans activity secreted into the medium. In 

addition, such model could infer the nutrient and niche competition that could modulate 

the interactions between specific bacteria and C. albicans. Moreover, the SHIME® can 

be adapted to host microbial communities from specific populations, such as infants, 

toddlers, or adults based on the faecal samples used to set up the system (Natividad 

et al. 2022; Van den Abbeele et al. 2021), thus allowing testing the effects of specific 

bacteria on C. albicans colonization various populations. 

Such model is evidently limited to the simulation of the GI tract niche and other models 

need to be developed to study C. albicans colonization of the vaginal and oral niches, 

and it does not integrate immune cells, thus limiting the identification of a potential 

immuno-stimulatory role of the bacteria against C. albicans.  

Ex vivo models – organ-on-a-chip 

Ex vivo models, relying on the culture of human epithelial cells, are alternative tools 

that could be developed to study C. albicans interactions with bacteria. These systems 

have been widely used to explore C. albicans colonization and interactions with 

mucosal surfaces (Graf et al. 2019; Alonso-Roman et al. 2022). However, they often 

use a single cell type, which does not reproduce the human physiology complexity. 

Moreover, most studies developed models highlighting C. albicans pathogenicity and 

invasion of the tissues, rather than its commensal state. An exception is the gut model 

developed by Graf et al (Graf et al. 2019). The authors added goblet cells within the 

epithelial layer to produce a mucus layer that greatly reduced C. albicans 
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pathogenicity. A bacterial community composed of Lactobacilli was implemented in the 

model, bringing a protection against C. albicans overgrowth and invasion (Graf et al. 

2019). Such models are promising tools because they are relatively simple to use and 

cheaper than animal experiments. However, most of them lack an immune component. 

Fortunately, in recent years, more complex in vitro models, namely organ-on-a-chip, 

have emerged. These systems consist in a cell culture of one or several tissues 

contained into a microfluidic chip mimicking the key characteristic of a specific organ. 

Their main advantage over classical ex vivo cell models is their complexity, with several 

cell types, a tissue 3D arrangement on the chip and the integration of biomechanical 

cues such as intestinal peristalsis and/or oxygen gradient (Low et al. 2021; 

Ashammakhi et al. 2020; Leung et al. 2022). Moreover, they allow the inclusion of 

immune cells into the chip, thus simulating the host defence (Low et al. 2021; 

Ashammakhi et al. 2020; Leung et al. 2022). Gut-on-a-chip (for review, see 

(Ashammakhi et al. 2020)) and vagina-on-a-chip (Mahajan et al. 2022; Tantengco et 

al. 2022) systems are already available and could be used or optimised to study C. 

albicans interaction with bacteria. Organ-on-a-chip technology is also suitable for 

industrialization, and are currently developed by companies such as Mimetas (Mimetas 

2019) and Emulate (Emulate 2023.). In the future, using commercial organ-on-a-chip 

to test fungal-bacterial infections might offer a promising complement or alternative to 

in vitro and in vivo assays.  

Concluding remarks 

OMICs-based approaches offer a convenient way for identifying commensal bacteria 

of the human GI and vaginal tracts that might modulate C. albicans growth. Although 

only a few studies have aimed to identify potential anti-C. albicans microbial species 

using such approaches, the analyses presented above contribute to a better 

understanding of C. albicans physiopathology and its interactions with the bacterial 

microbiota.  

Although the identification of more anti-C. albicans bacteria is desirable, the 

experimental models available to study microbial interactions are still limited in their 

ability to reproduce accurately the multidimensionality of the human environment. 

Therefore, to identify such bacteria reliably, we require new or optimized experimental 

models, such as germ-free mice models, fermentation-based systems, such as the 
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SHIME®, and/or organ-on-a-chips (see Outstanding Questions Box). In parallel, it is 

crucial to democratize the use of multidimensional statistical tools, relying on machine-

learning or deep-learning, to create complex models of microbial interactions that could 

explain the clearance of C. albicans in the microbiota. For now, OMICs-based 

approaches are mainly used to translate a network of microbial interactions into a 

simplified list of 1-to-1 interactions between a single microbial species and C. albicans. 

Although such approaches are essential to highlight microbial species with a potential 

anti-C. albicans activity, it is unlikely that a single bacterial species would have the 

potential to completely clear C. albicans from its niches. More complex statistical 

models would thus return a more complete overview of what is happening in the human 

body. 

Finally, OMICs-based approaches, especially if they rely on complex algorithms, 

require large datasets, which are often costly and difficult to obtain. This is why we 

need to develop public databases of human microbiota and mycobiota, which could 

limit the risk of identifying cohort- or study-specific anti-C. albicans bacterial signatures.  

Overall, although the combination of optimized in silico pipelines and experimental 

procedures could allow the identification of additional antifungal species, the current 

research has already identified dozens of bacterial species in silico with a potential 

anti-C. albicans activity, and several have been validated in vitro. While additional 

validations need to be performed to confirm the antifungal properties of these species, 

these discoveries might open the way to the development of a consortium of bacteria 

that would allow the recovery of a microbiota limiting C. albicans overgrowth, thus 

preventing the emergence or recurrence of vulvovaginal candidiasis, or life-threatening 

systemic infections. 
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Outstanding Questions Box 

 How can machine-learning and/or deep-learning approaches be used to extend 

our understanding of the interactions between the microbiota and C. albicans? 

 

 How can OMICs-based strategies be combined to machine-learning and/or 

deep-learning approaches to develop a consortium of bacteria able to curb C. 

albicans growth in the intestinal and vaginal niches? 

 

 Can OMICs-based strategies be adapted to identify bacterial species with an 

antagonistic activity against other fungal species, notably in the context of 

invasive infections or of fungi-associated cancers? 

 

 What will be the role of public databases contained microbiota data in the 

context of the identification of antifungal microbial species and compounds?  

 

 How to develop an ex vivo or in vitro model that mimics the key characteristics 

of the human gut, including host immune response and oxygen gradient? 
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E -  INTERACTIONS BETWEEN C. ALBICANS AND THE 

HOST’S IMMUNITY 

C. albicans maintenance in the human gut is the result of a complex interplay between 

this yeast and the host, in which the immune system plays a crucial role. In healthy 

individuals, the immune system restricts the growth of C. albicans, thus confining it to 

a commensal state. However, in the absence of an adequate immune response, 

proliferation of C. albicans becomes possible. This may be followed by a transition from 

yeast to hyphae, after which the hyphae may penetrate mucosal surfaces, causing 

damage to the underlying tissues and in the worst case, C. albicans may reach the 

bloodstream and disseminate through the body (Richardson and Moyes 2015; Brown 

et al. 2012, Fig. 6). 

Figure 6: C. albicans invasion of the intestinal epithelium. (A). Adhesion and colonization 

to the epithelium and (B). Penetration of the hyphae into the epithelium and dissemination into 

the bloodstream. Figure created with Biorender.com and inspired from Gow et al. 2012 

 

1. Host immune responses to C. albicans 

C. albicans overgrowth on the mucosal surface and the subsequent invasion of the 

tissues is prevented by the host active surveillance and protection of the epithelial 

A. 

B. 
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barrier. This is possible thanks to the interplay between innate and adaptive immunity, 

two complementary but cooperative arms of the immune system (Richardson and 

Moyes 2015; d’Enfert et al. 2021). In addition, the epithelium, which is the primary site 

of interaction between C. albicans and the host, acts as a physical barrier by preventing 

a direct access to the bloodstream.  

i. Innate immunity – C. albicans recognition 

The first step in the defense against C. albicans infection is the recognition of the 

pathogen by epithelial cells and innate immune cells (Richardson, Ho, and Naglik 

2018; Nikou et al. 2019; Verma, Gaffen, and Swidergall 2017; Naglik et al. 2017, Fig. 

7).  The myeloid cells of the innate immune system, including the monocytes, 

macrophages, and dendritic cells (DCs), harbour conserved pattern recognition 

receptors (PRRs) able to recognise specific pathogen-associated patterns (PAMPs). 

There are four families of PRRs that are expressed in different cell types and recognise 

different fungal PAMPs (Fig. 7): (i) Toll-like receptors (TLRs), (ii) C-type lectin receptors 

(CLRs), (iii) nucleotide oligomerisation domain (NOD)-like receptors (NLRs) and (iv) 

retinoic-acid-inducible gene I (RigI)-helicase receptors (RLRs).  

Toll-like receptors (TLRs). The main TLRs involved in fungal recognition are TLR2, 

TLR4 and TLR9. TLR2 and TLR4 recognise different mannoproteins whereas TLR9 

recognises fungal DNA and chitin (Naglik et al. 2017; Wagener et al. 2014). TLR-

mediated PAMP recognition triggers MyD88-dependent and TRIF signalling pathways 

in innate immune cells, which regulate the inflammatory response (Kawasaki and 

Kawai 2014; Swidergall 2019).  

C-type lectin receptors (CLRs). Dectin-1, Dectin-2, Macrophage inducible Ca2+-

dependent lectin receptor (MINCLE), dendritic cell-specific intercellular adhesion 

molecule-3-grabbing non-integrin (DC-SIGN) and the mannose receptor (MR) are 

CLRs able to recognise C. albicans (Dambuza et al. 2017; Goyal et al. 2018; Swidergall 

2019; Tong and Tang 2017). Dectin-1 can recognise β-glucans on C. albicans cell wall 

and trigger the spleen tyrosine kinase (SYK)/caspase activation and recruitment 

domain-containing 9 (CARD9) pathway (Cohen-Kedar et al. 2014). By activating the 

Nuclear Factor-kappa B (NFκB), this pathway triggers the production of cytokines and 

chemokines, thus activating an immune response in human intestinal epithelial cells 

(Cohen-Kedar et al. 2014). Moreover, Dectin-1 is involved in the induction of 
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phagocytosis and the activation of the inflammasome (Kankkunen et al. 2010; 

Swidergall 2019), which leads to the release of pro-inflammatory cytokines (Camilli et 

al. 2020). Dectin-2, MINCLE, DC-SIGN and MR recognise mannoproteins. In 

particular, Dectin-2 recognises α-mannans  and induces the formation of Neutrophil 

Extracellular Traps (NET), a network of DNA fibres that bind and kill pathogens (S. Y. 

Wu et al. 2019; Papayannopoulos 2018), while Dectin-3 forms heterodimers with 

Dectin-2 to bind the α-mannans of C. albicans hyphae (Erwig and Gow 2016; Dambuza 

et al. 2017).  

 

Figure 7: Pattern recognition receptors expressed in intestinal epithelial cells, 

macrophages, neutrophils, and dendritic cells. TLR2, TLR4 and TLR9 are toll-like 

receptors. Dectin-1, dectin-2, dectin-3, MINCLE, DC-Sign and MR are C-type lectin receptors. 

NLRP3 is a NOD-like receptor and MDA5 is a RIGI-helicase receptor. TLR: toll-like receptors, 

MINCLE: macrophage inducible Ca2+-dependent lectin receptor, DC-SIGN: dendritic cell-

specific intercellular adhesion molecule-3-grabbing non-integrin, MDA5: melanoma 

differentiation-associated factor 5, MR: mannose receptor. NLRP3: NOD-like receptor family 

pyrin domain-containing 3. Figure created with Biorender.com. 

NOD-like receptors (NLRs). NLRs interact with an adapter molecule, the apoptosis-

associated speck-like protein containing a C-terminal CARD (ASC) and the 

inflammatory protease caspase-1, to form the inflammasome (Latz, Xiao, and Stutz 
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2013). In humans, C. albicans activates the NOD-like receptor family pyrin domain-

containing 3 (NLRP3) and NOD-like receptor family CARD domain-containing protein 

4 (NLRC4) (Camilli et al. 2020). Candidalysin, a cytolytic peptine toxin secreted by C. 

albicans,  has been shown to trigger the NLRP3 inflammasome activation after priming 

by fungal β-glucans (Kasper et al. 2018; Rogiers et al. 2019)  

RIGI-helicase receptors (RLRs). RLRs are cytoplasmic PRRs that recognize non-self 

RNA and activate the innate immunity (Thompson, Stone, and Gale 2016). The 

melanoma differentiation-associated factor 5 (MDA5) is triggered by C. albicans 

hyphae and might recognise fungal DNA (M. Jaeger et al. 2015). 

ii. Innate immunity – anti-C. albicans immune response 

Recognition of C. albicans by the innate immune system triggers a myriad of responses 

to clear the pathogen (Fig. 8).  

Macrophages and neutrophils. Macrophages and neutrophils are key players of the 

innate immunity, notably by their ability to phagocytose microbial targets. Neutrophils 

are more abundant and offer a more rapid response than macrophages, but their 

lifespan is shorter. The macrophages originate from blood-circulating monocytes. They 

conduct a constant surveillance at the surface of the epithelium and can target 

microbial species by chemotaxis (Erwig and Gow 2016).  

When C. albicans mannoproteins and/or β-glucans are recognised by PRRs such as 

TLR4 (Netea et al. 2002), MR (Porcaro et al. 2003; Netea et al. 2008) and Dectin-1 

(Herre et al. 2004) or when phagocytic receptors such as  complement receptor 3 

(CR3) and Fcγ receptors (FcγR) recognize opsonised C. albicans (Netea et al. 2008), 

macrophages and neutrophils can engulf the fungi (Brown 2011). C. albicans can then 

be killed by the acidification of the phagolysosome, a lack of nutriment and the 

secretion of a cocktail of proteases, reactive oxygen species (ROS) and anti-microbial 

peptides (AMPs) (Miramón et al. 2012; Erwig and Gow 2016; G. Small et al. 2019). 

The engulfment of C. albicans by macrophages can trigger the yeast transition to 

hyphae, which activates the NLRP3 inflammasome. This leads to the release of pro-

inflammatory interleukin (IL)-1β and IL-18 and thus promotes the activity of helper 

lymphocytes T (Th) 1 and Th17 (Kasper et al. 2018; van de Veerdonk et al. 2011; 

Rogiers et al. 2019, see Adaptive immunity). However, transition to hyphae allows C. 

albicans to escape the macrophages. Indeed, C. albicans can use pore-forming 



Margot DELAVY – Thèse de doctorat - 2023 

65 
 

proteins, such as candidalysin, which is released by the hyphae, and Gasdermin D, a 

host protein that is activated by the NLRP3 inflammasome, to cause the lysis of the 

macrophage (Olivier et al. 2022).  

Besides phagocytosis, neutrophils can promote fungal clearance by the formation of 

NETs, as mentioned above, and through degranulation, a phenomenon in which 

granules containing AMPs  are released and used to kill the pathogen (Rosales 2018; 

Gierlikowska et al. 2021).   

 

Figure 8: Pattern recognition receptors and innate immunity pathways involved in 

response to C. albicans. Fungal pathogens associated molecular pattern (PAMPs) are 

recognized by specific pattern recognition receptors (PRRs). The recognition of C. albicans by 

the PRRs triggers different specific responses. Toll-like receptors such as TLR2, TLR4 and 

TLR9 trigger the production of pro-inflammatory cytokines via the MyD88 and TRIF pathway. 

Dectin-1, dectin-2, dectin-3 and MINCLE induce a spleen tyrosine kinase (SYK)/ caspase 

activation and recruitment domain-containing 9 (CARD9) response. Dectin-1 is also involved 

in the activation of the inflammasome, which leads to the production of interleukin 1β (IL-1β) 

and IL-18. TLR4, dectin-1, Fcγ and CR3 induce phagocytosis and subsequent killing of the 

fungal pathogen. MR: mannose receptor, IFN: interferon, NFκB: nuclear factor- κB. Figure 

created with Biorender.com and inspired from Netea et al. 2015. 

Host-cell signalling. The recognition of C. albicans PAMPs by PRRs also triggers 

host-cell signalling, which results in a cascade of effector responses, which are cell 

and tissue type-dependent (d’Enfert et al. 2021). The epithelial cells release AMPs that 

act against C. albicans in various ways. For instance, by binding to C. albicans 

carbohydrates, LL-32 can reduce C. albicans adhesion (Tsai et al. 2011; Chang et al. 

2012), induce massive membrane disruption (Den Hertog et al. 2005) and lead to efflux 
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of ATP and small molecules (Den Hertog et al. 2005). Histatins have been shown to 

accumulate in C. albicans cells, inducing ROS and efflux of ions and ATP, resulting in 

cell death (Kumar et al. 2011; Koshlukova et al. 2000; Helmerhorst, Troxler, and 

Oppenheim 2001). Finally, β-defensins kill C. albicans by permeabilization of its cell 

membrane (Krishnakumari, Rangaraj, and Nagaraj 2009).  

In the gut, mucins produced by goblet cells limit C. albicans yeast-to-hyphae transition, 

surface adherence and ability to form biofilm, thus reducing C. albicans ability to invade 

and damage the epithelium (Kavanaugh et al. 2014).  

If C. albicans succeeds in colonizing the epithelium, the subsequent damage caused 

by the secretion of candidalysin by C. albicans hyphae leads to the release of danger-

associated molecular patterns (DAMPs) or alarmins by the epithelial cells. These 

molecules can then signal the presence of C. albicans to the patrolling immune cells ( 

Yang and Oppenheim 2009; Swidergall et al. 2019). In addition, epithelial cells can 

produce pro-inflammatory cytokines including IL-1β, IL-6, IL-8, granulocyte-colony 

stimulating factor (G-CSF), Tumor necrosis factor (TNF), and IL-36.  

Natural killer cells. Natural killer (NK) cells play a crucial role in modulating the innate 

immune response and have an impact on the adaptive immune system. Human NK 

cells are able to recognise C. albicans directly. They exert antifungal activity through 

two main mechanisms: first through the release of cytokines such as G-CSF, interferon 

(IFN)-γ and TNF-α, allowing the recruitment of specialized immune cells including 

neutrophils, DCs, macrophages and T cells, and second, through the secretion of anti-

microbial molecules (Voigt et al. 2014). NK cells have been shown to be particularly 

important in the immunocompromised host, but they seem to be redundant and even 

trigger a hyperinflammatory state in immunocompetent mice (Quintin et al. 2014). 

Dendritic cells maturation and activation. DCs appear to serve as a link between 

the innate and adaptive immune system. They are involved in different processes of 

both the innate and the adaptive response. Indeed, DCs can recognise fungal 

pathogens, including C. albicans, through the PRRs expressed at their surface. They 

secrete cytokines, can use phagocytosis to engulf pathogen particles and induce the 

adaptive immune response by presenting antigens to T cells (Ramirez-Ortiz and 

Means 2012). Immature DCs play a surveillance role by patrolling the mucosae and 

can be recruited to the infection site by the chemokines and AMPs secreted by the 
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epithelial cells. Once recruited, DCs can directly recognise C. albicans PAMPs and 

phagocytose the fungal cells. This phagocytosis allows the degradation of fungal 

proteins into antigenic peptides. These fungal antigens can then be assembled on the 

major histocompatibility complex (MHC) class I or MHC-II and presented to naive CD4+ 

and CD8+ T cells, respectively, thereby activating the adaptive immune response 

(Richardson and Moyes 2015; Ramirez-Ortiz and Means 2012).  

iii. Adaptive immunity - anti-C. albicans immune response 

The adaptive immune response allows the implementation of a long-term protection 

through the establishment of an immunological memory. This adaptive immunity is 

mainly provided by T and B lymphocytes, with T lymphocytes and Th cells, in particular, 

supporting mucosal host defense and the innate immune response, and B lymphocytes 

being involved in antibody production. The adaptive immune response also has the 

difficult task to mediate the inflammatory response in order to maintain a balance 

between immune protection and levels of inflammation to limit immunopathological 

effects (Bacher et al. 2019).  

Lymphocyte T response. Lymphocyte T-derived response is the main component of 

the mucosal immunity against C. albicans. CD4+ T cells, also known as Th cells, are 

critical for a protective antifungal immunity (Borghi et al. 2014; Lionakis and Levitz 

2018). There are four different Th subsets involved in anti-C. albicans immunity : Th1, 

Th2, Th17 and regulatory T cells (Treg), and their maturation from naive CD4+ cells is 

dependent on the presence of specific cytokines in the environment when the priming 

occurs (Richardson and Moyes 2015, Fig. 9). Th1 and Th17 secrete inflammatory 

cytokines, including IFN-γ and IL-17A/F for Th1, and IL-22 for Th17. IL-17A and IL-17F 

are responsible for the recruitment and activation of the neutrophils while IL-22 

enhances the epithelial barrier function. Unsurprisingly, the inflammasome is crucial 

for the activation and maturation of Th1/Th17 via the secretion of IL-1β. In opposition, 

Th2 is mainly activated by IL-2 and is known to counter regulate the Th1/Th17 

response and it thus associated with C. albicans persistence (Borghi et al. 2014; 

Lionakis and Levitz 2018; Richardson and Moyes 2015; Leigh et al. 1998). Finally, 

Treg ensure the maintenance of homeostasis between Th1/Th17 and Th2 responses.  

Cytotoxic (CD8+) T-cells might also play a role in the adaptive immune response 

against C. albicans, notably by exerting an antifungal activity against hyphae (Beno, 
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Stöver, and Mathews 1995; Marquis et al. 2006). Double positive CD4+CD8+ cells 

might also confer an antifungal immunity (Misme-Aucouturier et al. 2019).  

 

Figure 9: Cytokine-directed polarization of naive CD4+ T cell to one of the four known 

Th subsets.  The Th1 and Th17 responses trigger the fungal clearance while the Th2 response 

is associated with fungal persistence. The Treg response is responsible for maintaining 

homeostasis between the Th1/Th17 and Th2 responses. Th: lymphocyte T helper, Treg: 

regulatory lymphocyte T. Figure created with Biorender.com and adapted from Richardson and 

Moyes 2015. 

Antibody response. Specific anti-C. albicans antibodies have been detected in the 

blood of subjects previously exposed to the pathogen, suggesting a role for the 

humoral response in the protection against C. albicans infection (Pitarch et al. 2006; 

López-Ribot et al. 2004). Cell wall molecules of C. albicans, such as mannose, are 

preferential targets for antibodies due to their accessibility. In particular, vaccination 

with C. albicans mannan reduced the propensity of mice to develop invasive 

candidiasis (Y. Han and Cutler 1995). However, molecules that are not part of the cell 
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wall may also be the target of antibodies and could provide protection against invasive 

infection (Matthews et al. 1991; De Bernardis et al. 1997).  

However, B cell deficiency does not increase the susceptibility of mice to invasive C. 

albicans infection (Balish, Jensen, and Warner 1993; Jensen, Warner, and Balish 

1994; Carrow, Hector, and Domer 1984). Therefore, the contribution of the humoral 

response to the anti-C. albicans immune response appears to be relatively minor 

compared to that of lymphocytes T, and especially of the Th1/Th17 response 

(Richardson and Moyes 2015).  

 

2. Trained immunity and C. albicans colonization 

Although the immune system is essential to counter-act C. albicans infection, the 

interactions between C. albicans and the host immune system are also active during 

C. albicans colonization and promote the fungus commensal state. Indeed, several 

studies have shown that a long-term colonization by C. albicans resulted in the 

production of tissue-resident memory Th cells (Acosta-Rodriguez et al. 2007; Shao et 

al. 2019; Kirchner and LeibundGut-Landmann 2021), or specific anti-C. albicans  

antibodies (Huertas et al. 2017; Tansho et al. 2004; Bai, Liu, and Tong 2004), which 

conferred a protection against fungal proliferation and systemic infections. C. albicans 

colonization, in particular in the GI tract, thus appears to shape the immune system by 

offering a protection against systemic candidiasis but also against other pathogens 

such as Staphylococcus aureus, Aspergillus fumigatus or Pseudomonas aeruginosa 

(Shao et al. 2019; 2022; Tso et al. 2018).  

This protection was thought to be completely dependent on T and B lymphocytes 

responses. However, similar protection against pathogen reinfection has been 

demonstrated in plants (Durrant and Dong 2004) and insects (Pham et al. 2007; 

Rodrigues et al. 2010) that lack an adaptative response, and in T- and B-cells deficient 

mice (Bistoni et al. 1986). The term “trained immunity” has therefore be proposed to 

explain the enhanced innate immune response that occurs after exposure to specific 

pathogens, such as C. albicans, and which results in an increased resistance to 

(re)infection (Netea, Quintin, and Van Der Meer 2011). It was shown that challenging 

mice with β-glucans increased their survival upon a C. albicans infection (Quintin et al. 
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2012). However, we are still lacking information on the effect of C. albicans carriage 

on the host immune response upon a C. albicans infection in Humans.  
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F -  INTERACTIONS BETWEEN C. ALBICANS AND THE 

HOST GENETICS 

Host-fungus interactions can be affected by genetic variations between individuals.  

Indeed, although medically- or disease-induced immunodeficiencies, such as HIV-

induced acquired immunodeficiency syndrome (AIDS), chemotherapy-induced 

neutropenia or immunosuppressive therapy for organ transplantation, are recognized 

as major risk factors for C. albicans infections (Pappas et al. 2018; Singh, Fatima, and 

Hameed 2015), patients may also have rare or more common genetic variabilities that 

influence their susceptibility to these infections (Smeekens et al. 2013; Plantinga, 

Johnson, Scott, Joosten, et al. 2012; Puel 2020). Susceptibility to C. albicans 

colonization may also depend in part on host genetics (Jurevic et al. 2003). 

 

1. Monogenic primary immunodeficiency disorders 

Several monogenetic disorders can lead to primary immunodeficiency. These 

disorders are the consequence of mutations in crucial immune genes, such as signal 

transducer and activator of transcription 1 (STAT1)  or CARD9, and are therefore 

associated with increased susceptibility to fungal infections (Smeekens et al. 2013; 

Plantinga, Johnson, Scott, Joosten, et al. 2012; Puel 2020). The most frequent 

monogenic disorders associated with C. albicans infections are chronic 

mucocutaneous candidiasis (CMC) and hyper-IgE syndrome (HIES) (Smeekens et al. 

2013; Puel 2020). 

i. Chronic mucocutaneous candidiasis 

CMC is a severe and recurrent non-invasive infection that can affect the skin, nails and 

mucosal surfaces of the oral and genital tracts. It is the consequence of a defect in the 

Th17 immune response and can be caused by mutations in several crucial immune 

genes (Carey et al. 2019, Fig. 10).  

Gain-of-function mutations in the gene encoding the STAT1 protein are the most 

common cause of CMC (Liu et al. 2011; Toubiana et al. 2016). STAT1 is a signaling 

molecule involved downstream of the type I and type II IFN receptors. Gain-of-function 

mutations in STAT1 result in decreased production of IFN-γ, IL-22 and IL-17, thus 

altering the Th1 and Th17 adaptive immune response against C. albicans (Carey et al. 
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2019; Okada et al. 2020; van de Veerdonk, Plantinga, et al. 2011). Moreover, in a 

subset of CMC patients, defects in the autoimmune regulator (AIRE) gene result in 

autoimmune polyendocrinopathy, candidiasis, and ectodermal dysplasy (APECED), a 

syndrome characterized by multi-organ autoimmunity.  

 

Figure 10: Overview of the main genetic defects resulting in monogenetic disorders 

associated with C. albicans infections. Mutations in STAT1, IL-17RA or IL-17F and CARD9 

are responsible of a reduced Th17 response, leading to chronic mucocutaneous candidiasis 

(CMC). Mutations in TYK2, STAT3 and DOCK8 have been associated with a reduced Th17 

response, leading to hyper-IgE syndrome (HIES). Mutations are represented in yellow. Figure 

created on Biorender.com and adapted from Singh, Fatima, and Hameed 2015. 

Homozygous loss-of-expression CARD9 mutations have also been reported to 

increase the susceptibility to both CMC and invasive candidiasis, by almost totally 

depleting the Th17 response (Corvilain et al. 2018). Indeed, CARD9 is a central 

mediator of the anti-C. albicans immune response and trigger the production of pro-
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inflammatory cytokines by DCs, thus inducing the Th17 adaptive immune response 

against C. albicans (Smeekens et al. 2013).  

Finally, mutations in IL-17RA and/or IL-17F have been identified in several unexplained 

CMC cases (Puel et al. 2011) and  IL-12Rb1 deficiency has been linked to mild signs 

of CMC and to an increase susceptibility to invasive candidiasis (Ouederni et al. 2014).  

ii. Hyper-IgE syndrome 

HIES, which was first described as Job’s syndrome, is characterized by elevated levels 

of IgE in serum, eczema, skin and pulmonary infections by Staphylococcus aureus and 

recurrent mucosal infections with C. albicans (Davis, Schaller, and Wedgwood 1966; 

Smeekens et al. 2013). HIES can be caused by mutations in STAT3 (Holland et al. 

2007; Minegishi et al. 2007), which encodes a signaling molecule involved downstream 

of the IL-23 receptor, which results in reduced IL-17 production (De Beaucoudtey et al. 

2008; Milner et al. 2008). 

 

2. Common genetic polymorphisms 

Mutations associated with monogenic primary immunodeficiency disorders are 

extremely rare and therefore cannot explain most reported C. albicans infections. As 

previously mentioned, there are several exogenous risk factors, such as a medically-

induced immunosuppression, surgery, use of a central venous catheter, long-term stay 

in an intensive care unit (ICU) and exposure to antibiotics (Pappas et al. 2018; Papon, 

Bougnoux, and d’Enfert 2020; Zhai et al. 2020). In addition, more common genetic 

polymorphisms can be linked to increased susceptibility to different types of C. albicans 

infections (Smeekens et al. 2013, Table 1). 

In particular, genetic polymorphisms in PRRs have been associated with increased 

susceptibility to fungal infections (Martin Jaeger et al. 2015; Smeekens et al. 2013). 

For instance, an early stop codon in DECTIN-1 (Y238X), present in up to 8% of the 

European population and up to 40% of some sub-Saharan African populations 

(Ferwerda et al. 2009), has been associated with Candida mucosal colonization and  

recurrent vulvovaginal candidiasis (RVVC) (Plantinga et al. 2009). This association can 

be explained by defects in β-glucan recognition and Th17 response resulting from this 

mutation (Plantinga et al. 2009). Single nucleotide polymorphisms (SNPs) in TLR1, 

TLR2 and TLR4 have also been identified as increasing the risk of developing invasive 
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candidiasis through decreased levels of IL-8 and IFN-γ for the identified TLR1 

(Plantinga, Johnson, Scott, Van De Vosse, et al. 2012) and TLR2 (Woehrle et al. 2008) 

gene polymorphism and increased IL-10 production for the identified TLR4 SNPs (Van 

der Graaf et al. 2006). Furthermore, the risk of CMC is increased in carriers of the 

L412F TLR3 polymorphism, probably due to decreased IFN-γ production (Nahum et 

al. 2011; 2012) while length polymorphisms in the NLRP3 inflammasome receptor 

subunit appear to increase the risk for RVVC (Lev-Sagie et al. 2009).  

Genetic polymorphisms in several cytokines have also been identified as risk factors 

for C. albicans infections (Smeekens et al. 2013). Indeed, three SNPs in IL-4 have 

been linked to chronic disseminated candidiasis (Choi et al. 2003), and one of them (-

589T/C) has also been associated with increased susceptibility to RVVC (Babula et al. 

2005). Genetic polymorphisms in IL-10 and IL-12b have also been associated with 

persisting invasive candidiasis (Johnson et al. 2012).  

In recent years, genome-wide association studies (GWAS) have been an essential tool 

to identify new common genetic polymorphisms associated with increased 

susceptibility to C. albicans infections (de Vries et al. 2020; Tian et al. 2017; Martin 

Jaeger et al. 2019). This type of untargeted analysis allows the identification of variants 

in genes that have not yet been reported to be involved in the host immune response, 

thus not only identifying new risks factors for fungal infections but also improving our 

understanding of fungus-host interactions. Indeed, Jaeger et al. identified a strong 

genetic association between candidemia and polymorphisms in the phospholipase A2 

Group IVB (PLA2G4B) locus. PLA2G4B may be involved in the control of the 

phospholipid and/or arachidonate metabolism, highlighting for the first time a potential 

role for this gene in the anti-C. albicans host response (Martin Jaeger et al. 2019). 

Moreover, by integrating GWAS with RNA-sequencing, de Vries et al. uncovered a 

potential role of Ly86 in the host susceptibility to candidemia, through a differentiated 

monocyte migration toward the chemokine ligand 2 (CCL2) (de Vries et al. 2020).  

However, such studies are limited by the lack of statistical power generally associated 

with the rather small cohorts of patients studied, making it difficult to identify SNPs with 

a high level of statistical significance (Manolio 2010; Chapman and Hill 2012). 

Furthermore, similar approaches have yet to be performed in order to identify genetic 

polymorphisms associated with host susceptibility (or resistance) to C. albicans 
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colonization, especially in healthy populations. Indeed, there are only few reports on 

genetic variants associated with C. albicans carriage, and they have been mainly 

reported in patient cohorts rather than in healthy subjects (Jurevic et al. 2003; Plantinga 

et al. 2009). Indeed, Plantinga et al. showed that the Y238X polymorphism of DECTIN-

1 was associated with C. albicans carriage in hematopoietic stem cell transplant 

patients (Plantinga et al. 2009) and Jurevic et al. identified a SNP in the gene coding 

for β-defensin 1 (DEFB1) associated with a higher oral C. albicans carriage in both 

type I diabetics patients and healthy controls (Jurevic et al. 2003). However, to the best 

of my knowledge, there are no reports on genetic variants associated with C. albicans 

intestinal carriage in healthy subjects. This could be due to the limited access to large 

cohorts of healthy patients containing both stool samples and genetic data. 

Furthermore, such studies rely on a reliable estimation of C. albicans carriage, as the 

use of culture is questioned due to its low sensitivity.  
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Table 1: Common genetic variants associated with C. albicans infections or carriage 

presented in this section. Table adapted from Smeekens et al. 2013. 

Gene SNP Phenotype Disease References 

Dectin-1 
Y238X 

(rs16910526) 

Decrease of IL-
1β production 

 
Decrease of 

Th17 response 

C. albicans 
colonization 

 
RVVC 

(Plantinga, 
Johnson, Scott, 
Joosten, et al. 

2012) 

TLR1 

R80T 
(rs5743611)  

 
S248N 

(rs4833095)  
 

I602S 
(rs5743618) 

Decrease of IL-
1β, IL-6 and IL-

8 production 

Increased 
susceptibility to 

candidemia 

(Plantinga et al. 
2009) 

TLR2 
R753Q 

(rs5743708) 

Decrease of 
IFN-γ and IL-8 

levels 

Increased 
susceptibility to 

candidemia 

(Woehrle et al. 
2008) 

TLR3 
L412F 

(rs3775291) 
Decrease of 
IFN-γ levels 

Increased risk 
for CMC 

(Nahum et al. 
2011; 2012) 

TLR4 

D299G 
(rs4986790) 

 
Y399I 

(rs4986791) 

Increase of IL-
10 production 

Increased 
susceptibility to 

candidemia 

(Van der Graaf 
et al. 2006) 

IL-4 
−589T/C 

(rs2243250) 

Increase of 
vaginal IL-4 

levels 
RVVC 

(Babula et al. 
2005) 

IL-10 
−1082A/G 

(rs1800896) 
Increase of IL-
10 production 

Persisting 
candidemia 

(Johnson et al. 
2012) 

1L-12B 
2724INS/DEL 
(rs17860508) 

Decrease of 
IFN-γ 

production 

Persisting 
candidemia 

(Johnson et al. 
2012) 

PLA2G4B rs8028958 
Decreased of 

ROS production 

Increased 
susceptibility to 

candidemia 

(Martin Jaeger 
et al. 2019) 

LY86 rs9405943 

Reduction of 
monocyte 

recruitment 
towards CCL2 

Increased 
susceptibility to 

candidemia 

(de Vries et al. 
2020) 

DEFB1 
−44C/G 

(rs1800972) 
Unknown 

Oral Candida 
(including C. 

albicans) 
carriage 

(Jurevic et al. 
2003) 
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C. albicans interactions with the host and the microbiota play a central role in its ability 

to colonize and maintain itself in the human gut, and C. albicans intestinal colonization 

is the cornerstone of the initiation of an infection in at-risk patients. Therefore, 

understanding the factors underlying this colonization is crucial to control the 

proliferation of C. albicans. At the beginning of my thesis, there were only a few studies 

that described potential factors behind C. albicans colonization in healthy individuals. 

In particular, we were lacking an accurate estimate of C. albicans carriage in healthy 

humans, most studies having been performed either on patients, and/or using culture-

based assays, that lack the sensitivity required to detect low C. albicans burden. 

Moreover, it is well known that C. albicans carriage can drastically vary between 

individuals, and these variations probably reflect variations of the host immunity and/or 

of the gut microbiota profile. Finally, although it was known that broad-spectrum 

antibiotics were a risk factor for C. albicans overgrowth, research had focused mainly 

on cohorts of patients and the understanding of the additional mechanisms involved in 

C. albicans overgrowth in healthy humans was very limited.  

Therefore, my thesis aims to (i) accurately estimate the carriage of C. albicans in 

healthy subjects, (ii) explore how the bacterial microbiota, and the host diet, lifestyle, 

and genetic profile might modulate C. albicans carriage, and (iii) decipher the influence 

of C. albicans intestinal carriage on the host immune response.  

To do so, I worked with two cohorts of healthy individuals: (i) the CEREMI cohort 

(Burdet, Nguyen, et al. 2019), which included 22 volunteers for which fecal samples 

were collected before, during and after a 3-day regimen of third generation 

cephalosporin (3GC) antibiotics, and (ii) the Milieu Intérieur cohort (Thomas et al. 

2015), which included 1000 healthy individuals for which a single fecal sample was 

collected.  

My PhD work will thus be presented in three distinct chapters:  

CHAPTER 1: COMPARISON AND IMPLEMENTATION OF DNA 

EXTRACTION PROTOCOLS AND QPCR ASSAYS FOR THE ANALYSIS OF 

THE INTESTINAL MICRO- AND MYCOBIOTA  

The gut micro- and mycobiota are commonly studied through high-throughput 

sequencing approaches, with either amplicon-targeted metagenomics or whole-

genome shotgun metagenomics sequencing. Such approaches rely heavily on 
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the quality of the DNA recovered from fecal samples. Consequently, the choice 

of an appropriate DNA extraction protocol is crucial. In this first chapter, I tested 

three DNA extraction protocols on fecal samples and compared their efficiency 

in recovering high-quality fungal DNA. I thus determined that the simplified 

version of the protocol Q, proposed by Yu and Morrison 2004,  resulted in the 

recovery of a relatively large amount of fungal DNA, and resulted in an overall 

increased bacterial α-diversity compared to the other protocols, while being 

relatively simple to implement. I therefore selected this protocol to perform all 

DNA extractions from fecal samples conducted in my thesis. In parallel, I 

implemented two qPCR assays to quantify the fungal burden and the levels of 

C. albicans recovered from fecal samples, and optimized them to be used either 

individually, in simplex assays, or combined, in duplex, with an internal control 

qPCR assay, for the detection of qPCR inhibitors, as these molecules are often 

recovered in DNA extracts from fecal samples. Finally, I developed an equation 

taking into account the efficacy of the DNA extraction to convert C. albicans 

DNA contents, measured by qPCR into a cell count. 

 

CHAPTER 2: THE IMPACT OF AN ANTIBIOTIC-INDUCED MICROBIOTA 

DYSBIOSIS ON THE MYCOBIOTA AND C. ALBICANS INTESTINAL 

CARRIAGE IN HEALTHY INDIVIDUALS 

Antibiotics are known to massively disrupt the intestinal microbiota, by killing the 

resident gut bacteria. However, their role on the intestinal mycobiota is still 

unclear.  In particular, when I started my thesis, there were no report of the direct 

role of antibiotics in the overgrowth of C. albicans in healthy humans, the few 

studies on the subject having been performed either on mice, or on cohorts of 

patients. In this second chapter, I followed prospectively the 22 healthy subjects 

of the CEREMI cohort before, during and after they were treated with β-lactams, 

a family of large-spectrum antibiotics widely used in clinics that is excreted 

through the bile into the gut and can thus affect the intestinal mycobiota. I first 

characterized the mycobiota of the subjects, as well as their fungal burden and 

C. albicans carriage before antibiotic exposure. I showed that the relative and 

absolute abundance of C. albicans increased after treatment, but this increase 

in C. albicans levels was subject-dependent, with strong inter-individual 

variations. As the human gut hosts bacteria naturally able to produce enzymes 
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able to hydrolyze β-lactam antibiotics (β-lactamases), the β-lactamase activity 

of each subject was measured before, during and after exposure to β-lactams. 

I thus showed that the change of β-lactamase activity was negatively correlated 

with the change of C. albicans levels after antibiotics, which could explain part 

of the variability in C. albicans levels after antibiotic treatment. In addition, I used 

Spearman correlations between C. albicans absolute abundance, deduced from 

qPCR data, and the relative abundance of the gut metagenomic species, 

deduced from shotgun metagenomics data or the relative abundance of the gut 

fungal species, deduced from the ITS1-targeted metagenomics data to identify 

bacteria or fungi potentially inhibiting C. albicans. 

 

CHAPTER 3: THE INFLUENCE OF HOST AND ENVIRONMENTAL 

FACTORS ON C. ALBICANS COLONIZATION IN HEALTHY INDIVIDUALS 

As mentioned through the introduction, it is well known that the gut microbiota 

and the host immune system are crucial in controlling the growth of C. albicans 

in the intestine. But as most studies are conducted on cohorts of patients, we 

still need to better understand the mechanisms involved in the proliferation of 

C. albicans in healthy humans. Thus, in this third chapter, I investigated how 

bacterial microbiota composition, diet, medical history and host environment 

can shape the carriage of C. albicans in healthy adults, using data collected 

from 695 of the 1000 healthy volunteers from the Milieu Intérieur cohort. 

Moreover, although several genetic disorders or common genetic 

polymorphisms are known to be associated with increased susceptibility to C. 

albicans infections, little is known about genetic polymorphisms associated with 

the susceptibility to C. albicans colonization in healthy individuals. We therefore 

conducted a genome-wide association study to identify genetic factors 

associated with host susceptibility to C. albicans colonization. Finally, 

considering previous reports on the importance of trained immunity in C. 

albicans infections, I wondered whether there was an advantage to the healthy 

host to maintain high levels of C. albicans in the gut. I therefore investigated the 

interplay between the extent of the intestinal carriage of C. albicans and the host 

immune response upon a mimicked C. albicans blood infection.  
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Overall, the work conducted during these past years has allowed a deeper 

understanding of the multiple factors associated with C. albicans colonization. Each of 

the following chapters contain a detailed description of each project conducted during 

my thesis. The second and third chapter are presented in the form of an article, with 

any additional results that could not be included in the article being presented at the 

end of the chapter. The overall outcomes of this thesis and the resulting questions that 

could not be included in one of the three chapters will be discussed in the perspectives 

section of this thesis. 
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A -  CHAPTER 1: COMPARISON AND 

IMPLEMENTATION OF DNA EXTRACTION 

PROTOCOLS AND QPCR ASSAYS FOR THE 

ANALYSIS OF THE INTESTINAL MICRO- AND 

MYCOBIOTA  

The first part of my PhD work consisted into optimizing and implementing experimental 

procedures, such as DNA extraction and qPCR assays, which are required to analyze 

the bacterial and fungal microbiota. As mentioned before, the gut micro- and mycobiota 

are mostly studied through high-throughput sequencing approaches and the quality of 

the results relies strongly on the DNA extraction protocol (Angebault et al. 2018; Leigh 

Greathouse, Sinha, and Vogtmann 2019; Gerasimidis et al. 2016; Fiedorová et al. 

2019). Standardized protocols for the isolation of bacterial DNA from fecal samples 

have been proposed (Santiago et al. 2014) but such efforts remain to be conducted for 

the isolation of fungal DNA. DNA extraction of the intestinal fungal microbiota brings 

additional challenges: fungi are underrepresented in the gut, with fungal genes being 

accountable for less than 0.1% of the gut microbiome (Underhill and Iliev 2014; Qin et 

al. 2010) and the structure of their cell wall prevents an efficient lysis of the fungal cells 

during the extraction (Karakousis et al. 2006; Yu and Morrison 2004; Angebault et al. 

2018). I thus needed to validate a DNA extraction protocol that returns DNA of a good 

enough quality to analyze both the bacterial and the fungal microbiota, so that this 

protocol can be used for the experimental part of this thesis.  

In this work, I tested three DNA extraction protocols on fecal samples and compared 

their efficiency in recovering fungal DNA. In parallel, I optimized two qPCR assays to 

quantify the total fungal burden and C. albicans levels in fecal samples. Finally, I 

developed an equation taking into account the efficacy of the DNA extraction to convert 

C. albicans DNA contents, measured by qPCR, into cell count. 
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1. Comparison of protocols for the extraction of fungal DNA from 

fecal samples  

To identify a DNA extraction protocol adapted for the analysis of the intestinal 

mycobiota, I conducted a pilot study aiming to compare three protocols : (i) protocol Q, 

the current reference for DNA extraction from fecal samples in microbiota studies 

(IHMS protocol Q, Santiago et al. 2014), (ii) protocol A, the repeated bead beating plus 

column method proposed by Yu and Morrison 2004, which is a simplified version of 

the protocol Q and (iii) protocol FAST, a kit-based protocol provided by the 

FASTDNATM SPIN Kit for Soil (MP Biomedicals, USA). Protocol Q and A require 

several steps of bead-beating, which allow a thorough lysis of the fungal cell walls but 

increase the time required to complete the DNA extraction (8-9 hours and 6-7 hours, 

respectively) whereas protocol FAST consists into a more straight-forward procedure 

which can be completed under 2 hours. The protocols were performed on the same 10 

fecal samples and their efficiency was assessed based on (i) the quantity of the DNA 

extracted, estimated by Qubit BR, (ii) the amount of fungal DNA recovered, quantified 

by 18S Panfungal qPCR, and (iii) the quality of the sequences obtained after 16S- and 

ITS1-targeted metagenomics sequencing.  

 

Figure 1: Experimental design of the pilot study for the comparison of fungal DNA 

extraction protocols from fecal samples. Protocol Q is the current reference for DNA 

extraction from fecal samples, Protocol A is a simplified version of the protocol Q and Protocol 

FAST is provided by the FASTDNATM SPIN Kit for Soil. 
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i. Influence of the DNA extraction on the total and fungal DNA 

recovered 

All three protocols yielded similar amounts of total fecal DNA (Kruskal Wallis paired 

test; p-value of 0.34, Fig. 2A and 2B) but differences were observed in the amount of 

fungal DNA recovered, with protocol FAST returning a lower concentration of fecal 

fungal DNA (Kruskal Wallis paired test; p-value of 0.043, Fig. 2C and 2D).  

  

Figure 2: Comparison of DNA extraction protocols in term of quantity of DNA extracted 

and fungal DNA recovered. (A). Barplot of the total DNA concentration obtained for each 

sample extracted by each protocol. The horizontal line corresponds to the minimal DNA 

content required to proceed with the downstream analysis. (B) Boxplot of the total DNA 

concentration obtained for each protocol. The horizontal line corresponds to the minimal DNA 

content required to proceed with the downstream analysis. (C). Barplot of the quantity of fungal 

DNA recovered for each sample by each protocol. (D). Boxplot of the quantity of fungal DNA 

recovered by each protocol. *p-value < 0.05. 

* 
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ii. Influence of the DNA extraction on the bacterial diversity and 

microbiota community profile 

The bacterial α-diversity, estimated by Shannon index, was similar for the samples 

processed by protocol A and FAST with a median of 5.34 (Kruskall-Wallis paired test; 

p-value of 0.19, Fig. 3A) whereas samples processed through protocol Q were 

characterized by a lower bacterial diversity (median of Shannon index: 5.06; Kruskall-

Wallis paired test; p-value of 0.002, Fig. 3A). The bacterial community structure was 

comparable between the three protocols with Firmicutes, Bacteroides, Actinobacteria 

and Proteobacteria being the more abundant phyla in all conditions (Fig. 3B).  

 

Figure 3: Comparison of DNA extraction protocols in term of bacterial α-diversity and 

bacterial community profile. (A) Boxplot of the Shannon Indexes obtained for each DNA 

extraction protocol. (B). Relative abundance of the bacterial phyla identified with each DNA 

extraction protocol. *p-value < 0.05. 

iii. Influence of the DNA extraction on the fungal diversity and 

mycobiota community profile 

ITS1-targeted metagenomic sequencing resulted in a large number of unassigned 

sequences (i.e. sequences that cannot be assigned to the fungal kingdom), reaching 

up to 97.9% in sample 5 when processed with protocol FAST. This might reflect either 

a low quality of sequences or the presence of plant DNA that can be partly amplified 

by the primers used. Although more extreme values were obtained with protocol FAST, 

the percentage of unassigned sequences was similar among the three DNA extraction 

* 
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protocols tested, suggesting that all protocols return sequences of comparable quality 

(Kruskall-Wallis paired test, p-value of 0.118, Fig. 4A and B). The fungal α-diversity 

was comparable between the samples processed with the three DNA extraction 

protocols, with a Shannon index median of 1.18 (Kruskall-Wallis paired test; p-value of 

0.094, Fig. 4C). Overall, the same main fungal genera were identified with all DNA 

extraction protocols with similar relative abundance (Fig. 4D), suggesting that none of 

the protocols introduce bias in fungal taxonomy.   

