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Absence of Bacteria Permits Fungal Gut-To-Brain Translocation and Invasion in Germfree Mice but Ageing Alone Does Not Drive Pathobiont Expansion in Conventionally Raised Mice
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Age-associated changes in the structure of the intestinal microbiome and in its interaction with the brain via the gut-brain axis are increasingly being implicated in neurological and neurodegenerative diseases. Intestinal microbial dysbiosis and translocation of microbes and microbial products including fungal species into the brain have been implicated in the development of dementias such as Alzheimer’s disease. Using germ-free mice, we investigated if the fungal gut commensal, Candida albicans, an opportunistic pathogen in humans, can traverse the gastrointestinal barrier and disseminate to brain tissue and whether ageing impacts on the gut mycobiome as a pre-disposing factor in fungal brain infection. C. albicans was detected in different regions of the brain of colonised germ-free mice in both yeast and hyphal cell forms, often in close association with activated (Iba-1+) microglial cells. Using high-throughput ITS1 amplicon sequencing to characterise the faecal gut fungal composition of aged and young SPF mice, we identified several putative gut commensal fungal species with pathobiont potential although their abundance was not significantly different between young and aged mice. Collectively, these results suggest that although some fungal species can travel from the gut to brain where they can induce an inflammatory response, ageing alone is not correlated with significant changes in gut mycobiota composition which could predispose to these events. These results are consistent with a scenario in which significant disruptions to the gut microbiota or intestinal barrier, beyond those which occur with natural ageing, are required to allow fungal escape and brain infection.
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INTRODUCTION

Ageing is the dominant risk factor associated with the development of neurodegenerative dementias. Altered intestinal microbiota structure and function (microbial dysbiosis) with age is considered a contributing factor in the development of age-associated chronic low-grade systemic and tissue inflammation, termed inflammageing (Boulangé et al., 2016; Fransen et al., 2017; Thevaranjan et al., 2017; Boehme et al., 2021; Parker et al., 2021) which contributes to neuroinflammation and neurodegenerative disease (Scott et al., 2017; Boehme et al., 2019). Whilst bacterial community diversity, composition, and function changes significantly with age in both animal models and in humans (Claesson et al., 2011; Yatsunenko et al., 2012; Langille et al., 2014; Clark et al., 2015; O’Toole and Jeffery, 2015), comparatively little is known about the impact of ageing upon other members of the intestinal microbiota, including viruses, archaea, and fungi. Fungal diversity in the gut microbiome is decreased in adults compared to infants and children, with fungal richness being higher in females than males regardless of age (Strati et al., 2016). However, little is known of the intestinal fungal composition of elderly versus young adults, or whether fungal composition is altered due to ageing per se, or results from changes in behaviour and lifestyle, which occur concomitantly with ageing.

Fungi account for a relatively small fraction of the total human faecal microbiota (105–106 cells/g faecal matter compared with 1011 bacterial cells/g) (Huseyin et al., 2017) and for around 0.1% of the faecal microbiota gene content (Qin et al., 2010; Li et al., 2014; Sender et al., 2016). However, this is likely to be an underestimate of the true fungal intestinal load due to the comparatively smaller number of fungal reference genomes currently available, bias in microbiome analyses introduced by extraction and sequencing methods sub-optimal for mycobiome characterisation (Richard and Sokol, 2019), and the issue that faecal sampling is unlikely to accurately reflect fungal load throughout the GI tract and at the epithelial surface.

Fungal pathogens acquired externally to the host, and reactivation of latent infections, can lead to systemic fungal infection, resulting in significant pathology and mortality (Brown et al., 2012). In some circumstances, fungal species within the gut microbiota, which are normally well tolerated, may disseminate via the circulation to other sites including the brain. For example, cryptococcal meningoencephalitis can occur in immunocompromised individuals or those undergoing specific drug treatment, as well as in premature infants of very low birth weight (Gottfredsson and Perfect, 2000). Invasive candidiasis is a potentially life-threatening fungal infection caused by several Candida species, the most common being Candida albicans, a dimorphic fungus, which is a common human gut commensal (Brown et al., 2012). When able to penetrate the body’s barrier sites, C. albicans can cause superficial mucosal infections, and in some cases severe systemic sepsis with associated mortality exceeding 70% (Brown et al., 2012; Allert et al., 2018).

Increased risk of developing Alzheimer’s disease (AD) has been associated with infections of the central nervous system (CNS), potentially via impacting innate immune mechanisms and/or protein misfolding (Mawanda and Wallace, 2013). Viral, bacterial, and fungal species have been investigated in this context (Hammond et al., 2010; Huang et al., 2014; Fung et al., 2017; Dominy et al., 2019; Tetz et al., 2020); however, no single infectious agent has to date been demonstrated to be causative in AD onset. Fungal antigens from a variety of species have been detected in the serum of AD patients, including C. albicans and a number of other Candida species (Pisa et al., 2015b; Alonso et al., 2018). In addition, analysis of post-mortem brain tissue from AD patients and healthy controls identified genetic material from multiple fungal species (including Candida), fungal proteins, and fungal cell bodies unique to the brains of AD patients (Alonso et al., 2014; Pisa et al., 2015a,b).

Despite these findings, the concept of a brain-associated microbiota remains highly controversial, and there is no compelling evidence of microbial representation in the CNS of normal healthy hosts. More plausible is that microbes, including fungi, escape confinement in the gut or elsewhere and disseminate more widely when barrier sites and/or the immune system have been seriously compromised. In ageing, declining immune function (immunosenescence), inflammageing, intestinal microbial dysbiosis, and the high incidence of co-morbidities create an environment more permissive to microbial translocation to the circulatory system and dissemination to tissues beyond the gastrointestinal tract (GIT).

Animal studies of the mycobiome and fungal infection can control for or eliminate most of the confounding factors which complicate interpretation of fungal changes in ageing human populations. Mice, for example, harbour many of the same fungal taxa which inhabit the human gut, with a characteristic feature of both the murine and human gut mycobiome being the dominance of the Ascomycota and Basidiomycota phyla (Hallen-Adams et al., 2015; Nash et al., 2017; Ward et al., 2018; Doron et al., 2019; James et al., 2020; Mims et al., 2021). C. albicans is frequently present in the healthy human gut as a benign commensal (Brown et al., 2012; Nash et al., 2017; James et al., 2020) and can also be found in captive-bred mice (Doron et al., 2019; Mims et al., 2021), although it may be absent in wild murine species (Bendová et al., 2020).

Multiple Candida species can colonise mouse models and persist in the GIT (Prieto and Pla, 2015). Systemic dissemination and candidiasis is evident in immunocompromised mice, however, this often requires high initial inoculums for non-albicans Candida species (Conti et al., 2014; Segal and Frenkel, 2018). C. albicans can also stably colonise mice and has been used to study fungal intestinal colonisation and dissemination in neonatal mice, antibiotic- or chemotherapy-treated adult mice, and germ-free mice (Field et al., 1981; Kinneberg et al., 1999; Mellado et al., 2000; Wiesner et al., 2001; Schofield et al., 2005; Koh et al., 2008; Koh, 2013). When administered intravenously, C. albicans can infect the mouse brain and cause localised cerebritis (Wu et al., 2019).

Here we assessed whether fungal cells could traverse the intestinal barrier and disseminate to the brain by colonising C57BL/6 germ-free mice with a human-derived isolate of C. albicans by oral gavage, using confocal microscopy to assess fungal cell dissemination throughout the brain (a graphical overview is shown in Figure 1). High-throughput amplicon sequencing of the fungal internal transcribed spacer 1 (ITS1) region was used to investigate the effect of ageing on the composition and diversity of the murine gut mycobiome, and to identify potential fungal pathobionts.
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FIGURE 1. Experimental overview. Germ-free C57BL/6 mice were administered Candida albicans (strain NYCY 3115) either by oral gavage or tail vein injection. Conventional (Specific-Pathogen-Free, SPF) mice were pre-treated with a broad-spectrum antibiotic cocktail (or delivered PBS/normal drinking water) for 5 days, prior to delivery of Candida albicans by oral gavage. Caecal content and brain tissues from all mice were collected five days post C. albicans delivery to assess colonisation and dissemination to the brain.