 

Figure 4: Comparison of DNA extraction protocols in term of fungal α-diversity and 

community profile. (A) Barplot of the percentage of unassigned sequences obtained for each 

sample with each DNA extraction protocol. (B). Boxplot of the percentage of unassigned 

sequences obtained with each protocol. (C) Boxplot of the Shannon Indexes obtained for each 

DNA extraction protocol. (D). Relative abundance of the fungal genera identified with each 

DNA extraction protocol. 
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Overall, protocol FAST performed more poorly than protocol A and Q, with a reduced 

amount of fungal DNA recovered and a higher, although not significant, percentage of 

unassigned sequences. Considering this and the fact that protocol Q returned a lower 

bacterial α-diversity and is more tedious to perform than protocol A, thus increasing 

the risk of experimental errors, I decided to select protocol A for all DNA extractions 

from fecal samples conducted in this thesis.  

 

2. Optimization of qPCR assays for the quantification of fungal 

and C. albicans DNA 

Once the DNA extracts were obtained, I needed a reliable and sensitive method for 

the quantification of the total fungal burden and levels of C. albicans in fecal samples. 

Culture methods are not optimal as they are tedious to implement on a large number 

of samples and not all fungi are cultivable. Moreover, these methods can only detect 

high levels of C. albicans. Targeted metagenomics approaches are more sensitive 

than culture, but the primers used for amplification of rDNA regions may introduce a 

taxonomic bias by uneven amplification of specific fungal taxa (Thielemann et al. 2022; 

Bellemain et al. 2010). Therefore, I opted for two qPCR assays: a 18S Panfungal 

qPCR, described by Liu et al. 2012, for the quantification of fungal DNA, and a C. 

albicans-specific qPCR assay adapted from Guiver, Levi, and Oppenheim 2001, for 

the estimation of C. albicans carriage.  

i. Identification of qPCR inhibitors 

qPCR assays are sensitive to qPCR inhibitors, that prevent DNA amplification, leading 

to false negative results (Valentine-Thon 2002), and qPCR inhibitors are frequently 

found in fecal samples (Oikarinen et al. 2009). In our preliminary tests, the DNA 

extractions from fecal samples occasionally resulted in colored DNA extracts, that were 

associated with a lower fungal DNA amplification (Fig. 5). However, some non-colored 

DNA extracts also returned negative results that were not coherent with either culture 

or sequencing data. Since the color of the samples alone did not allow a sensitive 

detection of qPCR inhibitors, I implemented an internal control qPCR assay to detect 

specifically qPCR inhibition in the DNA extracts. Using the Universal Exogenous qPCR 

Positive Control for TaqMan® Assay with a Cy®5-QXL®670 Probe system (Eurogentec, 

Belgium), a qPCR inhibition was detected in 120 of the 266 DNA extracts tested at a 
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1:10 dilution and increasing the dilution factor to 1:100 reversed the qPCR inhibition in 

111 of the 120 DNA extracts containing inhibitors (Fig. 6). 

Figure 5: Coloration of the DNA extracts is associated with a lower fungal DNA 

concentration. Boxplot of the fungal DNA concentrations obtained in (i) the strongly colored 

DNA extracts, (ii) the slightly colored DNA extracts and (iii) the non-colored DNA extracts. 

 

 

Figure 6: Proportion of DNA extracts with qPCR inhibitors among the DNA extracts 

diluted to 1:10 (left) or 1:100 (right). 
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Although this assay was sensitive and easy to implement, it required all DNA extracts 

to be subjected to another qPCR assay. Considering the large amount of fecal samples 

analyzed in my PhD work, I had to combine this internal qPCR control with the C. 

albicans qPCR assay and/or the 18S Panfungal qPCR assay, in order to reduce the 

cost and time required to perform fungal and C. albicans quantification. However, as 

the three qPCR assays were characterized by different annealing temperatures: 60°C 

for the internal control qPCR assay, 65°C for the 18S Panfungal qPCR and 62°C for 

the C. albicans qPCR assay, I had to optimize the qPCR conditions.  

ii. Optimization of a duplex C. albicans-internal control qPCR assay 

In order to perform the C. albicans qPCR assay at an annealing temperature of 60°C, 

I first optimized the concentration of the qPCR primers. I compared the qPCR efficiency 

with the primers at 50nM, 300nM, 400nM and 900nM and the Taqman probe at a fixed 

concentration of 100nM (Fig. 7).  

 

Figure 7: Comparison of four primers concentrations on the efficiency of a C. albicans 

qPCR assay. qPCR standard curves. E = efficiency, R2 = coefficient of correlation. All 

reactions were conducted at an annealing temperature of 60°C with a Taqman probe 

concentration of 100nM. C. albicans DNA concentrations are given in ng/μL. 
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All primers concentrations tested were associated with sufficient efficiency, but using 

a primer concentration of 400nM resulted in the reaction with the closest efficiency to 

100% and was therefore retained for further analysis. With the primer concentration 

set at 400nM, I then compared qPCR efficiency with TaqMan probe concentrations of 

50nM, 100nM and 250nM (Fig. 8). The assays with 50nM and 100nM probe both gave 

a sufficient efficiency, but the assay with 100nM probe had better reproducibility 

between technical replicates and this probe concentration was therefore retained. 

Once the C. albicans qPCR assay optimized to be efficient at an annealing temperature 

of 60°C, I combined the C. albicans qPCR and the internal control qPCR assays in a 

duplex assay. The duplex qPCR assay gave similar results to those obtained with the 

two simplex assays, with a slight increase in resistance to qPCR inhibitors in the duplex 

which was therefore validated for use (Table 1).  

 

Figure 8: Comparison of three probe concentrations on the efficiency of a C. albicans 

qPCR assay. qPCR standard curves. E = efficiency, R2 = coefficient of correlation. All 

reactions were conducted at an annealing temperature of 60°C with primers concentration of 

400nM. C. albicans DNA concentrations are represented in ng/μL. 
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Table 1: Comparison of the two simplex C. albicans and internal control qPCR assays 

with the duplex assay combining both qPCR. 

  

Original protocol 
simplex 

Optimized protocol 
duplex 

 
Sample Cq IPC 

C. albicans DNA   
[ng/uL] 

Cq IPC 
C. albicans DNA  

[ng/uL] 

1
/1

0
 d

il
u

ti
o

n
 

A 24.92 1.13E-03 23.41 6.41E-04 

B 23.97 1.14E-03 24.87 8.30E-04 

C 26.87 0.00E+00 27.42 0.00E+00 

D 27.51 0.00E+00 28.01 0.00E+00 

E No Amplification 0.00E+00 No Amplification 9.24E-07 

F No Amplification 0.00E+00 27.32 1.42E-04 

G No Amplification 0.00E+00 No Amplification 0.00E+00 

H No Amplification 0.00E+00 No Amplification 0.00E+00 

I No Amplification 0.00E+00 No Amplification 0.00E+00 

 

iii. Optimization of a 18S Panfungal qPCR assay 

Since the 18S Panfungal qPCR assay had an annealing temperature of 65°C, five 

more degrees than for the internal control qPCR assay, I compared the efficiency of 

this assay on a gradient of annealing temperatures ranging from 65°C to 60°C. As the 

tested temperatures did not seem to affect the efficiency of the qPCR assay (Fig. 9), I 

conserved an annealing temperature of 60°C. Once the 18S Panfungal qPCR assay 

was confirmed to be efficient at an annealing temperature of 60°C, I combined this 

qPCR and the internal control qPCR assays in a duplex assay. The duplex qPCR 

assay gave similar results than those obtained with the two simplex assays and was 

therefore validated for use (Table 2). 
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Figure 9: Comparison of a gradient on annealing temperature on the efficiency of a 18S 

Panfungal qPCR assay. qPCR standard curves. E = efficiency, R2 = coefficient of correlation. 

Fungal DNA concentrations are represented in ng/μL 

 

Table 2: Comparison of the two simplex 18S Panfungal qPCR and internal control qPCR 

assays with the duplex assay combining both qPCR. 

  

Original protocol  
(simplex) 

Optimized protocol 
(duplex) 

 
Sample Cq IPC 

Fungal DNA 
[ng/uL] 

Cq IPC 
Fungal DNA 

[ng/uL] 

1
/1

0
0
 d

il
u

ti
o

n
 

A NA 6.80E-01 25.12 2.24E-02 

B NA 2.45E+00 26.2 1.09E+00 

C NA 1.54E-02 27.21 7.22E-03 

D NA 1.59E-02 27.33 5.09E-03 

E 24.73 1.99E-01 24.49 5.61E-02 

F 26.93 1.91E-02 27.11 1.18E-02 

G 28.12 0.00E+00 28 0.00E+00 

H 27.18 2.38E-02 27.11 5.21E-02 

I No Amplification 0.00E+00 No Amplification 0.00E+00 
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3. From DNA content to cell count: assessment of C. albicans cell 

count in fecal samples from qPCR data 

When C. albicans carriage is measured by qPCR assay using a quantification 

standard, the result is a DNA concentration, usually expressed in nanogram per 

microliter. The DNA content can then be transformed into a cell number. In theory, the 

number of cells initially present in a sample can be estimated based on the DNA 

content quantified by qPCR, the size of the C. albicans genome and the molecular 

weight of a DNA molecule, using the following formula: 

 

𝑁𝑐𝑒𝑙𝑙𝑠 =
𝐷𝑁𝐴𝑚  ×  𝑁𝐴

𝑀 ×  𝐺𝑒𝑛𝑜𝑚𝑒
= 35,093.24 ×  𝐷𝑁𝐴𝑐    

 

Where 𝑁𝑐𝑒𝑙𝑙𝑠 is the number of estimated C. albicans cells, 𝐷𝑁𝐴𝑚 is C. albicans DNA 

content measured by qPCR, in nanogram, 𝑁𝐴 is Avogadro’s number (i.e. 6.022 x 1023 

molecules/mole), 𝑀 is the molar mass of a DNA base pair (bp) (i.e. 6.6 x 1011 ng/mole) 

and 𝐺𝑒𝑛𝑜𝑚𝑒 is the size of C. albicans genome (i.e. 26Mb).  

However, this equation returns the number of estimated cells present in a sample 

without considering the efficiency of the DNA extraction; a significant amount of DNA 

being lost during any DNA extraction protocol. Therefore, to estimate the number of 

cells in a fecal sample, we need to know the proportion of DNA recovered after 

extraction.  

To do so, I spiked aliquots from two independent fecal samples, in which no C. albicans 

DNA had been detected by qPCR, with 106, 105, 104 and 103 C. albicans cells and 

measured, by qPCR, the amount of C. albicans DNA recovered after DNA extraction. 

I was thus able to compare the theorical number of C. albicans – as quantified by qPCR 

and transformed with the above equation – and the number of cells actually spiked in 

the fecal sample. In average, only 2.79% (min: 0.28%, max: 6.74%) of the total C. 

albicans content was recovered after DNA extraction (Fig. 10). Therefore, for a fecal 

sample containing 1000 C. albicans cells, an average of only 8 x 10-4 ng of DNA is 

recovered, corresponding to 28 C. albicans cells. Considering the limit of detection of 

the C. albicans qPCR (10-5 ng of C. albicans DNA per fecal sample, see Materials and 

Methods), we can therefore detect C. albicans DNA in fecal samples containing a 
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minimum of around 100 cells per gram of stool, thus allowing a more sensitive 

detection than cultures methods.  

Thus, to take into account the efficiency of the DNA extraction, the above equation can 

be adapted to convert C. albicans DNA content, measured by qPCR, to the number of 

C. albicans cells initially present in a fecal sample. 

 

𝑁𝑐𝑒𝑙𝑙𝑠 =
𝐷𝑁𝐴𝑚  ×  𝑁𝐴

𝑀 ×  𝐺𝑒𝑛𝑜𝑚𝑒 × 𝐸𝑒𝑓𝑓
= 1,257,822 ×  𝐷𝑁𝐴𝑐 

 

Where 𝑁𝑐𝑒𝑙𝑙𝑠 is the number of estimated C. albicans cells, 𝐷𝑁𝐴𝑚 is C. albicans DNA 

content measured by qPCR, in nanogram, 𝑁𝐴 is Avogadro’s number (i.e. 6.022 x 1023 

molecules/mole), 𝑀 is the molar mass of a DNA base pair (i.e. 6.6 x 1011 ng/mole), 

𝐺𝑒𝑛𝑜𝑚𝑒 is the size of the C. albicans genome (i.e. 26Mb) and 𝐸𝑒𝑓𝑓 is the DNA 

extraction efficiency, estimated by the spiking approach presented above (i.e 2.79%).  

Considering the variations in extraction efficiency across the samples, the cell counts 

estimated by this equation can only be indicative but it helps in interpreting biologically 

the qPCR results. Therefore, in this PhD work, I chose to express all qPCR results on 

ng of DNA per gram of fecal samples, in order to retain a maximum of the accuracy 

brought by the qPCR assays.  

In summary, in this chapter I compared three DNA extraction protocols for their 

efficiency to extract fungal DNA from fecal samples and selected one to use in the 

following analysis. In addition, I implemented two qPCR assays to quantify the total 

fungal burden and the levels of C. albicans in fecal samples and optimized them to be 

able to use them individually, in simplex assays, or combined with an internal control 

qPCR assay for the detection of qPCR inhibitors. Finally, I developed an equation 

taking into account the efficacity of the DNA extraction to convert C. albicans DNA 

contents, measured by qPCR, into cell count.  
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Figure 10: Estimation of C. albicans DNA and cells recovered after DNA extraction. (A). 

Correlation plot between the number of C. albicans cells spiked into a fecal sample and the 

amount of C. albicans DNA recovered after DNA extraction, as measured by qPCR. 

Regression is represented by a cyan line and the confidence interval by the gray area. 

Spearman’s correlation coefficient (R) and associated p-value (p) are indicated at the top of 

the graph. (B) Correlation plot between the number of C. albicans cells spiked into a fecal 

sample and the estimated number of C. albicans cells recovered after DNA extraction, as 

measured by qPCR (see equation above). Regression is represented by a cyan line and the 

confidence interval by the gray area. Spearman’s correlation coefficient (R) and associated p-

value (p) are indicated at the top of the graph. (C) Boxplot of the efficiency of the DNA 

extraction associated with different amount of spiked C. albicans cells. Pink aeras corresponds 

to the recovered C. albicans content and white aeras to C. albicans content lost during the 

extraction. 
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4. Materials and Methods 

Fecal samples. Comparison of three DNA extraction protocols. To compare the 

efficacy of the three DNA extraction protocols, I used five fecal samples from five 

healthy adults, that were collected from the ICAREB platform (Institut Pasteur, France). 

In addition of these samples, I used five additional fecal samples collected from five 

healthy subjects of the CEREMI study, a prospective, open-label and randomized 

clinical trial conducted from March 2016 to August 2017 in healthy adult subjects at the 

Clinical Investigation Center at Bichat-Claude Bernard Hospital (Paris, France) 

(Burdet, Nguyen, et al. 2019). The study is registered at ClinicalTrials.gov under 

identifier NCT02659033 and obtained approval from the Independent Ethics 

Committee Île-de-France 1 on 21 December 2015 (2015-oct-14028) and from the 

National Agency for Security of Medicinal Products on 24 July 2015 (150527A-41). 

Participants were given oral and written information and had to return signed consent 

before inclusion in the trial.  

qPCR optimization. To optimize the qPCR assays presented in this study, we used the 

266 fecal samples from healthy subjects, available with the CEREMI study. 

Spiking experiment. Two fecal samples from healthy subjects, available with the 

CEREMI study, were used to assess the efficiency of C. albicans DNA extraction from 

fecal samples. 

DNA extraction protocols. For each sample, three different genomic DNA extraction 

protocols were used (IHMS protocol Q, repeated bead beating plus column method 

and FASTDNATM SPIN Kit, see below).  

Protocol Q, International Human Microbiota Standards. For each sample, 100-250 mg 

of stool was processed following the recommendation of the IHMS_SOP 006 (Dore et 

al. 2015)  with some minor adjustments. I added 0.1g of 0.5mm zirconia beads to the 

0.3 g of 0.1mm zirconia beads recommended and performed 6 bead-beating cycles of 

1 min at 6400 rpm with 5 minutes resting on ice between cycles. 

Protocol A, Repeated bead beating plus column method. For each sample, 100-250 

mg of stool was processed following the repeated bead beating plus column method 

described by Yu and Morrison, 2004 (Yu and Morrison 2004) except than a FastPrep-

24TM device (MP Biomedicals, Belgium) was used instead of a Mini-BeadbeaterTM. 
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Protocol FAST, FASTDNATM SPIN Kit (MP Biomedicals, USA). For each sample, 100-

250 mg of stool was processed following the manufacturer recommendation. DNA 

extracts were eluted in 100μL DNase/Pyrogen-Free Water.  

Total DNA quantification. Total fecal DNA levels were measured by Qubit (Invitrogen, 

USA) using the dsDNA Broad Range Kit (Invitrogen, USA).   

16S-targeted metagenomic sequencing. Amplicon libraries, targeting the V3-V4 16S 

region (Klindworth et al. 2013) were prepared as described in the 16S Metagenomic 

Sequencing Library Preparation guide (“16S Metagenomic Sequencing Library 

Preparation”, online).  

ITS1-targeted metagenomic sequencing. Amplicon library, targeting the ITS1 region 

were prepared as described in Delavy et al. 2022.  

Bacterial and fungal DNA sequences analyses. 16S and ITS1 sequences were 

analyzed with QIIME 2TM (Quantitative Insights into Microbial Ecology) (Bolyen et al. 

2019).  

16S sequences analysis. A total of 15.4 million sequences were generated from the 

30 samples, with a mean of 514’750 sequences per sample. Sequences were trimmed 

to 300 bp and 228 bp for the forward and reverse sequences, respectively. Using the 

DADA2 tool (Callahan et al. 2016), the sequences were denoised and dereplicated 

into amplicons sequences variants (ASVs), and the chimeras were removed. I 

generated a feature table for all samples with a minimum of 6058 sequences per 

sample, and then subjected the feature table to taxonomic classification. The 

taxonomic annotation was performed using the SILVA database (release 132).  

ITS1 sequences analysis. A total of 16.6 million of sequences were generated from the 

30 samples, with a mean of 553’093 sequences per sample. Sequences were trimmed 

to 282 and 283 bp for the forward and reverse sequences, respectively. Using the 

DADA2 tool (Callahan et al. 2016), the sequences were denoised and dereplicated 

into ASVs, and the chimeras were removed. I generated a feature table for all samples 

with a minimum of 1167 sequences per sample. The taxonomic annotation was 

performed on the feature table using the UNITE database (rev. 8.0). 

Statistical analysis. All analyses were performed on R (v. 4.1.2, Team R Development 

Core 2018). We used the vegan package (v. 2.6-4, Oksanen et al. 2019) to compute 
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diversity indexes and the ggplot2 package to generate the figures (v. 3.4.0, Wickham 

et al. 2018). 

Quantitative PCR internal amplification control. To exclude the presence of qPCR 

inhibitors, samples diluted at 1:10, were submitted to the Universal Exogenous qPCR 

Positive Control for TaqMan® Assay (Eurogentec, Belgium), using a Cy®5-QXL®670 

Probe system (Eurogentec, Belgium). Manufacturer’s recommendations were 

followed. Samples with qPCR inhibitors at a 1:10 dilution were diluted at 1:100 and 

submitted to a new round of qPCR.  

Quantitative PCR for detection of C. albicans DNA in human DNA samples. 10 μL 

of the extracted total fecal DNA, at 1:10 dilution, were used as a template for TaqMan 

qPCR analysis, using probe and primers described by Guiver et al, 2001 (Guiver, Levi, 

and Oppenheim 2001), for a final volume of reaction of 50 µL.  

Original protocol. Primers and probes were used at 100nM and 200nM, respectively. 

All reactions were performed on a CFX96 Real-Time PCR system (BioRad, USA) with 

the following conditions: 2 min at 50°C, 10 min at 95°C, 15 s at 95°C and 1 min at 

62°C, the last two steps repeated for 45 cycles. All samples were tested in duplicates.  

Optimization. Primer concentration of 50nM, 300nM, 400nM and 900nM and probe 

concentrations of 50nM, 100nM and 250nM were tested. All reactions were performed 

on a CFX96 Real-Time PCR system (BioRad, USA) with the following conditions: 2 

min at 50°C, 10 min at 95°C, 15 s at 95°C and 1 min at 60°C, the last two steps 

repeated for 45 cycles. All samples were tested in duplicates. In the optimized 

conditions, the limit of detection is of 10-8 ng/µL. Considering that the DNA extracts are 

prepared in a final volume of 100µL and diluted at 1:10 for the qPCR, this corresponds 

to a limit of detection of 10-5 ng of C. albicans DNA per fecal sample for the samples 

diluted at 1:10.  

Quantitative PCR for detection of total fungal load in human DNA samples. 

Fungal DNA was quantified by TaqMan qPCR as described by Liu et al. 2012 (C. M. 

Liu et al. 2012) using a double dye MGB 5' 6-FAM-labelled probe (Eurogentec, 

Belgium). The fungal load was estimated by dividing the fungal DNA concentration by 

the total DNA concentration of the sample (Zuo et al. 2018), obtained by Qubit Broad 

Range protocol 
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Original protocol. All reactions were performed on a CFX96 Real-Time PCR system 

(BioRad, USA) with the following conditions: 2 min at 50°C, 10 min at 95°C, 15 s at 

95°C and 1 min at 65°C, the last two steps repeated for 45 cycles. All samples were 

tested in two independent rounds, each time in duplicates.  

Optimization. All reactions were performed on a CFX96 Real-Time PCR system 

(BioRad, USA) with an annealing temperature of 65°C, 64.2°C, 62.7°C and 60°C.  

Spiking of fecal samples with C. albicans cells. The cell counts of an overnight 

culture of C. albicans strain SC5314 was quantified by flow cytometry using a 

MacsQuant Analyzer (Miltenyi Biotech, Germary). 100 mg of fecal samples were 

spiked with 106, 105, 104 and 103 C. albicans cells. The fecal samples were extracted 

using protocol A, (repeated bead beating plus column method). C. albicans DNA was 

quantified using the specific C. albicans qPCR assay described above. C. albicans 

DNA content was reverted into cell counts using the following equation, and compared 

to the initial number of C. albicans cells spiked:  

 

𝑁𝑐𝑒𝑙𝑙𝑠 =
𝐷𝑁𝐴𝑚  ×  𝑁𝐴

𝑀 ×  𝐺𝑒𝑛𝑜𝑚𝑒
= 35,093.24 ×  𝐷𝑁𝐴𝑐    

 

Where 𝑁𝑐𝑒𝑙𝑙𝑠 is the number of estimated C. albicans cells, 𝐷𝑁𝐴𝑚 is C. albicans DNA 

content measured by qPCR, in nanogram, 𝑁𝐴 is Avogadro’s number (i.e. 6.022 x 1023 

molecules/mole), 𝑀 is the molar mass of a base pair (bp) of DNA (i.e. 6.6 x 1011 

ng/mole) and 𝐺𝑒𝑛𝑜𝑚𝑒 is the size of the C. albicans genome (i.e. 26Mb).  

Statistical analysis. All analyses were performed on R (v. 4.1.2, Team R Development 

Core 2018). We the ggplot2 (v. 3.4.0, Wickham et al. 2018) and the ggpubr (v. 0.5.0, 

Kassambara 2022) packages to generate the figures. 
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B -  CHAPTER 2: THE IMPACT OF AN ANTIBIOTIC-

INDUCED MICROBIOTA DYSBIOSIS ON THE 

MYCOBIOTA AND C. ALBICANS INTESTINAL 

CARRIAGE IN HEALTHY INDIVIDUALS. 

 

1. Context and aim 

As seen in the introduction, C. albicans intestinal overgrowth is a prerequisite for 

intestinal translocation, which is at the root of systemic infections by this yeast (Zhai et 

al. 2020). A well-known risk factor for these infections is the administration of large-

spectrum antibiotics (Pappas et al. 2018). Antibiotics are major disturbers of the 

intestinal microbiota but their role on the mycobiota is still unclear (Burdet, Nguyen, et 

al. 2019; Burdet, Grall, et al. 2019; Seelbinder et al. 2020; Fouhy et al. 2012). Studies 

have investigated the effect of antibiotics on mice mycobiota (Dollive et al. 2013; Fan 

et al. 2015) but at the beginning of this thesis, there was no report of the direct role of 

antibiotics in the overgrowth of C. albicans in healthy humans. In the study presented 

here, I analyzed how the gut mycobiota and, especially C. albicans, was affected by 

β-lactams, a family of large-spectrum antibiotics widely used in clinics that is excreted 

through the bile into the gut and can thus affect the intestinal mycobiota.  

We followed prospectively healthy volunteers before, during and after a β-lactam 

treatment by third-generation cephalosporins (3GC) (Burdet, Nguyen, et al. 2019; 

Burdet, Grall, et al. 2019). The mycobiota of the healthy volunteers before the 

treatment was characterized by a low richness and evenness, with a median of only 

25 fungal Operational Taxonomic Units (OTUs) per sample and a Shannon Index of 

1.18, but a high diversity between the subjects and also within a same individual 

between the different samples collected. To quantify the carriage of C. albicans, I used 

a qPCR assay, which is more sensible than culture or metagenomic, and allows the 

determination of C. albicans absolute abundance, whereas metagenomic approaches 

can only return a relative abundance. I thus observed than 95.2% of the subjects were 

colonized by this yeast.  

The antibiotics had no effect on the fungal diversity but the mycobiota profile was 

altered with a decrease of Penicillium roqueforti and Debaryomyces hansenii and an 
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increase of Saccharomyces cerevisiae relative abundances after the treatment. Both 

C. albicans relative and absolute abundance were increased after the treatment but 

this increase of C. albicans levels was subject-dependent, with strong inter-individual 

variations. Since a preliminary report suggested that the human gut hosts bacteria 

naturally able to produce β-lactamases (Leonard et al. 1989), enzymes able to 

hydrolyze β-lactam antibiotics, I hypothesized that β-lactamase activity could vary 

across the subjects following the antibiotic treatment and thus reduce antibiotics impact 

in the gut of some of them. Overall, β-lactamase activity was increased after the 

antibiotic treatment, but some subjects displayed a stronger increase than other, and 

this increase was negatively correlated with the change of C. albicans levels after 

antibiotics.  

In summary, in this study I showed that C. albicans is present in the gut of almost all 

individuals, even at very low concentrations, which suggests that this species is not a 

facultative commensal, as it was previously hypothesized. Moreover, I highlighted an 

overall increase of the fungal load and C. albicans levels after 3CG treatment, but the 

degree to which C. albicans populations increased was subject-dependent. The same 

antibiotic treatment can therefore disturb the gut mycobiota and C. albicans carriage 

differently, depending on the subject receiving it. Taken together, the results presented 

in this study bring a new understanding of the factors behind the proliferation of C. 

albicans after exposure to antibiotics, which could lead to the identification of new ways 

to prevent potentially life-threatening secondary infections caused by this pathogen. 
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i. Abstract 

Antibiotics disturb the intestinal bacterial microbiota, leading to gut dysbiosis and an 

increased risk for the overgrowth of opportunistic pathogens. It is not fully understood 

to what extent antibiotics affect the fungal fraction of the intestinal microbiota, the 

mycobiota. There is no report of the direct role of antibiotics in the overgrowth in healthy 

humans of the opportunistic pathogenic yeast Candida albicans. Here, we have 

explored the gut mycobiota of 22 healthy subjects before, during, and up to 6 months 

after a 3-day regimen of third-generation cephalosporins (3GCs). Using ITS1-targeted 

metagenomics, we highlighted the strong intra- and interindividual diversity of the 

healthy gut mycobiota. With a specific quantitative approach, we showed that C. 

albicans prevalence was much higher than previously reported, with all subjects but 

one being carriers of C. albicans, although with highly variable burdens. 3GCs 

significantly altered the mycobiota composition and the fungal load was increased both 

at short and long term. Both C. albicans relative and absolute abundances were 

increased but 3GCs did not reduce intersubject variability. Variations in C. 

albicans burden in response to 3GC treatment could be partly explained by changes 

in the levels of endogenous fecal β-lactamase activity, with subjects characterized by 

a high increase of β-lactamase activity displaying a lower increase of C. 

albicans levels. A same antibiotic treatment might thus affect differentially the gut 

mycobiota and C. albicans carriage, depending on the treated subject, suggesting a 

need to adjust the current risk factors for C. albicans overgrowth after a β-lactam 

treatment. 

ii. Importance 

Fungal infections are redoubtable healthcare-associated complications in 

immunocompromised patients. Particularly, the commensal intestinal yeast Candida 

albicans causes invasive infections in intensive care patients and is, therefore, 

associated with high mortality. These infections are preceded by an intestinal 

expansion of C. albicans before its translocation into the bloodstream. Antibiotics are 

a well-known risk factor for C. albicans overgrowth but the impact of antibiotic-induced 

dysbiosis on the human gut mycobiota—the fungal microbiota—and the understanding 

of the mechanisms involved in C. albicans overgrowth in humans are very limited. Our 

study shows that antibiotics increase the fungal proportion in the gut and disturb the 

fungal composition, especially C. albicans, in a subject-dependent manner. Indeed, 
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variations across subjects in C. albicans burden in response to β-lactam treatment 

could be partly explained by changes in the levels of endogenous fecal β-lactamase 

activity. This highlighted a potential new key factor for C. albicans overgrowth. Thus, 

the significance of our research is in providing a better understanding of the factors 

behind C. albicans intestinal overgrowth, which might lead to new means to prevent 

life-threatening secondary infections. 

Keywords: antibiotics, Candida albicans, gut mycobiota, healthy individuals, beta-

lactamases 

iii. Introduction 

Interest in the role of the gut microbiota in health and disease is rising (Krajmalnik-

Brown et al. 2015; Milani et al. 2016; T et al. 2020; Turnbaugh et al. 2007) and the role 

of antibiotics as major disturbers of the microbiota healthy state has been largely 

studied (Burdet, Nguyen, et al. 2019; Seelbinder et al. 2020; Fouhy et al. 2012; Burdet, 

Grall, et al. 2019). By killing the resident bacteria of the gut, broad-spectrum antibiotics 

reduce bacterial diversity in the gastrointestinal (GI) tract and decrease the abundance 

of beneficial bacteria (Burdet, Nguyen, et al. 2019; Fouhy et al. 2012). They also alter 

the gut microbiota interaction network, thus contributing to the overgrowth of 

opportunistic pathogens (Seelbinder et al. 2020; Smits et al. 2016). More alarmingly, 

the prolonged use of antibiotics may promote antibiotic resistance (Blair et al. 2015). 

For example, β-lactam exposure can lead to the selection of specific gut bacteria able 

to produce β-lactamases, enzymes that can hydrolyze β-lactam antibiotics, leading to 

an overall increase in antibiotic resistance (Leonard et al. 1989; Niehus et al. 2020).  

While the bacterial microbiota is extensively studied, less attention has been paid to 

the mycobiota – the fungal part of the microbiota – and to the consequences that 

antibiotic-induced dysbiosis may have on the fungal communities of the gut. It is now 

well established that fungi can rapidly proliferate in the GI tract of mice after removal 

of gut bacteria by antibiotics (Dollive et al. 2013). The mouse GI tract is not naturally 

colonized by the opportunistic pathogen Candida albicans and antibiotics have been 

used to trigger such colonization (Fan et al. 2015), suggesting that they clear specific 

bacteria able to inhibit C. albicans growth in the mouse GI tract (Mirhakkak et al. 2021). 

Yet, we need more information about the impact of an antibiotic-induced dysbiosis on 

the healthy human gut mycobiota and specifically C. albicans.  Since C. albicans 



Margot DELAVY – Thèse de doctorat - 2023 

106 
 

systemic infections are responsible for thousands of deaths each year (Brown et al. 

2012) and since antibiotics are a well-known risk factor for these infections (Pappas et 

al. 2018), we need to better understand the mechanisms of C. albicans overgrowth in 

the human gut, upon antibiotic treatment. 

In this work, we prospectively followed two parallel groups of 11 healthy subjects each, 

before, during and after they were treated intravenously with either cefotaxime or 

ceftriaxone, two third generation cephalosporin (3GC) antibiotics that share a similar 

activity spectrum (Burdet, Grall, et al. 2019). We quantified the levels of C. albicans 

carriage in all subjects and characterized their healthy mycobiota and its variability 

during the two-week period preceding antibiotic administration. Then, we analyzed the 

changes in terms of fungal diversity, fungal burden, community profile and C. albicans 

levels, occurring in the mycobiota after antibiotics were administrated, both at short 

and long term. Finally, we monitored the level of fecal β-lactamase activity, which is 

known to modulate the intensity of the post-3GC intestinal dysbiosis, and we correlated 

the changes in β-lactamase activity with the impact of 3GCs on C. albicans carriage.  

iv. Results 

The gut mycobiota of healthy subjects is highly dynamic and variable. To study 

the healthy mycobiota, we used fecal samples collected from each of 22 healthy 

volunteers at D-15, D-7 and D-1, before antibiotic administration (see Methods). In 

total, 54 fecal samples (1-3 available per subject) were available for analyses.  

First, we assessed the fungal load, i.e. the ratio between the fungal DNA concentration 

and the total fecal DNA (see Materials and Methods). The mycobiota represented a 

very small fraction of the total microbiota in healthy subjects (median fungal load: 

7.9x10-6, min: 6.7x10-10, max: 1.5x10-3, Supplementary Figure 1A).  

Using ITS1 sequencing, we further characterized the mycobiota composition of the 22 

subjects during the two weeks preceding 3GC exposure. We identified 233 different 

OTUs, 182 OTUs (78.1%) being annotated at the phylum level, 167 (71.7%) at the 

genus level and 123 (52.8%) at the species level. Overall, the 167 OTUs annotated at 

the genus level and the 123 OTUs annotated at the species level represented 99.7% 

and 91.2% of the total number of sequences, respectively.  

Ascomycota was the most abundant phylum (mean relative abundance of 77.9%), 

followed by Basidiomycota (21.9%, Supplementary Figure 1B). Sixty-two fungal 
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genera were identified in at least two samples, with eight reaching a mean relative 

abundance across subjects above 1% (Supplementary Figure 1C). Ninety-five species 

were identified in at least two samples, nine reaching a mean relative abundance 

across subjects above 1% (Table 1).  

Table 1: Prevalence of the main fungal species in healthy subjects and in their fecal 

samples, estimated by ITS1 sequencing.  

The taxa relative abundances were highly variable between individuals and across 

time (Figure 1A), with Galactomyces candidus being the most disparately represented 

taxa, with a relative abundance varying from 0 to 99.2% depending on the sample.  

 Prevalencea 

Main fungal species Fecal samples (%) 

(N=54) 

Healthy subjects (%) 

(N=22) 

Vanrija humicola 98.2 100.0 

Galactomyces candidus 92.6 95.5 

Saccharomyces cerevisiae 88.9 95.5 

Candida parapsilosis 88.9 95.5 

Penicillium roqueforti 72.2 90.9 

Cutaneotrichosporon 

curvatum 
87.0 86.4 

Malassezia restricta 88.8 77.3 

Candida albicans 75.9 72.7 

Debaryomyces hansenii 68.5 59.1 

aA species is considered present in a sample if its relative abundance is above 0.1%. 

A species is considered present in a subject if it is present in at least one sample 

between −D15 and −D1. 
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Figure 1: Dynamic of the mycobiota characteristics in 22 healthy individuals during a 2-

week period. (A) Fungal species relative abundances at 1-week apart time points for 22 

healthy subjects. For each subject, barplots are ordered by time (−D15, −D7, −D1 before 

antibiotics). Represented species reached a mean relative abundance across subjects above 

1%. (B) Alpha diversity: violin plot of the number of OTUs and of the Shannon index values at 

1-week apart time points for 22 healthy subjects. (C) Beta diversity: Bray-Curtis dissimilarity 

values between samples donated by different subjects (between subjects) and between 

samples donated by the same subjects (within subjects) for ITS1 sequencing data. Values 

range from 0 to 1, with 0 being the least dissimilar and 1 being the most dissimilar. (D) Violin 

and boxplots of the C. albicans DNA levels at 1-week apart time points for 22 healthy subjects. 
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Each dot represents a sample. For all panels, the upper whiskers extend from the hinge to the 

largest value below 1.5× the interquartile range, and the lower whiskers extend from the hinge 

to the smallest value above 1.5× the interquartile range. 

We identified a median of only 25 OTUs per sample (min: 5, max: 55, Figure 1B), 

corresponding to a median Shannon Index of 1.18 (min: 0.18, max: 2.26, Figure 1B), 

reflecting a low richness and evenness within each sample.  Unlike this low α-diversity, 

we observed a high β-diversity, which quantifies the level of dissimilarity between 

samples, with a median Bray-Curtis dissimilarity index of 0.87 between the subjects 

(min: 0.02 max: 1.00, Figure 1C). We also followed the variations occurring overtime 

during the 2-week period preceding 3GC exposure. The within subjects’ diversity, 

measured between the samples collected from the same subject at different time, was 

almost as high as the between subject diversity, with a Bray-Curtis dissimilarity index 

of 0.75 (min: 0.08, max: 0.99, Figure 1C, Supplementary Figure 2). 

We quantified the levels of fecal C. albicans in these volunteers, by determining the 

absolute abundance of C. albicans, using specific qPCR. We detected C. albicans 

DNA at least once between D-15 and D-1 in 20/21 subjects (95.2%) before 3GC 

administration. In total, 42/51 samples analyzed were positive for C. albicans (82.4%) 

and in these samples, C. albicans DNA levels ranged from 2.8x10-4 to 1.26 ng/g of 

stool, with a median of 2.x10-3 ng/g of stool (Figure 1D). In comparison, by using ITS1 

sequencing data and culture methods, we could detect C. albicans in only 16/22 

(72.7%, Table 1) and in 7/22 (15.8%) subjects, respectively.   

Cefotaxime and ceftriaxone exposure increases the fungal load and disturbs the 

gut mycobiota composition. To measure how much the antibiotic treatment affected 

the gut mycobiota, we compared its features, including the fungal load, genera and 

species composition, and C. albicans absolute levels, at baseline (D0) with those 

during and after antibiotics (Figure 2A). Data collected at D-1 were used as baseline. 

If missing, D-7 data were used instead (See Supplementary Figure 3). 
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Figure 2: Impact of 3-day cefotaxime and ceftriaxone IV treatment on the gut mycobiota 

of 22 healthy subjects followed for a 6-month period. (A) Study design. (B) Log10 

(foldchange [FC]) of the fungal load following ceftriaxone and cefotaxime treatment (gray area). 

Thin lines represent the subjects; thicker lines represent the medians at each day for each 

treatment group (blue and green) and for all subjects (black). (C) Main fungal species 

distribution following ceftriaxone and cefotaxime treatment. (D) Distribution of the relative 

abundance log10 (FC) AUCs for Candida albicans, Debaryomyces hansenii, Penicillium 

roqueforti, and Saccharomyces cerevisiae, highlighting the duration and the amplitude of the 

perturbations *q value < 0.05, Wilcoxon t-test, false-discovery rate correction. Upper whiskers 

extend from the hinge to the largest value below 1.5× the interquartile range, and the lower 

whiskers extend from the hinge to the smallest value above 1.5× the interquartile range. (E) 

Log10 (FC) of C. albicans DNA levels following ceftriaxone and cefotaxime treatment (gray 
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area). Thin lines represent the subjects; thicker lines represent the medians at each day for 

each treatment group (blue and green) and for all subjects (black). 

We used two metrics to estimate changes during and after antibiotic administration:  

the Areas Under the Curve (AUCs) of the mycobiota characteristics’ changes from D0, 

and the changes from D0 of the mycobiota characteristics, for each subject, at different 

time points between D1 and D180. The first metric allows the aggregation of both the 

duration of the changes and their amplitude whereas the second allows the detection 

of more punctual variations.   

We observed a general long-term increase of the fungal load in the 22 subjects early 

after the start of the antibiotic treatment. The fungal load significantly increased 

immediately after the start of antibiotics, independently of the antibiotic used, with a 

positive AUCs for all calculated periods between D0 and D2 and D0 and D90 (Wilcoxon 

test; p-values of 0.008, 0.017, 0.040, 0.014, 0.009, 0.005, 0.006 and 0.048, 

respectively) with a maximal 62.3-fold increase at D2 (min: 0.02, max: 1.8 x104; 

Wilcoxon test; p-value of 0.007, Figure 2B, Supplementary Figure 4B, Supplementary 

Table 1). No difference was observed between the subjects treated with ceftriaxone 

and those treated with cefotaxime (Figure 2B, Supplementary Table 2). 

At D15, we observed a slight increase of the number of fungal OTUs, compared to D0 

(Wilcoxon test; p-value of 0.030, Supplementary Table 1) but not of the Shannon Index 

(Wilcoxon test; p-value of 0.47), suggesting that the fungal α-diversity is not strongly 

impacted by the antibiotics. No difference was observed between the subjects treated 

with ceftriaxone or those treated with cefotaxime, and this for all fungal diversity indices 

studied (Supplementary Table 2). 

Three genera were significantly impacted by the antibiotics: Debaryomyces sp, 

Penicillium sp. and Saccharomyces sp. (Supplementary Figure 4A and B, 

Supplementary Table 1). Debaryomyces sp. were significantly decreased immediately 

after the start of the treatment, with negative AUCs between D0 and D3 (Wilcoxon test; 

q-value of 0.02) and a maximal but not significant 12.5-fold drop at D3 (min: 0.09, max: 

1.7x105, Wilcoxon test; q-value of 0.08). Penicillium sp. were also decreased 

immediately after the start of the treatment, with negative AUCs between D0 and D2 

and up to D0 and D7 (Wilcoxon test; q-values of 0.01, 0.005, 0.003 and 0.0002, 

respectively) with a maximal 21.4-fold decrease at D4 (min: 0.81, max: 776.2; Wilcoxon 

test; q-value of 0.0008). On the contrary, Saccharomyces sp. relative abundance was 
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punctually increased at D4 (median: 19.5-fold increase, min: 0.32, max: 169.8), 

compared to baseline (Wilcoxon test; q-value of 0.01), before returning to basal levels. 

No significant difference between the subjects of the two treatment groups was 

observed at any day, for all genera tested (Supplementary Table 2). 

In addition, at the species level, four taxa were significantly affected by 3GC treatment: 

S. cerevisiae, D. hansenii, P. roqueforti and C. albicans (Figure 2C, Supplementary 

Table 1). D. hansenii was decreased for the period D0D3, with a corresponding 

negative AUC (Wilcoxon test; q-value of 0.047, Supplementary Figure 4C ) and P. 

roqueforti was punctually reduced after the treatment with a 2.4-fold drop at D1 (min: 

0.74, max: 3.3x103; Wilcoxon test; q-value of 0.026, Figure 2D). By contrast, C. 

albicans and S. cerevisiae relative abundance displayed a 9.8-fold and 19.5-fold raise 

at D4, respectively (C. albicans: max: 1.1x105, min: 0.004; Wilcoxon test; q-value of 

0.04, S. cerevisiae: max: 169.8, min: 0.32 Wilcoxon test; q-value of 0.026, 

Supplementary Figure 4C). As for the genera, no significant difference between the 

subjects of the two groups was observed for any species (Supplementary Table 2).  

Not only C. albicans relative abundance but also its absolute abundance was 

punctually increased after antibiotics. Indeed, 3GC administration led to a punctual 

raise of C. albicans DNA levels on the D0D4 period (Wilcoxon test, q-value of 0.047) 

with a maximal 2.1-fold increase at D2 (min: 0.03, max: 288.4; Wilcoxon test; p-value 

of 0.02, Figure 2E), when measured by qPCR. However, this increase of C. albicans 

DNA levels was subject-dependent. For example, subject 1 displayed an impressive 

increase of C. albicans DNA, with a maximal 2521.3-fold raise at D15 whereas C. 

albicans DNA levels were reduced in subject 12 after the treatment. No difference was 

observed between the two groups of treatment at any days (Figure 2E, Supplementary 

Table 2). 

Change in β-lactamase activity levels as a key parameter for C. albicans 

overgrowth in the GI tract after 3rd generation cephalosporin administration. β-

lactamase activity was measured in each fecal sample by dosing the NFC-hydrolyzing 

activity. This activity was heterogenous between subjects before antibiotics, ranging 

from 2.40 to 1240 nmol/ min·g of stool, with no difference between the two groups that 

received either ceftriaxone or cefotaxime (Wilcoxon test, p-value: 0.78). Globally, β-

lactamase activity was significantly increased after 3GC administration for all the 
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periods calculated between D0D3 and D0D180 (Wilcoxon test; p-values of 0.040, 

0.006, 0.002, 0.0008, 0.0003, 0.0006, 0.0007 and 0.03, respectively), with a maximal 

2.25-fold increase at D7 (Figure 3A). However, we observed two types of behavior in 

the D0D10 AUC of the change in β-lactamase activity, with some subjects displaying 

a high increase of the β-lactamase activity after antibiotic treatment (up to a 28-fold 

rise) whereas others showed no change or even a decrease of this activity (up to a 7-

fold decrease). Therefore, we split the 22 subjects in two groups, the “High” group was 

characterized by a strong increase of the fecal β-lactamase activity (AUC D0D10 >= 

2.36),  

whereas the “Low” group had a lower increase or even a decrease of this activity (AUC 

D0D10 < 2.36, Figure 3B). Changes of C. albicans DNA levels were significantly 

different between subjects of the “Low” and “High” groups, both for the D0D10 period 

and at D4 and D30 (Wilcoxon test; p-value of 0.02, 0.02 and 0.007, respectively). At 

D4 and D30, C. albicans DNA levels were significantly increased in the group “Low”, 

whereas no change was detected in the group “High” (D4: Wilcoxon test; p-value of 

0.008 and 0.84, respectively; D30: Wilcoxon test; p-value of 0.023 and 0.26, 

respectively, Figure 3C).   

Finally, we showed a highly significant negative interaction between the D0D10 AUC 

of the change in β-lactamase activity and the D0D10 AUC of the change in C. albicans 

DNA levels (Spearman correlation; R: -0.59, p-value: 0.009, Figure 3D). No such 

correlation could be found between the D0D10 AUC of the fungal load and the D0D10 

AUC of the change in β-lactamase activity (Spearman correlation; R: -0.25, p-value: 

0.3). 
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Figure 3: Change in β-lactamases activity levels as a key parameter for Candida albicans 

proliferation in the gut after third-generation cephalosporin administration. (A) β-

lactamases activity before, during, and after the antibiotic treatment. Thin lines represent the 

subjects; thicker lines represent the medians at each day for each treatment group 

(ceftriaxone, blue; cefotaxime, green) and for all subjects (black). (B) Distribution of the D0 to 

D10 AUCs of the change of β-lactamases activity in 22 healthy subjects. The density 

distribution is represented by the green curve and the number of subjects for each range of 

AUC values are represented by the white histogram. The group “high” (orange) regroups the 

subjects with a D0 to D10 AUC above the median (black dashed line) and the group “low” 

(blue) regroups the subjects with a D0 to D10 AUC below the median. (C) Boxplots of C. 

albicans DNA levels log10 (FC) following ceftriaxone and cefotaxime treatment. Orange 

boxplots indicates values for the subjects from the group “high” of and blue boxplots represents 

the values for the subjects from the group “low.” Upper whiskers extend from the hinge to the 

largest value below 1.5× the interquartile range, and the lower whiskers extend from the hinge 

to the smallest value above 1.5× the interquartile range. (D) Correlation plot of the log10 (FC) 

AUCs of C. albicans DNA levels and β-lactamases activity for the D0 to D10 period. Regression 

is represented by a blue line and the confidence interval by the gray area. Subjects are 

designated by their ID number. 
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v. Discussion 

In this study, we explored the impact of β-lactam antibiotics on the human gut 

mycobiota by performing a targeted metagenomic analysis of the mycobiota of healthy 

subjects before, during and after 3GC exposure. 3GC strongly affected the mycobiota, 

especially C. albicans carriage, with wide inter-subject variations that were not related 

to the type of 3CG they received. We identified the changes of fecal β-lactamase 

activity after treatment as a potential key factor regulating C. albicans overgrowth, with 

subjects characterized by a low increase of β-lactamase activity displaying a stronger 

increase of C. albicans levels following antibiotics. This regulation is likely mediated by 

a differential impact of antibiotics on the endogenous gut bacteria, according to 

differences in the occurrence of β-lactamase-producing bacteria in the microbiota. 