MATERIALS AND METHODS


Yeast Strain and Growth Conditions

Candida albicans strain (NCYC 3115) is a human clinical isolate from patient faeces collected in a United Kingdom hospital and was provided by the National Collection of Yeast Cultures (Norwich, United Kingdom). For inoculum preparation, stocks were cultured in YM liquid medium (10g/L glucose, 3g/L malt extract, 5g/L peptone, 3g/L yeast extract) at 30°C for 48h with shaking (200 rpm). Cells were collected by low-speed centrifugation (3,000 rpm, 5 min), washed twice in sterile phosphate buffered saline (PBS) and re-suspended in PBS prior to delivery to mice. Fungal colonisation was assessed by measuring CFUs (colony forming units) of C. albicans present in the caecum of each mouse. Caecal contents, collected five days post-delivery, were mechanically homogenised in PBS to 100 mg/mL then serially diluted and spread plated onto YM medium. All agar plates were incubated aerobically at 37°C, and colony counts measured after 2 days incubation. Colony morphology was also assessed (and counts determined) by visual inspection, with colonies of differing morphology (morphotypes) selected and stocked for additional phenotyping. YM broth cultures derived from two, post-passaged, colony morphotypes (white and domed vs. darker and flattened) were incubated at 37°C, without agitation, and examined after 3 days by standard light microscopy for the presence/absence of hyphal and pseudohyphal cells. Species identity was confirmed by standard colony PCR using C. albicans-specific primers (Asadzadeh et al., 2018), and by ITS1 sequencing (White et al., 1990; Gardes and Bruns, 1993). Details of all fungal primers used in this study are provided in Supplementary Figure 4.



Animal Experiments

All experiments involving animals were performed in accordance with EU and United Kingdom Home Office Legislation and local Animal Welfare and Ethical Review Body approval. Male and female specific pathogen-free (C57BL/6 -SPF) mice aged 3 months or 24 months, and male germ-free (C57BL/6-GF) mice aged 3 months, were maintained in individually ventilated cages (SPF) or in sterile isolators (GF) in adjacent rooms of the Quadram Institute Germ-Free mouse facility within the University of East Anglia Disease Modelling Unit. All mice received autoclaved water and were fed RM3 (SPF) or RM3-(Autoclavable) (GF) diet (Special Diets Services). All mice were maintained under 12-h light-dark cycle. A dose of 2.5 × 105 (n = 5) or 5 × 105 (n = 5) C. albicans cells re-suspended in 200 μL PBS was administered to germ-free animals by oral gavage, whilst a lower dose of 2.5 × 104 cells in 100 μL of PBS was used for tail vein injection control mice. SPF mice (n = 16, 8 females and 8 males) were pre-treated for four days with either PBS (n = 8) or a cocktail of broad-spectrum antibiotics (VMNA, 0.5 mg/mL vancomycin, 1 mg/mL metronidazole and 1 mg/mL neomycin delivered in 200 μL sterile water by daily oral gavage, and 1 mg/mL ampicillin delivered via drinking water, available ad libitum), n = 8. Following a 24 h washout period 5 × 105 C. albicans cells re-suspended in 200 μL PBS were administered by oral gavage. Mice were then maintained in individually ventilated cages until sacrifice. Brains and caecal content were harvested at day 5 post-inoculation and used for downstream analysis.

Formalin-fixed paraffin-embedded brains were sectioned at 5 μm. Sagittal vibratome sections of 100 μm thickness were prepared from PFA-fixed whole brains embedded in low-melt agarose, a method adapted from Snippert et al. (2011) and were cleared post-staining and prior to mounting using RapiClear (CamBioscience, Cambridge, United Kingdom). C. albicans was visualised in sections using a rabbit polyclonal anti-C. albicans antibody (NB100-64750 Novus Biologicals, 1:100), and for activated microglia/macrophages using rabbit anti-Iba-1 (ab178846, Abcam, 1:100) for single staining or Abcam ab150167 (1:100) for co-stains. Secondary antibodies used were goat anti-rabbit IgG Alexa Fluor-594 (Invitrogen, 1:100), Goat Anti-Rat Alexa-647 (ab150167, Abcam, 1:500) or donkey anti-rabbit IgG Alexa Fluor 488 (Invitrogen, 1:500). Nuclei were stained with Hoechst 33258. Images were collected and analysed using a Zeiss LSM880 confocal microscope and ZEN 2010 software, and FIJI/ImageJ v2.1.0 (Schindelin et al., 2012). C. albicans cells were quantified from 100 μm sagittal vibratome sections taken starting from the midline of the left hemisphere of the brain, five sections were taken from each brain sample from C. albicans-colonised germ-free mice (n = 5 mice), non-colonised control germ-free mice (n = 3 mice) and from C. albicans-colonised SPF mice receiving either antibiotic or PBS only pre-treatment (n = 8 mice/group). Cells were not included in counts if they were obviously within vessels, or were on the periphery of the section and therefore considered to not be truly within the brain tissue.