Briefly, a microbiota rich in β-lactamase-producing bacteria would favor 3GC 

hydrolysis, reduced antibiotic-induced microbiota dysbiosis and reduced C. albicans 

overgrowth. In contrast, a microbiota poor in β-lactamase-producing bacteria would 

allow 3GC maintenance, high antibiotic-induced microbiota dysbiosis and high C. 

albicans overgrowth.  This phenomenon may explain the so-called C. albicans 

colonization resistance experienced by some individuals. Such colonization resistance 

has been the subject of an old and preliminary report (Leonard et al. 1989) but has not 

been further explored until this present study. Overall these results are coherent with 

the hypothesis stating that specific intestinal bacteria or their metabolites regulate C. 

albicans overgrowth (Seelbinder et al. 2020; d’Enfert et al. 2021; Fan et al. 2015; 

Mirhakkak et al. 2021; Leonardi et al. 2020). Our results attest that the same antibiotic 

regimen may affect differentially the microbiota and consequently lead to different risks 

of C. albicans overgrowth depending on the subject that receives it. The current 

paradigm stating that antibiotics are systematically a risk factor for C. albicans 

overgrowth should thus be adjusted for treatments based on β-lactams antibiotics. 

Monitoring fecal β-lactamase activity during and after a β-lactams antibiotic treatment 

could be an accurate predictor of the actual risk of a later increase of C. albicans 

burden. 

As importantly, we found that C. albicans was present, in varying quantity, in the gut 

of almost every of the healthy subjects. This study is the first to use a qPCR method 

to quantify and follow C. albicans carriage, allowing an increasingly specific detection. 

Using more traditional assays, the prevalence of C. albicans in these subjects was 
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much lower and close to what has been previously reported (Bougnoux et al. 2006; 

Nash et al. 2017; da Silva Dantas et al. 2016). This suggests that our results reflect 

the reality of what is the true presence of C. albicans in the gut of healthy humans. If 

confirmed in a larger study, this might indicate that C. albicans is not a facultative 

commensal as previously thought, but that it is able to maintain itself in the gut of most 

individuals, even at very low concentration. 

That almost all subjects in this study were colonized by C. albicans renders our cohort 

particularly adapted to follow the effects of antibiotic treatment on C. albicans carriage. 

Moreover, contrary to what has been done in other studies (Seelbinder et al. 2020), 

our focus on a single antibiotic family allows a precise understanding on how 3GC, a 

largely used antibiotics family, acts on the human gut mycobiota. This allowed us to 

show that 3GC strongly affect the gut mycobiota, with a global increase of the fungal 

load, as well as a punctual perturbation of several fungal species and genera, including 

C. albicans. Indeed, both C. albicans relative and absolute abundances were 

increased after the start of antibiotics. This is particularly concerning since a recent 

report showed that the administration of β-lactam antibiotics leads to increased 

virulence of C. albicans (Tan et al. 2021). By killing Gram-negative commensal 

bacteria, β-lactams cause the release of a large amount of peptidoglycans, which can 

then induce C. albicans hyphal growth, an essential virulence factor of this species 

(Tan et al. 2021). Moreover, a recent study showed that exposure to non-3GC broad-

spectrum antibiotics not only promotes susceptibility to C. albicans systemic infection 

in mice, but also increases the mortality, through an impairment of the lymphocyte-

dependent IL-17A- and GM-CSF-mediated response (Drummond et al. 2022). 

Therefore, C. albicans can not only growth in patients treated with 3GCs but its 

disruptive abilities might also be increased. This can be particularly problematic, not 

only for immunosuppressed patients, but also for those with inflammatory bowel 

disease that are already carrying higher levels of C. albicans (Sokol et al. 2017; Sendid 

et al. 2008) in their gut. 

Overall, most of the mycobiota perturbations following 3GC treatment were subject-

dependent, with some subjects more impacted than others. This is not particularly 

surprising considering the within- and between- subjects Bray-Curtis dissimilarity 

observed pre-treatment. This has already been reported (Nash et al. 2017) and 

suggests that the largest part of the fecal mycobiota is made of transient species 
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brought by the diet, such as D. hansenii, which is commonly found in cheese (Fröhlich-

Wyder, Arias-Roth, and Jakob 2019), or potentially by the respiration of spores of 

filamentous fungi, which can then be swallowed, such as Penicillium sp. This 

hypothesis is supported by a recent study showing that diet-associated fungi are 

recovered with low relative abundances in mucosal surgical-recovered samples, 

highlighting the differences observed in the gut mycobiota depending on its spatial 

organization across the GI tract (Leonardi et al. 2022).  Moreover, associated fungi 

strongly contribute to the fungal biomass of the fecal microbiota (Doron et al. 2021). 

Our results would also indicate that contrary to Penicillium sp or D. hansenii,  C. 

albicans main reservoir is indeed humans, which would explain why an environmental 

reservoir for this species has yet to be found (Jabra-Rizk et al. 2016; Nucci and 

Anaissie 2001; d’Enfert et al. 2021).   

Finally, fungi represented only a small fraction of the total microbiota based on total 

and fungal DNA quantification. This underrepresentation of the fungal community in 

the human gut has already been reported (Qin et al. 2010), but the authors did not 

quantify the exact proportion of the mycobiota. More recently, the fungal load of twenty-

four healthy subjects was estimated, with results very similar to ours (Zuo et al. 2018). 

Finally, Doron et al., confirmed that the fungal biomass was low within the gut 

microbiota, representing only 1-2% of the microbial biomass of the gut (Doron et al. 

2021). However, to our knowledge, this present study is the first to assess the day-to-

day variation of the fungal load in healthy individuals.  

Taken together, this study offers a better understanding of the factors behind C. 

albicans overgrowth after antibiotics. We showed that a same antibiotic treatment may 

disturb differentially the gut microbiota, depending on the subject that receives it. This 

highlights the importance of a more personalized use of antifungal prophylaxis and 

helps limiting the selection of fungi resistant to antifungal drugs in patients at high risk 

of invasive candidiasis, such as intensive care unit or haemato-oncology patients. 

vi. Materials and Methods 

CEREMI cohort. In this study, we used fecal samples from the CEREMI study, a 

prospective, open-label and randomized clinical trial conducted from March 2016 to 

August 2017 in healthy adult subjects at the Clinical Investigation Center at Bichat-

Claude Bernard Hospital (Paris, France) (Burdet, Grall, et al. 2019). Participants were 
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given oral and written information and had to return signed consent before inclusion in 

the trial. For more information about the clinical trial, see Burdet et al. 2019 (Burdet, 

Grall, et al. 2019).  

The 22 included subjects were randomized in a 1:1 ratio and were treated for 3 days 

with either ceftriaxone (1 g/24 h) or cefotaxime (1 g/8 h). 3GC were administrated as a 

30-min intravenous infusion using an automatic high-precision infusion pump. 

Fecal samples were collected before treatment at D -15, -7 and -1, during treatment at 

D1, 2 and 3 and after treatment at D4, 7, 10, 15, 30, 90 and 180. Fecal samples were 

stored at -80°C.  

Fungal DNA extraction from fecal samples. For each sample, 250mg of stool was 

processed following the repeated bead beating plus column method described by Yu 

and Morrison, 2004 (Yu and Morrison 2004), except than a FastPrep-24TM device (MP 

Biomedicals, Belgium) was used instead of a Mini-BeadbeaterTM.  

Total fecal DNA levels were measured by Qubit (Invitrogen, USA) using the dsDNA 

Broad Range Kit (Invitrogen, USA).  Samples for which this concentration was below 

50 ng/μL were excluded from the analysis.  

ITS1 sequencing. We prepared amplicon libraries, targeting the ITS1 region, using 

ITS1F and ITS2 primers (Cui, Morris, and Ghedin 2013; GARDES and BRUNS 1993). 

Amplicon were generated by PCR using a 96‐well thermal cycler in the following 

conditions: 95°C for 3 min, 25 cycles of 95°C for 30 secs, 55°C for 30 secs and 72°C 

for 30 secs, 72°C for 5 min and cooling at 4°C. Amplicons were purified with AMPure 

XP (Beckman Coulter, USA) as described in the 16S Metagenomic Sequencing Library 

Preparation guide (Illumina 2013). Adapter were attached using Nextera XT Index Kit 

(Illumina, France) and the index PCRs were performed in the following conditions: 

95°C for 3 min, 8 cycles of 95°C for 30 secs, 55°C for 30 secs and 72°C for 30 secs, 

72°C for 5 min and cooling at 4°C. Barcoded PCR products were purified with AMPure 

XP (Beckman Coulter, USA) and verified and quantified on a Bioanalyzer DNA 1000 

chip (Agilent, USA). Samples were normalized at 4nM and pooled into a library, using 

5µL of each diluted sample. A PhiX sequencing control was prepared following the 

manufacturer’s instructions. The libraries were sequenced in 300 bp paired-end using 

the MiSeq Reagent Kit V3 on Illumina MiSeq platform (Illumina, Evry, France). 
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OTU building process and taxonomic assignment. We recovered 8’819’635 

amplicons from ITS1 region. After removal of singletons and chimera amplicons using 

the SHAMAN pipeline (Volant et al. 2020), we clustered the 56’634 remaining 

amplicons in OTUs using a cut-off value of 97% similarity. 4648 OTUs were thus 

obtained and 551 of them could be aligned against fungal sequences of the UNITE 

database. On these 551 fungal OTUs, 340 were present in at least two fecal samples 

and were conserved for the downstream analyses. We performed a first round of 

annotation on SHAMAN against the UNITE database (rev. 8.0) and then a second 

round against a more recent release of UNITE (rev. 8.2). The OTUs we could not 

annotate were submitted to a classic BLASTN. Only hits matched with a similarity 

above 97% to reference genomes were conserved. The abundances and weighted 

non-null normalized counts tables were generated with SHAMAN (Volant et al. 2020).  

Quantitative PCR for detection of total fungal load in human DNA samples. 

Fungal DNA was quantified by TaqMan qPCR as described by Liu et al. 2012 (C. M. 

Liu et al. 2012) using a double dye MGB 5' 6-FAM-labelled probe (Eurogentec, 

Belgium). All reactions were performed on a CFX96 Real-Time PCR system (BioRad, 

USA) with the following conditions: 2 min at 50°C, 10 min at 95°C, 15 s at 95°C and 1 

min at 65°C, the last two steps repeated for 45 cycles. All samples were tested in two 

independent rounds, each time in duplicates.  

The fungal load was estimated by dividing the fungal DNA concentration by the total 

DNA concentration of the sample (Zuo et al. 2018), obtained by Qubit Broad Range 

protocol 

Quantitative PCR for detection of C. albicans DNA in human DNA samples. 7.5 

μL of the extracted total fecal DNA, at 1:10 dilution, were used as a template for 

TaqMan qPCR analysis, using probe and primers described by Guiver et al, 2001 

(Guiver, Levi, and Oppenheim 2001), at 0.1μM and 0.2 μM, respectively. All reactions 

were performed on a CFX96 Real-Time PCR system (BioRad, USA) with the following 

conditions: 2 min at 50°C, 10 min at 95°C, 15 s at 95°C and 1 min at 62°C, the last two 

steps repeated for 45 cycles. All samples were tested in two independent rounds, each 

time in duplicates.  

Quantitative PCR amplification control. To exclude the presence of qPCR inhibitors, 

samples diluted at 1:10, were submitted to the Universal Exogenous qPCR Positive 
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Control for TaqMan® Assay (Eurogentec, Belgium), using a Cy®5-QXL®670 Probe 

system (Eurogentec, Belgium). Manufacturer’s recommendations were followed.  

Culture of the fecal samples. A 10μL loop of fecal samples was mixed with 100μL 

H20 and plated on a Candida CHROMAGAR medium plate (BioMérieux, France). 

Potential C. albicans colonies were further tested by MALDI-TOF MS (Brucker, USA) 

to confirm the identification.  

Measure of the β-lactamase activity. Fecal β-lactamase activity was quantified by 

measuring the hydrolysis of nitrocephin, a chromogenic cephalosporin.  Activity was 

measured at least in duplicate. 

Fecal samples (stored at 65°C) were thawed 30 min on ice. 140-380 mg of fecal 

sample were mixed with 5ml/g of stool HZn buffer (50 mM (2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer, pH 7.5, supplemented with 50 μM 

ZnSO4) and agitated for 1 hour. Samples were centrifuged twice at 4°C (15 min and 

30 min). 3-20µL of the obtained supernatant were mixed with 100µM nitrocefin 

(Cayman Chemical, USA) and HZn buffer to reach a final volume of 200µL. Samples 

were incubated 20min at room temperature in a 1:1 ratio with HZn buffer. Nitrocefin 

hydrolysis was monitored in EnVision microplate reader (Perkin Elmer, USA) at a 

482nm wavelength. SpectraPlate-96 (Perkin-Elmer, USA) using an automated liquid 

handling Janus Integrator system (Perkin Elmer, USA) was used to conduct the 

assays.  

B-lactamase activity was normalized to one gram of fecal sample and to 1-cm 

pathlength. Detection threshold was set at a cut-off value of 4.8 nmol/min·g of fecal 

sample.  

Biostatistical analyses. All analyses were performed on R (version 4.0.2, (R Core 

Team 2023.)). We used the vegan package (v. 2.5-6, (Oksanen et al. 2019)) to 

compute diversity indexes and ggplot2 package to generate the figures (v. 3.3.5, 

(Wickham et al. 2018)) 

We used samples collected at D-1 before treatment as baseline, called D0. If this 

sample was missing for a subject, sample collected at D-7 before treatment was used 

instead. If both samples were missing, sample collected at D-15 before treatment was 

used as D0 sample.  
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We calculated the change from baseline of the fungal load, C. albicans DNA absolute 

abundance, the relative abundance of the fungal genera and species and β-lactamase 

activity. Null values were replaced by the minimal non-null value of the given variables 

divided by two, to allow a log10 transformation. Only the fungal genera and species 

reaching a maximal relative abundance superior to 1% for at least half of the subjects 

were analyzed. We calculated the AUCs using the R package MESS (v. 0.5.7, 

(Ekstrom 2014)) for each period from D0D2 up to D0D180 based on the normalized 

changes from baseline and the actual time and date of stool collection.  

For all analyses, we used bilateral nonparametric Wilcoxon exact tests. We used a 

type I error of 0.05 and corrected the p-values for multi-testing using False Discovery 

Rate correction.  

Data availability 

The datasets generated during and/or analyzed during the current study are available 

from the corresponding author on reasonable request. The Supplementary Tables 1 

and 2 are available online: https://journals.asm.org/doi/10.1128/mbio.02880-22. 
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vii. Supplementary Figures 

 

Supplementary Figure 1: Phyla and genera composition of the healthy mycobiota in 22 

healthy subjects during a 2-weeks period. (A) Violin plot of the fungal load (fungal 18S rRNA 

DNA relative to the total fecal DNA) at 1-week apart time points for 22 healthy subjects. (B) 

Barplots of the average relative abundance of the main fungal phyla at 1-week apart time points 

for 22 healthy subjects. (C) Barplots of the average relative abundance of the main fungal 

genera at 1-week apart time points for 22 healthy subjects. 
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Supplementary Figure 2: Heatmap of the Bray-Curtis dissimilarity between the 54 fecal 

samples for ITS1 sequencing data. Each square represents the comparison between two 

samples. Bray-Curtis dissimilarity values are ranged from 0 to 1, with 0 being the least 

dissimilar and 1 being the most dissimilar. 1 to 3 samples are analyzed per individual (i) and 

are grouped together (green boxes). 
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Supplementary Figure 3: Mycobiota characteristics at baseline (D0) for 22 healthy 

subjects. (A) Violin plot of the fungal load observed among the 22 healthy subjects' samples 

collected at baseline. (B) Boxplot of the main fungal species the relative abundance observed 

among the 22 healthy subjects at baseline. (C) Alpha diversity: violin plot of the number of 

OTUs and of the Shannon index values observed among the 22 healthy subjects’ samples 

collected at baseline. (D) Violin plot of the C. albicans DNA concentrations observed among 

the 22 healthy subjects’ samples collected at baseline. For all figures, the upper whiskers 

extend from the hinge to the largest value below 1.5× the interquartile range, and the lower 

whiskers extend from the hinge to the smallest value above 1.5× the interquartile range. 
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Supplementary Figure 4: Impact of the antibiotic treatment on the gut mycobiota genera 

composition. (A) Distribution of the relative abundance log10 (FC) AUCs for Candida sp., 

Debaryomyces spp., Penicillium sp., and Saccharomyces sp., highlighting the duration and the 

amplitude of the perturbations. (B) Distribution of the relative abundance foldchanges (FC) 

Candida sp., Debaryomyces sp., Penicillium sp., and Saccharomyces sp., highlighting 

punctual perturbations. (C) Distribution of the relative abundance log10 (FC) AUCs for Candida 

albicans, Debaryomyces hansenii, Penicillium roqueforti, and Saccharomyces cerevisiae, 

highlighting the duration and the amplitude of the perturbations. For all figures, the upper 

whiskers extend from the hinge to the largest value below 1.5× the interquartile range, and the 

lower whiskers extend from the hinge to the smallest value above 1.5× the interquartile range. 

*q value < 0.05, Wilcoxon t-test, false-discovery rate correction. 

  



Margot DELAVY – Thèse de doctorat - 2023 

127 
 

viii. Supplementary Materials.  

Table S1 and Table S2 are available online at the addresses indicated below. They 

can also be accessed through the QR Codes below.  

  

Table S1: Weighted areas under the 

curves (AUC) and changes from 

baseline of the mycobiota features. 

https://journals.asm.org/doi/suppl

/10.1128/mbio.02880-

22/suppl_file/mbio.02880-22-

Table S2: Weighted areas under the 

curves (AUC) and changes from 

baseline of the mycobiota features 

according to the treatment group. 

https://journals.asm.org/doi/suppl

/10.1128/mbio.02880-

22/suppl_file/mbio.02880-22-
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3. Additional results 

As presented in the introduction, C. albicans co-exists with hundreds of different 

bacterial species in the intestinal niche and these bacteria play an important role in 

microbiota homeostasis (for review, see Ohland and Jobin 2015). As seen in the 

previous section, I demonstrated that a depletion of the endogenous bacteria of the 

gut by broad-spectrum antibiotics results in an overall increase of C. albicans levels in 

the gut and the extent of this increase is directly associated with the change of β-

lactamase activity following the antibiotic treatment. This association likely occurs 

because of a differential effect of the β-lactams on the residing bacteria of the gut, 

depending on differences in the occurrence of β-lactamase-producing bacteria in the 

microbiota.  Indeed, in the subjects from the CEREMI cohort, the extent of intestinal 

bacterial dysbiosis, estimated by Shannon Index, was associated with the change in 

β-lactamase activity after 3GC exposure. The subjects displaying a low increase of β-

lactamase activity were characterized by a stronger change in bacterial α-diversity at 

D3, and thus to a stronger bacterial dysbiosis than the subjects displaying a high 

increase of β-lactamase activity (Wilcoxon test; p-value of 0.041, Fig. 4).   

 

Figure 4: Change of bacterial α-diversity following 3GC exposure, depending on the 

change in fecal β-lactamase activity. Boxplot of the change of bacterial α-diversity, 

measured by Shannon Index, following ceftriaxone and cefotaxime treatment. Orange boxplots 

indicates values for the subjects characterized by a high increase of β-lactamase activity 

(group “high”) and blue boxplots represent the values for the subjects characterized by a low 

increase of β-lactamase activity (group “low”). Upper whiskers extend from the hinge to the 



Margot DELAVY – Thèse de doctorat - 2023 

129 
 

largest value below 1.5× the interquartile range, and the lower whiskers extend from the hinge 

to the smallest value above 1.5× the interquartile range. * p-value < 0.05. 

This suggests that depletion of specific bacteria following antibiotic treatment allows 

overgrowth of C. albicans populations. Specific bacterial species might thus be used 

to curb C. albicans growth. However, few studies have aimed to identify bacterial 

species – or bacterial signatures – with a potential anti-C. albicans activity. In this 

section, I aimed to identify bacteria whose levels in the gut microbiota were inversely 

correlated with those of C. albicans and I hypothesized that some of these species 

might limit C. albicans intestinal colonization. 

To identify potential C. albicans inhibiting bacteria, or anti-C. albicans bacterial 

signatures, I searched for significant Spearman correlations between C. albicans 

absolute abundance, deduced from qPCR data, and the relative abundance of the gut 

metagenomic species, deduced from shotgun metagenomics data obtained from all 

samples of the CEREMI subjects and annotated at the species level. I also searched 

for fungal species with the potential of inhibiting C. albicans growth by looking for 

significant Spearman correlations between C. albicans absolute abundance, once 

again deduced from qPCR data, and the relative abundance of the gut fungal species, 

deduced from the ITS1-targeted metagenomics data obtained from all samples of the 

CEREMI subjects and annotated at the species level (Fig. 5). 

 

Figure 5: Schematic representation of the statistical pipeline used for the identification 

of bacterial or fungal species associated with C. albicans in the CEREMI subjects. 
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To take into account the specificity of the CEREMI cohort, I split the samples in three 

different subsets: (i) the samples collected before the antibiotic treatment, (ii) the 

samples collected between D1 and D10 after the start of the antibiotic treatment, which 

corresponds to the period at which the bacterial dysbiosis was the strongest, and (iii) 

all samples available, independently of the time of collection. Seventy-four microbial 

species were identified as being significantly associated with C. albicans carriage (Fig. 

6). 

 

Figure 6: Venn diagrams of the bacterial species correlated to C. albicans carriage 

depending on the subset of samples used for the analysis. The numbers correspond to 

the number of bacterial species identified in each subset or group of subsets. The percentage 

is calculated on the total number of bacterial species identified. 

Fifty-four were negatively correlated to C. albicans carriages, indicating a potential 

antagonistic activity against C. albicans (Table 2) and 20 were positively correlated to 

C. albicans carriage, highlighting a potential stimulatory effect on C. albicans growth 

(Table 3). Among the potential anti-C. albicans signatures, Eisenbergiella tayi, a 

SCFA-producer bacillus of the Lachnospiraceae family that has been described for the 

first time in 2014 (Amir et al. 2014), was the only species to be identified in all three 

subsets of samples. Geotrichum candidum (formerly, Galactomyces candidus) was the 

only fungal species to be significantly associated with C. albicans, with 5 OTUs 
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annotated as this species being negatively correlated to C. albicans carriage 

(Spearman correlation; median R coefficient of -0.22; q value of 0.045, Table 4). 

Unsurprisingly, we also identified a strong association between C. albicans intestinal 

carriage, measured by qPCR, C. albicans intestinal relative abundance, estimated by 

ITS1 metagenomic sequencing (Spearman’s correlation; p-value of 2.56 x 10-35).  

Table 2: List of the potential anti-C. albicans bacterial species. The species are 

organized alphabetically. The samples subset indicates in which samples the association 

was identified (All Samples: all samples collected, BT: samples collected before the antibiotic 

treatment, D1D10: the samples collected between day 1 and 10 after antibiotic exposure. P-

values were corrected by false-discovery rate.  

Microbial species 
Samples 

subset 

R 

spearman 
P value q value 

Adlercreutzia equolifaciens 
All Samples -0.28 1.67E-05 4.84E-04 

BT -0.40 3.95E-03 3.78E-02 

Alistipes ihumii All Samples -0.18 6.65E-03 4.40E-02 

Alistipes obesi All Samples -0.29 8.86E-06 3.52E-04 

Alistipes putredinis 

 

All Samples -0.29 1.06E-05 3.55E-04 

BT -0.43 1.53E-03 2.12E-02 

Alistipes shahii 
All Samples -0.33 4.56E-07 4.83E-05 

D1D10 -0.37 1.70E-04 8.35E-03 

Alistipes timonensis All Samples -0.24 2.30E-04 3.48E-03 

Anaerotruncus colihominis 
BT -0.61 2.21E-06 3.21E-04 

All Samples -0.24 2.79E-04 4.03E-03 

Bacteroides clarus All Samples -0.23 5.22E-04 6.39E-03 

Bacteroides intestinalis All Samples -0.20 2.93E-03 2.17E-02 

Bacteroides massiliensis 
All Samples -0.30 3.06E-06 1.78E-04 

D1D10 -0.32 1.38E-03 4.04E-02 

Bacteroides salyersiae All Samples -0.19 4.61E-03 3.19E-02 

Bacteroides stercoris All Samples -0.20 1.87E-03 1.61E-02 

Barnesiella intestinihominis BT -0.46 7.52E-04 1.23E-02 
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Bifidobacterium 

pseudocatenulatum 
All Samples -0.23 3.31E-04 4.39E-03 

Blautia hydrogenotrophica BT -0.46 7.30E-04 1.23E-02 

Blautia massiliensis All Samples -0.18 6.86E-03 4.40E-02 

Blautia obeum 
All Samples -0.25 1.50E-04 2.77E-03 

D1D10 -0.38 8.89E-05 8.35E-03 

Blautia producta BT -0.42 2.15E-03 2.41E-02 

Butyricimonas virosa All Samples -0.30 2.55E-06 1.78E-04 

Cloacibacillus porcorum All Samples -0.24 1.95E-04 3.11E-03 

Clostridium bolteae BT -0.55 3.42E-05 1.99E-03 

Clostridium citroniae BT -0.51 1.45E-04 5.27E-03 

Clostridium clostridioforme BT -0.43 1.67E-03 2.12E-02 

Clostridium lavalense BT -0.53 5.83E-05 2.81E-03 

Clostridium phoceensis BT -0.48 3.80E-04 9.34E-03 

Clostridium symbiosum BT -0.59 6.07E-06 4.83E-04 

Collinsella tanakaei All Samples -0.23 3.26E-04 4.39E-03 

Desulfovibrio piger 
All Samples -0.25 1.57E-04 2.77E-03 

D1D10 -0.39 5.66E-05 8.26E-03 

Dielma fastidiosa All Samples -0.21 1.09E-03 1.11E-02 

Dorea longicatena All Samples -0.18 6.96E-03 4.40E-02 

Eisenbergiella tayi 

All Samples -0.38 2.08E-09 3.30E-07 

D1D10 -0.37 1.66E-04 8.35E-03 

BT -0.49 2.89E-04 8.40E-03 

Erysipelatoclostridium 

ramosum 
BT -0.39 4.63E-03 4.21E-02 

Escherichia coli All Samples -0.19 3.96E-03 2.80E-02 

Eubacterium eligens All Samples -0.20 2.32E-03 1.84E-02 

Eubacterium siraeum All Samples -0.18 6.82E-03 4.40E-02 
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Faecalibacterium 

prausnitzii 

All Samples -0.27 3.36E-05 8.22E-04 

D1D10 -0.37 1.72E-04 8.35E-03 

Flavonifractor plautii BT -0.47 5.46E-04 1.22E-02 

Holdemania filiformis 
All Samples -0.39 1.13E-09 3.30E-07 

D1D10 -0.39 5.42E-05 8.26E-03 

Hungatella effluvii 
BT -0.46 7.82E-04 1.23E-02 

All Samples -0.21 1.40E-03 1.31E-02 

Hungatella hathewayi 
BT -0.58 6.64E-06 4.83E-04 

All Samples -0.20 2.78E-03 2.10E-02 

Intestinimonas 

butyriciproducens 
All Samples -0.25 1.24E-04 2.63E-03 

Intestinimonas massiliensis All Samples -0.21 1.36E-03 1.31E-02 

Methanobrevibacter smithii All Samples -0.22 6.17E-04 7.01E-03 

Negativibacillus 

massiliensis 

All Samples -0.24 1.96E-04 3.11E-03 

D1D10 -0.34 5.72E-04 2.39E-02 

Odoribacter splanchnicus All Samples -0.18 7.05E-03 4.40E-02 

Parabacteroides distasonis BT -0.38 5.88E-03 4.89E-02 

Parabacteroides merdae 
All Samples -0.29 1.12E-05 3.55E-04 

BT -0.42 2.26E-03 2.43E-02 

Roseburia hominis All Samples -0.23 5.85E-04 6.89E-03 

Roseburia inulinivorans All Samples -0.19 3.51E-03 2.54E-02 

Ruminococcus gnavus BT -0.40 3.28E-03 3.30E-02 

Ruminococcus torques 
All Samples -0.20 2.30E-03 1.84E-02 

BT -0.41 2.92E-03 3.03E-02 

Ruthenibacterium 

lactatiformans 

BT -0.45 8.04E-04 1.23E-02 

All Samples -0.20 2.09E-03 1.75E-02 

Sellimonas intestinalis BT -0.46 5.89E-04 1.22E-02 
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Victivallis vadensis 
All Samples -0.25 1.37E-04 2.73E-03 

D1D10 -0.33 7.27E-04 2.65E-02 

Table 3: List of the microbial species positively associated with C. albicans carriage. 

The species are organized alphabetically. The samples subset indicates in which samples 

the association was identified (All Samples: all samples collected, BT: samples collected 

before the antibiotic treatment, D1D10: the samples collected between day 1 and 10 after 

antibiotic exposure. P-values were corrected by false-discovery rate. Species highlighted in 

bold characters were identified in several subsets. 

Microbial species 
Samples 

subset 

R 

spearman 
P value q value 

Acidaminococcus intestini All Samples 0.27 3.12E-05 8.22E-04 

Bacteroides vulgatus D1D10 0.32 1.17E-03 3.80E-02 

Bifidobacterium angulatum 
BT 0.53 6.76E-05 2.81E-03 

All Samples 0.21 1.75E-03 1.54E-02 

Bifidobacterium longum All Samples 0.22 6.84E-04 7.50E-03 

Blastocystis sp. Subtype 1 
BT 0.64 4.67E-07 1.36E-04 

All Samples 0.30 3.37E-06 1.78E-04 

Butyrivibrio crossotus BT 0.43 1.85E-03 2.15E-02 

Clostridium saudiense BT 0.48 3.85E-04 9.34E-03 

Collinsella 

bouchesdurhonensis 
All Samples 0.21 1.31E-03 1.31E-02 

Coprococcus catus BT 0.46 6.26E-04 1.22E-02 

Dialister invisus All Samples 0.20 2.55E-03 1.98E-02 

Duodenibacillus 

massiliensis 
All Samples 0.22 8.07E-04 8.56E-03 

Fenollaria massiliensis BT 0.44 1.25E-03 1.82E-02 

Haemophilus 

parainfluenzae 
BT 0.40 4.02E-03 3.78E-02 

Holdemanella biformis BT 0.49 2.57E-04 8.32E-03 

Methanosphaera 

stadtmanae 
BT 0.43 1.67E-03 2.12E-02 

Prevotella stercorea BT 0.43 1.80E-03 2.15E-02 
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Streptococcus 

parasanguinis 
All Samples 0.25 1.22E-04 2.63E-03 

Turicibacter sanguinis BT 0.38 5.58E-03 4.77E-02 

Veillonella atypica All Samples 0.23 4.75E-04 6.04E-03 

Veillonella infantium 
All Samples 0.29 6.89E-06 3.13E-04 

BT 0.39 5.02E-03 4.43E-02 

 

Table 4: List of the fungal OTUs associated with C. albicans carriage. All five OTUs were 

annotated as Geotrichum candidum. The samples subset indicates in which subset the 

fungal OTU was identified (All Samples: all samples collected, BT: samples collected before 

the antibiotic treatment, D1D10: the samples collected between day 1 and D10 after antibiotic 

exposure.  P-values were corrected by false-discovery rate.  

 

Since statistical analyses such as spearman correlations cannot distinguish the 

direction of the potential inhibition, some of the bacteria identified might be inhibited by 

C. albicans rather than having an antagonistic activity against it. I therefore decided to 

decipher further the association between C. albicans and Eisenbergiella tayi and 

Geotrichum candidum since E. tayi was the only bacteria to be identified in all three 

subsets and G. candidum was the only fungal species with a potential anti-C. albicans 

activity. E. tayi relative abundance was significantly reduced directly after 3GC 

exposure between D1 and D2 (Wilcoxon test; p-value of 0.007 and 0.005, 

respectively), just before the increase observed for C. albicans DNA levels (Fig. 7A). 

 Fungal OTU Samples subset R spearman P value q value 

G
e

o
tr

ic
h

u
m

 c
a

n
d

id
u

m
 

OTU_1 All Samples -0.21 0.0012 0.045 

OTU_2069 All Samples -0.23 0.0005 0.045 

OTU_3579 All Samples -0.22 0.0009 0.045 

OTU_4047 All Samples -0.22 0.0011 0.045 

OTU_561 All Samples -0.23 0.0005 0.045 
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Figure 7: Dynamics of C. albicans, Eisenbergiella tayi and Geotrichum candidum after 

3GC exposure. (A) Log10(Foldchange) of C. albicans DNA levels and E. tayi relative 

abundance during and after 3GC exposure, compared to baseline levels. The lines represent 

the medians of values for each species, at each day. (B). Log10(Foldchange) of C. albicans 

DNA levels and G. candidum relative abundance during and after 3GC exposure, compared 

to baseline levels. The lines represent the medians of values for each species, at each day. 

A. 

B. 
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Thus, the reduction of E. tayi relative abundance might be associated with C. albicans 

increase, which might indicate that E. tayi plays a potential role in curbing C. albicans 

growth in the healthy gut. It has to be noted that E. tayi relative abundance was 

independent from the change in β-lactam activity. Indeed, E. tayi relative abundance 

was similar between the subjects displaying a high increase of β-lactam activity after 

the treatment and the one displaying a lower increase or even a decrease of this 

activity, and this both during the dysbiosis period (between D1 and D10, Wilcoxon test; 

p-value of 0.62) and before 3GC exposure (Wilcoxon test; p-value of 0.49). It has to 

be noted that E. tayi susceptibility to 3GC has not be decribed, however, this species 

has been shown to be susceptible to cefoxitin, a second generation cephalosporin 

(2GC), in vitro (Bernard et al. 2017).  

To study G. candidum association with C. albicans, I merged the relative abundances 

of the five G. candidum OTUs identified as negatively correlated to C. albicans 

(OTU_1, OTU_561, OTU_2069, OTU_3579 and OTU_4047G. G. candidum relative 

abundance decreased between D3 and D4 after antibiotics (Wilcoxon test; p-value of 

0.020 and 0.010, respectively), so at the same period for which the rise of C. albicans 

carriage was observed, suggesting a potential interaction between the two fungal 

species.  

In summary, the characterization of the mycobiota and of C. albicans carriage before, 

during and after a broad-spectrum antibiotic treatment has revealed that C. albicans is 

a highly prevalent yeast, present in the gut of the majority of the population, even at 

very low concentrations. Its abundance was increased after 3CG exposure but with 

wide inter-subject variations and these variations were directly associated with the 

change of β-lactamase activity, suggesting that the intestinal microbiota composition 

plays an important role in controlling C. albicans growth. The analysis of the co-

abundance of C. albicans and the microbial species present in the human gut 

highlighted a set of 54 bacterial species, including E. tayi, and one fungal species, G. 

candidum, with a potential key role in C. albicans gut colonization resistance.  
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4. Additional materials and methods 

DNA extraction of fecal samples and shotgun metagenomic sequencing. DNA 

extraction was performed for all fecal samples following IHMS SOP P7 (Dore et al. 

2015). DNA content was measured using Qubit Fluorometric Quantitation 

(ThermoFisher Scientific, Waltham, MA, USA) and DNA quality was assessed by DNA 

size profiling on a Fragment Analyzer (Agilent Technologies, Santa Clara, CA, USA). 

The library was built with 3 μg of high molecular weight DNA (>10 kbp). DNA was 

sheared into fragments of approximately 150 bp using an ultrasonicator (Covaris, 

Woburn, MA, USA) and the DNA fragment library was constructed using Purified and 

amplified DNA fragment libraries were sequenced using the Ion Proton Sequencer 

(ThermoFisher Scientific, Waltham, MA, USA), generating 22.2 ± 1.8 million reads of 

150 bp (on average) per sample. 

Microbial gene count table. The METEOR software was used to create the gene 

count table (Pons et al. 2010). First, reads were filtered for low-quality by AlienTrimmer 

(Criscuolo and Brisse 2013). Reads that aligned to the human genome with an identity 

superior to 95% were also discarded. The remaining reads were trimmed to 80 bases 

and mapped to the Integrated Gut Catalogue 2 (IGC2)(Wen et al. 2017), comprising 

10.4 million of genes, using Bowtie2 (Langmead and Salzberg 2012). The reads 

mapped to a unique gene in the catalogue were attributed to their corresponding 

genes. The reads that mapped with the same alignment score to multiple genes in the 

catalogue were attributed according to the ratio of their unique mapping counts of the 

captured genes. The resulting count table was further processed using the R package 

MetaOMineR v1.31 (Le Chatelier et al. 2013). Read counts were then ‘rarefied’ using 

20M high quality reads (a threshold chosen to include all samples) using a random 

sampling procedure without replacement, this in order to decrease technical bias due 

to different sequencing depth and avoid any artifacts of sample size on low-abundance 

genes. The downsized matrix was finally normalized by dividing gene read counts per 

gene length x100, as a proxy of gene coverage. Since gut microbiota has been found 

to be enriched in species from the oral cavity upon antibiotic treatment (Hildebrand et 

al. 2019),the same process was repeated on an oral microbiota catalogue of 8.4 million 

genes (Le Chatelier et al. 2021).  

Metagenomic Species profiles. The IGC2 and the oral catalogues were organized 

into 1990 and 853 Metagenomic Species (MGS, cluster of co-abundant genes), 
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respectively, using MSPminer (Le Chatelier et al. 2021; Plaza Onate et al. 2021; Oñate 

et al. 2019). After removing the MGS present in both the IGC2 and the oral catalogues, 

2741 MGS were remaining. The relative abundance of an MGS was computed as the 

mean abundance of its 100 ‘marker’ genes (that is, the genes that correlate the most 

altogether). If less than 10% of ‘marker’ genes were seen in a sample, the abundance 

of the MGS was set to 0. MGS abundance profiles were finally normalized to estimate 

the proportion of each species in the microbiota, so that the sum of all the MGS 

abundance was equal to 1.  

Biostatistical analysis. All analyses were performed on R (v. 4.1.2, Team R 

Development Core 2018). I used the vegan package (v. 2.6-4, Oksanen et al. 2019) to 

compute diversity indexes, the psych package (v. 2.2-9, Revelle 2022) to compute the 

spearman correlations and the ggplot2 package to generate the figures (v. 3.4.0, 

Wickham et al. 2018). Null values of C. albicans DNA levels and of the relative 

abundances of the MGS and fungal species were replaced by the minimal non-null 

value of the given variables divided by two, to allow a log10 transformation. I used a 

type I error of 0.05 and corrected the p-values for multi-testing using false discovery 

rate correction. 
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1. Abstract 

Candida albicans is a commensal yeast present in the gut of most healthy individuals 

but with highly variable concentrations. However, little is known on the interactions 

between the host factors and the extend of such concentrations. 

We investigated how the microbiota, and the host’s diet and genetics modulated C. 

albicans carriage, in 695 healthy individuals from the Milieu Intérieur cohort. C. 

albicans intestinal carriage was detected in 82.9% of the subjects by quantitative PCR. 

Using linear mixed models and multiway-ANOVA, we explored C. albicans intestinal 
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levels with regards to the subject gut microbiota composition and diet. We thus showed 

that Intestinimonas butyriciproducens, a SCFA-producer bacteria, was the only 

species whose relative abundance was negatively correlated with C. albicans 

concentrations. Diet contributed to C. albicans growth, with eating between meals and 

a low sodium diet being associated with higher C. albicans carriages. Also, by 

Genome-Wide Association Study, we highlighted 26 SNPs associated with C. albicans 

colonization.  

In addition, we found that C. albicans intestinal levels influenced the host immune 

response. We analyzed the transcription levels of 546 immune genes and the 

concentration of 13 cytokines in the subject blood, after stimulation with C. albicans 

cells and showed positive associations between the extent of C. albicans intestinal 

levels and NLRP3 expression, and IL-2 and CXCL5 concentrations. 

The relative importance of the associations that we identified are still to be determined. 

Nevertheless, these finding possibly open the way for new intervention strategies to 

curb C. albicans intestinal overgrowth. 

 

2. Introduction 

Candida albicans is an opportunistic pathogen that causes superficial infections, such 

as vulvovaginal candidiasis, an infection which will affect 75% of premenopausal 

women at least once in their lifetime (Foxman et al. 2013; Rosati et al. 2020; Yano et 

al. 2019). In addition, when the host defenses are compromised, for example in 

immunocompromised patients, C. albicans can translocate from the gut to the 

bloodstream and cause systemic infections that are associated with up to 50% 

mortality (Pappas et al. 2018; Zhai et al. 2020; Brown et al. 2012).  

But despite being an opportunistic pathogen, C. albicans is primarily a commensal 

yeast of the gastrointestinal (GI) tract that colonizes up to 95% of the population, in 

various degree (Nash et al. 2017; Delavy et al. 2022). As an intestinal yeast, C. 

albicans co-exists in the gut with hundreds of microbial species that compose the 

intestinal microbiota (Nash et al. 2017; Auchtung et al. 2018). The microbiota is likely 

to play a role in controlling C. albicans growth in the GI tract, since in mice, the 

depletion of the bacterial microbiota by antibiotics is necessary to induce a colonization 

by C. albicans, mice displaying a natural colonization resistance to this yeast (Fan et 
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al. 2015). Moreover, in humans, a disruption of the bacterial microbiota by an antibiotic 

treatment results in an overall increase of C. albicans carriage (Delavy et al. 2022; 

Seelbinder et al. 2020), making thus antibiotics a risk factor for C. albicans intestinal 

overgrowth. However, we are still lacking a thorough understanding of the other factors 

influencing C. albicans intestinal colonization. 

In this study, we investigate how the composition of the bacterial and fungal microbiota 

and the host’s diet, medical history and environment can shape C. albicans carriage in 

healthy adults, using data collected from 695 healthy volunteers from the Milieu 

Intérieur cohort (Thomas et al. 2015). In parallel, we conducted a genome-wide 

association study (GWAS) to identify genetic factors associated with the host 

susceptibility to C. albicans colonization. Finally, we investigated the interplay between 

the extent of C. albicans intestinal carriage and the host immune response upon a 

mimicked C. albicans blood infection.  

 

3. Results 

Characterization of the mycobiota of a large cohort of healthy subjects. To 

describe the main characteristics of the healthy intestinal mycobiota, we analyzed a 

fecal sample from each of 695 healthy adults from the Milieu Intérieur cohort. First, we 

quantified the fungal load, which is the ratio between the fungal DNA concentration 

and the total fecal DNA concentration of a given sample (see Materials and Methods). 

Fungi represented only a small fraction of the total intestinal microbiota with a median 

fungal load of 4.0 x 10-6 (min: 9.0 x 10-10, max: 6.26 x 10-4, Fig. 1A).  

Using ITS2-targeted metagenomic sequencing, we further characterized the 

mycobiota of 96 of the Milieu Intérieur healthy subjects. The mycobiota of the subjects 

was characterized by a rather low richness and evenness, with a median Shannon 

Index of 2.21 (min: 0.17, max: 3.76, Fig. 1B). In contrast, the mycobiota was highly 

dissimilar between the subjects, with a median β-diversity, estimated by Bray-Curtis 

dissimilarity index, of 0.92 (min: 0.01, max: 9.99, Fig. 1C). 

In total, ITS2 sequence analyses resulted in 1061 fungal amplicon sequence variants 

(ASVs). 1057/1061 (99.6%) were annotated at the phylum level, 909 (85.7%) at the 

genus level and 831 (78.3%) at the species level. Overall, the 909 ASVs annotated at 

the genus level and the 831 ASVs annotated at the species level represented 99.7% 
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and 99.3% of the total number of sequences, respectively. Most of the fungal ASVs 

belonged to the Ascomycota (mean relative abundance of 95.5%), the Basidiomycota 

(3.3%), the Mucormycota (0.8%) or the Chytridiomycota (0.2%, Supplementary Fig. 1). 

Among the 492 fungal species identified, 27 were present in more than 50% of the 

samples, the most abundant species being Saccharomyces cerevisiae, Geotrichum 

candidum, Fusarium incarnatum, Fusarium equiseti, Malassezia restricta and 

Penicillium roqueforti (Fig. 1D).  Two hundred and eighty-two fungal genera were 

identified among which Geotrichum, Saccharomyces, Penicillium, Aspergillus, 

Botryotrichum, Fusarium, Pseudogymnoascus, Malassezia, Candida and 

Clasdosporium were the more dominant taxa, and were detected in at least 75% of the 

subjects (Fig. 1E).  

Using a qPCR assay, we quantified C. albicans absolute abundance in the fecal 

samples of these volunteers. We detected C. albicans DNA in 576/695 subjects 

(82.9%), in a concentration ranging from 2.7 x 10-5 to 0.78 ng/g of stool, with a median 

of 8.95 x 10-4 (Fig. 1F). In comparison, ITS2-targeted metagenomic sequencing 

detected C. albicans DNA in only 53/96 samples (55.2%). C. albicans carriage and 

colonization rates were similar between sexes (Wilcoxon test; p-value of 0.44, Chi-

square test; p-value of 0.59, Fig. 2A) but we observed dissimilarities based on the age 

of the volunteers both for the colonization rates and C. albicans levels (One-way 

ANOVA; p-value of 0.008, Chi-square test; p-value of 0.025, Fig. 2B). Only 73.9% of 

the subjects between 50 and 59 were colonized with C. albicans, whereas 85.2% of 

the rest of the cohort was colonized by this yeast. We also observed differences in C. 

albicans carriage between the age groups among the subjects that were colonized by 

C. albicans. Indeed, subjects between 20 and 29 were carrying in average higher 

intestinal C. albicans levels than subjects from the 40-49 (Tukey HSD; p-value of 

0.025) and 50-59 (Tukey HSD; p-value of 0.039) age groups.  
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Figure 1: Mycobiota characteristic of healthy subjects. (A). Violin plot of the fungal load 

observed in the 695 healthy subject fecal samples. (B). Alpha diversity : violin plot of the 

Shannon Index obtained for 96 healthy subjects’ fecal samples. (C). Beta diversity: Bray-Curtis 

dissimilarity values between samples donated by different subjects for ITS2 sequencing data 

obtained for 96 healthy subjects. Values range from 0 to 1, with 0 being the least dissimilar 

and 1 being the most dissimilar. (D). Barplot of the mean relative abundances of the fungal 

species that are detected in at least 50% of the subjects. (E). Barplot of the mean relative 

A.  B.  C.  

D.  

E.  F.  



Margot DELAVY – Thèse de doctorat - 2023 

145 
 

abundances of the fungal genera that are detected in at least 75% of the subjects.  (F) Violin 

plot of  C. albicans DNA levels observed in the 695 healthy subject fecal samples. 

 

Figure 2: Effect of the age and sex of the subjects on C. albicans carriage. (A). Boxplot 

of the distribution of C. albicans DNA levels in male and female subjects. (B). Boxplot of the 

distribution of C. albicans DNA levels depending on the age of the subjects. 

Identification of microbial species with a potential anti-C. albicans activity. 

Considering the wide variations of C. albicans carriage observed in the Milieu Intérieur 

healthy subjects, we hypothesized that the composition of the microbiota could explain 

a part of these variations and we aimed to identify bacterial species that were 

associated with C. albicans carriage in the gut and could thus either inhibit or, to the 

contrary, promote C. albicans growth in the human gut. By taking advantage of the 

whole genome shotgun metagenomic sequences available with Milieu Intérieur (Byrd 

et al. 2020), we used MaAsLin2 (Microbiome Multivariable Associations with Linear 

Models), to search for associations between C. albicans levels, deduced from qPCR 

quantification, and bacterial species abundance, deduced from the shotgun 

metagenomics data and annotated at the species level. On the 231 metagenomic 

species analyzed, Intestinimonas butyriciproducens was the only species to be 

significantly associated with C. albicans, highlighting a possible anti-C. albicans activity 

of this bacteria (MaAsLin2; q-value of 0.029, association coefficient of -0.11).  

Since Intestinimonas butyriciproducens has been described as a producer of butyrate 

(Kläring et al. 2013), a molecule known to inhibit C. albicans growth and hyphae 

production (Nguyen et al. 2011; Noverr and Huffnagle 2004), we tested the effect of 

this species supernatant on C. albicans growth and morphogenesis. We also tested 

the effect of the supernatant of several additional bacterial species: Bacteroides 
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massiliensis, Bacteroides ndongoniae, Coprobacter secundus, Enorma massiliensis, 

Pseudoflavonifractor capillosus, Lactococcus lactis and Roseburia intestinalis.  Since 

L. lactis is a facultative anaerobe, L. lactis supernatant was tested after it was grown 

in anaerobic and in aerobic conditions. We used Bifidobacterium adolescentis, strain 

L2-32, as a C. albicans inhibition control since this strain has been recently shown to 

have a strong inhibitory effect on both C. albicans growth and morphology (Ricci et al. 

2022).  

All these bacteria were short-chain fatty acid (SCFA) producers, but the concentration 

and type of SCFA varied greatly between the species (Fig. 3A). Unsurprisingly, B. 

adolescentis was the largest producer of SCFA, especially acetate, whereas R. 

intestinalis was the species that produced the largest amount of butyrate with an 

average of 42.5mM (Fig. 3A). However, except for B. adolescentis, none of the tested 

species’ supernatants were able to inhibit C. albicans growth (Fig. 3B). None of the 

studied bacterial species’ supernatant had an effect on C. albicans morphology, as 

observed by microscopy, except for R. intestinalis. Indeed, we observed a slight 

reduction of C. albicans hyphae formation in contact to R. intestinalis supernatant 

(Supplementary Fig. 2).  

Diet, medical and environmental factors have a limited impact on C. albicans 

growth. Since the gut microbiota composition seems to have a limited impact on C. 

albicans colonization, we then investigated if a specific alimentation, the medical 

history, or a combination of environmental factors might shape C. albicans carriage in 

the human gut. We combined linear mixed models and multiway ANOVA, adjusted for 

age, sex and technical variables, to identify diet, medical and environmental factors 

associated with C. albicans colonization and to the extent of C. albicans intestinal 

carriage in the colonized subjects (see Materials and Methods). In total, we analyzed 

201 variables including 12 demographic variables (i.e. age, sex, physical activity, 

housing conditions, etc.), 46 diet-related variables (i.e. consumption frequency of major 

food groups, number of meals per day, etc.), 6 basic physiological measures (i.e. 

weight, BMI, blood pressure, etc.), 70 variables relative to the subject or subject’s 

family medical history, 44 laboratory measures (i.e. creatinine, gamma GT, serology, 

etc.) and 30 variables relative to the subjects’ sleeping, drugs and smocking habits as 

well as socio-professional information. The list of the 201 variables analyzed is 

available in the supplementary data (Supplementary Table 1).  
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Figure 3: Characterization of bacterial species supernatants and their effect on C. 

albicans growth. (A). Characterization of the short-chain fatty acids (SCFA) content of each 

of the bacterial species tested. The SCFA were quantified in the species supernatant and 

normalized with the growth medium. (B). Boxplot representing the effect of bacterial culture 

supernatants on the survival of C. albicans, strain SC5314 after 24h of exposure, relative to 

the control growth in M2GSC medium (red line, confidence intervals are represented in 

orange). NGY: C. albicans growth in NGY medium, PBS: C. albicans growth in PBS. 

Diet slightly impacted C. albicans growth, with the subjects’ salt consumption being 

negatively associated with C. albicans carriage (q-value of 0.0047, Fig. 4A), while the 

subjects’ snacking habits (q-value of 0.016, Fig. 4B) were associated with a higher C. 

albicans intestinal carriage. Surprisingly, the only biological-related variable we 

identified in this analysis was the mean corpuscular hemoglobin concentration of the 

A. 

B. 
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subjects, that was strongly associated with both C. albicans DNA levels and C. albicans 

colonization (q-value of 0.00064 and 0.0010, respectively, Fig. 4C). However, we did 

not observe any impact of environmental variables on C. albicans intestinal levels or 

colonization.  

 

Figure 4: Diet and medical factors have a limited impact on C. albicans intestinal 

carriage and colonization. (A). Boxplot of the variation of C. albicans DNA levels according 

to the salting habits of the subjects. (B). Boxplot of the variation of C. albicans DNA levels 

according to the salting habits of the subjects. (C). Association between C. albicans intestinal 

carriage and colonization and the mean corpuscular hemoglobin concentration. (Left) Boxplot 
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of the distribution of the mean corpuscular hemoglobin concentration depending on C. albicans 

colonization state. (Right) Scatterplot of the mean corpuscular hemoglobin concentration 

relative to intestinal C. albicans DNA levels. The regression line is represented in green, and 

the interval of confidence in grey). * p-value < 0.05, ** p-value < 0.005. 

Genome-wide association study identifies a C. albicans gastrointestinal 

colonization susceptibility locus on chromosome 20. To investigate the effects of 

genetic variants on C. albicans gut colonization susceptibility, we compared the 

genotype profiles (Patin et al. 2018) of the 576 Milieu Intérieur subjects that were 

colonized by C. albicans to those of the 119 subjects that were not. After quality control 

(Patin et al. 2018) and genotype imputation, we obtained a total of 5’677’102 single-

nucleotide polymorphisms (SNPs) which were tested for association with C. albicans 

intestinal colonization state by linear mixed models. The models were adjusted by age, 

sex, smoking habits, and the genetic relatedness among subjects as was described by 

Patin et al. 2018. We thus identified 26 SNPs in two independent loci that showed a 

potential association with C. albicans colonization (p-value < 1.00 x 10-6, Fig. 5A).  

Among these associations, a SNP on chromosome 20, rs2870723 showed the 

strongest association with susceptibility to C. albicans intestinal colonization (p-value 

of 3.43 x 10-7, β coefficient of -0.224). Although rs2870723 genotypes were associated 

with C. albicans intestinal levels when considering all 695 subjects (Fig. 6A; One-way 

ANOVA; p-value of 2.72 x 10-7), this was not the case when considering only the 576 

subjects colonized by C. albicans (Fig. 6A; One-way ANOVA; p-value of 0.10). 

Therefore, rs2870723 seems to be only associated with the host susceptibility to C. 

albicans colonization and not to the extent of C. albicans carriage, in colonized 

subjects.  

Rs2870723 is located between RNA5SP487, a 5S Ribosomal pseudogene and MC3R 

(Fig. 5B), a gene that encodes for a melanocortin receptor, whose mutations have 

been previously associated to obesity (Koya et al. 2018; Mencarelli et al. 2011; Zegers 

et al. 2011; Lee et al. 2016). Interestingly, this SNP was also located relatively close 

to the Aurora Kinase A (AURKA) gene (Fig. 5B), in which several SNPs have been 

associated with the mean corpuscular hemoglobin concentration, a variable that we 

identified as being significantly associated with C. albicans colonization (summary 

statistics were downloaded from the NHGRI-EBI GWAS Catalog (Sollis et al. 2023) on 

19/01/2023 for study GCST90002322 and GCST90002326 (Chen et al. 2020). 
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Figure 5: MC3R locus is associated with C. albicans intestinal colonization 

susceptibility. (A). Manhattan plot of single-nucleotide polymorphisms (SNPs) associated 

with C. albicans intestinal colonization susceptibility, identified by the genome-wide association 

study (GWAS) conducted on the 695 subjects of Milieu Intérieur. The x-axis represents the 

chromosomal position, and the y-axis represents the -log10(p-values) associated with each 

SNP. The green line represents the suggestive threshold for association (p-value < 1.00 x 10-

6). The grey line represents a threshold of 5.00 x 10-8. (B). The regional association plot for the 

C. albicans intestinal colonization-associated SNP, rs2870723 (purple diamond). Each dot 

represents a SNP, the color of the dots corresponds to the linkage disequilibrium of the 

neighboring SNPs with the top SNP. The x-axis represents the chromosomal position, the left 

y-axis represents the -log10(p-values) associated with each SNP (dots) and the right y-axis 

represents the recombination rate (blue line) occurring in each position of the locus. 

Higher C. albicans intestinal levels are associated with the immune response 

upon C. albicans blood stimulation. As seen in the previous part of this study, the 

factors behind C. albicans colonization in healthy individuals are multifactorial and 

several medical, diet-related, or genetic factors might contribute into shaping the extent 
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of C. albicans carriage. Since more than 80% of the healthy population is colonized by 

C. albicans even though this yeast can become highly pathogenic in 

immunocompromised patients, we wondered if there was an advantage to the host to 

maintain relatively high levels of C. albicans in the gut. In particular, we hypothesized 

that a high carriage of C. albicans could contribute to the host protection in case of 

systemic infection by this yeast.  

 

Figure 6: Association between rs2870723 genotypes and the levels of C. albicans 

intestinal carriage. (A) Boxplot of the variation of C. albicans DNA levels according to the 

rs2870723 genotype of the 694 subjects. (B) Boxplot of the variation of C. albicans DNA levels 

according to the rs2870723 genotype of the 574 subjects colonized with C. albicans. *** p-

value < 0.0005, ns non-significant.  

To test this hypothesis, we searched for associations between the extent of C. albicans 

carriage in the subjects colonized by this yeast and the level of expression of 546 

immune genes and the production of 13 cytokines in the subjects’ whole blood, this 

before and after blood stimulation with heat-killed C. albicans cells. To do so, we used 

linear mixed models adjusted for the subject age, sex, immune cells proportions and 

technical variables. In addition, the models were adjusted for the genotype of the 

rs12567990 SNP, since it has been shown that this SNP, located at the CR1 locus, 

A. B. 
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regulates the immune gene expression upon C. albicans blood stimulation in the 

subjects from Milieu Intérieur (Piasecka et al. 2018).  

None of the 546 genes and 13 cytokines were associated with the extent of C. albicans 

carriage in non-stimulated conditions, suggesting that C. albicans intestinal carriage is 

independent of the immune response in normal conditions. However, we identified 

positive associations between the extent of C. albicans intestinal carriage and the 

expression level of NLRP3 (q-value of 0.036) and the concentration of IL-2 (q-value of 

0.00059) and CXCL5 (q-value of 0.029) upon blood stimulation with C. albicans heat-

killed cells (Fig. 7A). NLRP3 response upon C. albicans stimulation was mainly driven 

by the proportion of monocytes, C. albicans intestinal carriage explaining only 2.86 % 

of the variance (Fig. 7B), while CXCL5 response was largely driven by the age and sex 

of the subjects (1.28 % of the variance explained by C. albicans intestinal carriage, Fig. 

7B). However, IL-2 production upon C. albicans blood stimulation was mainly driven 

by the extent of C. albicans carriage, which was associated with the highest percentage 

of variance (3.39 %, Fig. 7B). It has to be noted that these associations were specific 

to the stimulation of the blood with C. albicans. Indeed, C. albicans intestinal levels 

were not associated with either NLRP3 expression or IL-2 and CXCL5 levels upon the 

subjects blood stimulation with Escherichia coli (NLRP3: q-value of 0.17, IL-2: q-value 

of 0.60, CXCL5: q-value of 0.46), Staphylococcus aureus (NLRP3:  q-value of 0.61), 

Bacillus Calmette-Guérin (BCG, q-value of 0.45, 0.24 and 0.24), influenza A live virus 

(q-value of 0.58, 0.99 and 0.99) or the staphylococcal enterotoxin B superantigen (q-

value of 0.35, 0.87 and 0.28).  



Margot DELAVY – Thèse de doctorat - 2023 

153 
 

 

Figure 7: The extent of C. albicans intestinal carriage is associated with the expression 

levels of NLRP3 and the concentration of IL-2 and CXCL5 upon C. albicans blood 

stimulation. (A). Scatter plots of the association between C. albicans intestinal DNA levels 

and the expression of NLRP3, and the concentration of IL-2 and CXCL5 upon C. albicans 

stimulation. The regression line is represented in green and the interval of confidence in grey). 

(B) Proportion of the expression and concentration variance explained by C. albicans intestinal 

carriage, age, sex, genetics, and proportions of immune cells for NLRP3, IL-2 and CXCL5, in 

response to C. albicans blood stimulation.  
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4. Discussion 

In this study, we explored different factors that could modulate the presence, or the 

intensity of C. albicans intestinal carriage in healthy subjects. First, we showed that C. 

albicans was present, with wide inter-subject variability, in the gut of 82.9% of the 

healthy subjects. This variability could not be explained by the subjects’ gender since 

men and women carried similar intestinal levels of C. albicans. Interestingly, subjects 

aged between 50 and 59 years were less colonized than the other individuals, 

suggesting an effect of age on C. albicans intestinal colonization. However, 

considering that all subjects were recruited at the same period, this decrease in C. 

albicans colonization might be associated with this specific generation rather than 

being age-related. This study is the first to assess C. albicans carriage, using a qPCR 

approach, in such a large population. A recent study published by our group already 

reported a high carriage of C. albicans in healthy adults (Delavy et al. 2022), and our 

work thus confirms that C. albicans might not be a facultative commensal, as was 

previously thought, but that it is able to maintain itself in the GI tract of most individuals, 

often at very low levels.  

The low incidence of host resistance to C. albicans colonization might have a genetic 

component. Indeed, we identified 26 SNPs, located in two independent loci, that are 

associated with C. albicans colonization. In particular, rs2870723, a SNP located in the 

chromosome 20, was strongly associated with the host susceptibility to C. albicans 

colonization but not to the levels of C. albicans carriage in the subjects colonized by 

this yeast. This SNP is located between RNA5SP487, an RNA 5S pseudogene that is 

not widely described, and MC3R, a gene encoding for a melanocortin receptor. 

Considering the phenomenon of Gene Linkage Disequilibrium, referring to the fact that 

alleles from closely located genes are more likely to be transmitted together than 

alleles from distant genes, it might be interesting to explore further the neighboring 

genes. Indeed, in this study, we tested 5’677’102 SNPs which represent only a fraction 

of the total number of existing SNPs. Moreover, the tag SNP – the SNPs on microarray 

typically used for genotyping in GWAS studies – are usually selected because they 

have a large amount of linkage disequilibrium with neighboring SNPs, thus serving as 

surrogates for the genomic regions that contain unmeasured SNPs (Stram 2004a; Ding 

and Kullo 2007; Schaid, Chen, and Larson 2018b).  
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Considering that mutations in MC3R have been associated with obesity in genetics 

(Koya et al. 2018; Mencarelli et al. 2011; Zegers et al. 2011) and in vivo (Lee et al. 

2016) studies, it is possible that this genetic association with C. albicans colonization 

results from an indirect interaction with the subjects’ weight. Especially since C. 

albicans have been reported to be more abundant in overweight people (García-

Gamboa et al. 2021). Moreover, polymorphisms in MC3R have been associated with 

an increased susceptibility to tuberculosis, probably through a mediation of the 

inflammatory response (P. Xu et al. 2020; Park et al. 2014; Hashemi et al. 2013). It is 

thus possible that the SNPs identified result in a differentiated inflammatory and/or 

inhibitory response against C. albicans. 

This interaction between neighboring genes is likely considering the fact that a SNP in 

the AUKRA gene, another neighboring gene of rs2870723, has been associated with 

the mean corpuscular hemoglobin concentration in previous GWAS studies (Sollis et 

al. 2023; Chen et al. 2020), a variable that we found associated with C. albicans 

intestinal carriage and colonization susceptibility.  

As importantly, we found that the subjects microbiota composition might contribute to 

C. albicans carriage, by highlighting Intestinimonas butyriciproducens, a SCFA-

producing bacteria, as a potential anti-C. albicans signature. Since we were not able 

to show an effect of this bacteria supernatant on C. albicans growth or morphology, it 

is possible that the conditions we used were not optimum for this bacteria growth and 

subsequent release of SCFA or other antifungal metabolites. Indeed, our analyses 

showed a relative low concentration of SCFA in the supernatant of this bacteria, which 

could be increased in alternative growth conditions. Moreover, the release of antifungal 

metabolites such as SCFA is only one method by which microbial species can inhibit 

fungal growth. Indeed, a bacterial species can also inhibit C. albicans growth by 

modulating the host immune response (Rizzo, Losacco, and Carratelli 2013; Nguyen 

et al. 2011; Fan et al. 2015) or through competition for niches, adhesion sites and/or 

nutrients (Alonso-Roman et al. 2022; Mailänder-Sánchez et al. 2017; Basson 2000). 

Finally, C. albicans inhibition by Intestinimonas butyriciproducens, might be strain 

specific, as it is has been reported for Bifidobacterium adolescentis (Ricci et al. 2022).  

In this study, the subjects that reported having a low sodium diet and those that 

reported frequent snacking between meals were carrying higher intestinal levels of C. 
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albicans, in average. This is not surprising since diet is known to strongly modulate the 

composition of the gut mycobiota (Szóstak et al. 2023; Motooka et al. 2017; G. D. Wu 

et al. 2011; Angebault et al. 2013) and several diet-related factors have been shown 

to affect the composition of the gut microbiota of the Milieu Intérieur subjects (Partula 

et al. 2019). The association between the snacking habits of the subjects and C. 

albicans high intestinal carriage is thus easily explained since snacking is often 

associated with the consumption of overall “unhealthy” food with high sugar and fat 

contents, and that these factors have been frequently associated with higher C. 

albicans carriage (Szóstak et al. 2023). The association of a low sodium diet with C. 

albicans carriage might seem more surprising, however, a high salt intake has been 

previously linked to an increase of Th17/IL-17 immune response that impacted the 

composition of the gut microbiota (Wilck et al. 2017). 

Finally, we showed that harboring high levels of C. albicans in the gut might be an 

advantage for the host, as the extent of intestinal C. albicans carriage is significantly 

associated with the expression of NLRP3 and the levels of IL-2 and CXCL5 upon a 

simulated C. albicans blood infection. NLRP3 inflammasome plays a crucial role in the 

clearance of C. albicans, since its activation triggers the release of IL-18 and IL-1β, 

two pro-inflammatory cytokines that promotes the Th1 and Th17 immune response 

(Vonk et al. 2006; Hise et al. 2009), while CXCL5 drives neutrophil recruitment in the 

Th17 immune response (Disteldorf et al. 2015; Conti and Gaffen 2015). However, IL-

2 activates Treg, and therefore maintain the equilibrium between inflammatory and 

anti-inflammatory responses (Leigh et al. 1998; Richardson and Moyes 2015).  

These results are thus coherent with previous reports stating that previous challenge 

with fungal components, such as β-glucans, results in an increased survival of mice 

upon a fungal infections (Quintin et al. 2012) and that C. albicans intestinal colonization 

confers a protection against systemic infections in mice (Huertas et al. 2017). In a 

similar context, recent studies have shown that mucosae-associated fungi might play 

a protective role for the host by reinforcing the intestinal epithelial function and thus 

preventing infection (Leonardi et al. 2022). Considering that cell wall peptidoglycans 

from the gut bacterial microbiota can cross the intestinal epithelial barrier and have 

been shown to disseminate in the blood of mice (Wheeler et al. 2023), it is possible 

that a similar phenomenon occurs with C. albicans cell wall molecules, such as β-

glucans. Subjects highly colonized with C. albicans would therefore be more likely to 
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have fungal particles crossing the gut barrier, thus allowing the host to develop a anti-

C. albicans immunity.  

Taken together, these results offer a better understanding of the mechanisms of C. 

albicans colonization in the healthy host. Although, the relative importance of some of 

the associations that we identified remain to be further explored, these findings pave 

the way for new intervention strategies to curb the intestinal proliferation of C. albicans, 

and thus prevent the emergence of life-threatening infections in high-risk patients.  

5. Materials & Methods 

The Milieu Intérieur cohort. One thousand healthy volunteers – 500 men and 500 

women – were recruited in the Rennes area (Ille-et-Vilaine, Bretagne, France) by 

BioTrial (Rennes, France) between September 2012 and August 2013. The age of the 

subjects was evenly distributed between 20 and 69 years, with 200 people in each 

decade of life. To minimize the influence of population substructure, the study was 

restricted to individuals of self-reported metropolitan French origin for three 

generations (i.e., with parents and grandparents born in continental France). 

Participant were selected based on strict inclusion and exclusion criteria (Thomas et 

al. 2015). In short, the subjects had no evidence of severe, chronic and/or recurrent 

pathology, and their body mass index (BMI) was limited to ≥18.5 and ≤32 kg/m2. In 

addition, subjects were excluded from the study if they (i) had been treated with 

antibiotics within the last 3 months prior to inclusion, (ii) were HIV or hepatitis C 

seropositive,(iii) reported having travelled to tropical or subtropical countries in the 6 

months prior to inclusion, (iv) vaccinated shortly before inclusion, (v) were alcohol 

abusers, (vi) were on a diet prescribed by a doctor or a dietician for medical reasons 

or (vii) with food intolerance or allergy. Moreover, only pre- or postmenopausal women 

were included in order to avoid the influence of hormonal fluctuations in women during 

the perimenopausal phase. 

The clinical study was approved by the Comité de Protection des Personnes–Ouest 6 

on June 13, 2012, and by the French Agence Nationale de Securité du Médicament 

on June 22, 2012, and was performed in accordance with the Declaration of Helsinki. 

The study was sponsored by the Institut Pasteur (Pasteur ID-RCB no. 2012-A00238-

35) and conducted as a single-center study without any investigational product. The 

original protocol is registered under ClinicalTrials.gov (study number NCT01699893). 
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Informed consent was obtained from the participants after the nature and possible 

consequences of the studies had been explained to them. The samples and data used 

in this study were formally established as the Milieu Interieur biocollection 

(NCT03905993), with approvals by the Comité de Protection des Personnes – Sud 

Mediterranée and the Commission nationale de l’informatique et des libertés on April 

11, 2018.  

Fecal DNA extraction. For each sample, 100-250 mg of stool was processed following 

the repeated bead beating plus column method described by Yu and Morrison, 2004 

(Yu and Morrison 2004) except than a Bullet Blender (NextAdvance, Troy, NY, USA) 

was used instead of a Mini-BeadbeaterTM. DNA samples were eluted in 100 μL of 

double distilled H2O. Total fecal DNA levels were measured by Qubit (Invitrogen, USA) 

using the dsDNA Broad Range Kit (Invitrogen, USA). Only DNA extract with a total 

DNA concentration above 50 ng/μL and in which fungal DNA was detected by 

Panfungal qPCR (see below) were retained for analysis, leading to a total of 695 

samples that were further analyzed. 

Quantitative PCR for detection of total fungal load in human DNA samples. 

Fungal DNA was quantified by TaqMan qPCR as described by Liu et al. 2012 (C. M. 

Liu et al. 2012) using a double dye MGB 5' 6-FAM-labelled probe (Eurogentec, 

Belgium). All reactions were performed on a CFX96 Real-Time PCR system (BioRad, 

USA) with the following conditions: 2 min at 50°C, 10 min at 95°C, 15 s at 95°C and 1 

min at 60°C, the last two steps repeated for 45 cycles. All samples were tested in two 

independent rounds, each time in duplicates. The presence of qPCR inhibitors was 

determined with a duplex internal control - C. albicans qPCR assay, as described 

below.  

The fungal load was estimated by dividing the fungal DNA concentration by the total 

DNA concentration of the sample (Zuo et al. 2018), obtained by Qubit Broad Range 

protocol. 

Duplex quantitative PCR for detection of C. albicans DNA in human DNA samples 

and internal amplification control. 10 μL of a 1:10 dilution of the extracted total fecal 

DNA were used as a template for TaqMan qPCR analysis, using C. albicans probe and 

primers described by Guiver et al, 2001 (Guiver, Levi, and Oppenheim 2001) in 

combination to the Cy®5-QXL®670 Probe system of the Universal Exogenous qPCR 
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Positive Control for TaqMan® Assay (Eurogentec, Belgium), in order to identify 

samples with qPCR inhibitors. 

C. albicans primers and probes were used at 100nM and 400nM, respectively. All 

reactions were performed on a CFX96 Real-Time PCR system (BioRad, USA) with the 

following conditions: 2 min at 50°C, 10 min at 95°C, 15 s at 95°C and 1 min at 60°C, 

the last two steps repeated for 45 cycles. All samples were quantified in two 

independent rounds, each time in duplicates. Samples with qPCR inhibitors at a 1:10 

dilution were diluted at 1:100 and submitted to a new round of qPCR. A detection 

threshold of 10-8 ng/μL of DNA was used for this assay.  

ITS2-targeted metagenomic sequencing. Library construction, quality control and 

sequencing were performed by Novogene (Beijing, China). PCR amplification of ITS2 

regions was performed by using ITS3/ITS4 primers (White et al. 1990), using 

Novogene pipeline. The PCR products were selected by 2% agarose gel 

electrophoresis. PCR products from each sample were pooled, end-repaired, A-tailed 

and further ligated with Illumina adapters, according to manufacturer’s 

recommendation. The library was quantified with Qubit and real-time PCR, and the 

size distribution estimated with a bioanalyzer. Quantified libraries were pooled and 

sequenced on Illumina platforms (Novogene, Beijing, China), according to effective 

library concentration and data amount required. Paired-end reads were assigned to 

samples based on their unique barcode and truncated by cutting off the barcode and 

primer sequence. Quality filtering on the raw reads was performed under specific 

filtering conditions (Novogene, Beijing, China) to obtain the high-quality clean reads. 

Paired-end clean reads were merged using FLASH (Magoč and Salzberg 2011) based 

on the reads overlap.  

ITS2-targeted metagenomic sequences analysis. ITS2 sequences were analyzed 

with QIIME 2TM (Quantitative Insights into Microbial Ecology) (Bolyen et al. 2019). A 

total of 14.1 million sequences were generated from 100 samples, with a mean of 

140,892 sequences per sample. The sequences were trimmed to 222 bp for the 

forward and reverse sequences, respectively. Using the DADA2 tool (Callahan et al. 

2016), the sequences were denoised and dereplicated into amplicon sequence 

variants (ASVs), and the chimeras were removed. Four samples with less than 10,000 

sequences were removed from the analyses. 2480 ASVs were recovered, and we 
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generated a feature table for all remaining samples. The taxonomic annotation was 

performed on the feature table using the UNITE database (rev. 9.0). ASVs not 

annotated as fungi were filtered out, leading to a total of 1061 ASVs. ASVs that could 

not be annotated at the species levels were submitted to a second round of annotation 

against the UNITE database and to a classic BLASTN. Only hits matched with a 

similarity above 97% to reference genomes were conserved. The abundance and 

DESeq2 normalized count tables were generated with SHAMAN (Volant et al. 2020). 

Shotgun metagenomic sequencing. Shotgun metagenomic sequences were 

obtained as described in Byrd et al. 2020.  

Shotgun metagenomic sequences analysis.  

Microbial gene count table. Gene count table were obtained using the METEOR 

software suite (Pons et al. 2010) that relies on Bowtie2 for read mapping. First, reads 

were filtered for low-quality by AlienTrimmer (Criscuolo and Brisse 2013) and reads 

that aligned to the human genome GRCh38-p13 release (identity > 95%) were also 

discarded. The remaining reads were trimmed to 80 bases and mapped to the 

Integrated Gut Catalogue 2 comprising 10.4 million genes (IGC2) (Plaza Onate et al. 

2021), and the 8.4 million oral microbial gene catalog (Le Chatelier et al. 2021). The 

unique mapped reads (reads mapped to a unique gene in the catalogue) were 

attributed to their corresponding genes. The shared reads (reads that mapped with the 

same alignment score to multiple genes in the catalogue) were attributed according to 

the ratio of their unique mapping counts of the captured genes. The resulting count 

table was further processed using the R package MetaOMineR v1.31 (Le Chatelier et 

al. 2013). To decrease technical bias due to different sequencing depths and avoid 

any artifact of sample size on low-abundance genes, read counts were ‘rarefied’ using 

20M high-quality reads using a random sampling procedure without replacement. The 

downsized matrix was finally normalized according to gene length and transformed 

into a frequency matrix (FPKM normalization). 

Metagenomic Species (MGS) abundance profiles. The IGC2 and the oral catalogues 

were organized into 1990 and 853 Metagenomic Species (MGS, cluster of co-

abundant genes), respectively, using MSPminer (Oñate et al. 2019; Le Chatelier et al. 

2021). After removing duplicated MGS (i.e., MGS present in both catalogues), we were 

left with 2741 MGS. The relative abundance of an MGS was computed as the mean 
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abundance of its 100 ‘marker’ genes (that is, the genes that correlate the most 

altogether). If less than 10% of ‘marker’ genes were seen in a sample, the abundance 

of the MGS was set to 0. 

Culturing of gut anaerobic bacteria. The anaerobic bacterial species tested included 

isolates from the Rowett Institute (Aberdeen, UK) strain collection or isolated 

purchased from DSMZ (Braunschweig, Germany) (Supplementary Table 2). The 

strains were revived anaerobically in Hungate tubes containing M2GSC medium 

supplemented with 1% liquid gold and incubated overnight at 37°C in a static 5% CO2 

incubator (NuAire, Plymouth, MN, USA). “Liquid gold” is the name given to fermenter 

run off which is collected after the addition of fecal slurry to a complex medium with the 

aim to simulating the human colon (Walker et al. 2005; Duncan et al. 2003). A 

spectrophotometer (Novaspec II, Amersham BioSciences UK Ltd., Little Chalfont, UK) 

was used to monitor cell growth by measuring the cultures optical density at 650 nm 

(OD650).  

Quantification of short-chain fatty acids and lactate in gut bacterial culture 

supernatants by capillary gas chromatography. Samples were analyzed as 

described in Ricci et al. 2022. Briefly, 1 mL of bacterial culture supernatant was filtered 

sterilized and added to a Sorvall screw-capped tube. 50 μL of 0.1M 2-ethylbutyric acid 

was added as an internal standard. A double step extraction of organic acids was 

performed with 0.5 mL of HCl and 2 mL of diethyl ether per sample. Tertiary 

butyldimethylsilyl were quantified using a capillary gas chromatography device (Agilent 

6890; Agilent Technologies, Santa Clara). To control the quality of the organic acid 

extraction, an external standard, composed of known concentration of acetic acid, 

propionic acid, iso-butyric acid, n-butyric acid, iso-valeric acid, n-valeric acid, sodium 

formate, lithium lactate and sodium succinate, was analyzed with the samples in each 

gas chromatography run.  

Assessment of C. albicans growth inhibition by gut bacterial supernatant. C. 

albicans strain SC5314 was grown overnight in NGY medium. C. albicans cells were 

then diluted to a 1:100 concentration in fresh NGY medium. In parallel, gut bacteria of 

interest were grown anaerobically overnight at 37°C in Hungate tube with M2GSC 

medium supplemented with 1% of liquid gold. Bacterial cultures were centrifuged to 

collect the supernatant. To remove any residual bacteria, each supernatant was then 
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filter-sterilized by being transferred through a 0.2 μm syringe-driven filter units (Millex, 

Merck Millipore Ltd, Kenilworth, NJ, USA). 

One hundred μL of 1:100 diluted C. albicans culture was transferred to 96-well 

microtitre plates (CoStar, Washington, WA, USA) and incubated anaerobically for 24 

h in a temperature-controlled plate reader at 37°C (Epoch 2 Microplate 

Spectrophotometer, BioTek, Swindon, UK) with 100 μL of bacterial culture 

supernatant. Fresh NGY medium, M2GSC medium supplemented with 1% of liquid 

gold and PBS were used as control to assess C. albicans growth. For each condition 

and each technical replicates, C. albicans growth was estimated by subtracting the 

optical density at 600nm obtained at time 0 from the one measured after 24 h. C. 

albicans growth in fresh M2GSC + 1% liquid gold was used as reference, thus 

corresponding to a 100% survival of the yeast. The experiment was performed in 3 

biological replicates, each in 6 technical replicates.  

Assessment of the effects of the gut bacterial supernatants on C. albicans 

morphology. C. albicans cells were collected after the 24h of incubation with the filter-

sterilized bacterial supernatant and deposited into microscopy slides. To highlight 

potential bacterial contamination, each plate was Gram stained. Plates were observed 

under a Leica CME light microscope (Leica Microsystems, Germany) at 100x and 

1000x magnification. For each biological replicate, the number of hyphae of two 

technical replicates was assessed visually, in five different sectors of the microscopy 

plates, at 1000x magnification.  

Dietary, medical, environmental, and demographic data. Multiple dietary, medical, 

environmental and demographic data were collected for each Milieu Intérieur subject 

in an electronic case report form (Thomas et al. 2015). Subjects reported their family 

medical history, medical history, birth place, smoking and sleeping habits, etc., and 

completed a food-frequency questionnaire (Partula et al. 2019). In addition, clinical 

chemistry, hematologic and serologic assessment were performed on the blood of the 

subjects at the at the certified Laboratoire de Biologie Médicale, Centre Eugene 

Marquis (Rennes, France) (Byrd et al. 2020). After manual curation of the variables 

that displayed a near zero variance, 201 variables were analyzed for their association 

with C. albicans intestinal colonization.  
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Genotyping, Quality Control, and Imputation. The 1000 subjects of the Milieu 

Intérieur cohort were genotyped by the HumanOmniExpress-24 BeadChip (Illumina, 

California), as described by Patin et al. 2018 (Patin et al. 2018). SNPs that (i) were 

unmapped on dgSNP138, (ii) were duplicated, (iii) had a low genotype clustering 

quality (GenTrain score < 0.35), (iv) had a call rate inferior to 99%, (v) that were 

monomorphic, (vi) were on a sex chromosome, and/or (vii) were in Hardy-Winberg 

disequilibrium (p-value < 10-7) were removed from the analyses. Possible pairs of 

genetically related subjects were detected as described in Patin et al. 2018 (Patin et 

al. 2018). Genotype imputation was then performed as presented in Patin et al. 2018. 

Genome-wide association analysis. We conducted the GWAS analyses for C. 

albicans intestinal colonization state (576 colonized and 119 non-colonized) with the 

linear mixed model implemented in GEMMA (Zhou and Stephens 2014), a mixed 

model that allows the control of genetic relatedness among donors. For each 

chromosome, a genetic relatedness matrix (GRM) was estimated based on the 21 

other chromosomes (‘leave-one-chromosome’ approach, Yang et al. 2014). Both 

genome-wide association analyses were conducted using as covariate the age, sex 

and smoking habit of the subjects.   

Whole-Blood TruCulture Stimulation - Gene expression and proteomics 

analysis. TruCulture tubes were prepared in two batches (A and B) with heat-killed C. 

albicans cells (Invivogen, San Diego, USA) in 2mL buffered media. C. albicans blood 

stimulation was performed with 1mL of whole blood, for 22 hours, as previously 

described (Piasecka et al. 2018; Duffy et al. 2014). Gene expression analysis was 

conducted as previously described (Piasecka et al. 2018; Urrutia et al. 2016). The 

levels of cytokines present in the whole blood was measured by Luminex xMAP 

technology, as described previously (Duffy et al. 2014).  

Biostatistical analyses. All analyses were performed on R (v. 4.1.2, Team R 

Development Core 2018). We used the vegan package (v. 2.6-4, Oksanen et al. 2019) 

to compute diversity indexes, the Maaslin2 package (v. 1.6-0, Mallick et al. 2021) to 

identify association between C. albicans carriage and the microbiota composition, the 

caret package to compute the near zero variances of the studied variables, (v. 6.0-93, 

Kuhn 2008) and the ggplot2 package to generate the figures (v. 3.4.0, Wickham et al. 

2018).  
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Identification of bacterial species with a potential anti-C. albicans activity. Null values 

of C. albicans DNA levels and of the relative abundances of the MGS and fungal 

species were replaced by the minimal non-null value of the given variable divided by 

two, to allow a log10 transformation. MGS with a near zero variance (Kuhn 2008; 2005) 

were filtered out from the analyses. MaAsLin2 (Mallick et al. 2021) was used to search 

for association between C. albicans levels, deduced from qPCR quantification, and 

bacterial species abundance, deduced from the shotgun metagenomics data and 

annotated at the species level. Age and sex of subjects were set as random effects in 

the analysis. We used a type I error of 0.05 and corrected the p-values for multi-testing 

using false discovery rate correction. 

Identification of diet, medical and environmental variables associated C. albicans 

intestinal carriage. After manual curation of the variables that displayed a near zero 

variance, 236 variables were analyzed individually for their association with C. albicans 

intestinal colonization. We used linear mixed models and multiway ANOVA, adjusted 

for the age, sex and date of collection of the fecal samples, to predict either the state 

of C. albicans gut colonization of the subjects or the extent of C. albicans intestinal 

carriage. We controlled all analyses for FDR to take into account multiple testing and 

we used a threshold of FDR < 0.05.  

Identification of associations between the extent of C. albicans intestinal carriage and 

the subject’s immune response. To predict the expression of each gene and the 

concentration of each cytokine based on C. albicans carriage, we used linear mixed 

models adjusted for the subject age, sex, immune cells proportion, genotype at the 

rs12567990 SNP and the batch of TruCulture tube used, before and after C. albicans 

blood stimulation. We analyzed a total of 13 cytokines and 546 genes. The 546 genes 

analyzed have been previously showed to be differentially expressed upon C. albicans 

blood stimulation (Piasecka et al. 2018). The analyses were controlled for FDR to 

consider multiple testing and a threshold of FDR < 0.05 was used.  
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6. Supplementary Materials 

 

Supplementary Figure 1: Phyla composition of healthy subjects. Barplot of the average 

relative abundance of the main fungal phyla for 96 healthy subjects. The fungal phyla 

represented have a mean relative abundance above 0.01% 
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Supplementary Figure 2: Gram staining and light microscopy of C. albicans SC5314 

cells after 24h of exposure to the supernatant of bacterial isolates. The bacterial growth 

medium, M2GSC+LG, was used as media control, phosphate buffered saline (PBS) solution 

was used as no-media control and supernatant of Bifidobacterium adolescentis strain L2-32, 

was used as a filamentation inhibition control.
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Supplementary Table 1: List of the diet, medical and lifestyle variables analyzed for an association with C. albicans carriage and 

colonization.  

VARIABLE NAME PANEL DESCRIPTION TYPE VALUE 

ABDOCM.V0 
Basic physiological 
measurements 

Abdominal circumference Visit 1 double cm 

ACCOUCH 
Personal medical history 
at birth 

Delivery time binary 
0=Born at term; 
1=Premature 

AGE Demographics Age in years integer years 

ALB.V0 Laboratory measure Biochemistry: Albumin double g/L 

ALCF Food and nutrition Glasses of spirit per week integer glasses/week 

ALCOOL Food and nutrition Alcohol integer 30, 12, 4, 2, 0, per day 

ALIM 
Personal medical history 
at birth 

Mode of feeding at birth binary 
0=Maternal breastfeeding; 
1=Formula milk 

ALLER Family medical history Allergic disease binary 0=No; 1=Yes 

ALP.V0 Laboratory measure 
Biochemistry: Alkaline 
phosphatases 

double IU/L 

ALT.V0 Laboratory measure Biochemistry: ALAT double IU/L 

AMIDI Food and nutrition Eat only in the afternoon binary 0 = no, 1 = yes 

APPET 
Sleep habits, drug 
habits, and 
psychological problems 

Little or too much appetite, last 2 
weeks 

integer 
0, 3, 8, 14 days the last two 
weeks 

APPLOC Food and nutrition Essential oils by local application integer 
0, 1, 5, 10, 30 times per 
month 

AST.V0 Laboratory measure Biochemistry: ASAT double IU/L 

ATTAQUE Family medical history 
Cerebral accident, hemorrhage or 
congestion 

binary 0=No; 1=Yes 
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AUTCFIL Family medical history Relationship to Other cancer categorical 

0=no relationship; 1=Father; 
2=Mother; 3=Brother; 
4=Sister; 5=Father & Mother; 
6=Father & Brother; 
9=Mother & Sister; 
NA=missing data 

BASO.V0 Laboratory measure Hematology: Basophils double G/L 

BICARB.V0 Laboratory measure Biochemistry: Bicarbonates double mmol/L 

BIERE Food and nutrition Glasses of beer/cider per week integer glasses/week 

BILI.V0 Laboratory measure Biochemistry: Total bilirubin double µmol/L 

BLANC Biometrics Hair graying binary 0=no; 1=yes 

BLANCA Biometrics Age at which hair started graying integer years 

BMI.V0 
Basic physiological 
measurements 

BMI (kg/m^2) Visit 1 double kg/m^2 

BRUIT 
Socio-professional 
information 

Exposure to noise categorical 
0=No exposure; 1=Past 
exposure; 2=Current 
exposure 

CAUTRE Family medical history Other cancer binary 0=No; 1=Yes 

CA.V0 Laboratory measure Biochemistry: Calcium double mmol/L 

CCOLON Family medical history Colon/rectum cancer binary 0=No; 1=Yes 

CHARCU Food and nutrition 
Cooked and cured meats (ham, 
salami, pate etc.) 

integer 
0, 1, 5, 10, 30, 60 times per 
month 

CHEVEUX Biometrics Hair color integer 
1=Black; 2=Dark brown; 
3=Light brown; 4=Red; 
5=Blond; 6=Other 

CHOL.V0 Laboratory measure Biochemistry: Total cholesterol double mmol/L 

CL.V0 Laboratory measure Biochemistry: Chloride double mmol/L 

CMSEQ 
Comcomitant drug 
treatment 

Subject takes concomitant drug 
treatment(s) 

integer 
Number of different drug 
treatments 
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CMV.V0 Laboratory measure Serology: CMV binary 0=negative; 1=positive 

CONCEN 
Sleep habits, drug 
habits, and 
psychological problems 

Difficulty concentrating on things 
like reading the newspaper or 
watching the television, last 2 
weeks 

integer 
0, 3, 8, 14 days the last two 
weeks 

CORREC Biometrics Corrective lenses worn binary 0=no; 1=yes 

CORRECP Biometrics Type of corrective lenses binary 1=glasses; 2=contact lenses 

CREAT.V0 Laboratory measure Biochemistry: Creatinine double µmol/L 

CRP.V0 Laboratory measure Biochemistry: CRP double mg/L 

CRUD Food and nutrition Raw vegetables integer 
0, 1, 5, 10, 30, 60 times per 
month 

CSEIN Family medical history Breast cancer binary 0=No; 1=Yes 

CSP 
Socio-professional 
information 

Socio-professional category, if ever 
employed 

categorical 

1=Farmer; 2=Artisan, 
tradesman, company 
director; 3=Senior executive, 
independent profession; 
4=Middle management; 
5=Employee; 6=Labourer; 
7=Other (e.g. artist, clergy, 
soldier, policeman); 
NA=missing data; NaN=not 
applicable 

CUISIN Food and nutrition Cooking integer 1, 5, 20, times per month 

DEJ Food and nutrition Eats lunch integer 
0 = always, 1 = not always, 2 
= never 

DESS Food and nutrition 
Desserts (cream desserts, ice 
cream, cream cakes, etc.) 

integer 
0, 1, 5, 10, 30, 60 times per 
month 

DIABETE Family medical history Diabetes binary 0=No; 1=Yes 
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DIABP1.V0 
Basic physiological 
measurements 

Diastolic measure 1 (mmHg) Visit 
1 

double mmHg 

DIABP2.V0 
Basic physiological 
measurements 

Diastolic measure 2 (mmHg) Visit 
1 

double mmHg 

DIAFIL Family medical history Relationship to Diabetes categorical 

0=no relationship; 1=Father; 
2=Mother; 3=Brother; 
4=Sister; 5=Father & Mother; 
6=Father & Brother; 
8=Mother & Brother; 
NA=missing data 

DIFF 
Sleep habits, drug 
habits, and 
psychological problems 

Difficulties falling asleep or staying 
asleep, or sleeping too much, last 
2 weeks 

integer 
0, 3, 8, 14 days the last two 
weeks 

DIFFATM Food and nutrition 
Essential oils by diffusion into the 
atmosphere 

integer 
0, 1, 5, 10, 30 times per 
month 

DINER Food and nutrition Eats dinner integer 
0 = always, 1 = not always, 2 
= never 

DORDIF 
Sleep habits, drug 
habits, and 
psychological problems 

Does the subject often find it 
difficult to fall asleep or to remain 
asleep? 

integer 
0,1,2,3 = Never, Sometimes, 
occasionally, most of the 
time, all the time 

DORH.T1 
Sleep habits, drug 
habits, and 
psychological problems 

Hours of sleep in decimal double hours/day 

DORLUM 
Sleep habits, drug 
habits, and 
psychological problems 

On average, how much light enters 
the subject’s bedroom while he/she 
is asleep? 

integer 
0,1,2 = Never, Sometimes, 
occasionally, most of the 
time, all the time 
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EMPLOIP 
Socio-professional 
information 

Category of unemployment categorical 

1=Student; 2=Looking for 
first job; 3=Unemployed; 
4=Housewife/househusband; 
5=Retired; NA=missing data; 
NaN=not applicable 

EMPLOIS 
Socio-professional 
information 

Steady job binary 0=No; 1=Yes 

EOS.V0 Laboratory measure Hematology: Eosinophils double G/L 

FASTF Food and nutrition Fast-food restaurants integer 0, 1, 5, 20 times per month 

FATI 
Sleep habits, drug 
habits, and 
psychological problems 

Feeling tired or having little energy, 
last 2 weeks 

integer 
0, 3, 8, 14 days the last two 
weeks 

FCRUS Food and nutrition Raw fruit integer 
0, 1, 5, 10, 30, 60 times per 
month 

FCUITS Food and nutrition Cooked fruit (stewed fruit etc.) integer 
0, 1, 5, 10, 30, 60 times per 
month 

FC.V0 
Basic physiological 
measurements 

Heart rate (bpm) Visit 1 double bpm 

FECUL Food and nutrition 
Starchy foods (pasta, rice, 
potatoes etc.) 

integer 
0, 1, 5, 10, 30, 60 times per 
month 

FRITS Food and nutrition 
Fried products (chips, crisps, 
doughnuts, nuggets, cordon bleu, 
etc.) or pasties/pies 

integer 
0, 1, 5, 10, 30, 60 times per 
month 

FROM Food and nutrition Cheese integer 
0, 1, 5, 10, 30, 60 times per 
month 

FSH.V0 Laboratory measure 
Biochemistry: Follicle stimulating 
hormone 

double U/L 

GFR.V0 Laboratory measure 
Biochemistry: Glomerular filtration 
rate 

double mL/min/1.73m2 



Margot DELAVY – Thèse de doctorat - 2023 

172 
 

GGT.V0 Laboratory measure Biochemistry: Gamma GT double IU/L 

GLUC.V0 Laboratory measure Biochemistry: Fasting glycaemia double mmol/L 

GRIGN Food and nutrition Nibble between meals categorical 
0 = never, 1 = sometimes, 2 
= often 

GRIPPE.V1 Laboratory measure Serology: Influenza binary 0=negative; 1=positive 

GROSS Visit scheme Pregnancy urine test carried out binary 0=no; 1=yes 

HASCHICH 
Sleep habits, drug 
habits, and 
psychological problems 

Hashish integer 
0 = never, 1 = rarely, 2 = 
regularly 

HCT.V0 Laboratory measure Hematology: Hematocrit double RATIO 

HDL.V0 Laboratory measure Biochemistry: HDL double mmol/L 

HEIGHT.V0 
Basic physiological 
measurements 

Height (cm) Visit 1 double cm 

HGB.V0 Laboratory measure Hematology: Hemoglobin double g/dL 

HYPERT Family medical history Arterial hypertension binary 0=No; 1=Yes 

HYPFIL Family medical history 
Relationship to Arterial 
hypertension 

categorical 

0=no relationship; 1=Father; 
2=Mother; 3=Brother; 
4=Sister; 5=Father & Mother; 
6=Father & Brother; 
7=Father & Sister; 8=Mother 
& Brother; 9=Mother & 
Sister; 10=Father & Mother 
& Sister 

IGA.V1 Laboratory measure Immunology: IgA double g/l 

IGE.V1 Laboratory measure Immunology: IgE double UI/ml 

IGG.V1 Laboratory measure Immunology: IgG double g/l 

IGM.V1 Laboratory measure Immunology: IgM double g/l 
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INACT 
Socio-professional 
information 

Time without professional activity, 
if unemployed or retired 

categorical 

0=Never worked; 1=0-1 
year; 2=1-3 years; 3=3 and 
more years; NA=missing 
data 

INFARC Family medical history Myocardial infarction binary 0=No; 1=Yes 

INFFIL Family medical history 
Relationship to Myocardial 
infarction 

categorical 

0=no relationship; 1=Father; 
2=Mother; 3=Brother; 
5=Father & Mother; 
6=Father & Brother 

K.V0 Laboratory measure Biochemistry: Potassium double mmol/L 

LAIT Food and nutrition Dairy products (milk, yoghurt etc.) integer 
0, 1, 5, 10, 30, 60 times per 
month 

LDL.V0 Laboratory measure Biochemistry: LDL double mmol/L 

LEGC Food and nutrition Cooked vegetables integer 
0, 1, 5, 10, 30, 60 times per 
month 

LEGS Food and nutrition 
Dried pulses (lentils, chickpeas, 
split peas etc.) 

integer 
0, 1, 5, 10, 30, 60 times per 
month 

LOG Demographics 
Does the subject own his/her 
housing? 

binary 1=landlord; 2=leaser 

LYM.V0 Laboratory measure Hematology: Lymphocytes double G/L 

MATIN Food and nutrition Eat only in the morning binary 0 = no, 1 = yes 

MCHC.V0 Laboratory measure 
Hematology: Mean corpuscular 
hemoglobin concentration 

double g/L 

MCH.V0 Laboratory measure 
Hematology: Mean corpuscular 
hemoglobin 

double pg 

MCV.V0 Laboratory measure 
Hematology: Mean corpuscular 
volume 

double µm3 



Margot DELAVY – Thèse de doctorat - 2023 

174 
 

MEDACT.LOCALCON 
Comcomitant drug 
treatment 

Subject takes a drug treatment 
whose action is: contraception 
(local) 

binary 0=no; 1=yes 

MEDACT.ORALCONT 
Comcomitant drug 
treatment 

Subject takes a drug treatment 
whose action is: oral contraception 

binary 0=no; 1=yes 

MEDCAT 
Comcomitant drug 
treatment 

General category of drug 
treatment(s) 

categorical 

1=female sex hormons; 
2=cardiovascular treatment; 
3=thyroid hormon 
replacement; 
4=Miscellaneous 

MEDIND.CONTRACE 
Comcomitant drug 
treatment 

Subject takes a drug treatment 
whose indication is: Contraception 

binary 0=no; 1=yes 

METABOSCORE Laboratory measure 
Metabolic score, estimated as 
described in Thomas et al., Clin 
Immunol 2015 

integer 
Number of risk factors for the 
Metabolic Syndrome, 
ranging from 0 to 5 

MHCAT10.MHTESTYN2 Medical history Cat:10: Tonsillectomy binary 0=No; 1=Yes 

MHCAT10.MHTESTYN3 Medical history Cat:10: Appendicectomy binary 0=No; 1=Yes 

MHCAT10.MHTESTYN9 Medical history Cat:10: Other binary 0=No; 1=Yes 

MHCAT10.ORTHO Medical history 
Cat:10: Orthopedic and 
maxillofacial surgery 

binary 0=No; 1=Yes 

MHCAT10.REPRO Medical history 
Cat:10: Reproductive system 
surgery 

categorical 
0=No; 1=Yes; 2=Yes, 
significant surgery 
(ovariectomy, ectopic testis) 

MHCAT10.TEETH Medical history Cat:10: Teeth extraction binary 0=No; 1=Yes 

MHCAT10.VASC Medical history Cat:10: Vascular system surgery categorical 0=No; 1=Yes 
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MHCAT10.VISC Medical history Cat:10: Visceral system surgery categorical 

0=No; 1=Yes; 2=Yes, 
significant surgery 
(cholecystectomy, 
thyroidectomy) 

MHCAT11.MHTESTYN1 Medical history Cat:11: Measles binary 0=No; 1=Yes 

MHCAT11.MHTESTYN3 Medical history Cat:11 :Hepatitis B binary 0=No; 1=Yes 

MHCAT11.MHTESTYN5 Medical history Cat:11: Flu binary 0=No; 1=Yes 

MHCAT8.MHTESTYN1 Medical history Cat:8: Measles binary 0=No; 1=Yes, antecedent 

MHCAT8.MHTESTYN2 Medical history Cat:8: Rubella binary 0=No; 1=Yes, antecedent 

MHCAT8.MHTESTYN3 Medical history Cat:8: Chicken pox categorical 
0=No; 1=Yes, antecedent; 
2=Yes, current w/o treatment 

MHCAT8.MHTESTYN4 Medical history Cat:8: Mumps binary 0=No; 1=Yes, antecedent 

MHCAT8.MHTESTYN9 Medical history Cat:8: Other binary 0=No; 1=Yes, antecedent 

MHCATYN10 Medical history Surgical interventions (Cat:10) binary 0=No; 1=Yes 

MHCATYN8 Medical history Childhood diseases (Cat:8) binary 0=No; 1=Yes 

MIN Food and nutrition Minerals only integer 
0, 1, 5, 10, 30 times per 
month 

MONO.V0 Laboratory measure Hematology: Monocytes double G/L 

MULTI Food and nutrition Multiminerals and multivitamins integer 
0, 1, 5, 10, 30 times per 
month 

MUMPS Vaccination history Vaccination against mumps binary 0=No; 1=Yes 

NAISSP 
Personal medical history 
at birth 

Weight at birth double kg 

NAISST 
Personal medical history 
at birth 

Length at birth double cm 

NBYLPSEXP Smoking habits 
Number of years since last 
secondhand smoking exposure 

integer Years 

NBYLTABAC Smoking habits Number of years since last smoke integer Years 
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NBYPSEXP Smoking habits 
Number of years exposed to 
secondhand smoking 

integer Years 

NBYTABAC Smoking habits Number of years smoking integer Years 

NCOLL Food and nutrition Eats no snacks binary 0 = no, 1 = yes 

NEUT.V0 Laboratory measure Hematology: Neutrophils double G/L 

NIVETUD 
Socio-professional 
information 

Level of education categorical 

1=No diploma; 2=Primary 
school certificate; 3=CAP, 
BEP, Brevet de colleges; 
4=Baccalaureat; 5=Higher 
education, cycle 1 (DUT, 
BTS, DEUG, L2); 6=Higher 
education, cycle 2 and 3 (L3, 
M1, M2, PhD) 

NVILLES Geographic origin 
Number of place(s) of residence 
(French department) before the 
age of 13 

integer places 

OEUFS Food and nutrition Eggs integer 
0, 1, 5, 10, 30, 60 times per 
month 

PAIN Food and nutrition Bread (one baguette ~250 g) integer 
400, 250, 125, 50, grams of 
bread per day 

PDEJ Food and nutrition Eats breakfast integer 
0 = always, 1 = not always, 2 
= never 

PERCEP 
Sleep habits, drug 
habits, and 
psychological problems 

Poor self-image, or you think that 
you are a loser or have not 
achieved your own expectations or 
those of your family, last 2 weeks 

integer 
0, 3, 8, 14 days the last two 
weeks 

PHOS.V0 Laboratory measure Biochemistry: Phosphate double mmol/L 
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PHYSDUR Demographics 
Duration of professional physical 
activity 

categorical 

1=1 to 20 minutes per day; 
2=21 to 60 minutes per day; 
3=1 to 2 hours per day; 
4=More than 2 hours per day 

PHYSDUR.T1 Demographics 
Duration of professional physical 
activity 

double proportion of 8h working day 

PHYSJ Demographics 
Days per week of physical activity 
during leisure 

integer days per week 

PHYSL Demographics Physical activity during leisure integer 

1=Little or no physical 
activity; 2=Moderate physical 
activity; 3=Intense physical 
activity 

PHYSP Demographics Professional physical activity integer 
1=none; 2=moderate; 
3=considerable 

PHYST Demographics 
Hours per day of physical activity 
during leisure 

double hours per day 

PLAIS 
Sleep habits, drug 
habits, and 
psychological problems 

Lack of interest or pleasure in 
doing things, last 2 weeks 

integer 
0, 3, 8, 14 days the last two 
weeks 

PLATC Food and nutrition Ready meals integer 
0, 1, 5, 10, 30, 60 times per 
month 

PLAT.V0 Laboratory measure Hematology: Platelets double G/L 

PLVTSEDT.V1.T1 Visit scheme 
Hour at which stool sample was 
taken 

double hours 

PLVTSEYN.V1.T1 Visit scheme 
Date at which stool sample was 
taken, in days since 09-01-2012 

integer days 

POISSON Food and nutrition Fish integer 
0, 1, 5, 10, 30, 60 times per 
month 
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POUSS 
Socio-professional 
information 

Exposure to dust categorical 
0=No exposure; 1=Past 
exposure; 2=Current 
exposure; NA=Unknown 

PRODALL1 Food and nutrition Uses reduced sugar products binary 0 = no, 1 = yes 

PRODALL2 Food and nutrition Uses reduced fat products binary 0 = no, 1 = yes 

PRODALL3 Food and nutrition Uses reduced salt products binary 0 = no, 1 = yes 

PRODALL4 Food and nutrition Uses light products binary 0 = no, 1 = yes 

PROT.V0 Laboratory measure Biochemistry: Total proteins double g/L 

PSEXP Smoking habits Secondhand smoking categorical 
0 = never been exposed, 1 = 
exposed in past, 2 =  
currently exposed 

PTOX 
Socio-professional 
information 

Exposure to toxic products categorical 
0=No exposure; 1=Past 
exposure; 2=Current 
exposure; NA=Unknown 

RBC.V0 Laboratory measure Hematology: Erythrocytes double T/L 

REPASH Food and nutrition 
Do you have regular mealtimes 
during workdays 

binary 
0 = have regular mealtimes, 
1 = no 

RESTAU Food and nutrition 
Restaurants other than work, or at 
friends’ houses 

integer 1, 5, 20, times per month 

REVENUS 
Socio-professional 
information 

Net monthly income of the 
household (EUR) 

integer 

1=0-1000€; 2=1001-2000€; 
3=2001-3000€; 4=3001-
4000€; 5=4001-5000€; 
6=5001€ and more; 
NA=missing data 

RUBELLA Vaccination history Vaccination against rubella binary 
0=No; 1=Yes; NA=missing 
data 

SEL Food and nutrition Salt consumption habits binary 
1 = doesn't salt food, 2 often 
salts food 

SEX Demographics Sex binary 1=male; 2=female 
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SODAS Food and nutrition 
Sodas and other sugary drinks 
(other than diet drinks low in sugar) 

integer 
0, 1, 5, 10, 30, 60 times per 
month 

SODIUM.V0 Laboratory measure Biochemistry: Sodium double mmol/L 

SOIREE Food and nutrition 
Eat only during the evening or 
night 

binary 0 = no, 1 = yes 

STRESS 
Sleep habits, drug 
habits, and 
psychological problems 

Major Negative Life event, loss of 
loved one etc., last 12 month 

binary 0 = no, 1 = yes 

SUCR Food and nutrition 
Sweet things (chocolate, sweets, 
honey, jam etc.) 

integer 
0, 1, 5, 10, 30, 60 times per 
month 

SYSBP1.V0 
Basic physiological 
measurements 

Systolic measure 1 (mmHg) Visit 1 double mmHg 

SYSBP2.V0 
Basic physiological 
measurements 

Systolic measure 2 (mmHg) Visit 1 double mmHg 

TABAC.T1 Smoking habits Smoking tobacco? categorical 
Non-smoker = 0, Ex-Smoker 
= 1, Smoker = 2 

TEMP.V0 
Basic physiological 
measurements 

Ear temperature (°C) Visit 1 double °C 

TOTNROFCIGS Smoking habits Total number of cigarettes smoked integer Cigarettes 

TRAVJ 
Socio-professional 
information 

Working time categorical 

1=Exclusively during the 
day; 2=Exclusively during 
the night; 3=Without fixed 
hours; NA=missing data; 
NaN=not applicable 

TRAVT 
Socio-professional 
information 

Type of employment binary 0=Part time; 1=Full time 

TRIG.V0 Laboratory measure Biochemistry: Triglycerides double mmol/L 
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TRIS 
Sleep habits, drug 
habits, and 
psychological problems 

Feeling sad, depressed, or 
despairing, last 2 weeks 

integer 
0, 3, 8, 14 days the last two 
weeks 

URATE.V0 Laboratory measure Biochemistry: Uric Acid double µmol/L 

UREA.V0 Laboratory measure Biochemistry: Urea double mmol/L 

VIANDE Food and nutrition Meat integer 
0, 1, 5, 10, 30, 60 times per 
month 

VIENN Food and nutrition 
Pastries and sweet breads 
(croissants, brioches, pains au 
chocolat, etc.) 

integer 
0, 1, 5, 10, 30, 60 times per 
month 

VILLENPOP Geographic origin 
Number of inhabitants in the place 
of birth 

integer inhabitants 

VILLENPOP20 Geographic origin 
Number of inhabitants in the place 
of birth larger than 20,000 

binary 0=no; 1=yes 

VILLESPOP Geographic origin 
Average number of inhabitants in 
the place(s) of residence before 
the age of 13 

double inhabitants 

VILLESPOP20 Geographic origin 
Number of inhabitants in at least 
one place of residence before the 
age of 13 larger than 20,000 

binary 0=no; 1=yes 

VIN Food and nutrition Glasses of wine per week integer glasses/week 

VISIT2 Visit scheme Presence at follow-up visit binary 0=not done; 1=done 

VIT Demographics Subject shares housing with... categorical 

1=Alone with no children; 
2=Alone with children; 
3=With a partner but no 
children; 4=With a partner 
and children 

VITA Food and nutrition Vitamins only integer 
0, 1, 5, 10, 30 times per 
month 
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VIT.COUPLE Demographics 
Subject shares housing with 
his/her partner 

binary 0=no; 1=yes 

VIT.ENFANTS Demographics 
Subject shares housing with 
his/her children 

binary 0=no; 1=yes 

VOIE 
Personal medical history 
at birth 

Route of delivery binary 
0=Vaginal delivery; 
1=Caesarean section 

VORALE Food and nutrition Essential oils by oral route integer 
0, 1, 5, 10, 30 times per 
month 

WBC.V0 Laboratory measure Hematology: Leucocytes double G/L 

WEIGHT.V0 
Basic physiological 
measurements 

Weight (kg) Visit 1 double kg 

WHOOPING.COUGH Vaccination history 
Vaccination against whooping 
cough 

binary 0=no; 1=yes 

YELLOW.FEVER Vaccination history Vaccination against yellow fever binary 0=no; 1=yes 

YEUX Biometrics Eye color integer 

1=Gray; 2=Blue; 
3=Green/Hazel green; 
4=Hazel brown; 5=Light 
brown; 6=Dark brown; 
7=Other 
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Supplementary Table 2: List of the bacterial strains whose supernatant was tested 

against C. albicans. Bifidobacterium adolescentis was used as an inhibition control.  

Strain  Species 
DSM26588 Intestinimonas butyriciproducens 

DSM17679 Bacteroides massiliensis 

DSM103636 Bacteroides ndongoniae 

DSM28864 Coprobacter secundus 

DSM25476 Enorma massiliensis 

DSM23940 Pseudoflavonifractor capillosus 

IL14-03 Lactococcus lactis 

DSM14610 Roseburia intestinalis 

L2-32 Bifidobacterium adolescentis 
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D -  DISCUSSION AND PERSPECTIVES 

C. albicans pathogenicity has been, and still is, extensively studied. However, less 

attention has been paid to the factors that allow this yeast to colonize the human body 

as a commensal. As one of the most prevalent yeast of the healthy human gut, the 

ability of C. albicans to colonize and maintain itself in the intestinal environment 

depends strongly on its interactions with the host and the microbiota.  

Thorough my PhD, I explored the impact of hundreds of host factors on C. albicans 

gastrointestinal colonization, including bacterial microbiota composition, lifestyle and 

diet factors, and the host immune and genetic profile. To do so, I had the chance to 

access two remarkable cohorts of healthy individuals: the CEREMI (Burdet, Nguyen, 

et al. 2019; Burdet, Grall, et al. 2019) and Milieu Intérieur (Thomas et al. 2015) cohorts. 

Since the second and third chapters of this thesis have been discussed individually, 

this section will focus on the overall impact and perspective of each main result.  

Characterization of the mycobiota of healthy individuals 

In this thesis, I characterized the mycobiota of the CEREMI subjects and of a subset 

of Milieu Intérieur subjects.  

There was an overlap between the main fungal species identified between the two 

cohorts, with Saccharomyces cerevisiae, Penicillium roqueforti and Geotrichum 

candidum (formerly Galactomyces candidus) and C. albicans being identified in most 

of the subjects of both cohorts. However, I still observed major differences in term of 

mycobiota composition between the subjects from the two cohorts. This might be 

explained by the different sequencing and analyses approaches used in the two 

studies. For the CEREMI cohort, I used ITS1-targeted metagenomic sequencing while 

I used ITS2-targeted metagenomic sequencing for the Milieu Intérieur cohort. Since it 

is known that the choice of the sequencing region influences strongly on the fungal 

species recovered (Frau et al. 2019; Hoggard et al. 2018; Thielemann et al. 2022; 

Bellemain et al. 2010), the differences we observed are not surprising. Moreover, when 

I started my thesis, I used SHAMAN to analyze the sequencing data (Volant et al. 

2020). Although efficient, SHAMAN does not allow fine-tuning since the user cannot 

modify most of the pipeline. Therefore, for the Milieu Intérieur cohort, I analyzed the 

sequences with Qiime2 (Bolyen et al. 2019). One major difference between the two 

analyses is that SHAMAN compute fungal OTUs while Qiime2 allows the generation 
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of ASVs. Since an ASV approach identify unique, exact fungal sequences whereas 

OTUs are a cluster of similar sequences – which, although genetically similar, might 

not even belong to the same biological species – ASV approach returns more accurate 

results (Callahan, McMurdie, and Holmes 2017), which might explain the higher α-

diversity and number of fungal species I identified in the Milieu Intérieur subjects. 

Overall, both approaches highlighted the high variability of the healthy gut mycobiota. 

It is likely that this variation originates from the fact that most fungi are probably not 

true colonizers of the human gut, but rather transient species brought by food and 

environment. This hypothesis could be further explored by determining how the Milieu 

Intérieur subject’s diet and lifestyle can modulate the composition and diversity of the 

healthy gut mycobiota.  

C. albicans carriage in healthy individuals 

A central step of this PhD was to assess C. albicans carriage in the 22 volunteers of 

the CEREMI cohort and the 695 volunteers of the Milieu Intérieur cohort, since almost 

all presented results depend on this quantification. Using a qPCR assay, I showed that 

C. albicans was present in varying quantity in the gut of 95% of the CEREMI subjects 

and 82.9% of the Milieu Intérieur subjects. These values are far above what has been 

previously reported in previous studies that used more traditional assays such as 

culturomics or ITS-targeted metagenomics (Bougnoux et al. 2006; Nash et al. 2017; 

da Silva Dantas et al. 2016). This is not surprising since most of the subjects in both 

cohorts displayed relatively low amount of C. albicans carriage, thus highlighting the 

importance of using highly sensitive methods, such as qPCR, to reliably quantify C. 

albicans carriage.  

One could wonder about the differences in the prevalence of C. albicans colonization 

between the two cohorts; the subjects from CEREMI being more often colonized that 

those of Milieu Intérieur. For each of the CEREMI subjects, I quantified C. albicans 

carriage in up to three fecal samples collected before the antibiotic treatment and 

considered a subject as colonized if C. albicans DNA was detected in at least one of 

these samples. In contrast, I had access to a single fecal sample for each Milieu 

Intérieur subject. Therefore, in the Milieu Intérieur cohort, samples with C. albicans 

DNA levels close to the qPCR detection threshold might have been seen as C. 

albicans-negative. However, having several fecal samples per volunteers, as in the 
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CEREMI cohort, increases the probability to have at least one sample of a low 

colonized subject reaching the qPCR detection threshold. This limit brought by the 

detection threshold of the qPCR, in addition to the low efficiency of the DNA extraction 

protocol we used, might have led us to underestimate C. albicans intestinal carriage in 

the subjects of the Milieu Intérieur cohort. However, a qPCR quantification still detects 

more sensitively C. albicans in fecal samples than culture or sequencing approaches. 

Overall, these results indicate that C. albicans intestinal colonization is highly common. 

C. albicans might thus not be a facultative commensal, as previously thought, but it is 

instead able to maintain itself at very low levels in most individuals. This is of particular 

concern since it suggests that most of the population is susceptible to develop an 

invasive infection if subjected to immunosuppression and/or other risk factors. 

Impact of an antibiotic-induced microbiota dysbiosis on C. albicans intestinal 

carriage in healthy individuals.  

In the second chapter of this thesis, we followed prospectively healthy volunteers 

before, during and after a β-lactam treatment by 3GC and investigated the effects of 

antibiotic exposure on C. albicans overgrowth. I showed that C. albicans levels were 

significantly increased after antibiotic treatment, but with wide variations between 

subjects, which did not depend on the type of 3GC the subjects received. Part of these 

variations could be explained by the change of endogenous fecal β-lactamase activity, 

which thus emerges as a new potential key factor regulating C. albicans proliferation. 

This regulation is likely due to differences in the abundance of β-lactamase-producing 

bacteria in the microbiota of the subjects, resulting in a differential impact of the 3GC 

on the endogenous gut bacteria. A microbiota rich in β-lactamase-producing bacteria 

would thus favor 3GC hydrolysis, resulting in a reduction in antibiotic-induced 

microbiota dysbiosis and a reduction in C. albicans proliferation. These results support 

the hypothesis that specific bacterial species or metabolites are able to control C. 

albicans growth in the gut and may be responsible of the so-called host colonization 

resistance to C. albicans (Seelbinder et al. 2020; d’Enfert et al. 2021; Fan et al. 2015; 

Mirhakkak et al. 2021; Leonardi et al. 2020).  

Our results demonstrate that, depending on the subject receiving it, treatment with the 

same antibiotic may differentially affect the gut microbiota, which in turn would lead to 

different degrees of C. albicans overgrowth. This challenges the current paradigm 
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stating that antibiotics are systematically a risk factor for C. albicans proliferation, and 

it should therefore be adjusted for antibiotic treatments based on β-lactams. Instead, 

monitoring fecal β-lactamase activity during and after a β-lactam antibiotic therapy 

could be an accurate predictor of the actual risk of subsequent increase of C. albicans 

burden in ICU patients. 

Identification of bacterial species with a potential antagonistic activity against 

C. albicans  

In the second and third chapters of this thesis, I identified bacterial species whose 

abundance was negatively correlated with the extent of C. albicans carriage. In the 

subjects of the CEREMI cohort, I identified 54 bacterial species with a potential anti-C. 

albicans activity, thus much more than in the Milieu Intérieur subjects, in whom 

Intestinimonas butyriciproducens, a SCFA-producing bacterium, was the only 

identified species negatively associated with C. albicans. This difference in the number 

of bacterial species highlighted in both cohorts could be explained by the fact that the 

CEREMI subjects were treated with antibiotics, and thus harbored a depleted 

microbiota after the treatment. Therefore, some of the negative associations observed 

between bacteria and C. albicans could result from false-positive signals, due to the 

overall decrease of bacterial abundance and overall increase of C. albicans carriage 

observed after antibiotics. Moreover, in Milieu Intérieur, due to the large number of 

volunteers, I was able to use mixed and linear models, such as MaAsLin2 (Mallick et 

al. 2021), to search for associations, while I used Spearman correlation to search for 

bacteria of interest in the CEREMI subjects. These models, that take into account 

subject age and gender are likely to yield more accurate results than conventional  rank 

correlations, for which such random effects cannot be computed.  

Interestingly, I. butyriciproducens was identified as a potential anti-C. albicans 

signature not only in the Milieu Intérieur cohort, but also in the CEREMI cohort. 

Considering the generally low overlap in the identification of microbial species with 

potential antagonistic activity against C. albicans between studies, or even between 

cohorts (see Review: Finding microbiome-based antifungal strategies: impact of 

OMICs approaches), these associations may actually reflect the ability of this bacteria 

to control C. albicans growth in the human gut. Although I could not demonstrate any 

effect of the supernatant of this bacterium on the growth or morphology of C. albicans, 
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this species could limit the growth of C. albicans by another mechanism, such as 

modulating the host immune response (Rizzo, Losacco, and Carratelli 2013; Nguyen 

et al. 2011; Fan et al. 2015) or through competition for niches, adhesion sites and/or 

nutrients (Alonso-Roman et al. 2022; Mailänder-Sánchez et al. 2017; Basson 2000). 

Moreover, inhibition of C. albicans by I. butyriciproducens, could be strain specific, as 

it is has been reported for B. adolescentis (Ricci et al. 2022).  

Therefore, the potential antagonistic activity of I. butyriciproducens should be further 

explored, using more complex in vitro and ex vivo experimental platforms, as for 

instance fermentation-based systems such as the SHIME® (Van Den Abbeele et al. 

2010; Marzorati et al. 2014), or organs-on-a-chip, or using in vivo models such as 

murine models of C. albicans colonization. This could therefore pave the way for the 

development of new live biotherapeutic products that could curb the proliferation of C. 

albicans, even before the emergence of a superficial or invasive infection.  

Impact of the host diet on C. albicans intestinal carriage 

In the third chapter of this thesis, I investigated the associations of 201 medical, 

environmental, and diet-associated variables with the extent of C. albicans intestinal 

carriage in the Milieu Intérieur healthy volunteers. I showed that host diet contributed 

to the growth of C. albicans in the human gut. Indeed, subjects who reported a low 

sodium diet and those who reported frequent snacking between meals were 

characterized, in average, by a higher intestinal carriage of C. albicans. This is not 

surprising since diet is known to strongly modulate the fungal composition of the gut 

microbiota (Szóstak et al. 2023; Motooka et al. 2017; Wu et al. 2011; Angebault et al. 

2013). Moreover, several diet-related factors have been shown to affect the 

composition of the gut bacterial microbiota of the Milieu Intérieur subjects (Partula et 

al. 2019). However, in the latter study, the impact of salt consumption and snacking on 

the gut microbiota composition has not been investigated (Partula et al. 2019). 

The highlighted association between the subjects’ snacking habits and increased 

intestinal carriage of C. albicans is therefore easily understandable since snacking is 

often associated with the consumption of processed, “unhealthy” high-sugar and high-

fat foods, foods that have been associated with higher carriage of C. albicans (Szóstak 

et al. 2023). By contrast, the association of a high-sodium diet with reduced C. albicans 

carriage might seem more coincidental. However, high salt intakes have previously 
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been linked to an increased Th17/IL-17 immune response that significantly affected 

the composition of the gut microbiota (Wilck et al. 2017). Therefore, C. albicans growth 

could be more efficiently limited in subjects consuming higher levels of salt, either 

through a modification of the gut microbiota that could, in turn, affects C. albicans 

growth, or directly through the host immune response.  

The relative low number of diet-related variables we identified in this study is 

questionable. In particular, I did not find any significant associations between the extent 

of C. albicans intestinal levels and consumption of sugary and/or fatty foods although 

these factors have been previously shown to increase C. albicans intestinal carriage 

(Szóstak et al. 2023; Motooka et al. 2017; G. D. Wu et al. 2011). This could be 

explained by the relatively low consumption of this type of food by the subjects of the 

studied cohort. Indeed, only 7% of the Milieu Intérieur subjects reported eating sweets 

such as chocolate, honey or jam, at least once daily and 88.5% of the studied subjects 

reported eating fried foods such as potato chips or French fries less than once a week. 

This also raises questions about the limitations of studies based on self-reported 

information. Indeed, it has been shown previously that, when asked about their habits, 

people tend to overestimate their healthy behaviours (such as fruits and vegetable 

consumption, physical activities, etc.) and underestimate their less desirable habits 

(such as consumption of “unhealthy” food, alcohol, drugs, etc.), and this consciously, 

or not (Mossavar-Rahmani et al. 2013; Teh et al. 2023; Adams et al. 2005). This so-

called social desirability bias (Crowne and Marlowe 1960) must therefore be 

considered when analysing these data.  

However, although the relative importance of the diet-related associations identified 

still need to be evaluated in another cohort, these results provide insight into how host 

diet may be involved in C. albicans growth. Diet could thus be considered to limit the 

risk of C. albicans proliferation in at risk patients.  

Identification of a C. albicans intestinal colonization susceptibility locus by 

Genome-Wide Association Studies 

In the third chapter of this thesis, we investigated the impact of genetic variability of the 

Milieu Intérieur subjects on their susceptibility to C. albicans intestinal colonization. 

Using GWAS, I identified 26 SNPs, located in two independent loci that were 

associated with C. albicans gut colonization. In particular, rs2870723, a SNP located 
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in the chromosome 20, was most strongly associated with the host susceptibility to C. 

albicans colonization. Rs2870723 is located between  RNA5SP487, an RNA 5S 

pseudogene that has not been widely described, and MC3R, a gene that encodes for 

a melanocortin receptor (Koya et al. 2018).  

In GWAS, we must consider Gene Linkage Disequilibrium. This phenomenon, which 

refers to the nonrandom association of alleles from different genes, resulting from their 

proximity on a chromosome and the resulting co-heritance, explains that alleles of 

close genes are more likely to be transmitted together than alleles of distant genes. 

Considering this, it might be interesting to further explore the genes closest to 

rs2870723. Indeed, in this study, we tested about 5 million SNPs, which is only a 

fraction of the total number of existing SNPs. Moreover, the SNPs on microarray 

typically used for genotyping in GWAS studies are usually selected because they 

exhibit high linkage disequilibrium with neighboring SNPs, thus serving as surrogates 

for the genomic regions that contain unmeasured SNPs (Stram 2004b; Ding and Kullo 

2007; Schaid, Chen, and Larson 2018a). Therefore, we further examined MC3R, to 

see if the SNPs we identified could result from an association with this gene.  

Mutations in MC3R have been associated with obesity in genetics studies, including 

GWAS (Koya et al. 2018; Mencarelli et al. 2011; Zegers et al. 2011), and have been 

confirmed by murine models (Lee et al. 2016). Therefore, this genetic association with 

C. albicans colonization could be the consequence of an indirect interaction with the 

weight of subjects, especially since overweight people tend to carry higher levels of C. 

albicans in their gut (García-Gamboa et al. 2021). However, in this study, I did not 

identify any association between C. albicans colonization, or carriage, and subject 

weight and we might thus consider a more direct role of the MC3R locus.  

The melanocortin receptor encoded by MC3R is expressed in various tissues, 

including the gut, and has for agonist several hormones including α-MSH. This 

hormone is a potent anti-inflammatory peptide that interacts with intestinal epithelial 

cells (Váradi et al. 2017) and has been shown to significantly reduce C. albicans growth 

and hyphae formation in vitro (Grieco et al. 2003; Cutuli et al. 2000). Therefore, this 

genetic association between this locus and C. albicans colonization could be related 

to the anti-C. albicans activity of MC3R activating hormone. 
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Besides, specific genetic polymorphisms in MC3R have also been associated with an 

increased susceptibility to tuberculosis, which has been explained by a differential 

mediation of the host inflammatory response (P. Xu et al. 2020; Park et al. 2014; 

Hashemi et al. 2013). It is therefore possible that the SNPs we identified as associated 

with C. albicans colonization are also associated with a differentiated host 

inflammatory and/or inhibitory response against C. albicans. 

These interactions with neighboring genes such as MC3R are not unlikely if we 

consider that a SNP in the AUKRA gene, another gene close to the identified SNPs, 

has been associated with the mean corpuscular hemoglobin concentration in previous 

GWAS studies (Sollis et al. 2023; Chen et al. 2020); a variable that I found to be 

associated with C. albicans intestinal carriage and host susceptibility to colonization.  

Overall, our results suggest that C. albicans colonization may be determined, at least 

in part, by the host genetics. However, the locus we identified does not seem to be 

involved in the extent of C. albicans carriage, in colonized subjects, since we did not 

observe any significant differences in intestinal C. albicans levels based on the 

subjects rs2870723 genotypes. Considering that C. albicans primo-colonization is 

most likely occurring at birth, during vaginal delivery, or in the perinatal period, also 

through breastfeeding (Azevedo et al. 2023; Bliss et al. 2008; Bougnoux et al. 2006; 

d’Enfert 2009; Boix-Amorós et al. 2017), it is possible that our results do not reflect a 

genetic association, but rather a maternal association, with the genetics playing the 

role of a confounding variable. Indeed, children from uncolonized mothers share 50% 

of their genetic material and are less likely to be colonized by C. albicans. The SNPs 

identified therefore need to be validated in replication cohorts that would, ideally, follow 

families. 

Impact of C. albicans intestinal levels on the host immune response upon a 

simulated C. albicans infection.  

Finally, I showed that high intestinal levels of C. albicans resulted in a higher 

expression of NLRP3 and in higher IL-2 and CXCL5 levels upon a simulated C. 

albicans blood infection. NLRP3 inflammasome plays a crucial role in the clearance of 

C. albicans by initiating a pro-inflammatory response (Vonk et al. 2006; Hise et al. 

2009), while CXCL5 drives neutrophils recruitment in the Th17/IL-17 immune response 
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(Disteldorf et al. 2015; Conti and Gaffen 2015). In contrast, IL-2 activates the Treg 

response, therefore 

+ regulating the inflammation (Leigh et al. 1998; Richardson and Moyes 2015). 

Intestinal C. albicans levels were not associated with either NLRP3 expression or IL-2 

and CXCL5 levels when the subjects’ blood was stimulated with other pathogens, 

including Escherichia coli, Staphylococcus aureus, BCG and influenza A virus. This 

suggests that this differential immune response in the subjects heavily colonized with 

C. albicans occurred specifically in response to C. albicans stimulation. 

As this part of the study was strictly descriptive and based on statistical analyses, the 

effects of a higher C. albicans carriage on the host immune system need to be 

confirmed, for example, using murine models. We could thus colonize the GI tract of 

mice with different levels of C. albicans and quantify the expression of NLRP3 and the 

levels of IL-2 and CXCL5 in their blood, after a challenge with C. albicans cells, either 

in vitro or in vivo. If confirmed, this would suggest that high intestinal carriage of C. 

albicans induces a stronger immune response when the host is infected with this yeast. 

This phenomenon of trained immunity would thus be consistent with reports stating 

that previous challenges with fungal particles, such as β-glucans, lead to an increased 

survival of mice upon a fungal infection (Quintin et al. 2012) and that intestinal 

colonization of C. albicans confers protection against systemic infections in mice 

(Huertas et al. 2017). 

Throughout this thesis, I had the opportunity to explore the influence of hundreds of 

variables, including lifestyle factors such as the microbiota composition, diet, medical 

history, and antibiotics use, but also the host genetic and immune profile on C. albicans 

intestinal carriage in healthy subjects. Therefore, although the relative relevance of 

some of the associations I identified has yet to be determined, this work offers a better 

understanding of the mechanisms of C. albicans colonization in the healthy host and 

could pave the way for the development of new intervention strategies to curb C. 

albicans growth. Overall, each factor I identified contributes in a relatively limited way 

to the overall host susceptibility to C. albicans intestinal colonization. This highlights 

the complexity of the gut system, where there is a multitude of interactions between 

Candida albicans, the microbiota and the host, leading to the maintenance or, on the 

contrary, to the clearance of the fungus. 
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This work was made possible because I had the opportunity to have access to two 

independent and complementary cohorts of healthy adults. However, much remains to 

be explored to fully understand the factors and mechanisms underlying C. albicans 

colonization of the healthy gut. Notably, I have worked with two French cohorts so we 

can wonder whether analysis of cohorts of subjects from other origins would reveal 

different factors.  

The small numbers of subjects not colonized by C. albicans had the unfortunate 

consequence of limiting the statistical analyses I was able to perform, because of a 

resulting lack of statistical power. Hopefully, the rise of public databases, gathering 

information and samples of thousands of individuals, of multiple nationalities will allow 

the use of more powerful computational tools, such as machine-learning, or even deep-

learning.  

  



Margot DELAVY – Thèse de doctorat - 2023 

193 
 

REFERENCES 

Abbeele, Pieter Van Den, Clara Belzer, Margot Goossens, Michiel Kleerebezem, Willem M. 

De Vos, Olivier Thas, Rosemarie De Weirdt, Frederiek Maarten Kerckhof, and Tom Van 

De Wiele. 2013. “Butyrate-Producing Clostridium Cluster XIVa Species Specifically 

Colonize Mucins in an in Vitro Gut Model.” ISME Journal 7 (5): 949–61. 

https://doi.org/10.1038/ismej.2012.158. 

Abbeele, Pieter Van Den, Charlotte Grootaert, Massimo Marzorati, Sam Possemiers, Willy 

Verstraete, Philippe Gérard, Sylvie Rabot, et al. 2010. “Microbial Community 

Development in a Dynamic Gut Model Is Reproducible, Colon Region Specific, and 

Selective for Bacteroidetes and Clostridium Cluster IX.” Applied and Environmental 

Microbiology 76 (15): 5237–46. https://doi.org/10.1128/AEM.00759-10. 

Abbeele, Pieter Van den, Norbert Sprenger, Jonas Ghyselinck, Benoît Marsaux, Massimo 

Marzorati, and Florence Rochat. 2021. “A Comparison of the in Vitro Effects of 

2’fucosyllactose and Lactose on the Composition and Activity of Gut Microbiota from 

Infants and Toddlers.” Nutrients 13 (3): 1–23. https://doi.org/10.3390/nu13030726. 

Acosta-Rodriguez, Eva V., Laura Rivino, Jens Geginat, David Jarrossay, Marco Gattorno, 

Antonio Lanzavecchia, Federica Sallusto, and Giorgio Napolitani. 2007. “Surface 

Phenotype and Antigenic Specificity of Human Interleukin 17-Producing T Helper Memory 

Cells.” Nature Immunology 8 (6): 639–46. https://doi.org/10.1038/ni1467. 

Adams, Swann Arp, Charles E. Matthews, Cara B. Ebbeling, Charity G. Moore, Joan E. 

Cunningham, Jeanette Fulton, and James R. Hebert. 2005. “The Effect of Social 

Desirability and Social Approval on Self-Reports of Physical Activity.” American Journal 

of Epidemiology 161 (4): 389–98. https://doi.org/10.1093/aje/kwi054. 

Alonso-Roman, Raquel, Antonia Last, Mohammad H. Mirhakkak, Jakob L. Sprague, Lars 

Möller, Peter Großmann, Katja Graf, et al. 2022. “Lactobacillus rhamnosus Colonisation 

Antagonizes Candida albicans by Forcing Metabolic Adaptations That Compromise 

Pathogenicity.” Nature Communications 13 (1). https://doi.org/10.1038/s41467-022-

30661-5. 

Amir, Itay, Philippe Bouvet, Christine Legeay, Uri Gophna, and Abraham Weinberger. 2014.   

“Eisenbergiella tayi Gen. Nov., Sp. Nov., Isolated from Human Blood.” International 

Journal of Systematic and Evolutionary Microbiology 64: 907–14. 

https://doi.org/10.1099/IJS.0.057331-0. 

Angebault, Cécile, Félix Djossou, Sophie Abélanet, Emmanuelle Permal, Mouna Ben Soltana, 

Laure Diancourt, Christiane Bouchier, et al. 2013. “Candida albicans Is Not Always the 

Preferential Yeast Colonizing Humans: A Study In Wayampi Amerindians.” Journal of 

Infectious Diseases 208 (10): 1705–16. https://doi.org/10.1093/infdis/jit389. 

Angebault, Cécile, Amine Ghozlane, Stevenn Volant, Françoise Botterel, Christophe D’Enfert, 

and Marie Elisabeth Bougnoux. 2018. “Combined Bacterial and Fungal Intestinal 

Microbiota Analyses: Impact of Storage Conditions and DNA Extraction Protocols.” PLoS 

ONE 13 (8): e0201174. https://doi.org/10.1371/journal.pone.0201174. 

Arnold, Melina, Eileen Morgan, Harriet Rumgay, Allini Mafra, Deependra Singh, Mathieu 



Margot DELAVY – Thèse de doctorat - 2023 

194 
 

Laversanne, Jerome Vignat, et al. 2022. “Current and Future Burden of Breast Cancer: 

Global Statistics for 2020 and 2040.” Breast 66 (December): 15–23. 

https://doi.org/10.1016/j.breast.2022.08.010. 

Ashammakhi, Nureddin, Rohollah Nasiri, Natan Roberto de Barros, Peyton Tebon, Jai Thakor, 

Marcus Goudie, Amir Shamloo, Martin G. Martin, and Ali Khademhosseni. 2020. “Gut-on-

a-Chip: Current Progress and Future Opportunities.” Biomaterials 255 (October): 120196. 

https://doi.org/10.1016/j.biomaterials.2020.120196. 

Auchtung, Thomas A., Tatiana Y. Fofanova, Christopher J. Stewart, Andrea K. Nash, Matthew 

C. Wong, Jonathan R. Gesell, Jennifer M. Auchtung, Nadim J. Ajami, and Joseph F. 

Petrosino. 2018. “Investigating Colonization of the Healthy Adult Gastrointestinal Tract by 

Fungi.” MSphere 3 (2). https://doi.org/10.1128/msphere.00092-18. 

Azevedo, Maria João, Ricardo Araujo, Joana Campos, Carla Campos, Ana Filipa Ferreira, 

Inês Falcão-Pires, Carla Ramalho, Egija Zaura, Eugénia Pinto, and Benedita Sampaio-

Maia. 2023. “Vertical Transmission and Antifungal Susceptibility Profile of Yeast Isolates 

from the Oral Cavity, Gut, and Breastmilk of Mother–Child Pairs in Early Life.” 

International Journal of Molecular Sciences 24 (2): 1449. 

https://doi.org/10.3390/ijms24021449. 

Babula, Oksana, Gunta Lazdane, Juta Kroiča, Iara M. Linhares, William J. Ledger, and Steven 

S. Witkin. 2005. “Frequency of Interleukin-4 (IL-4) -589 Gene Polymorphism and Vaginal 

Concentrations of IL-4, Nitric Oxide, and Mannose-Binding Lectin in Women with 

Recurrent Vulvovaginal Candidiasis.” Clinical Infectious Diseases 40 (9): 1258–62. 

https://doi.org/10.1086/429246. 

Bacher, Petra, Thordis Hohnstein, Eva Beerbaum, Marie Röcker, Matthew G. Blango, Svenja 

Kaufmann, Jobst Röhmel, et al. 2019. “Human Anti-Fungal Th17 Immunity and Pathology 

Rely on Cross-Reactivity against Candida albicans.” Cell 176 (6): 1340-1355.e15. 

https://doi.org/10.1016/j.cell.2019.01.041. 

Bäckhed, Fredrik, Hao Ding, Ting Wang, Lora V. Hooper, Young Koh Gou, Andras Nagy, Clay 

F. Semenkovich, and Jeffrey I. Gordon. 2004. “The Gut Microbiota as an Environmental 

Factor That Regulates Fat Storage.” Proceedings of the National Academy of Sciences 

of the United States of America 101 (44): 15718–23. 

https://doi.org/10.1073/pnas.0407076101. 

Bäckhed, Fredrik, Josefine Roswall, Yangqing Peng, Qiang Feng, Huijue Jia, Petia 

Kovatcheva-Datchary, Yin Li, et al. 2015. “Dynamics and Stabilization of the Human Gut 

Microbiome during the First Year of Life.” Cell Host and Microbe 17 (5): 690–703. 

https://doi.org/10.1016/j.chom.2015.04.004. 

Bai, Xiao Dong, Xian Hua Liu, and Qing Ying Tong. 2004. “Intestinal Colonization with Candida 

albicans and Mucosal Immunity.” World Journal of Gastroenterology 10 (14): 2124–26. 

https://doi.org/10.3748/wjg.v10.i14.2124. 

Balish, Edward, Jean Jensen, and Thomas Warner. 1993. “Resistance of SCID Mice to 

Candida albicans Administered Intravenously or Colonizing the Gut: Role of 

Polymorphonuclear Leukocytes and Macrophages.” Journal of Infectious Diseases 167 

(4): 912–19. https://doi.org/10.1093/infdis/167.4.912. 



Margot DELAVY – Thèse de doctorat - 2023 

195 
 

Basson, N. J. 2000. “Competition for Glucose between Candida albicans and Oral Bacteria 

Grown in Mixed Culture in a Chemostat.” Journal of Medical Microbiology 49 (11): 969–

75. https://doi.org/10.1099/0022-1317-49-11-969. 

Beaucoudtey, Ludovic De, Anne Puel, Orchidée Filipe-Santos, Aurélie Cobat, Pegah Ghandil, 

Maya Chrabieh, Jacqueline Felnberg, et al. 2008. “Mutations in STAT3 and IL12RB1 

Impair the Development of Human IL-17-Producing T Cells.” Journal of Experimental 

Medicine 205 (7): 1543–50. https://doi.org/10.1084/jem.20080321. 

Bellemain, Eva, Tor Carlsen, Christian Brochmann, Eric Coissac, Pierre Taberlet, and Håvard 

Kauserud. 2010. “ITS as an Environmental DNA Barcode for Fungi: An in Silico Approach 

Reveals Potential PCR Biases.” BMC Microbiology 10: 189. https://doi.org/10.1186/1471-

2180-10-189. 

Beno, D W, A G Stöver, and H L Mathews. 1995. “Growth Inhibition of Candida albicans 

Hyphae by CD8+ Lymphocytes.” The Journal of Immunology 154 (10): 5273–81. 

https://doi.org/10.4049/jimmunol.154.10.5273. 

Bernard, Kathryn, Tamara Burdz, Deborah Wiebe, Brittany M. Balcewich, Tina Zimmerman, 

Philippe Lagacé-Wiens, Linda M.N. Hoang, and Anne Marie Bernier. 2017. 

“Characterization of Isolates of Eisenbergiella tayi, a Strictly Anaerobic Gram-Stain 

Variable Bacillus Recovered from Human Clinical Materials in Canada.” Anaerobe 44 

(April): 128–32. https://doi.org/10.1016/J.ANAEROBE.2017.03.005. 

Bernardis, Flavia De, Maria Boccanera, Daniela Adriani, Elisabetta Spreghini, Giorgio Santoni, 

and Antonio Cassone. 1997. “Protective Role of Antimannan and Anti-Aspartyl Proteinase 

Antibodies in an Experimental Model of Candida albicans Vaginitis in Rats.” Infection and 

Immunity 65 (8): 3399–3405. https://doi.org/10.1128/iai.65.8.3399-3405.1997. 

Bistoni, F., A. Vecchiarelli, E. Cenci, P. Puccetti, P. Marconi, and A. Cassone. 1986. “Evidence 

for Macrophage-Mediated Protection against Lethal Candida albicans Infection.” Infection 

and Immunity 51 (2): 668–74. https://doi.org/10.1128/iai.51.2.668-674.1986. 

Biswas, Swarajit K., and W. La Jean Chaffin. 2005. “Anaerobic Growth of Candida albicans 

Does Not Support Biofilm Formation under Similar Conditions Used for Aerobic Biofilm.” 

Current Microbiology 51 (2): 100–104. https://doi.org/10.1007/s00284-005-4552-3. 

Blair, Jessica M.A., Mark A. Webber, Alison J. Baylay, David O. Ogbolu, and Laura J.V. 

Piddock. 2015. “Molecular Mechanisms of Antibiotic Resistance.” Nature Reviews 

Microbiology. Nat Rev Microbiol. https://doi.org/10.1038/nrmicro3380. 

Bliss, Joseph M., Kumar P. Basavegowda, Wendy J. Watson, Asad U. Sheikh, and Rita M. 

Ryan. 2008. “Vertical and Horizontal Transmission of Candida albicans in Very Low Birth 

Weight Infants Using DNA Fingerprinting Techniques.” Pediatric Infectious Disease 

Journal 27 (3): 231–35. https://doi.org/10.1097/INF.0b013e31815bb69d. 

Boix-Amorós, Alba, Cecilia Martinez-Costa, Amparo Querol, Maria Carmen Collado, and Alex 

Mira. 2017. “Multiple Approaches Detect the Presence of Fungi in Human Breastmilk 

Samples from Healthy Mothers.” Scientific Reports 7 (1). https://doi.org/10.1038/s41598-

017-13270-x. 

Bolyen, Evan, Jai Ram Rideout, Matthew R. Dillon, Nicholas A. Bokulich, Christian C. Abnet, 

Gabriel A. Al-Ghalith, Harriet Alexander, et al. 2019. “Reproducible, Interactive, Scalable 



Margot DELAVY – Thèse de doctorat - 2023 

196 
 

and Extensible Microbiome Data Science Using QIIME 2.” Nature Biotechnology 37 (8): 

852–57. https://doi.org/10.1038/s41587-019-0209-9. 

Bonder, Marc Jan, Alexander Kurilshikov, Ettje F. Tigchelaar, Zlatan Mujagic, Floris Imhann, 

Arnau Vich Vila, Patrick Deelen, et al. 2016. “The Effect of Host Genetics on the Gut 

Microbiome.” Nature Genetics 48 (11): 1407–12. https://doi.org/10.1038/ng.3663. 

Bongomin, Felix, Sara Gago, Rita O. Oladele, and David W. Denning. 2017. “Global and Multi-

National Prevalence of Fungal Diseases—Estimate Precision.” Journal of Fungi 3 (4): 57. 

https://doi.org/10.3390/jof3040057. 

Borghi, Monica, Giorgia Renga, Matteo Puccetti, Vasileios Oikonomou, Melissa Palmieri, 

Claudia Galosi, Andrea Bartoli, and Luigina Romani. 2014. “Antifungal Th Immunity: 

Growing up in Family.” Frontiers in Immunology. Front Immunol. 

https://doi.org/10.3389/fimmu.2014.00506. 

Bougnoux, M. E., D. Diogo, N. François, B. Sendid, S. Veirmeire, J. F. Colombel, C. Bouchier, 

H. Van Kruiningen, C. D’Enfert, and D. Poulain. 2006. “Multilocus Sequence Typing 

Reveals Intrafamilial Transmission and Microevolutions of Candida albicans Isolates from 

the Human Digestive Tract.” Journal of Clinical Microbiology 44 (5): 1810–20. 

https://doi.org/10.1128/JCM.44.5.1810-1820.2006. 

Brown, Gordon D. 2011. “Innate Antifungal Immunity: The Key Role of Phagocytes.” Annual 

Review of Immunology 29 (1): 1–21. https://doi.org/10.1146/annurev-immunol-030409-

101229. 

Brown, Gordon D., David W. Denning, Neil A.R. Gow, Stuart M. Levitz, Mihai G. Netea, and 

Theodore C. White. 2012. “Hidden Killers: Human Fungal Infections.” Science 

Translational Medicine 4 (165): 165rv13-165rv13. 

https://doi.org/10.1126/scitranslmed.3004404. 

Burdet, Charles, Nathalie Grall, Morgane Linard, Antoine Bridier-Nahmias, Michèle 

Benhayoun, Khadija Bourabha, Mélanie Magnan, et al. 2019. “Ceftriaxone and 

Cefotaxime Have Similar Effects on the Intestinal Microbiota in Human Volunteers 

Treated by Standard-Dose Regimens.” Antimicrobial Agents and Chemotherapy 63 (6). 

https://doi.org/10.1128/AAC.02244-18. 

Burdet, Charles, Thu Thuy Nguyen, Xavier Duval, Stéphanie Ferreira, Antoine Andremont, 

Jérémie Guedj, and France Mentré. 2019. “Impact of Antibiotic Gut Exposure on the 

Temporal Changes in Microbiome Diversity.” Antimicrobial Agents and Chemotherapy 63 

(10). https://doi.org/10.1128/AAC.00820-19. 

Burgain, Anaïs, Faiza Tebbji, Inès Khemiri, and Adnane Sellam. 2020. “Metabolic 

Reprogramming in the Opportunistic Yeast Candida albicans in Response to Hypoxia.” 

MSphere 5 (1). https://doi.org/10.1128/msphere.00913-19. 

Byrd, Allyson L., Menghan Liu, Kei E. Fujimura, Svetlana Lyalina, Deepti R. Nagarkar, Bruno 

Charbit, Jacob Bergstedt, et al. 2020. “Gut Microbiome Stability and Dynamics in Healthy 

Donors and Patients with Non-Gastrointestinal Cancers.” Journal of Experimental 

Medicine 218 (1). https://doi.org/10.1084/JEM.20200606. 

Callahan, Benjamin J., Paul J. McMurdie, and Susan P. Holmes. 2017. “Exact Sequence 

Variants Should Replace Operational Taxonomic Units in Marker-Gene Data Analysis.” 



Margot DELAVY – Thèse de doctorat - 2023 

197 
 

The ISME Journal 2017 11:12 11 (12): 2639–43. https://doi.org/10.1038/ismej.2017.119. 

Callahan, Benjamin J., Paul J. McMurdie, Michael J. Rosen, Andrew W. Han, Amy Jo A. 

Johnson, and Susan P. Holmes. 2016. “DADA2: High-Resolution Sample Inference from 

Illumina Amplicon Data.” Nature Methods 13 (7): 581–83. 

https://doi.org/10.1038/nmeth.3869. 

Camilli, Giorgio, James S. Griffiths, Jemima Ho, Jonathan P. Richardson, and Julian R. Naglik. 

2020. “Some like It Hot: Candida Activation of Inflammasomes.” PLoS Pathogens 16 (10). 

https://doi.org/10.1371/journal.ppat.1008975. 

Carey, Barbara, Jonathan Lambourne, Stephen Porter, and Tim Hodgson. 2019. "Chronic 

Mucocutaneous Candidiasis Due to Gain-of-Function Mutation in STAT1". Oral Diseases. 

Vol. 25. https://doi.org/10.1111/odi.12881. 

Carrow, Emily W., R. F. Hector, and Judith E. Domer. 1984. “Immunodeficient CBA/N Mice 

Respond Effectively to Candida albicans.” Clinical Immunology and Immunopathology 33 

(3): 371–80. https://doi.org/10.1016/0090-1229(84)90308-8. 

Chang, Hao Teng, Pei Wen Tsai, Hsin Hui Huang, Yu Shu Liu, Tzu Shan Chien, and Chung 

Yu Lan. 2012. “LL37 and HBD-3 Elevate the β-1,3-Exoglucanase Activity of Candida 

albicans Xog1p, Resulting in Reduced Fungal Adhesion to Plastic.” Biochemical Journal 

441 (3): 963–70. https://doi.org/10.1042/BJ20111454. 

Chapman, Stephen J., and Adrian V.S. Hill. 2012. “Human Genetic Susceptibility to Infectious 

Disease.” Nature Reviews Genetics 13 (3): 175–88. https://doi.org/10.1038/nrg3114. 

Chatelier, Emmanuelle Le, Mathieu Almeida, Florian Plaza Oñate, Nicolas Pons, Franck 

Gauthier, Amine Ghozlane, Stanislav Dusko Ehrlich, Elizabeth Witherden, and David 

Gomez-Cabrero. 2021. “A Catalog of Genes and Species of the Human Oral Microbiota.” 

https://doi.org/10.15454/WQ4UTV. 

Chatelier, Emmanuelle Le, Trine Nielsen, Junjie Qin, Edi Prifti, Falk Hildebrand, Gwen Falony, 

Mathieu Almeida, et al. 2013. “Richness of Human Gut Microbiome Correlates with 

Metabolic Markers.” Nature 500 (7464): 541–46. https://doi.org/10.1038/nature12506. 

Chehoud, Christel, Lindsey G. Albenberg, Colleen Judge, Christian Hoffmann, Stephanie 

Grunberg, Kyle Bittinger, Robert N. Baldassano, James D. Lewis, Frederic D. Bushman, 

and Gary D. Wu. 2015. “Fungal Signature in the Gut Microbiota of Pediatric Patients with 

Inflammatory Bowel Disease.” Inflammatory Bowel Diseases 21 (8): 1948–56. 

https://doi.org/10.1097/MIB.0000000000000454. 

Chen, Chun, Jianming Liao, Yiyuan Xia, Xia Liu, Rheinallt Jones, John Haran, Beth 

McCormick, Timothy Robert Sampson, Ashfaqul Alam, and Keqiang Ye. 2022. “Gut 

Microbiota Regulate Alzheimer’s Disease Pathologies and Cognitive Disorders via PUFA-

Associated Neuroinflammation.” Gut 71 (11). https://doi.org/10.1136/gutjnl-2021-326269. 

Chen, Hui, Xuedong Zhou, Biao Ren, and Lei Cheng. 2020. “The Regulation of Hyphae Growth 

in Candida albicans.” Virulence 11 (1): 337–48. 

https://doi.org/10.1080/21505594.2020.1748930. 

Chen, Ming Huei, Laura M. Raffield, Abdou Mousas, Saori Sakaue, Jennifer E. Huffman, Arden 

Moscati, Bhavi Trivedi, et al. 2020. “Trans-Ethnic and Ancestry-Specific Blood-Cell 



Margot DELAVY – Thèse de doctorat - 2023 

198 
 

Genetics in 746,667 Individuals from 5 Global Populations.” Cell 182 (5): 1198-1213.e14. 

https://doi.org/10.1016/j.cell.2020.06.045. 

Chen, Ying, Li‐Ying Zhang, Yi Fang, Chuan Li, Dan‐Dan Xia, Gong Zhang, Yi Wen, et al. 2023. 

“ Elevated Serum  Anti‐ Saccharomyces  cerevisiae Antibody Accompanied by Gut 

Mycobiota Dysbiosis as a Biomarker of Diagnosis in Patients with de Novo Parkinson’s 

Disease .” European Journal of Neurology, January. https://doi.org/10.1111/ene.15711. 

Choi, Eun Hwa, Charles B. Foster, James G. Taylor, Hans Christian Erichsen, Renee A. Chen, 

Thomas J. Walsh, Veli Jukka Anttila, Tapani Ruutu, Aarno Palotie, and Stephen J. 

Chanock. 2003. “Association between Chronic Disseminated Candidiasis in Adult Acute 

Leukemia and Common IL4 Promoter Haplotypes.” Journal of Infectious Diseases 187 

(7): 1153–56. https://doi.org/10.1086/368345. 

Cleveland, Angela Ahlquist, Monica M. Farley, Lee H. Harrison, Betsy Stein, Rosemary Hollick, 

Shawn R. Lockhart, Shelley S. Magill, Gordana Derado, Benjamin J. Park, and Tom M. 

Chiller. 2012. “Changes in Incidence and Antifungal Drug Resistance in Candidemia: 

Results from Population-Based Laboratory Surveillance in Atlanta and Baltimore, 2008-

2011.” Clinical Infectious Diseases 55 (10): 1352–61. https://doi.org/10.1093/cid/cis697. 

Cohen-Kedar, Sarit, Liran Baram, Hofit Elad, Eli Brazowski, Hanan Guzner-Gur, and Iris 

Dotan. 2014. “Human Intestinal Epithelial Cells Respond to β-Glucans via Dectin-1 and 

Syk.” European Journal of Immunology 44 (12): 3729–40. 

https://doi.org/10.1002/eji.201444876. 

Conti, Heather R., and Sarah L. Gaffen. 2015. “ IL-17–Mediated Immunity to the Opportunistic 

Fungal Pathogen Candida albicans .” The Journal of Immunology 195 (3): 780–88. 

https://doi.org/10.4049/jimmunol.1500909. 

Core R Team. 2019. “A Language and Environment for Statistical Computing.” R Foundation 

for Statistical Computing 2: https://www.R--project.org. http://www.r-project.org. 

Corvilain, Emilie, Jean Laurent Casanova, and Anne Puel. 2018. “Inherited CARD9 Deficiency: 

Invasive Disease Caused by Ascomycete Fungi in Previously Healthy Children and 

Adults.” Journal of Clinical Immunology 38 (6): 656–93. https://doi.org/10.1007/S10875-

018-0539-2 

Costa-de-oliveira, Sofia, and Acácio G. Rodrigues. 2020. “Candida albicans Antifungal 

Resistance and Tolerance in Bloodstream Infections: The Triad Yeast-Host-Antifungal.” 

Microorganisms. https://doi.org/10.3390/microorganisms8020154. 

Coudeyras, Sophie, Gwendoline Jugie, Marion Vermerie, and Christiane Forestier. 2008. 

“Adhesion of Human Probiotic Lactobacillus rhamnosus to Cervical and Vaginal Cells and 

Interaction with Vaginosis-Associated Pathogens.” Infectious Diseases in Obstetrics and 

Gynecology 2008. https://doi.org/10.1155/2008/549640. 

Criscuolo, Alexis, and Sylvain Brisse. 2013. “AlienTrimmer: A Tool to Quickly and Accurately 

Trim off Multiple Short Contaminant Sequences from High-Throughput Sequencing 

Reads.” Genomics 102 (5–6): 500–506. https://doi.org/10.1016/j.ygeno.2013.07.011. 

Crowne, Douglas P., and David Marlowe. 1960. “A New Scale of Social Desirability 

Independent of Psychopathology.” Journal of Consulting Psychology 24 (4): 349–54. 

https://doi.org/10.1037/h0047358. 



Margot DELAVY – Thèse de doctorat - 2023 

199 
 

Cruz, Melissa R., Carrie E. Graham, Bryce C. Gagliano, Michael C. Lorenz, and Danielle A. 

Garsin. 2013. “Enterococcus faecalis Inhibits Hyphal Morphogenesis and Virulence of 

Candida albicans.” Infection and Immunity 81 (1): 189–200. 

https://doi.org/10.1128/IAI.00914-12. 

Cui, Lijia, Alison Morris, and Elodie Ghedin. 2013. “The Human Mycobiome in Health and 

Disease.” Genome Medicine. BioMed Central. https://doi.org/10.1186/gm467. 

Cutuli, M., S. Cristiani, J. M. Lipton, and A. Catania. 2000. “Antimicrobial Effects of α-MSH 

Peptides.” Journal of Leukocyte Biology 67 (2): 233–39. 

https://doi.org/10.1002/jlb.67.2.233. 

d’Enfert, Christophe. 2009. “Hidden Killers: Persistence of Opportunistic Fungal Pathogens in 

the Human Host.” Current Opinion in Microbiology 12 (4): 358–64. 

https://doi.org/10.1016/j.mib.2009.05.008. 

d’Enfert, Christophe, Ann Kristin Kaune, Leovigildo Rey Alaban, Sayoni Chakraborty, 

Nathaniel Cole, Margot Delavy, Daria Kosmala, et al. 2021. “The Impact of the Fungus-

Host-Microbiota Interplay upon Candida albicans Infections: Current Knowledge and New 

Perspectives.” FEMS Microbiology Reviews 45 (3): 1–55. 

https://doi.org/10.1093/femsre/fuaa060. 

Dadar, Maryam, Ruchi Tiwari, Kumaragurubaran Karthik, Sandip Chakraborty, Youcef 

Shahali, and Kuldeep Dhama. 2018. “Candida albicans - Biology, Molecular 

Characterization, Pathogenicity, and Advances in Diagnosis and Control – An Update.” 

Microbial Pathogenesis 117 (April): 128–38. 

https://doi.org/10.1016/j.micpath.2018.02.028. 

Dambuza, I. M., S. M. Levitz, M. G. Netea, and G. D. Brown. 2017. “Fungal Recognition and 

Host Defense Mechanisms.” Microbiology Spectrum 5 (4). 

https://doi.org/10.1128/microbiolspec.funk-0050-2016. 

Dapito, Dianne H., Ali Mencin, Geum Youn Gwak, Jean Philippe Pradere, Myoung Kuk Jang, 

Ingmar Mederacke, Jorge M. Caviglia, et al. 2012. “Promotion of Hepatocellular 

Carcinoma by the Intestinal Microbiota and TLR4.” Cancer Cell 21 (4). 

https://doi.org/10.1016/j.ccr.2012.02.007. 

Dausset, Caroline, Stéphanie Bornes, Sylvie Miquel, Nathalie Kondjoyan, Magaly Angenieux, 

Laurence Nakusi, Philippe Veisseire, et al. 2020. “Identification of Sulfur Components 

Enhancing the Anti-Candida Effect of Lactobacillus rhamnosus Lcr35.” Scientific Reports 

10 (1). https://doi.org/10.1038/s41598-020-74027-7. 

David, Lawrence A., Corinne F. Maurice, Rachel N. Carmody, David B. Gootenberg, Julie E. 

Button, Benjamin E. Wolfe, Alisha V. Ling, et al. 2014. “Diet Rapidly and Reproducibly 

Alters the Human Gut Microbiome.” Nature 505 (7484): 559–63. 

https://doi.org/10.1038/nature12820. 

Davis, S. D., J. Schaller, and R. J. Wedgwood. 1966. “Job’s Syndrome. Recurrent, ‘Cold’, 

Staphylococcal Abscesses.” Lancet 1 (7445): 1013–15. https://doi.org/10.1016/s0140-

6736(66)90119-x. 

Delavy, Margot, Charles Burdet, Natacha Sertour, Savannah Devente, Jean Denis Docquier, 

Nathalie Grall, Stevenn Volant, et al. 2022. “A Clinical Study Provides the First Direct 



Margot DELAVY – Thèse de doctorat - 2023 

200 
 

Evidence That Interindividual Variations in Fecal β-Lactamase Activity Affect the Gut 

Mycobiota Dynamics in Response to β-Lactam Antibiotics.” mBio 13 (6). 

https://doi.org/10.1128/mbio.02880-22. 

Demidowich, Andrew P., Joo Yun Jun, and Jack A. Yanovski. 2017. “Polymorphisms and 

Mutations in the Melanocortin-3 Receptor and Their Relation to Human Obesity.” 

Biochimica et Biophysica Acta - Molecular Basis of Disease. 

https://doi.org/10.1016/j.bbadis.2017.03.018. 

Denning, David W., Matthew Kneale, Jack D. Sobel, and Riina Rautemaa-Richardson. 2018. 

“Global Burden of Recurrent Vulvovaginal Candidiasis: A Systematic Review.” The 

Lancet. Infectious Diseases 18 (11): e339–47. https://doi.org/10.1016/S1473-

3099(18)30103-8. 

Deriu, Elisa, Janet Z. Liu, Milad Pezeshki, Robert A. Edwards, Roxanna J. Ochoa, Heidi 

Contreras, Stephen J. Libby, Ferric C. Fang, and Manuela Raffatellu. 2013. “Probiotic 

Bacteria Reduce Salmonella Typhimurium Intestinal Colonization by Competing for Iron.” 

Cell Host and Microbe 14 (1): 26–37. https://doi.org/10.1016/j.chom.2013.06.007. 

Ding, Keyue, and Iftikhar J. Kullo. 2007. “Methods for the Selection of Tagging SNPs: A 

Comparison of Tagging Efficiency and Performance.” European Journal of Human 

Genetics 15 (2): 228–36. https://doi.org/10.1038/sj.ejhg.5201755. 

Disteldorf, Erik M., Christian F. Krebs, Hans Joachim Paust, Jan Eric Turner, Geraldine 

Nouailles, André Tittel, Catherine Meyer-Schwesinger, et al. 2015. “CXCL5 Drives 

Neutrophil Recruitment in TH17-Mediated GN.” Journal of the American Society of 

Nephrology 26 (1): 55–66. https://doi.org/10.1681/ASN.2013101061. 

Dohlman, Anders B., Jared Klug, Marissa Mesko, Iris H. Gao, Steven M. Lipkin, Xiling Shen, 

and Iliyan D. Iliev. 2022. “A Pan-Cancer Mycobiome Analysis Reveals Fungal 

Involvement in Gastrointestinal and Lung Tumors.” Cell 185 (20): 3807-3822.e12. 

https://doi.org/10.1016/j.cell.2022.09.015. 

Dollive, Serena, Ying Yu Chen, Stephanie Grunberg, Kyle Bittinger, Christian Hoffmann, Lee 

Vandivier, Christopher Cuff, James D. Lewis, Gary D. Wu, and Frederic D. Bushman. 

2013. “Fungi of the Murine Gut: Episodic Variation and Proliferation during Antibiotic 

Treatment.” PloS One 8 (8): 71806. https://doi.org/10.1371/journal.pone.0071806. 

Dominguez-Bello, Maria G., Elizabeth K. Costello, Monica Contreras, Magda Magris, Glida 

Hidalgo, Noah Fierer, and Rob Knight. 2010. “Delivery Mode Shapes the Acquisition and 

Structure of the Initial Microbiota across Multiple Body Habitats in Newborns.” 

Proceedings of the National Academy of Sciences of the United States of America 107 

(26): 11971–75. https://doi.org/10.1073/pnas.1002601107. 

Donaldson, Gregory P., S. Melanie Lee, and Sarkis K. Mazmanian. 2015. “Gut Biogeography 

of the Bacterial Microbiota.” Nature Reviews Microbiology 14 (1): 20–32. 

https://doi.org/10.1038/nrmicro3552. 

Dore, J., S.D. Ehrlich, F. Levenez, E. Pelletier, A. Alberti, L. Bertrand, P. Bork, et al. 2015. 

“IHMS_SOP 07 V1: Standard Operating Procedure for Fecal Samples DNA Extraction, 

Protocol H.” International Human Microbiome Standards. http://www.microbiome‐

standards.org. 



Margot DELAVY – Thèse de doctorat - 2023 

201 
 

Doron, Itai, Irina Leonardi, Xin V. Li, William D. Fiers, Alexa Semon, Meghan Bialt-DeCelie, 

Mélanie Migaud, et al. 2021. “Human Gut Mycobiota Tune Immunity via CARD9-

Dependent Induction of Anti-Fungal IgG Antibodies.” Cell 184 (4): 1017-1031.e14. 

https://doi.org/10.1016/j.cell.2021.01.016. 

Drummond, Rebecca A., Jigar V. Desai, Emily E. Ricotta, Muthulekha Swamydas, Clay 

Deming, Sean Conlan, Mariam Quinones, et al. 2022. “Long-Term Antibiotic Exposure 

Promotes Mortality after Systemic Fungal Infection by Driving Lymphocyte Dysfunction 

and Systemic Escape of Commensal Bacteria.” Cell Host and Microbe 30 (7): 1020-

1033.e6. https://doi.org/10.1016/j.chom.2022.04.013. 

Duffy, Darragh, Vincent Rouilly, Valentina Libri, Milena Hasan, Benoit Beitz, Mikael David, 

Alejandra Urrutia, et al. 2014. “Functional Analysis via Standardized Whole-Blood 

Stimulation Systems Defines the Boundaries of a Healthy Immune Response to Complex 

Stimuli.” Immunity 40 (3): 436–50. https://doi.org/10.1016/j.immuni.2014.03.002. 

Duncan, Sylvia H., Karen P. Scott, Alan G. Ramsay, Hermie J.M. Harmsen, Gjalt W. Welling, 

Colin S. Stewart, and Harry J. Flint. 2003. “Effects of Alternative Dietary Substrates on 

Competition between Human Colonic Bacteria in an Anaerobic Fermentor System.” 

Applied and Environmental Microbiology 69 (2): 1136–42. 

https://doi.org/10.1128/AEM.69.2.1136-1142.2003. 

Durazzi, Francesco, Claudia Sala, Gastone Castellani, Gerardo Manfreda, Daniel Remondini, 

and Alessandra De Cesare. 2021. “Comparison between 16S RRNA and Shotgun 

Sequencing Data for the Taxonomic Characterization of the Gut Microbiota.” Scientific 

Reports 11 (1): 1–10. https://doi.org/10.1038/s41598-021-82726-y. 

Durrant, W. E., and X. Dong. 2004. “Systemic Acquired Resistance.” Annual Review of 

Phytopathology 42: 185–209. https://doi.org/10.1146/annurev.phyto.42.040803.140421. 

Ekstrom, Claus. 2014. “MESS: Miscellaneous Esoteric Statistical Scripts. R Package Version 

0.3-2,” July. http://cran.r-project.org/package=MESS. 

Emulate. 2023. “Organ-on-a-Chip Technology for Drug Discovery & Development.” Accessed 

March 9, 2023. https://emulatebio.com/. 

Ene, Iuliana V., Sascha Brunke, Alistair J.P. Brown, and Bernhard Hube. 2014. “Metabolism 

in Fungal Pathogenesis.” Cold Spring Harbor Perspectives in Medicine 4 (12). 

https://doi.org/10.1101/cshperspect.a019695. 

Erwig, Lars P., and Neil A.R. Gow. 2016. “Interactions of Fungal Pathogens with Phagocytes.” 

Nature Reviews Microbiology 14 (3): 163–76. https://doi.org/10.1038/nrmicro.2015.21. 

Faith, Jeremiah J., Janaki L. Guruge, Mark Charbonneau, Sathish Subramanian, Henning 

Seedorf, Andrew L. Goodman, Jose C. Clemente, et al. 2013. “The Long-Term Stability 

of the Human Gut Microbiota.” Science 341 (6141). 

https://doi.org/10.1126/science.1237439. 

Fan, Di, Laura A. Coughlin, Megan M. Neubauer, Jiwoong Kim, Min Soo Kim, Xiaowei Zhan, 

Tiffany R. Simms-Waldrip, Yang Xie, Lora V. Hooper, and Andrew Y. Koh. 2015. 

“Activation of HIF-1α and LL-37 by Commensal Bacteria Inhibits Candida albicans 

Colonization.” Nature Medicine. Nat Med. https://doi.org/10.1038/nm.3871. 



Margot DELAVY – Thèse de doctorat - 2023 

202 
 

Feist, Adam M., Markus J. Herrgård, Ines Thiele, Jennie L. Reed, and Bernhard Palsson. 2009. 

“Reconstruction of Biochemical Networks in Microorganisms.” Nature Reviews 

Microbiology 7 (2): 129–43. https://doi.org/10.1038/nrmicro1949. 

Ferwerda, Bart, Gerben Ferwerda, Theo S. Plantinga, Janet A. Willment, Annemiek B. van 

Spriel, Hanka Venselaar, Clara C. Elbers, et al. 2009. “Human Dectin-1 Deficiency and 

Mucocutaneous Fungal Infections.” New England Journal of Medicine 361 (18): 1760–67. 

https://doi.org/10.1056/nejmoa0901053. 

Fiedorová, Kristýna, Matěj Radvanský, Eva Němcová, Hana Grombiříková, Juraj Bosák, 

Michaela Černochová, Matej Lexa, David Šmajs, and Tomáš Freiberger. 2019. “The 

Impact of DNA Extraction Methods on Stool Bacterial and Fungal Microbiota Community 

Recovery.” Frontiers in Physiology 10 (April): 821. 

https://doi.org/10.3389/fmicb.2019.00821. 

Fouhy, Fiona, Caitriona M. Guinane, Seamus Hussey, Rebecca Wall, C. Anthony Ryan, 

Eugene M. Dempsey, Brendan Murphy, et al. 2012. “High-Throughput Sequencing 

Reveals the Incomplete, Short-Term Recovery of Infant Gut Microbiota Following 

Parenteral Antibiotic Treatment with Ampicillin and Gentamicin.” Antimicrobial Agents and 

Chemotherapy 56 (11): 5811–20. https://doi.org/10.1128/AAC.00789-12. 

Fourie, Ruan, Oluwasegun O. Kuloyo, Bonang M. Mochochoko, Jacobus Albertyn, and 

Carolina H. Pohl. 2018. Iron at the Centre of Candida albicans Interactions. Frontiers in 

Cellular and Infection Microbiology. Vol. 8. Frontiers Media S.A. 

https://doi.org/10.3389/fcimb.2018.00185. 

Foxman, Betsy, Ryan Muraglia, Jean Paul Dietz, Jack D. Sobel, and Julian Wagner. 2013. 

“Prevalence of Recurrent Vulvovaginal Candidiasis in 5 European Countries and the 

United States: Results from an Internet Panel Survey.” Journal of Lower Genital Tract 

Disease 17 (3): 340–45. https://doi.org/10.1097/LGT.0b013e318273e8cf. 

Frau, Alessandra, John G. Kenny, Luca Lenzi, Barry J. Campbell, Umer Z. Ijaz, Carrie A. 

Duckworth, Michael D. Burkitt, et al. 2019. “DNA Extraction and Amplicon Production 

Strategies Deeply Inf luence the Outcome of Gut Mycobiome Studies.” Scientific Reports 

2019 9:1 9 (1): 1–17. https://doi.org/10.1038/s41598-019-44974-x. 

Friedman, Jonathan, and Eric J. Alm. 2012. “Inferring Correlation Networks from Genomic 

Survey Data.” PLoS Computational Biology 8 (9): e1002687. 

https://doi.org/10.1371/journal.pcbi.1002687. 

Fröhlich-Wyder, Marie Therese, Emmanuelle Arias-Roth, and Ernst Jakob. 2019. “Cheese 

Yeasts.” Yeast 36 (3): 129–41. https://doi.org/10.1002/yea.3368. 

FunHomic consortium. 2023. “FunHoMic.” Accessed March 9, 2023. 

https://www.funhomic.eu/. 

G. Small, Annabelle, Jovanka R. King, Deborah A. Rathjen, and Antonio Ferrante. 2019. “The 

Role of Phagocytes in Immunity to Candida albicans.” In Candida albicans. IntechOpen. 

https://doi.org/10.5772/intechopen.80683. 

Gao, Renyuan, Kai Xia, Minkang Wu, Hui Zhong, Jing Sun, Yin Zhu, Linsheng Huang, et al. 

2022. “Alterations of Gut Mycobiota Profiles in Adenoma and Colorectal Cancer.” 

Frontiers in Cellular and Infection Microbiology 12 (February). 



Margot DELAVY – Thèse de doctorat - 2023 

203 
 

https://doi.org/10.3389/fcimb.2022.839435. 

García-Gamboa, Ricardo, Manuel R. Kirchmayr, Misael Sebastian Gradilla-Hernández, 

Vicente Pérez-Brocal, Andrés Moya, and Marisela González-Avila. 2021. “The Intestinal 

Mycobiota and Its Relationship with Overweight, Obesity and Nutritional Aspects.” Journal 

of Human Nutrition and Dietetics 34 (4): 645–55. https://doi.org/10.1111/jhn.12864. 

García, Carlos, Faiza Tebbji, Michelle Daigneault, Ning-Ning Liu, Julia R. Köhler, Emma Allen-

Vercoe, and Adnane Sellam. 2017. “The Human Gut Microbial Metabolome Modulates 

Fungal Growth via the TOR Signaling Pathway.” MSphere 2 (6). 

https://doi.org/10.1128/msphere.00555-17. 

GARDES, M., and T. D. BRUNS. 1993. “ITS Primers with Enhanced Specificity for 

Basidiomycetes ‐ Application to the Identification of Mycorrhizae and Rusts.” Molecular 

Ecology 2 (2): 113–18. https://doi.org/10.1111/j.1365-294X.1993.tb00005.x. 

Gensollen, Thomas, Shankar S. Iyer, Dennis L. Kasper, and Richard S. Blumberg. 2016. “How 

Colonization by Microbiota in Early Life Shapes the Immune System.” Science 352 

(6285): 539–44. https://doi.org/10.1126/science.aad9378. 

Gerasimidis, Konstantinos, Martin Bertz, Christopher Quince, Katja Brunner, Alanna Bruce, 

Emilie Combet, Szymon Calus, Nick Loman, and Umer Zeeshan Ijaz. 2016. “The Effect 

of DNA Extraction Methodology on Gut Microbiota Research Applications.” BMC 

Research Notes 9 (1): 1–10. https://doi.org/10.1186/s13104-016-2171-7. 

Ghannoum, Mahmoud A., Richard J. Jurevic, Pranab K. Mukherjee, Fan Cui, Masoumeh 

Sikaroodi, Ammar Naqvi, and Patrick M. Gillevet. 2010. “Characterization of the Oral 

Fungal Microbiome (Mycobiome) in Healthy Individuals.” PLoS Pathogens 6 (1). 

https://doi.org/10.1371/journal.ppat.1000713. 

Gierlikowska, Barbara, Albert Stachura, Wojciech Gierlikowski, and Urszula Demkow. 2021. 

“Phagocytosis, Degranulation and Extracellular Traps Release by Neutrophils—The 

Current Knowledge, Pharmacological Modulation and Future Prospects.” Frontiers in 

Pharmacology.. https://doi.org/10.3389/fphar.2021.666732. 

Goodrich, Julia K., Emily R. Davenport, Michelle Beaumont, Matthew A. Jackson, Rob Knight, 

Carole Ober, Tim D. Spector, Jordana T. Bell, Andrew G. Clark, and Ruth E. Ley. 2016. 

“Genetic Determinants of the Gut Microbiome in UK Twins.” Cell Host and Microbe 19 (5): 

731–43. https://doi.org/10.1016/j.chom.2016.04.017. 

Gow, Neil A.R., Alistair J.P. Brown, and Frank C. Odds. 2002. “Fungal Morphogenesis and 

Host Invasion.” Current Opinion in Microbiology 5 (4): 366–71. 

https://doi.org/10.1016/S1369-5274(02)00338-7. 

Gow, Neil A.R., Frank L. Van De Veerdonk, Alistair J.P. Brown, and Mihai G. Netea. 2012. 

“Candida albicans Morphogenesis and Host Defence: Discriminating Invasion from 

Colonization.” Nature Reviews Microbiology 10 (2): 112–22. 

https://doi.org/10.1038/nrmicro2711. 

Goyal, Surabhi, Juan Camilo Castrillón-Betancur, Esther Klaile, and Hortense Slevogt. 2018. 

“The Interaction of Human Pathogenic Fungi with C-Type Lectin Receptors.” Frontiers in 

Immunology 9. https://doi.org/10.3389/fimmu.2018.01261. 



Margot DELAVY – Thèse de doctorat - 2023 

204 
 

Graaf, Chantal A.A. Van der, Mihai G. Netea, Servaas A. Morré, Martin Den Heijer, Paul E. 

Verweij, Jos W.M. Van der Meer, and Bart Jan Kullberg. 2006. “Toll-like Receptor 4 

Asp299Gly/Thr399Ile Polymorphisms Are a Risk Factor for Candida Bloodstream 

Infection.” European Cytokine Network 17 (1): 29–34. 

Graf, Katja, Antonia Last, Rena Gratz, Stefanie Allert, Susanne Linde, Martin Westermann, 

Marko Gröger, Alexander S. Mosig, Mark S. Gresnigt, and Bernhard Hube. 2019. 

“Keeping Candida Commensal: How Lactobacilli Antagonize Pathogenicity of Candida 

albicans in an in Vitro Gut Model.” DMM Disease Models and Mechanisms 12 (9). 

https://doi.org/10.1242/dmm.039719. 

Grahl, Nora, Kelly M. Shepardson, Dawoon Chung, and Robert A. Cramer. 2012. "Hypoxia 

and Fungal Pathogenesis: To Air or Not to Air?" Eukaryotic Cell. Vol. 11. 

https://doi.org/10.1128/EC.00031-12. 

Grieco, Paolo, Claudia Rossi, Gualtiero Colombo, Stefano Gatti, Ettore Novellino, James M. 

Lipton, and Anna Catania. 2003. “Novel α-Melanocyte Stimulating Hormone Peptide 

Analogues with High Candidacidal Activity.” Journal of Medicinal Chemistry 46 (5): 850–

55. https://doi.org/10.1021/jm0204338. 

Guarner, Francisco, and Juan R. Malagelada. 2003. “Gut Flora in Health and Disease.” Lancet 

361 (9356): 512–19. https://doi.org/10.1016/S0140-6736(03)12489-0. 

Guinan, Jack, and Shankar Thangamani. 2018. “Antibiotic-Induced Alterations in Taurocholic 

Acid Levels Promote Gastrointestinal Colonization of Candida albicans.” FEMS 

Microbiology Letters 365 (18): 196. https://doi.org/10.1093/femsle/fny196. 

Guinan, Jack, Pedro Villa, and Shankar Thangamani. 2018. “Secondary Bile Acids Inhibit 

Candida albicans Growth and Morphogenesis.” Pathogens and Disease 76 (3): 38. 

https://doi.org/10.1093/femspd/fty038. 

Guinan, Jack, Shaohua Wang, Tony R. Hazbun, Hariom Yadav, and Shankar Thangamani. 

2019. “Antibiotic-Induced Decreases in the Levels of Microbial-Derived Short-Chain Fatty 

Acids Correlate with Increased Gastrointestinal Colonization of Candida albicans.” 

Scientific Reports 9 (1): 1–11. https://doi.org/10.1038/s41598-019-45467-7. 

Guiver, M., K. Levi, and B. A. Oppenheim. 2001. “Rapid Identification of Candida Species by 

TaqMan PCR.” Journal of Clinical Pathology 54 (5): 362–66. 

https://doi.org/10.1136/jcp.54.5.362. 

Gutierrez, Daniel, Anthony Weinstock, Vijay C. Antharam, Haiwei Gu, Paniz Jasbi, Xiaojian 

Shi, Blake Dirks, et al. 2020. “Antibiotic-Induced Gut Metabolome and Microbiome 

Alterations Increase the Susceptibility to Candida albicans Colonization in the 

Gastrointestinal Tract.” FEMS Microbiology Ecology 96 (1). 

https://doi.org/10.1093/femsec/fiz187. 

Han, Shuo, Will Van Treuren, Curt R. Fischer, Bryan D. Merrill, Brian C. DeFelice, Juan M. 

Sanchez, Steven K. Higginbottom, et al. 2021. “A Metabolomics Pipeline for the 

Mechanistic Interrogation of the Gut Microbiome.” Nature 595 (7867): 415–20. 

https://doi.org/10.1038/s41586-021-03707-9. 

Han, Y., and J. E. Cutler. 1995. “Antibody Response That Protects against Disseminated 

Candidiasis.” Infection and Immunity 63 (7): 2714–19. 



Margot DELAVY – Thèse de doctorat - 2023 

205 
 

https://doi.org/10.1128/iai.63.7.2714-2719.1995. 

Hashemi, M., E. Eskandari-Nasab, A. Moazeni-Roodi, M. Naderi, B. Sharifi-Mood, and M. 

Taheri. 2013. “Association of CTSZ rs34069356 and MC3R rs6127698 Gene 

Polymorphisms with Pulmonary Tuberculosis.” International Journal of Tuberculosis and 

Lung Disease 17 (9): 1224–28. https://doi.org/10.5588/ijtld.12.0762. 

Hawksworth, David L., and Robert Lücking. 2017. “Fungal Diversity Revisited: 2.2 to 3.8 Million 

Species.” Microbiology Spectrum 5 (4). https://doi.org/10.1128/microbiolspec.funk-0052-

2016. 

He, Yan, Wei Wu, Hui Min Zheng, Pan Li, Daniel McDonald, Hua Fang Sheng, Mu Xuan Chen, 

et al. 2018. “Regional Variation Limits Applications of Healthy Gut Microbiome Reference 

Ranges and Disease Models.” Nature Medicine 24 (10): 1532–35. 

https://doi.org/10.1038/s41591-018-0164-x. 

Helmerhorst, E. J., R. F. Troxler, and F. G. Oppenheim. 2001. “The Human Salivary Peptide 

Histatin 5 Exerts Its Antifungal Activity through the Formation of Reactive Oxygen 

Species.” Proceedings of the National Academy of Sciences of the United States of 

America 98 (25): 14637–42. https://doi.org/10.1073/pnas.141366998. 

Helmink, Beth A., M. A.Wadud Khan, Amanda Hermann, Vancheswaran Gopalakrishnan, and 

Jennifer A. Wargo. 2019. “The Microbiome, Cancer, and Cancer Therapy.” Nature 

Medicine. https://doi.org/10.1038/s41591-019-0377-7. 

Herre, Jurgen, Andrew S.J. Marshall, Emmanuelle Caron, Alexander D. Edwards, David L. 

Williams, Edina Schweighoffer, Victor Tybulewicz, Caetano Reis E Sousa, Siamon 

Gordon, and Gordon D. Brown. 2004. “Dectin-1 Uses Novel Mechanisms for Yeast 

Phagocytosis in Macrophages.” Blood 104 (13): 4038–45. https://doi.org/10.1182/blood-

2004-03-1140. 

Hertog, Alice L. Den, Jan Van Marle, Henk A. Van Veen, Wim Van’t Hof, Jan G.M. Bolscher, 

Enno C.I. Veerman, and Arie V. Nieuw Amerongen. 2005. “Candidacidal Effects of Two 

Antimicrobial Peptides: Histatin 5 Causes Small Membrane Defects, but LL-37 Causes 

Massive Disruption of the Cell Membrane.” Biochemical Journal 388 (2): 689–95. 

https://doi.org/10.1042/BJ20042099. 

Hildebrand, Falk, Lucas Moitinho-Silva, Sonja Blasche, Martin T. Jahn, Toni Ingolf Gossmann, 

Jaime Huerta-Cepas, Rajna Hercog, et al. 2019. “Antibiotics-Induced Monodominance of 

a Novel Gut Bacterial Order.” Gut 68 (10): 1781–90. https://doi.org/10.1136/gutjnl-2018-

317715. 

Hill, Cian J., Denise B. Lynch, Kiera Murphy, Marynka Ulaszewska, Ian B. Jeffery, Carol Anne 

O’Shea, Claire Watkins, et al. 2017. “Evolution of Gut Microbiota Composition from Birth 

to 24 Weeks in the INFANTMET Cohort.” Microbiome 5 (1). 

https://doi.org/10.1186/s40168-016-0213-y. 

Hise, Amy G., Jeffrey Tomalka, Sandhya Ganesan, Krupen Patel, Brian A. Hall, Gordon D. 

Brown, and Katherine A. Fitzgerald. 2009. “An Essential Role for the NLRP3 

Inflammasome in Host Defense against the Human Fungal Pathogen Candida albicans.” 

Cell Host and Microbe 5 (5): 487–97. https://doi.org/10.1016/j.chom.2009.05.002. 

Hoggard, Michael, Anna Vesty, Giselle Wong, Johanna M. Montgomery, Chantelle Fourie, 



Margot DELAVY – Thèse de doctorat - 2023 

206 
 

Richard G. Douglas, Kristi Biswas, and Michael W. Taylor. 2018. “Characterizing the 

Human Mycobiota: A Comparison of Small Subunit RRNA, ITS1, ITS2, and Large Subunit 

RRNA Genomic Targets.” Frontiers in Microbiology 9 (SEP): 2208. 

https://doi.org/10.3389/FMICB.2018.02208/BIBTEX. 

Holland, Steven M., Frank R. DeLeo, Houda Z. Elloumi, Amy P. Hsu, Gulbu Uzel, Nina 

Brodsky, Alexandra F. Freeman, et al. 2007. “ STAT3 Mutations in the Hyper-IgE 

Syndrome .” New England Journal of Medicine 357 (16): 1608–19. 

https://doi.org/10.1056/nejmoa073687. 

Hsieh, Shih Hung, Sascha Brunke, and Matthias Brock. 2017. “Encapsulation of Antifungals in 

Micelles Protects Candida albicans during Gall-Bladder Infection.” Frontiers in 

Microbiology 8 (FEB): 117. https://doi.org/10.3389/fmicb.2017.00117. 

Huertas, Blanca, Daniel Prieto, Aida Pitarch, Concha Gil, Jesús Pla, and Rosalía Díez-Orejas. 

2017. “Serum Antibody Profile during Colonization of the Mouse Gut by Candida albicans: 

Relevance for Protection during Systemic Infection.” Journal of Proteome Research 16 

(1): 335–45. https://doi.org/10.1021/acs.jproteome.6b00383. 

Illumina. 2013. 16S Metagenomic Sequencing Library. Illumina.Com. 

http://support.illumina.com/content/dam/illumina-

support/documents/documentation/chemistry_documentation/16s/16s-metagenomic-

library-prep-guide-15044223-b.pdf. 

Jabra-Rizk, Mary Ann, Eric F. Kong, Christina Tsui, M. Hong Nguyen, Cornelius J. Clancy, 

Paul L. Fidel, and Mairi Noverr. 2016. “Candida albicans Pathogenesis: Fitting within the 

Host-Microbe Damage Response Framework.” Infection and Immunity 84 (10): 2724–39. 

https://doi.org/10.1128/IAI.00469-16. 

Jacobsen, Ilse D., and Bernhard Hube. 2017. “Candida albicans Morphology: Still in Focus.” 

Expert Review of Anti-Infective Therapy 15 (4): 327–30. 

https://doi.org/10.1080/14787210.2017.1290524. 

Jaeger, M., R. van der Lee, S. C. Cheng, M. D. Johnson, V. Kumar, A. Ng, T. S. Plantinga, et 

al. 2015. “The RIG-I-like Helicase Receptor MDA5 (IFIH1) Is Involved in the Host Defense 

against Candida Infections.” European Journal of Clinical Microbiology and Infectious 

Diseases 34 (5): 963–74. https://doi.org/10.1007/s10096-014-2309-2. 

Jaeger, Martin, Vasiliki Matzaraki, Raúl Aguirre-Gamboa, Mark S. Gresnigt, Xiaojing Chu, 

Melissa D. Johnson, Marije Oosting, et al. 2019. “A Genome-Wide Functional Genomics 

Approach Identifies Susceptibility Pathways to Fungal Bloodstream Infection in Humans.” 

Journal of Infectious Diseases 220 (5): 862–72. https://doi.org/10.1093/infdis/jiz206. 

Jaeger, Martin, Mark H.T. Stappers, Leo A.B. Joosten, Inge C. Gyssens, and Mihai G. Netea. 

2015. “Genetic Variation in Pattern Recognition Receptors: Functional Consequences 

and Susceptibility to Infectious Disease.” Future Microbiology 10 (6): 989–1008. 

https://doi.org/10.2217/fmb.15.37. 

Jang, Sung Jae, Kyeongju Lee, Bomi Kwon, Hyun Ju You, and Gwang Pyo Ko. 2019. “Vaginal 

Lactobacilli Inhibit Growth and Hyphae Formation of Candida albicans” 9 (1): 1–9. 

https://www.nature.com/articles/s41598-019-44579-4. 

Jensen, Jean, Thomas Warner, and Edward Balish. 1994. “The Role of Phagocytic Cells in 



Margot DELAVY – Thèse de doctorat - 2023 

207 
 

Resistance to Disseminated Candidiasis in Granulocytopenic Mice.” Journal of Infectious 

Diseases 170 (4): 900–905. https://doi.org/10.1093/infdis/170.4.900. 

Jiang, Chunmei, Guangning Li, Pengru Huang, Zhou Liu, and Bin Zhao. 2017. “The Gut 

Microbiota and Alzheimer’s Disease.” Journal of Alzheimer’s Disease 58 (1): 1–15. 

https://doi.org/10.3233/JAD-161141. 

Johansson, Malin E.V., Jessica M. Holmén Larsson, and Gunnar C. Hansson. 2011. “The Two 

Mucus Layers of Colon Are Organized by the MUC2 Mucin, Whereas the Outer Layer Is 

a Legislator of Host-Microbial Interactions.” Proceedings of the National Academy of 

Sciences of the United States of America 108 (SUPPL. 1): 4659–65. 

https://doi.org/10.1073/pnas.1006451107. 

Johansson, Malin E.V., Mia Phillipson, Joel Petersson, Anna Velcich, Lena Holm, and Gunnar 

C. Hansson. 2008. “The Inner of the Two Muc2 Mucin-Dependent Mucus Layers in Colon 

Is Devoid of Bacteria.” Proceedings of the National Academy of Sciences of the United 

States of America 105 (39): 15064–69. https://doi.org/10.1073/pnas.0803124105. 

Johnson, Melissa D., Theo S. Plantinga, Esther Van De Vosse, Digna R. Velez Edwards, P. 

Brian Smith, Barbara D. Alexander, John C. Yang, et al. 2012. “Cytokine Gene 

Polymorphisms and the Outcome of Invasive Candidiasis: A Prospective Cohort Study.” 

Clinical Infectious Diseases 54 (4): 502–10. https://doi.org/10.1093/cid/cir827. 

Jurevic, Richard J., Mai Bai, Robert B. Chadwick, Theodore C. White, and Beverly A. Dale. 

2003. “Single-Nucleotide Polymorphisms (SNPs) in Human β-Defensin 1: High-

Throughput SNP Assays and Association with CandidaCarriage in Type I Diabetics and 

Nondiabetic Controls.” Journal of Clinical Microbiology 41 (1): 90–96. 

https://doi.org/10.1128/JCM.41.1.90-96.2003. 

Kaba, Hani E.J., Manfred Nimtz, Peter P. Müller, and Ursula Bilitewski. 2013. “Involvement of 

the Mitogen Activated Protein Kinase Hog1p in the Response of Candida albicans to Iron 

Availability.” BMC Microbiology 13 (1): 1–15. https://doi.org/10.1186/1471-2180-13-16. 

Kankkunen, Päivi, Laura Teirilä, Johanna Rintahaka, Harri Alenius, Henrik Wolff, and Sampsa 

Matikainen. 2010. “(1,3)-β-Glucans Activate Both Dectin-1 and NLRP3 Inflammasome in 

Human Macrophages.” The Journal of Immunology 184 (11): 6335–42. 

https://doi.org/10.4049/jimmunol.0903019. 

Karakousis, A., L. Tan, D. Ellis, H. Alexiou, and P. J. Wormald. 2006. “An Assessment of the 

Efficiency of Fungal DNA Extraction Methods for Maximizing the Detection of Medically 

Important Fungi Using PCR.” Journal of Microbiological Methods 65 (1): 38–48. 

https://doi.org/10.1016/j.mimet.2005.06.008. 

Kasper, Lydia, Annika König, Paul Albert Koenig, Mark S. Gresnigt, Johannes Westman, 

Rebecca A. Drummond, Michail S. Lionakis, et al. 2018. “The Fungal Peptide Toxin 

Candidalysin Activates the NLRP3 Inflammasome and Causes Cytolysis in Mononuclear 

Phagocytes.” Nature Communications 9 (1): 1–20. https://doi.org/10.1038/s41467-018-

06607-1. 

Kassambara, Alboukadel. 2022. “‘ggplot2’ Based Publication Ready Plots Version.” Preprints, 

1–184. https://rpkgs.datanovia.com/ggpubr/. 

Kastora, Stavroula L., Carmen Herrero-de-Dios, Gabriela M. Avelar, Carol A. Munro, and 



Margot DELAVY – Thèse de doctorat - 2023 

208 
 

Alistair J.P. Brown. 2017. “Sfp1 and Rtg3 Reciprocally Modulate Carbon Source-

Conditional Stress Adaptation in the Pathogenic Yeast Candida albicans.” Molecular 

Microbiology 105 (4): 620–36. https://doi.org/10.1111/mmi.13722. 

Kavanaugh, Nicole L., Angela Q. Zhang, Clarissa J. Nobile, Alexander D. Johnson, and 

Katharina Ribbeck. 2014. “Mucins Suppress Virulence Traits of Candida albicans.” Edited 

by Judith Berman. MBio 5 (6). https://doi.org/10.1128/mBio.01911-14. 

Kawasaki, Takumi, and Taro Kawai. 2014. “Toll-like Receptor Signaling Pathways.” Frontiers 

in Immunology 5 (SEP). https://doi.org/10.3389/fimmu.2014.00461. 

Kiani, Aysha Karim, Derek Pheby, Gary Henehan, Richard Brown, Paul Sieving, Peter Sykora, 

Robert Marks, et al. 2022. “Ethical Considerations Regarding Animal Experimentation.” 

Journal of Preventive Medicine and Hygiene 63 (2): E255–66. 

https://doi.org/10.15167/2421-4248/jpmh2022.63.2S3.2768. 

Kirchner, Florian R., and Salomé LeibundGut-Landmann. 2021. “Tissue-Resident Memory 

Th17 Cells Maintain Stable Fungal Commensalism in the Oral Mucosa.” Mucosal 

Immunology 14 (2): 455–67. https://doi.org/10.1038/s41385-020-0327-1. 

Klaassens, Eline S., Rolf J. Boesten, Monique Haarman, Jan Knol, Frank H. Schuren, Elaine 

E. Vaughan, and Willem M. De Vos. 2009. “Mixed-Species Genomic Microarray Analysis 

of Fecal Samples Reveals Differential Transcriptional Responses of Bifidobacteria in 

Breast- And Formula-Fed Infants.” Applied and Environmental Microbiology 75 (9): 2668–

76. https://doi.org/10.1128/AEM.02492-08. 

Kläring, Karoline, Laura Hanske, Nam Bui, Cédric Charrier, Michael Blaut, Dirk Haller, Caroline 

M. Plugge, and Thomas Clavel. 2013. “Intestinimonas butyriciproducens Gen. Nov., Sp. 

Nov., a Butyrate-Producing Bacterium from the Mouse Intestine.” International Journal of 

Systematic and Evolutionary Microbiology 63 (PART 12): 4606–12. 

https://doi.org/10.1099/ijs.0.051441-0. 

Klindworth, Anna, Elmar Pruesse, Timmy Schweer, Jörg Peplies, Christian Quast, Matthias 

Horn, and Frank Oliver Glöckner. 2013. “Evaluation of General 16S Ribosomal RNA Gene 

PCR Primers for Classical and Next-Generation Sequencing-Based Diversity Studies.” 

Nucleic Acids Research 41 (1): e1. https://doi.org/10.1093/nar/gks808. 

Koshlukova, Svetlana E., Marcelo W.B. Araujo, Didi Baev, and Mira Edgerton. 2000. 

“Released ATP Is an Extracellular Cytotoxic Mediator in Salivary Histatin 5-Induced Killing 

of Candida albicans.” Infection and Immunity 68 (12): 6848–56. 

https://doi.org/10.1128/IAI.68.12.6848-6856.2000. 

Koya, Charita, Tsung Yu, Carol Strong, and Meng Che Tsai. 2018. “Association between Two 

Common Missense Substitutions, Thr6Lys and Val81Ile, in MC3R Gene and Childhood 

Obesity: A Meta-Analysis.” Childhood Obesity 14 (4): 218–26. 

https://doi.org/10.1089/chi.2017.0265. 

Krajmalnik-Brown, Rosa, Catherine Lozupone, Dae-Wook Kang, and James B. Adams. 2015. 

“Gut Bacteria in Children with Autism Spectrum Disorders: Challenges and Promise of 

Studying How a Complex Community Influences a Complex Disease.” Microbial Ecology 

in Health & Disease 26 (0): 26914. https://doi.org/10.3402/mehd.v26.26914. 

Krautkramer, Kimberly A., Jing Fan, and Fredrik Bäckhed. 2021. “Gut Microbial Metabolites as 



Margot DELAVY – Thèse de doctorat - 2023 

209 
 

Multi-Kingdom Intermediates.” Nature Reviews Microbiology 19 (2): 77–94. 

https://doi.org/10.1038/s41579-020-0438-4. 

Krishnakumari, Viswanatha, Nandini Rangaraj, and Ramakrishnan Nagaraj. 2009. “Antifungal 

Activities of Human Beta-Defensins HBD-1 to HBD-3 and Their C-Terminal Analogs Phd1 

to Phd3.” Antimicrobial Agents and Chemotherapy 53 (1): 256–60. 

https://doi.org/10.1128/AAC.00470-08. 

Kuhn. 2005. “A Short Introduction to the Caret Package. Vieena, Austria.” R Foundation for 

Statistical Computing, 1–10. 

Kuhn, Max. 2008. “Caret Package.” Journal Of Statistical Software 28 (5): 1–26. 

http://www.jstatsoft.org/v28/i05/paper. 

Kumamoto, Carol A., Mark S. Gresnigt, and Bernhard Hube. 2020. “The Gut, the Bad and the 

Harmless: Candida albicans as a Commensal and Opportunistic Pathogen in the 

Intestine.” Current Opinion in Microbiology 56 (August): 7–15. 

https://doi.org/10.1016/j.mib.2020.05.006. 

Kumar, Rohitashw, Sonia Chadha, Darpan Saraswat, Jashanjot Singh Bajwa, Rui A. Li, 

Heather R. Conti, and Mira Edgerton. 2011. “Histatin 5 Uptake by Candida albicans 

Utilizes Polyamine Transporters Dur3 and Dur31 Proteins.” Journal of Biological 

Chemistry 286 (51): 43748–58. https://doi.org/10.1074/jbc.M111.311175. 

Langmead, Ben, and Steven L. Salzberg. 2012. “Fast Gapped-Read Alignment with Bowtie 2.” 

Nature Methods 9 (4): 357–59. https://doi.org/10.1038/nmeth.1923. 

Latz, Eicke, T. Sam Xiao, and Andrea Stutz. 2013. “Activation and Regulation of the 

Inflammasomes.” Nature Reviews Immunology. Nat Rev Immunol. 

https://doi.org/10.1038/nri3452. 

Lawson, Melissa A.E., Ian J. O’Neill, Magdalena Kujawska, Sree Gowrinadh Javvadi, Anisha 

Wijeyesekera, Zak Flegg, Lisa Chalklen, and Lindsay J. Hall. 2020. “Breast Milk-Derived 

Human Milk Oligosaccharides Promote Bifidobacterium Interactions within a Single 

Ecosystem.” ISME Journal 14 (2): 635–48. https://doi.org/10.1038/s41396-019-0553-2. 

Lee, Bonggi, Jashin Koo, Joo Yun Jun, Oksana Gavrilova, Yongjun Lee, Arnold Y. Seo, 

Dezmond C. Taylor-Douglas, et al. 2016. “A Mouse Model for a Partially Inactive Obesity-

Associated Human MC3R Variant.” Nature Communications 7. 

https://doi.org/10.1038/NCOMMS10522. 

Lee, Sang A., Ji Ye Lim, Bong Soo Kim, Su Jin Cho, Nak Yon Kim, Ok Bin Kim, and Yuri Kim. 

2015. “Comparison of the Gut Microbiota Profile in Breast-Fed and Formula-Fed Korean 

Infants Using Pyrosequencing.” Nutrition Research and Practice 9 (3): 242–48. 

https://doi.org/10.4162/nrp.2015.9.3.242. 

Leigh Greathouse, K., Rashmi Sinha, and Emily Vogtmann. 2019. “DNA Extraction for Human 

Microbiome Studies: The Issue of Standardization.” Genome Biology. Genome Biol. 

https://doi.org/10.1186/s13059-019-1843-8. 

Leigh, Janet E., Chad Steele, Floyd L. Wormley, Wei Luo, Rebecca A. Clark, William Gallaher, 

and Paul L. Fidel. 1998. “Th1/Th2 Cytokine Expression in Saliva of HIV-Positive and HIV-

Negative Individuals: A Pilot Study in HIV-Positive Individuals with Oropharyngeal 



Margot DELAVY – Thèse de doctorat - 2023 

210 
 

Candidiasis.” Journal of Acquired Immune Deficiency Syndromes and Human 

Retrovirology 19 (4): 373–80. https://doi.org/10.1097/00042560-199812010-00008. 

Leonard, Florence, Antoine Andremont, Bernard Leclerq, Roger Labia, and Cyrille Tancrede. 

1989. “Use of β-Lactamase-Producing Anaerobes to Prevent Ceftriaxone From 

Degrading Intestinal Resistance to Colonization.” Journal of Infectious Diseases 160 (2): 

274–80. https://doi.org/10.1093/infdis/160.2.274. 

Leonardi, Irina, Iris H. Gao, Woan Yu Lin, Megan Allen, Xin V. Li, William D. Fiers, Meghan 

Bialt De Celie, et al. 2022. “Mucosal Fungi Promote Gut Barrier Function and Social 

Behavior via Type 17 Immunity.” Cell 185 (5): 831-846.e14. 

https://doi.org/10.1016/j.cell.2022.01.017. 

Leonardi, Irina, Sudarshan Paramsothy, Itai Doron, Alexa Semon, Nadeem O. Kaakoush, Jose 

C. Clemente, Jeremiah J. Faith, et al. 2020. “Fungal Trans-Kingdom Dynamics Linked to 

Responsiveness to Fecal Microbiota Transplantation (FMT) Therapy in Ulcerative Colitis.” 

Cell Host and Microbe 27 (5): 823-829.e3. https://doi.org/10.1016/j.chom.2020.03.006. 

Leung, Chak Ming, Pim de Haan, Kacey Ronaldson-Bouchard, Ge Ah Kim, Jihoon Ko, Hoon 

Suk Rho, Zhu Chen, et al. 2022. “A Guide to the Organ-on-a-Chip.” Nature Reviews 

Methods Primers 2 (1): 1–29. https://doi.org/10.1038/s43586-022-00118-6. 

Lev-Sagie, Ahinoam, Diana Prus, Iara M. Linhares, Yuval Lavy, William J. Ledger, and Steven 

S. Witkin. 2009. “Polymorphism in a Gene Coding for the Inflammasome Component 

NALP3 and Recurrent Vulvovaginal Candidiasis in Women with Vulvar Vestibulitis 

Syndrome.” American Journal of Obstetrics and Gynecology 200 (3): 303.e1-303.e6. 

https://doi.org/10.1016/j.ajog.2008.10.039. 

Li, Honghua, Jinpeng Yang, Xinwan Zhang, Xiuli Xu, Fuhang Song, and Hehe Li. 2022. 

“Biocontrol of Candida albicans by Antagonistic Microorganisms and Bioactive 

Compounds.” Antibiotics 11 (9). https://doi.org/10.3390/antibiotics11091238. 

Liang, Weihong, Guobo Guan, Yu Dai, Chengjun Cao, Li Tao, Han Du, Clarissa J. Nobile, Jin 

Zhong, and Guanghua Huang. 2016. “Lactic Acid Bacteria Differentially Regulate 

Filamentation in Two Heritable Cell Types of the Human Fungal Pathogen Candida 

albicans.” Molecular Microbiology 102 (3): 506–19. https://doi.org/10.1111/mmi.13475. 

Lin, Yufeng, Harry Cheuk Hay Lau, Yali Liu, Xing Kang, Yiwei Wang, Nick Lung Ngai Ting, 

Thomas Ngai Yeung Kwong, et al. 2022. “Altered Mycobiota Signatures and Enriched 

Pathogenic Aspergillus rambellii Are Associated With Colorectal Cancer Based on 

Multicohort Fecal Metagenomic Analyses.” Gastroenterology 163 (4). 

https://doi.org/10.1053/j.gastro.2022.06.038. 

Lind, Abigail L., and Katherine S. Pollard. 2021. “Accurate and Sensitive Detection of Microbial 

Eukaryotes from Whole Metagenome Shotgun Sequencing.” Microbiome 9 (1). 

https://doi.org/10.1186/s40168-021-01015-y. 

Lionakis, Michail S., and Stuart M. Levitz. 2018. “Host Control of Fungal Infections: Lessons 

from Basic Studies and Human Cohorts.” Annual Review of Immunology. Annu Rev 

Immunol. https://doi.org/10.1146/annurev-immunol-042617-053318. 

Liu, Bing Nan, Xiao Tong Liu, Zi Han Liang, and Ji Hui Wang. 2021. “Gut Microbiota in Obesity.” 

World Journal of Gastroenterology. World J Gastroenterol. 



Margot DELAVY – Thèse de doctorat - 2023 

211 
 

https://doi.org/10.3748/wjg.v27.i25.3837. 

Liu, Cindy M., Sergey Kachur, Michael G. Dwan, Alison G. Abraham, Maliha Aziz, Po Ren 

Hsueh, Yu Tsung Huang, et al. 2012. “FungiQuant: A Broad-Coverage Fungal 

Quantitative Real-Time PCR Assay.” BMC Microbiology 12. https://doi.org/10.1186/1471-

2180-12-255. 

Liu, Luyan, Satoshi Okada, Xiao Fei Kong, Alexandra Y. Kreins, Sophie Cypowyj, Avinash 

Abhyankar, Julie Toubiana, et al. 2011. “Gain-of-Function Human STAT1 Mutations 

Impair IL-17 Immunity and Underlie Chronic Mucocutaneous Candidiasis.” Journal of 

Experimental Medicine 208 (18). https://doi.org/10.1084/jem.20110958. 

Lloyd-Price, Jason, Cesar Arze, Ashwin N. Ananthakrishnan, Melanie Schirmer, Julian Avila-

Pacheco, Tiffany W. Poon, Elizabeth Andrews, et al. 2019. “Multi-Omics of the Gut 

Microbial Ecosystem in Inflammatory Bowel Diseases.” Nature 569 (7758): 655–62. 

https://doi.org/10.1038/s41586-019-1237-9. 

Lofgren, Lotus A., Jessie K. Uehling, Sara Branco, Thomas D. Bruns, Francis Martin, and Peter 

G. Kennedy. 2019. “Genome-Based Estimates of Fungal RDNA Copy Number Variation 

across Phylogenetic Scales and Ecological Lifestyles.” Molecular Ecology 28 (4): 721–

30. https://doi.org/10.1111/MEC.14995. 

López-Ribot, José L., Manuel Casanova, Amelia Murgui, and José P. Martínez. 2004. 

“Antibody Response to Candida albicans Cell Wall Antigens.” FEMS Immunology and 

Medical Microbiology 41 (3): 187–96. https://doi.org/10.1016/j.femsim.2004.03.012. 

Low, Lucie A., Christine Mummery, Brian R. Berridge, Christopher P. Austin, and Danilo A. 

Tagle. 2021. “Organs-on-Chips: Into the next Decade.” Nature Reviews Drug Discovery 

20 (5): 345–61. https://doi.org/10.1038/s41573-020-0079-3. 

Macias-Paz, Ignacio Uriel, Salvador Pérez-Hernández, Alejandra Tavera-Tapia, Juan Pedro 

Luna-Arias, José Eugenio Guerra-Cárdenas, and Elizabeth Reyna-Beltrán. 2022. 

“Candida albicans the Main Opportunistic Pathogenic Fungus in Humans.” Revista 

Argentina de Microbiologia. https://doi.org/10.1016/J.RAM.2022.08.003. 

Maeda, Yuichi, Daisuke Motooka, Takahiro Kawasaki, Hiroya Oki, Yoshimi Noda, Yuichi 

Adachi, Takayuki Niitsu, et al. 2022. “Longitudinal Alterations of the Gut Mycobiota and 

Microbiota on COVID-19 Severity.” BMC Infectious Diseases 22 (1): 1–13. 

https://doi.org/10.1186/s12879-022-07358-7. 

Magoč, Tanja, and Steven L. Salzberg. 2011. “FLASH: Fast Length Adjustment of Short Reads 

to Improve Genome Assemblies.” Bioinformatics (Oxford, England) 27 (21): 2957–63. 

https://doi.org/10.1093/BIOINFORMATICS/BTR507. 

Mahajan, Gautam, Erin Doherty, Tania To, Arlene Sutherland, Jennifer Grant, Abidemi Junaid, 

Aakanksha Gulati, et al. 2022. “Vaginal Microbiome-Host Interactions Modeled in a 

Human Vagina-on-a-Chip.” Microbiome 10 (1): 201. https://doi.org/10.1186/s40168-022-

01400-1. 

Mailänder-Sánchez, Daniela, Christina Braunsdorf, Christian Grumaz, Christoph Müller, 

Stefan Lorenz, Philip Stevens, Jeanette Wagener, et al. 2017. “Antifungal Defense of 

Probiotic Lactobacillus rhamnosus GG Is Mediated by Blocking Adhesion and Nutrient 

Depletion.” PLoS ONE 12 (10). https://doi.org/10.1371/journal.pone.0184438. 



Margot DELAVY – Thèse de doctorat - 2023 

212 
 

Mallick, Himel, Ali Rahnavard, Lauren J. McIver, Siyuan Ma, Yancong Zhang, Long H. Nguyen, 

Timothy L. Tickle, et al. 2021. “Multivariable Association Discovery in Population-Scale 

Meta-Omics Studies.” PLoS Computational Biology 17 (11). 

https://doi.org/10.1371/journal.pcbi.1009442. 

Mani-López, Emma, Daniela Arrioja-Bretón, and Aurelio López-Malo. 2022. “The Impacts of 

Antimicrobial and Antifungal Activity of Cell-Free Supernatants from Lactic Acid Bacteria 

in vitro and Foods.” Comprehensive Reviews in Food Science and Food Safety 21 (1): 

604–41. https://doi.org/10.1111/1541-4337.12872. 

Manichanh, C., L. Rigottier-Gois, E. Bonnaud, K. Gloux, E. Pelletier, L. Frangeul, R. Nalin, et 

al. 2006. “Reduced Diversity of Faecal Microbiota in Crohn’s Disease Revealed by a 

Metagenomic Approach.” Gut 55 (2): 205–11. https://doi.org/10.1136/gut.2005.073817. 

Manolio, Teri A. 2010. “Genomewide Association Studies and Assessment of the Risk of 

Disease.” New England Journal of Medicine 363 (2): 166–76. 

https://doi.org/10.1056/nejmra0905980. 

Manor, Ohad, Chengzhen L. Dai, Sergey A. Kornilov, Brett Smith, Nathan D. Price, Jennifer 

C. Lovejoy, Sean M. Gibbons, and Andrew T. Magis. 2020. “Health and Disease Markers 

Correlate with Gut Microbiome Composition across Thousands of People.” Nature 

Communications 11 (1): 1–12. https://doi.org/10.1038/s41467-020-18871-1. 

Marcelino, Vanessa R., Philip T.L.C. Clausen, Jan P. Buchmann, Michelle Wille, Jonathan R. 

Iredell, Wieland Meyer, Ole Lund, Tania C. Sorrell, and Edward C. Holmes. 2020. 

“CCMetagen: Comprehensive and Accurate Identification of Eukaryotes and Prokaryotes 

in Metagenomic Data.” Genome Biology 21 (1): 1–15. https://doi.org/10.1186/s13059-

020-02014-2. 

Marquis, Miriam, Daniel Lewandowski, Véronique Dugas, Francine Aumont, Serge Sénéchal, 

Paul Jolicoeur, Zaher Hanna, and Louis De Repentigny. 2006. “CD8+ T Cells but Not 

Polymorphonuclear Leukocytes Are Required to Limit Chronic Oral Carriage of Candida 

albicans in Transgenic Mice Expressing Human Immunodeficiency Virus Type 1.” 

Infection and Immunity 74 (4): 2382–91. https://doi.org/10.1128/IAI.74.4.2382-

2391.2006. 

Marzorati, Massimo, Barbara Vanhoecke, Tine De Ryck, Mehdi Sadaghian Sadabad, Iris 

Pinheiro, Sam Possemiers, Pieter Van Den Abbeele, et al. 2014. “The HMITM Module: A 

New Tool to Study the Host-Microbiota Interaction in the Human Gastrointestinal Tract in 

vitro.” BMC Microbiology 14 (1). https://doi.org/10.1186/1471-2180-14-133. 

Matsubara, Victor Haruo, Yi Wang, H. M.H.N. Bandara, Marcia Pinto Alves Mayer, and 

Lakshman P. Samaranayake. 2016. “Probiotic Lactobacilli Inhibit Early Stages of Candida 

albicans Biofilm Development by Reducing Their Growth, Cell Adhesion, and 

Filamentation.” Applied Microbiology and Biotechnology 100 (14): 6415–26. 

https://doi.org/10.1007/s00253-016-7527-3. 

Matthews, R C, J P Burnie, D Howat, T Rowland, and F Walton. 1991. “Autoantibody to Heat-

Shock Protein 90 Can Mediate Protection against Systemic Candidosis.” Immunology 74 

(1): 20–24. 

http://www.ncbi.nlm.nih.gov/pubmed/1718852%0Ahttp://www.pubmedcentral.nih.gov/art

iclerender.fcgi?artid=PMC1384665. 



Margot DELAVY – Thèse de doctorat - 2023 

213 
 

Mayer, François L., Duncan Wilson, and Bernhard Hube. 2013. “Candida albicans 

Pathogenicity Mechanisms.” Virulence 4 (2): 119–28. https://doi.org/10.4161/viru.22913. 

Mayer, François L., Duncan Wilson, Ilse D. Jacobsen, Pedro Miramón, Katharina Große, and 

Bernhard Hube. 2012. “The Novel Candida albicans Transporter Dur31 Is a Multi-Stage 

Pathogenicity Factor.” PLoS Pathogens 8 (3). 

https://doi.org/10.1371/journal.ppat.1002592. 

Mencarelli, Monica, Beatrice Dubern, Rohia Alili, Sabrina Maestrini, Lina Benajiba, 

Mariantonella Tagliaferri, Pilar Galan, et al. 2011. “Rare Melanocortin-3 Receptor 

Mutations with in Vitro Functional Consequences Are Associated with Human Obesity.” 

Human Molecular Genetics 20 (2): 392–99. https://doi.org/10.1093/hmg/ddq472. 

Meng, Changting, Chunmei Bai, Thomas D. Brown, Leroy E. Hood, and Qiang Tian. 2018. 

“Human Gut Microbiota and Gastrointestinal Cancer.” Genomics, Proteomics and 

Bioinformatics 16 (1): 33–49. https://doi.org/10.1016/j.gpb.2017.06.002. 

Miao, Jian, Hubertine M.E. Willems, and Brian M. Peters. 2021. “Exogenous Reproductive 

Hormones nor Candida albicans Colonization Alter the near Neutral Mouse Vaginal PH.” 

Infection and Immunity 89 (2). https://doi.org/10.1128/IAI.00550-20. 

Milani, Christian, Andrea Ticinesi, Jacoline Gerritsen, Antonio Nouvenne, Gabriele Andrea 

Lugli, Leonardo Mancabelli, Francesca Turroni, et al. 2016. “Gut Microbiota Composition 

and Clostridium difficile Infection in Hospitalized Elderly Individuals: A Metagenomic 

Study.” Scientific Reports 6 (May): 25945. https://doi.org/10.1038/srep25945. 

Milner, Joshua D., Jason M. Brenchley, Arian Laurence, Alexandra F. Freeman, Brenna J. Hill, 

Kevin M. Elias, Yuka Kanno, et al. 2008. “Impaired Th17 Cell Differentiation in Subjects 

with Autosomal Dominant Hyper-IgE Syndrome.” Nature 452 (7188): 773–76. 

https://doi.org/10.1038/nature06764. 

Mimetas. 2019. “Human Tissue Models for Better Therapies.” 2019. 

https://www.mimetas.com/en/home/. 

Min, Kyunghun, Aaron M. Neiman, and James B. Konopka. 2020. “Fungal Pathogens: Shape-

Shifting Invaders.” Trends in Microbiology 28 (11): 922–33. 

https://doi.org/10.1016/j.tim.2020.05.001. 

Minegishi, Yoshiyuki, Masako Saito, Shigeru Tsuchiya, Ikuya Tsuge, Hidetoshi Takada, 

Toshiro Hara, Nobuaki Kawamura, et al. 2007. “Dominant-Negative Mutations in the DNA-

Binding Domain of STAT3 Cause Hyper-IgE Syndrome.” Nature 448 (7157): 1058–62. 

https://doi.org/10.1038/nature06096. 

Miramón, Pedro, Christine Dunker, Hanna Windecker, Iryna M. Bohovych, Alistair J.P. Brown, 

Oliver Kurzai, and Bernhard Hube. 2012. “Cellular Responses of Candida albicans to 

Phagocytosis and the Extracellular Activities of Neutrophils Are Critical to Counteract 

Carbohydrate Starvation, Oxidative and Nitrosative Stress.” PLoS ONE 7 (12). 

https://doi.org/10.1371/journal.pone.0052850. 

Miramón, Pedro, and Michael C. Lorenz. 2017. A Feast for Candida: Metabolic Plasticity 

Confers an Edge for Virulence. PLoS Pathogens. Vol. 13. Public Library of Science. 

https://doi.org/10.1371/journal.ppat.1006144. 



Margot DELAVY – Thèse de doctorat - 2023 

214 
 

Miramón, Pedro, Andrew W. Pountain, Ambro van Hoof, and Michael C. Lorenz. 2020. “The 

Paralogous Transcription Factors Stp1 and Stp2 of Candida albicans Have Distinct 

Functions in Nutrient Acquisition and Host Interaction.” Infection and Immunity 88 (5). 

https://doi.org/10.1128/IAI.00763-19. 

Mirhakkak, Mohammad H., Sascha Schäuble, Tilman E. Klassert, Sascha Brunke, Philipp 

Brandt, Daniel Loos, Ruben V. Uribe, et al. 2021. “Metabolic Modeling Predicts Specific 

Gut Bacteria as Key Determinants for Candida albicans Colonization Levels.” ISME 

Journal 15 (5): 1257–70. https://doi.org/10.1038/s41396-020-00848-z. 

Mishima, Riko, Masaru Tanaka, Rie Momoda, Masafumi Sanefuji, Seiichi Morokuma, 

Masanobu Ogawa, Kiyoko Kato, and Jiro Nakayama. 2023. “Longitudinal Gut Mycobiota 

Changes in Japanese Infants during First Three Years of Life.” Journal of Bioscience and 

Bioengineering, February. https://doi.org/10.1016/j.jbiosc.2023.01.007. 

Misme-Aucouturier, Barbara, Adel Touahri, Marjorie Albassier, Francine Jotereau, Patrice Le 

Pape, and Nidia Alvarez-Rueda. 2019. “Double Positive CD4+CD8+ T Cells Are Part of 

the Adaptive Immune Response against Candida albicans.” Human Immunology 80 (12): 

999–1005. https://doi.org/10.1016/j.humimm.2019.09.008. 

Mossavar-Rahmani, Yasmin, Lesley F. Tinker, Ying Huang, Marian L. Neuhouser, Susan E. 

McCann, Rebecca A. Seguin, Mara Z. Vitolins, J. David Curb, and Ross L. Prentice. 2013. 

“Factors Relating to Eating Style, Social Desirability, Body Image and Eating Meals at 

Home Increase the Precision of Calibration Equations Correcting Self-Report Measures 

of Diet Using Recovery Biomarkers: Findings from the Women’s Health Initiative.” 

Nutrition Journal 12 (1): 1–14. https://doi.org/10.1186/1475-2891-12-63. 

Motooka, Daisuke, Kosuke Fujimoto, Reiko Tanaka, Takashi Yaguchi, Kazuyoshi Gotoh, 

Yuichi Maeda, Yoki Furuta, et al. 2017. “Fungal ITS1 Deep-Sequencing Strategies to 

Reconstruct the Composition of a 26-Species Community and Evaluation of the Gut 

Mycobiota of Healthy Japanese Individuals.” Frontiers in Microbiology 8 (FEB). 

https://doi.org/10.3389/fmicb.2017.00238. 

Naglik, Julian R., Annika König, Bernhard Hube, and Sarah L. Gaffen. 2017. “Candida 

albicans–Epithelial Interactions and Induction of Mucosal Innate Immunity.” Current 

Opinion in Microbiology 40 (December): 104–12. 

https://doi.org/10.1016/j.mib.2017.10.030. 

Nahum, Amit, Harjit Dadi, Andrea Bates, and Chaim M. Roifman. 2011. “The L412F Variant of 

Toll-like Receptor 3 (TLR3) Is Associated with Cutaneous Candidiasis, Increased 

Susceptibility to Cytomegalovirus, and Autoimmunity.” Journal of Allergy and Clinical 

Immunology 127 (2): 528–31. https://doi.org/10.1016/j.jaci.2010.09.031. 

———. 2012. “The Biological Significance of TLR3 Variant, L412F, in Conferring Susceptibility 

to Cutaneous Candidiasis, CMV and Autoimmunity.” Autoimmunity Reviews 11 (5): 341–

47. https://doi.org/10.1016/j.autrev.2011.10.007. 

Narunsky-Haziza, Lian, Gregory D. Sepich-Poore, Ilana Livyatan, Omer Asraf, Cameron 

Martino, Deborah Nejman, Nancy Gavert, et al. 2022. “Pan-Cancer Analyses Reveal 

Cancer-Type-Specific Fungal Ecologies and Bacteriome Interactions.” Cell 185 (20): 

3789-3806.e17. https://doi.org/10.1016/J.CELL.2022.09.005. 



Margot DELAVY – Thèse de doctorat - 2023 

215 
 

Nash, Andrea K., Thomas A. Auchtung, Matthew C. Wong, Daniel P. Smith, Jonathan R. 

Gesell, Matthew C. Ross, Christopher J. Stewart, et al. 2017. “The Gut Mycobiome of the 

Human Microbiome Project Healthy Cohort.” Microbiome 5 (1): 153. 

https://doi.org/10.1186/S40168-017-0373-4. 

Natividad, Jane Mea, Benoît Marsaux, Clara Lucia Garcia Rodenas, Andreas Rytz, Gies 

Vandevijver, Massimo Marzorati, Pieter Van den Abbeele, Marta Calatayud, and Florence 

Rochat. 2022. “Human Milk Oligosaccharides and Lactose Differentially Affect Infant Gut 

Microbiota and Intestinal Barrier In Vitro.” Nutrients 14 (12): 2546. 

https://doi.org/10.3390/nu14122546. 

Netea, Mihai G., Gordon D. Brown, Bart Jan Kullberg, and Neil A.R. Gow. 2008. “An Integrated 

Model of the Recognition of Candida albicans by the Innate Immune System.” Nature 

Reviews Microbiology. Nature Publishing Group. https://doi.org/10.1038/nrmicro1815. 

Netea, Mihai G., Chantal A.A. Van der Graaf, Alieke G. Vonk, Ineke Verschueren, Jos W.M. 

Van der Meet, and Bart Jan Kullberg. 2002. “The Role of Toll-like Receptor (TLR) 2 and 

TLR4 in the Host Defense against Disseminated Candidiasis.” Journal of Infectious 

Diseases 185 (10): 1483–89. https://doi.org/10.1086/340511. 

Netea, Mihai G., Leo A.B. Joosten, Jos W.M. Van Der Meer, Bart Jan Kullberg, and Frank L. 

Van De Veerdonk. 2015. “Immune Defence against Candida Fungal Infections.” Nature 

Reviews Immunology 2015 15:10 15 (10): 630–42. https://doi.org/10.1038/nri3897. 

Netea, Mihai G., Jessica Quintin, and Jos W.M. Van Der Meer. 2011. “Trained Immunity: A 

Memory for Innate Host Defense.” Cell Host and Microbe 9 (5): 355–61. 

https://doi.org/10.1016/j.chom.2011.04.006. 

Neville, B. Anne, Christophe d’Enfert, and Marie-Elisabeth Bougnoux. 2015. “Candida Albicans 

Commensalism in the Gastrointestinal Tract.” Edited by Carol Munro. FEMS Yeast 

Research 15 (7): fov081. https://doi.org/10.1093/femsyr/fov081. 

Nguyen, Long Nam, Livia Cristina Liporagi Lopes, Radames J.B. Cordero, and Joshua D. 

Nosanchuk. 2011. “Sodium Butyrate Inhibits Pathogenic Yeast Growth and Enhances the 

Functions of Macrophages.” Journal of Antimicrobial Chemotherapy 66 (11): 2573–80. 

https://doi.org/10.1093/jac/dkr358. 

Niehus, Rene, Esther van Kleef, Yin Mo, Agata Turlej-Rogacka, Christine Lammens, Yehuda 

Carmeli, Herman Goossens, et al. 2020. “Quantifying Antibiotic Impact on Within-Patient 

Dynamics of Extended-Spectrum β-Lactamase Resistance.” ELife 9 (May): 1–20. 

https://doi.org/10.7554/eLife.49206. 

Nikou, Spyridoula Angeliki, Nessim Kichik, Rhys Brown, Nicole O. Ponde, Jemima Ho, Julian 

R. Naglik, and Jonathan P. Richardson. 2019. “Candida albicans Interactions with 

Mucosal Surfaces during Health and Disease.” Pathogens 8 (2): 53. 

https://doi.org/10.3390/pathogens8020053. 

Noverr, Mairi C., and Gary B. Huffnagle. 2004. “Regulation of Candida albicans 

Morphogenesis by Fatty Acid Metabolites.” Infection and Immunity 72 (11): 6206–10. 

https://doi.org/10.1128/IAI.72.11.6206-6210.2004. 

Nucci, Marcio, and Elias Anaissie. 2001. “Revisiting the Source of Candidemia: Skin or Gut?” 

Clinical Infectious Diseases 33 (12): 1959–67. https://doi.org/10.1086/323759. 



Margot DELAVY – Thèse de doctorat - 2023 

216 
 

Odamaki, Toshitaka, Kumiko Kato, Hirosuke Sugahara, Nanami Hashikura, Sachiko 

Takahashi, Jin Zhong Xiao, Fumiaki Abe, and Ro Osawa. 2016. “Age-Related Changes 

in Gut Microbiota Composition from Newborn to Centenarian: A Cross-Sectional Study.” 

BMC Microbiology 16 (1). https://doi.org/10.1186/s12866-016-0708-5. 

Ohland, Christina L., and Christian Jobin. 2015. “Microbial Activities and Intestinal 

Homeostasis: A Delicate Balance Between Health and Disease.” Cellular and Molecular 

Gastroenterology and Hepatology 1 (1): 28–40. 

https://doi.org/10.1016/j.jcmgh.2014.11.004. 

Oikarinen, Sami, Sisko Tauriainen, Hanna Viskari, Olli Simell, Mikael Knip, Suvi Virtanen, and 

Heikki Hyöty. 2009. “PCR Inhibition in Stool Samples in Relation to Age of Infants.” 

Journal of Clinical Virology 44 (3): 211–14. https://doi.org/10.1016/j.jcv.2008.12.017. 

Okada, Satoshi, Takaki Asano, Kunihiko Moriya, Stephanie Boisson-Dupuis, Masao 

Kobayashi, Jean Laurent Casanova, and Anne Puel. 2020. “Human STAT1 Gain-of-

Function Heterozygous Mutations: Chronic Mucocutaneous Candidiasis and Type I 

Interferonopathy.” Journal of Clinical Immunology. https://doi.org/10.1007/s10875-020-

00847-x. 

Oksanen, Author Jari, F. Guillaume Blanchet, Michael Friendly, Roeland Kindt, Pierre 

Legendre, Dan Mcglinn, Peter R Minchin, et al. 2019. “Package ‘ Vegan .’” R Package 

Library. https://cran.r-project.org/web/packages/vegan/index.html. 

Olaisen, Maya, Mathias L. Richard, Vidar Beisvåg, Atle van Beelen Granlund, Elin S. Røyset, 

Olivier Rué, Tom Christian Martinsen, Arne Kristian Sandvik, Harry Sokol, and Reidar 

Fossmark. 2022. “The Ileal Fungal Microbiota Is Altered in Crohn’s Disease and Is 

Associated with the Disease Course.” Frontiers in Medicine 9: 2893. 

https://doi.org/10.3389/fmed.2022.868812. 

Olivier, Françios A.B., Volker Hilsenstein, Harshini Weerasinghe, Ashley Weir, Sebastian 

Hughes, Simon Crawford, James E. Vince, Michael J. Hickey, and Ana Traven. 2022. 

“The Escape of Candida albicans from Macrophages Is Enabled by the Fungal Toxin 

Candidalysin and Two Host Cell Death Pathways.” Cell Reports 40 (12): 111374. 

https://doi.org/10.1016/j.celrep.2022.111374. 

Oñate, Florian Plaza, Emmanuelle Le Chatelier, Mathieu Almeida, Alessandra C.L. Cervino, 

Franck Gauthier, Frédéric Magoulès, S. Dusko Ehrlich, and Matthieu Pichaud. 2019. 

“MSPminer: Abundance-Based Reconstitution of Microbial Pan-Genomes from Shotgun 

Metagenomic Data.” Bioinformatics 35 (9): 1544–52. 

https://doi.org/10.1093/bioinformatics/bty830. 

Ouederni, Monia, Ozden Sanal, Aydan Ikincioǧullari, Ilhan Tezcan, Figen Dogu, Ithaisa 

Sologuren, Sigifredo Pedraza-Sánchez, et al. 2014. “Clinical Features of Candidiasis in 

Patients with Inherited Interleukin 12 Receptor Β1 Deficiency.” Clinical Infectious 

Diseases 58 (2): 204–13. https://doi.org/10.1093/cid/cit722. 

Pande, Kalyan, Changbin Chen, and Suzanne M. Noble. 2013. “Passage through the 

Mammalian Gut Triggers a Phenotypic Switch That Promotes Candida albicans 

Commensalism.” Nature Genetics 45 (9): 1088–91. https://doi.org/10.1038/ng.2710. 

Papayannopoulos, Venizelos. 2018. “Neutrophil Extracellular Traps in Immunity and Disease.” 



Margot DELAVY – Thèse de doctorat - 2023 

217 
 

Nature Reviews Immunology 18 (2): 134–47. https://doi.org/10.1038/nri.2017.105. 

Papon, Nicolas, Marie Elisabeth Bougnoux, and Christophe d’Enfert. 2020. “Tracing the Origin 

of Invasive Fungal Infections.” Trends in Microbiology. Trends Microbiol. 

https://doi.org/10.1016/j.tim.2020.01.007. 

Pappas, Peter G., Michail S. Lionakis, Maiken Cavling Arendrup, Luis Ostrosky-Zeichner, and 

Bart Jan Kullberg. 2018. “Invasive Candidiasis.” Nature Reviews Disease Primers 4 

(May). https://doi.org/10.1038/nrdp.2018.26. 

Pappas, Peter G, Carol A Kauffman, David R Andes, Cornelius J Clancy, Kieren A Marr, Luis 

Ostrosky-Zeichner, Annette C Reboli, et al. 2016. “Clinical Practice Guideline for the 

Management of Candidiasis: 2016 Update by the Infectious Diseases Society of America” 

Clinical Infectious Diseases: An Official Publication of the Infectious Diseases Society of 

America 62 (4): e1--e50. https://doi.org/10.1093/cid/civ933. 

Pareek, Siddhika, Takashi Kurakawa, Bhabatosh Das, Daisuke Motooka, Shuuichi Nakaya, 

Temsunaro Rongsen-Chandola, Nidhi Goyal, et al. 2019. “Comparison of Japanese and 

Indian Intestinal Microbiota Shows Diet-Dependent Interaction between Bacteria and 

Fungi.” Npj Biofilms and Microbiomes 5 (1). https://doi.org/10.1038/s41522-019-0110-9. 

Park, Byung Lae, Lyoung Hyo Kim, Suhg Namgoong, Ji On Kim, Jason Yongha Kim, Hun Soo 

Chang, Jong Sook Park, et al. 2014. “Association Analysis of Melanocortin 3 Receptor 

Polymorphisms with the Risk of Pulmonary Tuberculosis.” Lung 192 (6): 857–62. 

https://doi.org/10.1007/s00408-014-9625-2. 

Parm, Ulle, Tuuli Metsvaht, Epp Sepp, Mari Liis Ilmoja, Heti Pisarev, Merit Pauskar, and Irja 

Lutsar. 2011. “Risk Factors Associated with Gut and Nasopharyngeal Colonization by 

Common Gram-Negative Species and Yeasts in Neonatal Intensive Care Units Patients.” 

Early Human Development 87 (6): 391–99. 

https://doi.org/10.1016/j.earlhumdev.2011.02.007. 

Parolin, Carola, Vanessa Croatti, Barbara Giordani, and Beatrice Vitali. 2022. “Vaginal 

Lactobacillus Impair CandidaDimorphic Switching and Biofilm Formation.” 

Microorganisms 10 (10). https://doi.org/10.3390/microorganisms10102091. 

Partula, Valentin, Stanislas Mondot, Marion J. Torres, Emmanuelle Kesse-Guyot, Mélanie 

Deschasaux, Karen Assmann, Paule Latino-Martel, et al. 2019. “Associations between 

Usual Diet and Gut Microbiota Composition: Results from the Milieu Intérieur Cross-

Sectional Study.” American Journal of Clinical Nutrition 109 (5): 1472–83. 

https://doi.org/10.1093/ajcn/nqz029. 

Pascal, Victoria, Marta Pozuelo, Natalia Borruel, Francesc Casellas, David Campos, Alba 

Santiago, Xavier Martinez, et al. 2017. “A Microbial Signature for Crohn’s Disease.” Gut 

66 (5): 813–22. https://doi.org/10.1136/gutjnl-2016-313235. 

Patin, Etienne, Milena Hasan, Jacob Bergstedt, Vincent Rouilly, Valentina Libri, Alejandra 

Urrutia, Cécile Alanio, et al. 2018. “Natural Variation in the Parameters of Innate Immune 

Cells Is Preferentially Driven by Genetic Factors Resource.” Nature Immunology 19 (3): 

302–14. https://doi.org/10.1038/s41590-018-0049-7. 

Payne, Samantha, Glenn Gibson, Anthony Wynne, Barry Hudspith, Jonathan Brostoff, and 

Kieran Tuohy. 2003. “In Vitro Studies on Colonization Resistance of the Human Gut 



Margot DELAVY – Thèse de doctorat - 2023 

218 
 

Microbiota to Candida albicans and the Effects of Tetracycline and Lactobacillus 

plantarum LPK.” Current Issues in Intestinal Microbiology 4 (1): 1–8. 

https://europepmc.org/article/med/12691257. 

Perrone, Giancarlo, and Antonia Gallo. 2017. “Aspergillus Species and Their Associated 

Mycotoxins.” Methods in Molecular Biology 1542: 33–49. https://doi.org/10.1007/978-1-

4939-6707-0_3. 

Peterson, Danielle, Kevin S. Bonham, Sophie Rowland, Cassandra W. Pattanayak, Vanja 

Klepac-Ceraj, Sean C.L. Deoni, Viren D’Sa, et al. 2021. “Comparative Analysis of 16S 

RRNA Gene and Metagenome Sequencing in Pediatric Gut Microbiomes.” Frontiers in 

Microbiology 12 (July): 670336. https://doi.org/10.3389/fmicb.2021.670336. 

Pham, Linh N., Marc S. Dionne, Mimi Shirasu-Hiza, and David S. Schneider. 2007. “A Specific 

Primed Immune Response in Drosophila Is Dependent on Phagocytes.” PLoS Pathogens 

3 (3). https://doi.org/10.1371/journal.ppat.0030026. 

Piasecka, Barbara, Darragh Duffy, Alejandra Urrutia, Hélène Quach, Etienne Patin, Céline 

Posseme, Jacob Bergstedt, et al. 2018. “Distinctive Roles of Age, Sex, and Genetics in 

Shaping Transcriptional Variation of Human Immune Responses to Microbial 

Challenges.” Proceedings of the National Academy of Sciences of the United States of 

America 115 (3): E488–97. https://doi.org/10.1073/pnas.1714765115. 

Pitarch, Aida, Antonio Jiménez, César Nombela, and Concha Gil. 2006. “Decoding Seroligical 

Response to CandidaCell Wall Immunome into Novel Diagnostic, Prognostic, and 

Therapeutic Candidates for Systemic Candidiasis by Proteomic and Bioinformatic 

Analyses.” Molecular and Cellular Proteomics 5 (1): 79–96. 

https://doi.org/10.1074/mcp.M500243-MCP200. 

Plantinga, Theo S., Melissa D. Johnson, William K. Scott, Leo A.B. Joosten, Jos W.M. Van 

Der Meer, John R. Perfect, Bart Jan Kullberg, and Mihai G. Netea. 2012. “Human Genetic 

Susceptibility to Candida Infections.” Medical Mycology. Oxford Academic. 

https://doi.org/10.3109/13693786.2012.690902. 

Plantinga, Theo S., Melissa D. Johnson, William K. Scott, Esther Van De Vosse, Digna R. 

Velez Edwards, P. Brian Smith, Barbara D. Alexander, et al. 2012. “Toll-like Receptor 1 

Polymorphisms Increase Susceptibility to Candidemia.” Journal of Infectious Diseases 

205 (6): 934–43. https://doi.org/10.1093/infdis/jir867. 

Plantinga, Theo S., Walter J.F.M. Van Der Velden, Bart Ferwerda, Annemiek B. Van Spriel, 

Gosse Adema, Ton Feuth, J. Peter Donnelly, et al. 2009. “Early Stop Polymorphism in 

Human DECTIN-1 Is Associated with Increased Candida Colonization in Hematopoietic 

Stem Cell Transplant Recipients.” Clinical Infectious Diseases 49 (5): 724–32. 

https://doi.org/10.1086/604714. 

Plaza Onate, Florian, Nicolas Pons, Franck Gauthier, Mathieu Almeida, Stanislav Dusko 

Ehrlich, and Emmanuelle Le Chatelier. 2021. “Updated Metagenomic Species Pan-

Genomes (MSPs) of the Human Gastrointestinal Microbiota.” 

https://entrepot.recherche.data.gouv.fr/dataset.xhtml?persistentId=doi:10.15454/FLANU

P%0Ahttps://doi.org/10.15454/FLANUP. 

Pons, Nicolas, Jean-Michel Batto, Sean Kennedy, Mathieu Almeida, Fouad Boumezbeur, 



Margot DELAVY – Thèse de doctorat - 2023 

219 
 

Bouziane Moumen, Pierre Leonard, et al. 2010. METEOR -a Plateform for Quantitative 

Metagenomic Profiling of Complex Ecosystems. 

Porcaro, Isabelle, Michel Vidal, Sylvie Jouvert, Philip D. Stahl, and Jean Giaimis. 2003. “ 

Mannose Receptor Contribution to Candida albicans Phagocytosis by Murine E-Clone 

J774 Macrophages .” Journal of Leukocyte Biology 74 (2): 206–15. 

https://doi.org/10.1189/jlb.1202608. 

Poupet, Cyril, Taous Saraoui, Philippe Veisseire, Muriel Bonnet, Caroline Dausset, Marylise 

Gachinat, Olivier Camarès, Christophe Chassard, Adrien Nivoliez, and Stéphanie Bornes. 

2019. “Lactobacillus rhamnosus Lcr35 as an Effective Treatment for Preventing Candida 

albicans Infection in the Invertebrate Model Caenorhabditis elegans: First Mechanistic 

Insights.” PloS One 14 (11). https://doi.org/10.1371/JOURNAL.PONE.0216184. 

Pradhan, Arnab, Gabriela M. Avelar, Judith M. Bain, Delma S. Childers, Daniel E. Larcombe, 

Mihai G. Netea, Elena Shekhova, et al. 2018. “Hypoxia Promotes Immune Evasion by 

Triggering β-Glucan Masking on the Candida albicans Cell Surface via Mitochondrial and 

CAMP-Protein Kinase A Signaling.” MBio 9 (6). https://doi.org/10.1128/mBio.01318-18. 

Prieto, Daniel, Elvira Román, Rebeca Alonso-Monge, and Jesús Pla. 2017. “Overexpression 

of the Transcriptional Regulator WOR1 Increases Susceptibility to Bile Salts and 

Adhesion to the Mouse Gut Mucosa in Candida albicans.” Frontiers in Cellular and 

Infection Microbiology 7 (SEP): 389. https://doi.org/10.3389/fcimb.2017.00389. 

Puel, Anne. 2020. “Human Inborn Errors of Immunity Underlying Superficial or Invasive 

Candidiasis.” Human Genetics. Springer. https://doi.org/10.1007/s00439-020-02141-7. 

Puel, Anne, Sophie Cypowyj, Jacinta Bustamante, Jill F. Wright, Luyan Liu, Hye Kyung Lim, 

Mélanie Migaud, et al. 2011. “Chronic Mucocutaneous Candidiasis in Humans with Inborn 

Errors of Interleukin-17 Immunity.” Science 332 (6025): 65–68. 

https://doi.org/10.1126/science.1200439. 

Puri, Sumant, William K.M. Lai, Jason M. Rizzo, Michael J. Buck, and Mira Edgerton. 2014. 

“Iron-Responsive Chromatin Remodelling and MAPK Signalling Enhance Adhesion in 

Candida albicans.” Molecular Microbiology 93 (2): 291–305. 

https://doi.org/10.1111/mmi.12659. 

Qin, Junjie, Ruiqiang Li, Jeroen Raes, Manimozhiyan Arumugam, Kristoffer Solvsten Burgdorf, 

Chaysavanh Manichanh, Trine Nielsen, et al. 2010. “A Human Gut Microbial Gene 

Catalogue Established by Metagenomic Sequencing.” Nature 464 (7285): 59–65. 

https://doi.org/10.1038/nature08821. 

Quintin, Jessica, Sadia Saeed, Joost H.A. Martens, Evangelos J. Giamarellos-Bourboulis, 

Daniela C. Ifrim, Colin Logie, Liesbeth Jacobs, et al. 2012. “Candida albicans Infection 

Affords Protection against Reinfection via Functional Reprogramming of Monocytes.” Cell 

Host and Microbe 12 (2): 223–32. https://doi.org/10.1016/j.chom.2012.06.006. 

Quintin, Jessica, Jessica Voigt, Robbert van der Voort, Ilse D. Jacobsen, Ineke Verschueren, 

Bernhard Hube, Evangelos J. Giamarellos-Bourboulis, et al. 2014. “Differential Role of 

NK Cells against Candida albicans Infection in Immunocompetent or 

Immunocompromised Mice.” European Journal of Immunology 44 (8): 2405–14. 

https://doi.org/10.1002/eji.201343828. 



Margot DELAVY – Thèse de doctorat - 2023 

220 
 

R Core Team. 2023. “R: A Language and Environment for Statistical Computing.” Accessed 

September 10, 2019. https://www.gbif.org/tool/81287/r-a-language-and-environment-for-

statistical-computing. 

Rai, Laxmi Shanker, Lasse Van Wijlick, Marie Elisabeth Bougnoux, Sophie Bachellier-Bassi, 

and Christophe d’Enfert. 2021. “Regulators of Commensal and Pathogenic Life-Styles of 

an Opportunistic Fungus—Candida albicans.” Yeast 38 (4): 243–50. 

https://doi.org/10.1002/yea.3550. 

Raimondi, Stefano, Alberto Amaretti, Caterina Gozzoli, Marta Simone, Lucia Righini, 

Francesco Candeliere, Paola Brun, et al. 2019. “Longitudinal Survey of Fungi in the 

Human Gut: ITS Profiling, Phenotyping, and Colonization.” Frontiers in Microbiology 10. 

https://doi.org/10.3389/FMICB.2019.01575. 

Ramirez-Ortiz, Zaida G., and Terry K. Means. 2012. “The Role of Dendritic Cells in the Innate 

Recognition of Pathogenic Fungi (A. fumigatus, C. neoformans and C. albicans).” 

Virulence 3 (7). https://doi.org/10.4161/viru.22295. 

Ramírez-Zavala, Bernardo, Austin Mottola, Julia Haubenreißer, Sabrina Schneider, Stefanie 

Allert, Sascha Brunke, Knut Ohlsen, Bernhard Hube, and Joachim Morschhäuser. 2017. 

“The Snf1-Activating Kinase Sak1 Is a Key Regulator of Metabolic Adaptation and in vivo 

Fitness of Candida albicans.” Molecular Microbiology 104 (6): 989–1007. 

https://doi.org/10.1111/mmi.13674. 

Revelle, William. 2021. “Psych: Procedures for Psychological, Psychometric, and Personality 

Research.” Comprehensive R Archive Network (CRAN). https://cran.r-

project.org/web/packages/psych/psych.pdf. 

Reyman, Marta, Marlies A. van Houten, Debbie van Baarle, Astrid A.T.M. Bosch, Wing Ho 

Man, Mei Ling J.N. Chu, Kayleigh Arp, et al. 2019. “Impact of Delivery Mode-Associated 

Gut Microbiota Dynamics on Health in the First Year of Life.” Nature Communications 10 

(1). https://doi.org/10.1038/s41467-019-13014-7. 

Ricci, Liviana, Joanna Mackie, Gillian E. Donachie, Ambre Chapuis, Kristýna Mezerová, 

Megan D. Lenardon, Alistair J.P. Brown, Sylvia H. Duncan, and Alan W. Walker. 2022. 

“Human Gut Bifidobacteria Inhibit the Growth of the Opportunistic Fungal Pathogen 

Candida albicans.” FEMS Microbiology Ecology 98 (10). 

https://doi.org/10.1093/femsec/fiac095. 

Richard, Mathias L., and Harry Sokol. 2019. “The Gut Mycobiota: Insights into Analysis, 

Environmental Interactions and Role in Gastrointestinal Diseases.” Nature Reviews 

Gastroenterology & Hepatology 16 (6): 331–45. https://doi.org/10.1038/s41575-019-

0121-2. 

Richardson, Jonathan P., Jemima Ho, and Julian R. Naglik. 2018. “Candida–Epithelial 

Interactions.” Journal of Fungi 4 (1): 22. https://doi.org/10.3390/jof4010022. 

Richardson, Jonathan P., and David L. Moyes. 2015. “Adaptive Immune Responses to 

Candida albicans Infection.” Virulence 6 (4): 327–37. 

https://doi.org/10.1080/21505594.2015.1004977. 

Rizzo, Antonietta, Antonio Losacco, and Caterina Romano Carratelli. 2013. 

“LactobacilluscCrispatus Modulates Epithelial Cell Defense against Candida albicans 



Margot DELAVY – Thèse de doctorat - 2023 

221 
 

through Toll-like Receptors 2 and 4, Interleukin 8 and Human β-Defensins 2 and 3.” 

Immunology Letters 156 (1–2): 102–9. https://doi.org/10.1016/j.imlet.2013.08.013. 

Rodrigues, Janneth, Fábio André Brayner, Luiz Carlos Alves, Rajnikant Dixit, and Carolina 

Barillas-Mury. 2010. “Hemocyte Differentiation Mediates Innate Immune Memory in 

Anopheles gambiae Mosquitoes.” Science 329 (5997): 1353–55. 

https://doi.org/10.1126/science.1190689. 

Rogiers, Ona, Ulrika C. Frising, Soňa Kucharíková, Mary Ann Jabra-Rizk, Geert van Loo, 

Patrick Van Dijck, and Andy Wullaert. 2019. “Candidalysin Crucially Contributes to Nlrp3 

Inflammasome Activation by Candida albicans Hyphae.” MBio 10 (1). 

https://doi.org/10.1128/mBio.02221-18. 

Rosales, Carlos. 2018. “Neutrophil: A Cell with Many Roles in Inflammation or Several Cell 

Types?” Frontiers in Physiology. Frontiers Media SA. 

https://doi.org/10.3389/fphys.2018.00113. 

Rosati, Diletta, Mariolina Bruno, Martin Jaeger, Jaap Ten Oever, and Mihai G. Netea. 2020. 

“Recurrent Vulvovaginal Candidiasis: An Immunological Perspective.” Microorganisms. 

Microorganisms. https://doi.org/10.3390/microorganisms8020144. 

Rothschild, Daphna, Omer Weissbrod, Elad Barkan, Alexander Kurilshikov, Tal Korem, David 

Zeevi, Paul I. Costea, et al. 2018. “Environment Dominates over Host Genetics in Shaping 

Human Gut Microbiota.” Nature 555 (7695): 210–15. 

https://doi.org/10.1038/nature25973. 

Routy, Bertrand, Emmanuelle Le Chatelier, Lisa Derosa, Connie P.M. Duong, Maryam Tidjani 

Alou, Romain Daillère, Aurélie Fluckiger, et al. 2018. “Gut Microbiome Influences Efficacy 

of PD-1-Based Immunotherapy against Epithelial Tumors.” Science 359 (6371). 

https://doi.org/10.1126/science.aan3706. 

Samaranayake, Lakshman P. 1992. “Oral Mycoses in HIV Infection.” Oral Surgery, Oral 

Medicine, Oral Pathology 73 (2): 171–80. https://doi.org/10.1016/0030-4220(92)90191-

R. 

Sanglard, Dominique. 2016. “Emerging Threats in Antifungal-Resistant Fungal Pathogens.” 

Frontiers in Medicine 3: 11. https://doi.org/10.3389/fmed.2016.00011. 

Sanguinetti, Maurizio, Brunella Posteraro, and Cornelia Lass-Flörl. 2015. “Antifungal Drug 

Resistance among Candida Species: Mechanisms and Clinical Impact.” Mycoses 58 (S2): 

2–13. https://doi.org/10.1111/myc.12330. 

Santiago, Alba, Suchita Panda, Griet Mengels, Xavier Martinez, Fernando Azpiroz, Joel Dore, 

Francisco Guarner, and Chaysavanh Manichanh. 2014. “Processing Faecal Samples: A 

Step Forward for Standards in Microbial Community Analysis.” BMC Microbiology 14 (1): 

1–9. https://doi.org/10.1186/1471-2180-14-112. 

Santos, Ana Carolina Costa, Serena Mares Malta, Raquel Cristina Cavalcanti Dantas, Nina 

Dias Coelho Rocha, Vasco Ariston de Carvalho Azevedo, and Carlos Ueira-Vieira. 2022. 

“Antimicrobial Activity of Supernatants Produced by Bacteria Isolated from Brazilian 

Stingless Bee’s Larval Food.” BMC Microbiology 22 (1): 1–9. 

https://doi.org/10.1186/s12866-022-02548-4. 



Margot DELAVY – Thèse de doctorat - 2023 

222 
 

Scepanovic, Petar, Cécile Alanio, Christian Hammer, Flavia Hodel, Jacob Bergstedt, Etienne 

Patin, Christian W. Thorball, et al. 2018. “Human Genetic Variants and Age Are the 

Strongest Predictors of Humoral Immune Responses to Common Pathogens and 

Vaccines.” Genome Medicine 10 (1): 59. https://doi.org/10.1186/s13073-018-0568-8. 

Schaid, Daniel J., Wenan Chen, and Nicholas B. Larson. 2018a. “From Genome-Wide 

Associations to Candidate Causal Variants by Statistical Fine-Mapping.” Nature Reviews 

Genetics 2018 19:8 19 (8): 491–504. https://doi.org/10.1038/s41576-018-0016-z. 

———. 2018b. “From Genome-Wide Associations to Candidate Causal Variants by Statistical 

Fine-Mapping.” Nature Reviews Genetics 2018 19:8 19 (8): 491–504. 

https://doi.org/10.1038/s41576-018-0016-z. 

Schei, Kasper, Ekaterina Avershina, Torbjørn Øien, Knut Rudi, Turid Follestad, Saideh 

Salamati, and Rønnaug Astri Ødegård. 2017. “Early Gut Mycobiota and Mother-Offspring 

Transfer.” Microbiome 5 (1): 107. https://doi.org/10.1186/s40168-017-0319-x. 

Schnorr, Stephanie L., Marco Candela, Simone Rampelli, Manuela Centanni, Clarissa 

Consolandi, Giulia Basaglia, Silvia Turroni, et al. 2014. “Gut Microbiome of the Hadza 

Hunter-Gatherers.” Nature Communications 5 (April). 

https://doi.org/10.1038/ncomms4654. 

Schwager, Emma, Himel Mallick, Steffen Ventz, and Curtis Huttenhower. 2017. “A Bayesian 

Method for Detecting Pairwise Associations in Compositional Data.” PLoS Computational 

Biology 13 (11). https://doi.org/10.1371/JOURNAL.PCBI.1005852. 

Seelbinder, Bastian, Jiarui Chen, Sascha Brunke, Ruben Vazquez-Uribe, Rakesh Santhaman, 

Anne Christin Meyer, Felipe Senne De Oliveira Lino, et al. 2020. “Antibiotics Create a 

Shift from Mutualism to Competition in Human Gut Communities with a Longer-Lasting 

Impact on Fungi than Bacteria.” Microbiome 8 (1): 133. https://doi.org/10.1186/s40168-

020-00899-6. 

Sendid, B., N. Dotan, S. Nseir, C. Savaux, P. Vandewalle, A. Standaert, F. Zerimech, et al. 

2008. “Antibodies against Glucan, Chitin, and Saccharomyces Cerevisiae Mannan as 

New Biomarkers of Candida albicans Infection That Complement Tests Based on C. 

albicans Mannan.” Clinical and Vaccine Immunology 15 (12): 1868–77. 

https://doi.org/10.1128/CVI.00200-08. 

Setiadi, Eleonora R., Thomas Doedt, Fabien Cottier, Christine Noffz, and Joachim F. Ernst. 

2006. “Transcriptional Response of Candida albicans to Hypoxia: Linkage of Oxygen 

Sensing and Efg1p-Regulatory Networks.” Journal of Molecular Biology 361 (3): 399–411. 

https://doi.org/10.1016/j.jmb.2006.06.040. 

Shao, Tzu Yu, W. X.Gladys Ang, Tony T. Jiang, Felicia Scaggs Huang, Heidi Andersen, 

Jeremy M. Kinder, Giang Pham, et al. 2019. “Commensal Candida albicans Positively 

Calibrates Systemic Th17 Immunological Responses.” Cell Host and Microbe 25 (3): 404-

417.e6. https://doi.org/10.1016/j.chom.2019.02.004. 

Shao, Tzu Yu, Pallavi Kakade, Jessica N. Witchley, Corey Frazer, Kathryn L. Murray, Iuliana 

V. Ene, David B. Haslam, et al. 2022. “Candida albicans Oscillating UME6 Expression 

during Intestinal Colonization Primes Systemic Th17 Protective Immunity.” Cell Reports 

39 (7). https://doi.org/10.1016/j.celrep.2022.110837. 



Margot DELAVY – Thèse de doctorat - 2023 

223 
 

Silva Dantas, Alessandra da, Kathy K. Lee, Ingrida Raziunaite, Katja Schaefer, Jeanette 

Wagener, Bhawna Yadav, and Neil AR Gow. 2016. “Cell Biology of Candida albicans–

Host Interactions.” Current Opinion in Microbiology. Curr Opin Microbiol. 

https://doi.org/10.1016/j.mib.2016.08.006. 

Simon, A. Katharina, Georg A. Hollander, and Andrew McMichael. 2015. “Evolution of the 

Immune System in Humans from Infancy to Old Age.” Proceedings of the Royal Society 

B: Biological Sciences 282 (1821). https://doi.org/10.1098/rspb.2014.3085. 

Singh, Shweta, Zeeshan Fatima, and Saif Hameed. 2015. “Predisposing Factors Endorsing 

Candida Infections.” Infezioni in Medicina. 

Smeekens, Sanne P., Frank L. van de Veerdonk, Bart Jan Kullberg, and Mihai G. Netea. 2013. 

“Genetic Susceptibility to Candida Infections.” EMBO Molecular Medicine. John Wiley & 

Sons, Ltd. https://doi.org/10.1002/emmm.201201678. 

Smits, Wiep Klaas, Dena Lyras, D. Borden Lacy, Mark H. Wilcox, and Ed J. Kuijper. 2016. 

“Clostridium difficile Infection.” Nature Reviews Disease Primers 2 (April): 1–20. 

https://doi.org/10.1038/nrdp.2016.20. 

Sokol, Harry, Sarah Jegou, Claire McQuitty, Marjolene Straub, Valentin Leducq, Cecilia 

Landman, Julien Kirchgesner, et al. 2018. “Specificities of the Intestinal Microbiota in 

Patients with Inflammatory Bowel Disease and Clostridium difficile Infection.” Gut 

Microbes 9 (1): 55–60. https://doi.org/10.1080/19490976.2017.1361092. 

Sokol, Harry, Valentin Leducq, Hugues Aschard, Hang Phuong Pham, Sarah Jegou, Cecilia 

Landman, David Cohen, et al. 2017. “Fungal Microbiota Dysbiosis in IBD.” Gut 66 (6): 

1039–48. https://doi.org/10.1136/gutjnl-2015-310746. 

Sokol, Harry, P. Seksik, J. P. Furet, O. Firmesse, I. Nion-Larmurier, L. Beaugerie, J. Cosnes, 

G. Corthier, P. Marteau, and J. Doraé. 2009. “Low Counts of Faecalibacterium prausnitzii 

in Colitis Microbiota.” Inflammatory Bowel Diseases 15 (8): 1183–89. 

https://doi.org/10.1002/ibd.20903. 

Sollis, Elliot, Abayomi Mosaku, Ala Abid, Annalisa Buniello, Maria Cerezo, Laurent Gil, Tudor 

Groza, et al. 2023. “The NHGRI-EBI GWAS Catalog: Knowledgebase and Deposition 

Resource.” Nucleic Acids Research 51 (D1): D977–85. 

https://doi.org/10.1093/nar/gkac1010. 

Sonnenborn, Ulrich. 2016. “Escherichia coli Strain Nissle 1917-from Bench to Bedside and 

Back: History of a Special Escherichia coli Strain with Probiotic Properties.” FEMS 

Microbiology Letters. https://doi.org/10.1093/femsle/fnw212. 

Standaert-Vitse, Annie, Boualem Sendid, Marie Joossens, Nadine François, Peggy 

Vandewalle-El Khoury, Julien Branche, Herbert Van Kruiningen, et al. 2009. “Candida 

albicans Colonization and ASCA in Familial Crohn’s Disease.” American Journal of 

Gastroenterology 104 (7): 1745–53. https://doi.org/10.1038/ajg.2009.225. 

Stichternoth, Catrin, and Joachim F. Ernst. 2009. “Hypoxic Adaptation by Efg1 Regulates 

Biofilm Formation by Candida albicans.” Applied and Environmental Microbiology 75 (11): 

3663–72. https://doi.org/10.1128/AEM.00098-09. 

“Stop Neglecting Fungi.” 2017. Nature Microbiology. 



Margot DELAVY – Thèse de doctorat - 2023 

224 
 

https://doi.org/10.1038/nmicrobiol.2017.120. 

Stram, Daniel O. 2004a. “Tag SNP Selection for Association Studies.” Genetic Epidemiology 

27 (4): 365–74. https://doi.org/10.1002/GEPI.20028. 

Swidergall, Marc. 2019. “Candida albicans at Host Barrier Sites: Pattern Recognition 

Receptors and Beyond.” Pathogens 8 (1): 40. https://doi.org/10.3390/pathogens8010040. 

Swidergall, Marc, Mina Khalaji, Norma V. Solis, David L. Moyes, Rebecca A. Drummond, 

Bernhard Hube, Michail S. Lionakis, Craig Murdoch, Scott G. Filler, and Julian R. Naglik. 

2019. “Candidalysin Is Required for Neutrophil Recruitment and Virulence During 

Systemic Candida albicans Infection.” Journal of Infectious Diseases 220 (9): 1477–88. 

https://doi.org/10.1093/infdis/jiz322. 

Szóstak, Natalia, Luiza Handschuh, Anna Samelak-Czajka, Katarzyna Tomela, Marcin 

Schmidt, Łukasz Pruss, Kaja Milanowska-Zabel, Piotr Kozlowski, and Anna Philips. 2023. 

“Host Factors Associated with Gut Mycobiome Structure.” mSystems, February, 

e0098622. https://doi.org/10.1128/msystems.00986-22. 

Talapko, Jasminka, Martina Juzbašić, Tatjana Matijević, Emina Pustijanac, Sanja Bekić, Ivan 

Kotris, and Ivana Škrlec. 2021. “Candida albicans—The Virulence Factors and Clinical 

Manifestations of Infection.” Journal of Fungi 2021, Vol. 7, Page 79 7 (2): 79. 

https://doi.org/10.3390/JOF7020079. 

Tan, Chew Teng, Xiaoli Xu, Yuan Qiao, and Yue Wang. 2021. “A Peptidoglycan Storm Caused 

by β-Lactam Antibiotic’s Action on Host Microbiota Drives Candida albicans Infection” 12 

(1): 1–13. https://doi.org/10.1038/s41467-021-22845-2. 

Tansho, Shigeru, Shigeru Abe, Hiroko Ishibashi, Masayasu Mitsuya, Kayoko Wada, Tatsuo 

Ikeda, Nobuo Suegara, Osamu Koshio, Yasuo Ono, and Hideyo Yamaguchi. 2004. 

“Production of Anti-Candida Antibodies in Mice with Gut Colonization of Candida 

albicans.” Mediators of Inflammation 13 (3): 189–93. 

https://doi.org/10.1080/09511920410001713510. 

Tantengco, Ourlad Alzeus G., Lauren S. Richardson, Enkhtuya Radnaa, Ananth Kumar 

Kammala, Sungjin Kim, Paul Mark B. Medina, Arum Han, and Ramkumar Menon. 2022. 

“Modeling Ascending Ureaplasma parvum Infection through the Female Reproductive 

Tract Using Vagina-Cervix-Decidua-Organ-on-a-Chip and Feto-Maternal Interface-

Organ-on-a-Chip.” FASEB Journal 36 (10). https://doi.org/10.1096/fj.202200872R. 

Tao, Li, Han Du, Guobo Guan, Yu Dai, Clarissa J. Nobile, Weihong Liang, Chengjun Cao, 

Qiuyu Zhang, Jin Zhong, and Guanghua Huang. 2014. “Discovery of a ‘White-Gray-

Opaque’ Tristable Phenotypic Switching System in Candida albicans: Roles of Non-

Genetic Diversity in Host Adaptation.” PLoS Biology 12 (4): e1001830. 

https://doi.org/10.1371/journal.pbio.1001830. 

Teh, Wen Lin, Edimansyah Abdin, Asharani P.V, Fiona Devi Siva Kumar, Kumarasan 

Roystonn, Peizhi Wang, Saleha Shafie, et al. 2023. “Measuring Social Desirability Bias in 

a Multi-Ethnic Cohort Sample: Its Relationship with Self-Reported Physical Activity, 

Dietary Habits, and Factor Structure.” BMC Public Health 23 (1): 1–10. 

https://doi.org/10.1186/s12889-023-15309-3. 

Terrisse, Safae, Laurence Zitvogel, and Guido Kroemer. 2022. “Effects of the Intestinal 



Margot DELAVY – Thèse de doctorat - 2023 

225 
 

Microbiota on Prostate Cancer Treatment by Androgen Deprivation Therapy.” Microbial 

Cell. https://doi.org/10.15698/mic2022.12.787. 

Terrisse, Safae, Laurence Zitvogel, and Guido Kroemer. 2023. “Impact of Microbiota on Breast 

Cancer Hormone Therapy.” Cell Stress 7 (3). https://doi.org/10.15698/cst2023.03.277. 

Thielemann, Nadja, Michaela Herz, Oliver Kurzai, and Ronny Martin. 2022. “Analyzing the 

Human Gut Mycobiome – A Short Guide for Beginners.” Computational and Structural 

Biotechnology Journal. Elsevier. https://doi.org/10.1016/j.csbj.2022.01.008. 

Thomas, Stéphanie, Vincent Rouilly, Etienne Patin, Cécile Alanio, Annick Dubois, Cécile 

Delval, Louis Guillaume Marquier, et al. 2015. “The Milieu Intérieur Study - An Integrative 

Approach for Study of Human Immunological Variance.” Clinical Immunology 157 (2): 

277–93. https://doi.org/10.1016/j.clim.2014.12.004. 

Thompson, Ahna B, Amy EL Stone, and Michael J Gale. 2016. “Identifying the Interactome of 

the RIG-I-like Receptor LGP2.” The Journal of Immunology 196: 203.18-203.18. 

https://doi.org/10.4049/jimmunol.196.supp.203.18. 

Tian, Chao, Bethann S. Hromatka, Amy K. Kiefer, Nicholas Eriksson, Suzanne M. Noble, Joyce 

Y. Tung, and David A. Hinds. 2017. “Genome-Wide Association and HLA Region Fine-

Mapping Studies Identify Susceptibility Loci for Multiple Common Infections.” Nature 

Communications 8 (1): 1–13. https://doi.org/10.1038/s41467-017-00257-5. 

Tong, Yiqing, and Jianguo Tang. 2017. “Candida albicans Infection and Intestinal Immunity.” 

Microbiological Research. Urban & Fischer. https://doi.org/10.1016/j.micres.2017.02.002. 

Toubiana, Julie, Satoshi Okada, Julia Hiller, Matias Oleastro, Macarena Lagos Gomez, Juan 

Carlos Aldave Becerra, Marie Ouachée-Chardin, et al. 2016. “Heterozygous STAT1 Gain-

of-Function Mutations Underlie an Unexpectedly Broad Clinical Phenotype.” Blood 127 

(25): 3154–64. https://doi.org/10.1182/blood-2015-11-679902. 

Tournu, Hélène, Gyanendra Tripathi, Gwyneth Bertram, Susan Macaskill, Abigail Mavor, 

Louise Walker, Frank C. Odds, Neil A.R. Gow, and Alistair J.P. Brown. 2005. “Global Role 

of the Protein Kinase Gcn2 in the Human Pathogen Candida albicans.” Eukaryotic Cell 4 

(10): 1687–96. https://doi.org/10.1128/EC.4.10.1687-1696.2005. 

Tripathi, Gyanendra, Carolyn Wiltshire, Susan Macaskill, Helene Tournu, Susan Budge, and 

Alistair J.P. Brown. 2002. “Gcn4 Co-Ordinates Morphogenetic and Metabolic Responses 

to Amino Acid Starvation in Candida albicans.” EMBO Journal 21 (20): 5448–56. 

https://doi.org/10.1093/emboj/cdf507. 

Tsai, Pei Wen, Cheng Yao Yang, Hao Teng Chang, and Chung Yu Lan. 2011. “Human 

Antimicrobial Peptide LL-37 Inhibits Adhesion of Candida albicans by Interacting with 

Yeast Cell-Wall Carbohydrates.” PLoS ONE 6 (3). 

https://doi.org/10.1371/journal.pone.0017755. 

Tso, Gloria Hoi Wan, Jose Antonio Reales-Calderon, Alrina Shin Min Tan, Xiao Hui Sem, 

Giang Thi Thu Le, Tze Guan Tan, Ghee Chuan Lai, et al. 2018. “Experimental Evolution 

of a Fungal Pathogen into a Gut Symbiont.” Science 362 (6414): 589–95. 

https://doi.org/10.1126/science.aat0537. 

Turnbaugh, Peter J., Ruth E. Ley, Micah Hamady, Claire M. Fraser-Liggett, Rob Knight, and 



Margot DELAVY – Thèse de doctorat - 2023 

226 
 

Jeffrey I. Gordon. 2007. “The Human Microbiome Project.” Nature 2007 449:7164 449 

(7164): 804–10. https://doi.org/10.1038/nature06244. 

Underhill, David M., and Iliyan D. Iliev. 2014. “The Mycobiota: Interactions between 

Commensal Fungi and the Host Immune System.” Nature Reviews Immunology. NIH 

Public Access. https://doi.org/10.1038/nri3684. 

United States Centers for Disease Control and Prevention. 2014. “Impact of Malaria.” Malaria 

Worldwide. 2014. http://www.cdc.gov/malaria/malaria_worldwide/impact.html. 

Urrutia, Alejandra, Darragh Duffy, Vincent Rouilly, Céline Posseme, Raouf Djebali, Gabriel 

Illanes, Valentina Libri, et al. 2016. “Standardized Whole-Blood Transcriptional Profiling 

Enables the Deconvolution of Complex Induced Immune Responses.” Cell Reports 16 

(10): 2777–91. https://doi.org/10.1016/j.celrep.2016.08.011. 

Valentine-Thon, Elizabeth. 2002. “Quality Control in Nucleic Acid Testing - Where Do We 

Stand?” In Journal of Clinical Virology, 25:13–21. Elsevier. https://doi.org/10.1016/s1386-

6532(02)00196-8. 

Vandeputte, Patrick, Selene Ferrari, and Alix T. Coste. 2012. “Antifungal Resistance and New 

Strategies to Control Fungal Infections.” International Journal of Microbiology 2012 

(December): 713687. https://doi.org/10.1155/2012/713687. 

Vangay, Pajau, Abigail J. Johnson, Tonya L. Ward, Gabriel A. Al-Ghalith, Robin R. Shields-

Cutler, Benjamin M. Hillmann, Sarah K. Lucas, et al. 2018. “US Immigration Westernizes 

the Human Gut Microbiome.” Cell 175 (4): 962-972.e10. 

https://doi.org/10.1016/j.cell.2018.10.029. 

Váradi, Judit, András Harazin, Ferenc Fenyvesi, Katalin Réti-Nagy, Péter Gogolák, György 

Vámosi, Ildikó Bácskay, et al. 2017. “Alpha-Melanocyte Stimulating Hormone Protects 

against Cytokine-Induced Barrier Damage in Caco-2 Intestinal Epithelial Monolayers.” 

PLoS ONE 12 (1). https://doi.org/10.1371/journal.pone.0170537. 

Veerdonk, Frank L. van de, Leo A.B. Joosten, Patrick J. Shaw, Sanne P. Smeekens, R. 

K.Subbarao Malireddi, Jos W.M. van der Meer, Bart Jan Kullberg, Mihai G. Netea, and 

Thirumala Devi Kanneganti. 2011. “The Inflammasome Drives Protective Th1 and Th17 

Cellular Responses in Disseminated Candidiasis.” European Journal of Immunology 41 

(8): 2260–68. https://doi.org/10.1002/eji.201041226. 

Veerdonk, Frank L. van de, Theo S. Plantinga, Alexander Hoischen, Sanne P. Smeekens, Leo 

A.B. Joosten, Christian Gilissen, Peer Arts, et al. 2011. “STAT1 Mutations in Autosomal 

Dominant Chronic Mucocutaneous Candidiasis .” New England Journal of Medicine 365 

(1): 54–61. https://doi.org/10.1056/nejmoa1100102. 

Verma, Akash, Sarah L. Gaffen, and Marc Swidergall. 2017. “Innate Immunity to Mucosal 

Candida Infections.” Journal of Fungi 3 (4): 60. https://doi.org/10.3390/jof3040060. 

Větrovský, Tomáš, and Petr Baldrian. 2013. “The Variability of the 16S rRNA Gene in Bacterial 

Genomes and Its Consequences for Bacterial Community Analyses.” PLoS ONE 8 (2). 

https://doi.org/10.1371/JOURNAL.PONE.0057923. 

Vila, Taissa, Ahmed S. Sultan, Daniel Montelongo-Jauregui, and Mary Ann Jabra-Rizk. 2020. 

“Oral Candidiasis: A Disease of Opportunity.” Journal of Fungi. J Fungi (Basel). 



Margot DELAVY – Thèse de doctorat - 2023 

227 
 

https://doi.org/10.3390/jof6010015. 

Voigt, Jessica, Kerstin Hünniger, Maria Bouzani, Ilse D. Jacobsen, Dagmar Barz, Bernhard 

Hube, Jürgen Löffler, and Oliver Kurzai. 2014. “Human Natural Killer Cells Acting as 

Phagocytes against Candida albicans and Mounting an Inflammatory Response That 

Modulates Neutrophil Antifungal Activity.” In Journal of Infectious Diseases, 209:616–26. 

Oxford Academic. https://doi.org/10.1093/infdis/jit574. 

Volant, Stevenn, Pierre Lechat, Perrine Woringer, Laurence Motreff, Pascal Campagne, 

Christophe Malabat, Sean Kennedy, and Amine Ghozlane. 2020. “SHAMAN: A User-

Friendly Website for Metataxonomic Analysis from Raw Reads to Statistical Analysis.” 

BMC Bioinformatics 21 (1). https://doi.org/10.1186/s12859-020-03666-4. 

Vonk, Alieke G., Mihai G. Netea, Johan H. Van Krieken, Yoichiro Iwakura, Jos W.M. Van Der 

Meer, and Bart Jan Kullberg. 2006. “Endogenous Interleukin (IL)-1α and IL-1β Are Crucial 

for Host Defense against Disseminated Candidiasis.” Journal of Infectious Diseases 193 

(10): 1419–26. https://doi.org/10.1086/503363. 

Vries, Dylan H. de, Vasiliki Matzaraki, Olivier B. Bakker, Harm Brugge, Harm Jan Westra, Mihai 

G. Netea, Lude Franke, Vinod Kumar, and Monique G.P. van der Wijst. 2020. “Integrating 

GWAS with Bulk and Single-Cell RNA-Sequencing Reveals a Role for LY86 in the Anti-

Candida Host Response.” PLoS Pathogens 16 (4): e1008408. 

https://doi.org/10.1371/journal.ppat.1008408. 

Vylkova, Slavena, Aaron J. Carman, Heather A. Danhof, John R. Collette, Huaijin Zhou, and 

Michael C. Lorenz. 2011. “The Fungal Pathogen Candida albicans Autoinduces Hyphal 

Morphogenesis by Raising Extracellular pH.” MBio 2 (3). 

https://doi.org/10.1128/mBio.00055-11. 

Wagener, Jeanette, R. K.Subbarao Malireddi, Megan D. Lenardon, Martin Köberle, Simon 

Vautier, Donna M. MacCallum, Tilo Biedermann, et al. 2014. “Fungal Chitin Dampens 

Inflammation through IL-10 Induction Mediated by NOD2 and TLR9 Activation.” PLoS 

Pathogens 10 (4). https://doi.org/10.1371/journal.ppat.1004050. 

Walker, Alan W., Sylvia H. Duncan, E. Carol McWilliam Leitch, Matthew W. Child, and Harry 

J. Flint. 2005. “PH and Peptide Supply Can Radically Alter Bacterial Populations and 

Short-Chain Fatty Acid Ratios within Microbial Communities from the Human Colon.” 

Applied and Environmental Microbiology 71 (7): 3692–3700. 

https://doi.org/10.1128/AEM.71.7.3692-3700.2005. 

Walker, Alan W., Jennifer Ince, Sylvia H. Duncan, Lucy M. Webster, Grietje Holtrop, Xiaolei 

Ze, David Brown, et al. 2011. “Dominant and Diet-Responsive Groups of Bacteria within 

the Human Colonic Microbiota.” ISME Journal 5 (2): 220–30. 

https://doi.org/10.1038/ismej.2010.118. 

Wang, Yu, Yahui Ren, Yongming Huang, Xiangnan Yu, Yiming Yang, Di Wang, Liang Shi, 

Kaixiong Tao, Guobin Wang, and Ke Wu. 2021. “Fungal Dysbiosis of the Gut Microbiota 

Is Associated with Colorectal Cancer in Chinese Patients.” American Journal of 

Translational Research 13 (10): 11287–301. /pmc/articles/PMC8581944/. 

Wen, Chengping, Zhijun Zheng, Tiejuan Shao, Lin Liu, Zhijun Xie, Emmanuelle Le Chatelier, 

Zhixing He, et al. 2017. “Quantitative Metagenomics Reveals Unique Gut Microbiome 



Margot DELAVY – Thèse de doctorat - 2023 

228 
 

Biomarkers in Ankylosing Spondylitis.” Genome Biology 18 (1). 

https://doi.org/10.1186/s13059-017-1271-6. 

Wheeler, Richard, Paulo André Dias Bastos, Olivier Disson, Aline Rifflet, Ilana Gabanyi, Julia 

Spielbauer, Marion Bérard, Marc Lecuit, and Ivo Gomperts Boneca. 2023. “Microbiota-

Induced Active Translocation of Peptidoglycan across the Intestinal Barrier Dictates Its 

within-Host Dissemination.” Proceedings of the National Academy of Sciences of the 

United States of America 120 (4): e2209936120. 

https://doi.org/10.1073/PNAS.2209936120/SUPPL_FILE/PNAS.2209936120.SAPP.PD

F. 

White, T.J., T. Bruns, S. Lee, and J. Taylor. 1990. “Amplification and Direct Sequencing of 

Fungal Ribosomal RNA Genes for Phylogenetics.” In PCR Protocols, 315–22. Academic 

Press. https://doi.org/10.1016/b978-0-12-372180-8.50042-1. 

Wickham, Hadley, Winston Chang, Lionel Henry, Thomas Lin Pedersen, Kohske Takahashi, 

Claus Wilke, Kara Woo, and RStudio. 2018. “Ggplot2: Create Elegant Data Visualisations 

Using the Grammar of Graphics.” https://cran.r-project.org/package=ggplot2. 

Wilck, Nicola, Mariana G. Matus, Sean M. Kearney, Scott W. Olesen, Kristoffer Forslund, 

Hendrik Bartolomaeus, Stefanie Haase, et al. 2017. “Salt-Responsive Gut Commensal 

Modulates Th17 Axis and Disease.” Nature 551 (7682): 585–89. 

https://doi.org/10.1038/nature24628. 

Witchley, Jessica N., Pallavi Penumetcha, Nina V. Abon, Carol A. Woolford, Aaron P. Mitchell, 

and Suzanne M. Noble. 2019. “Candida albicans Morphogenesis Programs Control the 

Balance between Gut Commensalism and Invasive Infection.” Cell Host and Microbe 25 

(3): 432-443.e6. https://doi.org/10.1016/j.chom.2019.02.008. 

Woehrle, Tobias, Weidong Du, Achim Goetz, Hsin Yun Hsu, Thomas O. Joos, Manfred Weiss, 

Ute Bauer, Uwe B. Brueckner, and E. Marion Schneider. 2008. “Pathogen Specific 

Cytokine Release Reveals an Effect of TLR2 Arg753Gln during Candida Sepsis in 

Humans.” Cytokine 41 (3): 322–29. https://doi.org/10.1016/j.cyto.2007.12.006. 

Wu, Gary D., Jun Chen, Christian Hoffmann, Kyle Bittinger, Ying Yu Chen, Sue A. Keilbaugh, 

Meenakshi Bewtra, et al. 2011. “Linking Long-Term Dietary Patterns with Gut Microbial 

Enterotypes.” Science 334 (6052): 105–8. https://doi.org/10.1126/science.1208344. 

Wu, Lu, Tiansheng Zeng, Massimo Deligios, Luciano Milanesi, Morgan G. I. Langille, Angelo 

Zinellu, Salvatore Rubino, Ciriaco Carru, and David J. Kelvin. 2020. “Age-Related 

Variation of Bacterial and Fungal Communities in Different Body Habitats across the 

Young, Elderly, and Centenarians in Sardinia.” MSphere 5 (1). 

https://doi.org/10.1128/msphere.00558-19. 

Wu, Sheng Yang, Chia Lin Weng, Min Jhen Jheng, Hung Wei Kan, Sung Tsang Hsieh, Fu 

Tong Liu, and Betty A. Wu-Hsieh. 2019. “Candida albicans Triggers NADPH 

Oxidaseindependent Neutrophil Extracellular Traps through Dectin-2.” PLoS Pathogens 

15 (11). https://doi.org/10.1371/journal.ppat.1008096. 

Wynne, Anthony G., Anne L. McCartney, Jonathan Brostoff, Barry N. Hudspith, and Glenn R. 

Gibson. 2004. “An in vitro Assessment of the Effects of Broad-Spectrum Antibiotics on 

the Human Gut Microflora and Concomitant Isolation of a Lactobacillus plantarum with 



Margot DELAVY – Thèse de doctorat - 2023 

229 
 

Anti-Candida Activities.” Anaerobe 10 (3): 165–69. 

https://doi.org/10.1016/j.anaerobe.2004.03.002. 

Xie, Zixuan, and Chaysavanh Manichanh. 2022. “FunOMIC: Pipeline with Built-in Fungal 

Taxonomic and Functional Databases for Human Mycobiome Profiling.” Computational 

and Structural Biotechnology Journal 20 (January): 3685–94. 

https://doi.org/10.1016/j.csbj.2022.07.010. 

Xu, Congmin, Huaiqiu Zhu, and Peng Qiu. 2019. “Aging Progression of Human Gut 

Microbiota.” BMC Microbiology 19 (1). https://doi.org/10.1186/s12866-019-1616-2. 

Xu, Peng, Qi le Gao, Yun jia Wang, Chao feng Guo, Ming xing Tang, Shao hua Liu, Ang Deng, 

Yu xiang Wang, Yan bing Li, and Hong qi Zhang. 2020. “Rs6127698 Polymorphism in the 

MC3R Gene and Susceptibility to Multifocal Tuberculosis in Southern Chinese Han 

Population.” Infection, Genetics and Evolution 82 (August). 

https://doi.org/10.1016/j.meegid.2020.104292. 

Yang, D., and J. J. Oppenheim. 2009. “Alarmins and Antimicrobial Immunity.” Medical 

Mycology. Med Mycol. https://doi.org/10.1080/13693780902721416. 

Yang, Jian, Noah A. Zaitlen, Michael E. Goddard, Peter M. Visscher, and Alkes L. Price. 2014. 

“Advantages and Pitfalls in the Application of Mixed-Model Association Methods.” Nature 

Genetics 46 (2): 100–106. https://doi.org/10.1038/ng.2876. 

Yano, Junko, Jack D. Sobel, Paul Nyirjesy, Ryan Sobel, Valerie L. Williams, Qingzhao Yu, 

Mairi C. Noverr, and Paul L. Fidel. 2019. “Current Patient Perspectives of Vulvovaginal 

Candidiasis: Incidence, Symptoms, Management and Post-Treatment Outcomes.” BMC 

Women’s Health 19 (1). https://doi.org/10.1186/s12905-019-0748-8. 

Yatsunenko, Tanya, Federico E. Rey, Mark J. Manary, Indi Trehan, Maria Gloria Dominguez-

Bello, Monica Contreras, Magda Magris, et al. 2012. “Human Gut Microbiome Viewed 

across Age and Geography.” Nature 486 (7402): 222–27. 

https://doi.org/10.1038/nature11053. 

Yoshimoto, Shin, Tze Mun Loo, Koji Atarashi, Hiroaki Kanda, Seidai Sato, Seiichi Oyadomari, 

Yoichiro Iwakura, et al. 2013. “Obesity-Induced Gut Microbial Metabolite Promotes Liver 

Cancer through Senescence Secretome.” Nature 499 (7456). 

https://doi.org/10.1038/nature12347. 

Yu, Zhongtang, and Mark Morrison. 2004. “Improved Extraction of PCR-Quality Community 

DNA from Digesta and Fecal Samples.” BioTechniques 36 (5): 808–12. 

https://doi.org/10.2144/04365st04. 

Zampieri, Guido, Supreeta Vijayakumar, Elisabeth Yaneske, and Claudio Angione. 2019. 

“Machine and Deep Learning Meet Genome-Scale Metabolic Modeling.” PLoS 

Computational Biology 15 (7): e1007084. https://doi.org/10.1371/journal.pcbi.1007084. 

Zegers, Doreen, Sigri Beckers, Fenna De Freitas, Armand V. Peeters, Ilse L. Mertens, Stijn L. 

Verhulst, Raoul P. Rooman, et al. 2011. “Identification of Three Novel Genetic Variants in 

the Melanocortin-3 Receptor of Obese Children.” Obesity 19 (1): 152–59. 

https://doi.org/10.1038/oby.2010.127. 

Zeise, Karen D., Robert J. Woods, and Gary B. Huffnagle. 2021. “Interplay between Candida 



Margot DELAVY – Thèse de doctorat - 2023 

230 
 

albicans and Lactic Acid Bacteria in the Gastrointestinal Tract: Impact on Colonization 

Resistance, Microbial Carriage, Opportunistic Infection, and Host Immunity.” Clinical 

Microbiology Reviews 34 (4). https://doi.org/10.1128/CMR.00323-20. 

Zhai, Bing, Mihaela Ola, Thierry Rolling, Nicholas L. Tosini, Sari Joshowitz, Eric R. Littmann, 

Luigi A. Amoretti, et al. 2020. “High-Resolution Mycobiota Analysis Reveals Dynamic 

Intestinal Translocation Preceding Invasive Candidiasis.” Nature Medicine. Nat Med. 

https://doi.org/10.1038/s41591-019-0709-7. 

Zheng, Danping, Timur Liwinski, and Eran Elinav. 2020. “Interaction between Microbiota and 

Immunity in Health and Disease.” Cell Research 30 (6): 492–506. 

https://doi.org/10.1038/s41422-020-0332-7. 

Zheng, Leon, Caleb J. Kelly, and Sean P. Colgan. 2015. “Physiologic Hypoxia and Oxygen 

Homeostasis in the Healthy Intestine. A Review in the Theme: Cellular Responses to 

Hypoxia.” American Journal of Physiology - Cell Physiology 309 (6): C350–60. 

https://doi.org/10.1152/ajpcell.00191.2015. 

Zhou, Cheng Bei, Yi Lu Zhou, and Jing Yuan Fang. 2021. “Gut Microbiota in Cancer Immune 

Response and Immunotherapy.” Trends in Cancer 7 (7): 647–60. 

https://doi.org/10.1016/j.trecan.2021.01.010. 

Zhou, Xiang, and Matthew Stephens. 2014. “Efficient Multivariate Linear Mixed Model 

Algorithms for Genome-Wide Association Studies.” Nature Methods 11 (4): 407–9. 

https://doi.org/10.1038/nmeth.2848. 

Znaidi, Sadri, Lasse van Wijlick, Arturo Hernández-Cervantes, Natacha Sertour, Jean Luc 

Desseyn, Frédéric Vincent, Ralitsa Atanassova, et al. 2018. “Systematic Gene 

Overexpression in Candida albicans Identifies a Regulator of Early Adaptation to the 

Mammalian Gut.” Cellular Microbiology 20 (11): 12890. 

https://doi.org/10.1111/cmi.12890. 

Zoetendal, Erwin G., Jeroen Raes, Bartholomeus Van Den Bogert, Manimozhiyan Arumugam, 

Carien C. Booijink, Freddy J. Troost, Peer Bork, Michiel Wels, Willem M. De Vos, and 

Michiel Kleerebezem. 2012. “The Human Small Intestinal Microbiota Is Driven by Rapid 

Uptake and Conversion of Simple Carbohydrates.” ISME Journal 6 (7): 1415–26. 

https://doi.org/10.1038/ismej.2011.212. 

Zuo, Tao, Sunny H. Wong, Chun Pan Cheung, Kelvin Lam, Rashid Lui, Kitty Cheung, Fen 

Zhang, et al. 2018. “Gut Fungal Dysbiosis Correlates with Reduced Efficacy of Fecal 

Microbiota Transplantation in Clostridium difficile Infection.” Nature Communications 9 

(1). https://doi.org/10.1038/s41467-018-06103-6. 

Zuo, Tao, Fen Zhang , Grace C.Y. Lui, Yun Kit Yeoh, Amy Y.L. Li , Hui Zhan, Yating Wan, et 

al. 2020. “Alterations in Gut Microbiota of Patients With COVID-19 During Time of 

Hospitalization.” Gastroenterology 159 (3): 944-955.e8. 

https://pubmed.ncbi.nlm.nih.gov/32442562/. 

 

 



Margot DELAVY – Thèse de doctorat - 2023 

231 
 

 

 

 

 

 

 

 

APPENDIX 

  



Margot DELAVY – Thèse de doctorat - 2023 

232 
 

Appendix 1:  

A Clinical Study Provides the First Direct Evidence That Interindividual Variations in 

Fecal β-Lactamase Activity Affect the Gut Mycobiota Dynamics in Response to β-

Lactam Antibiotics 
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Appendix 2:  

The Impact of the Fungus-Host-Microbiota Interplay upon Candida albicans Infections: 

Current Knowledge and New Perspectives. 
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Appendix 3:  

Perturbation and resilience of the gut microbiome up to three months after β-lactams 

exposure in healthy volunteers suggest an important role of endogenous β-lactamases 
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