Genomic DNA Extraction

Faecal pellets were collected from temporarily singly housed SPF mice using sterile picks and sterile RNA-DNA-free microtubes and were stored at –70°C prior to processing and DNA extraction. For fungal DNA amplification, total microbial DNA was extracted from ∼50 mg of faeces from each animal using the QIAamp PowerFecal Pro DNA kit (QIAGEN, Hilden, Germany) and following the manufacturer’s protocol. In addition, all samples were homogenised using a FastPrep-24 benchtop instrument (MP Biomedicals, Irvine, CA, United States) at 6.0 m/s for 1 min. Extracted DNA was quantified and quality checked using the Qubit 3.0 fluorometer and associated Qubit dsDNA BR Assay Kit (Thermo Fisher, Waltham, MA, United States). DNA samples were stored at –20°C prior to further analysis.



Internal Transcribed Spacer 1 Amplification and Sequencing

The fungal ITS1 region was amplified from 100 ng of faecal DNA by using the pan-fungal ITS1F and ITS2 primer set (White et al., 1990; Gardes and Bruns, 1993), with each primer modified at the 5’ end to include an Illumina adapter tail, using KAPA2G Robust DNA polymerase (Kapa Biosystems, Wilmington, MA, United States). Amplification was performed at 94°C (5 min) with 35 cycles of 92°C (30 s), 55°C (30 s), 72°C (45 s), and a final extension of 72°C (5 min). Amplification reactions were set up in duplicate for each DNA sample, and negative (PCR dH2O) and positive controls (0.01 ng of C. albicans DNA) were included in each PCR run. Following ITS1 PCR, a 0.7x SPRI purification using KAPA Pure Beads (Roche, Wilmington, MA, United States) was performed and the purified DNA was eluted in 20 μl of 10 mM Tris-HCl. In a second PCR, library index primers were added using a Nextera XT Index Kit v2 (Illumina, Cambridge, United Kingdom) and amplification was performed at 95°C (5 min) with 10 cycles of 95°C (30 s), 55°C (30 s), 72°C (30 s), and a final extension of 72°C (5 min). Following PCR, libraries were quantified using the Invitrogen™ Quant-iT dsDNA high sensitivity assay kit (Thermo Fisher) and run on a FLUOstar Optima plate reader (BMG Labtech, Aylesbury, United Kingdom). Libraries were pooled following quantification in equal quantities. The final pool was SPRI cleaned using 0.7x KAPA Pure Beads, quantified on a Qubit 3.0 fluorometer and run on a High Sensitivity D1000 ScreenTape (Agilent Inc., Santa Clara, CA, United States) using the Agilent Tapestation 4200 to calculate the final library pool molarity. The pool was run at a final concentration of 8 pM on an Illumina MiSeq instrument using the MiSeq© v3 (2 × 300 bp) Kit (Illumina). All sequencing was performed at Quadram Institute Bioscience, Norwich. The raw data were analysed locally on the MiSeq instrument using MiSeq reporter.



Mycobiome Characterisation

Illumina MiSeq reads were analysed using the automated pipeline Dadaist2, a dedicated workflow for ITS profiling (Ansorge et al., 2021). The quality profile of the raw reads (in FASTQ format) was assessed using Fastp 0.20.0 (Chen et al., 2018), which was also used to remove reads with ambiguous bases. Locus-specific primers were removed using SeqFu 1.8 (Telatin et al., 2021). The identification of representative sequences was performed using DADA2 (Callahan et al., 2016), to produce a set of amplicon sequence variants (ASVs), and their taxonomic assignment was determined using the UNITE Fungal ITS database (release 8.2) (Nilsson et al., 2019). The multiple alignment of the representative sequences was performed using ClustalO (Sievers and Higgins, 2021) and the guide tree was produced using FastTree (Price et al., 2009). Data normalization and diversity were produced using the Rhea scripts (Lagkouvardos et al., 2017). The output feature table, taxonomic classification, phylogeny and metadata files were exported and further analysed using MicrobiomeAnalyst (Dhariwal et al., 2017) and the built-in plotting provided by Dadaist2. Every ASV with a zero count in all samples was removed to assess alpha diversity measures.



Statistical Analysis

Three alpha-diversity measures were used to estimate fungal taxa richness (Chao1) as well as taxa richness and evenness (Shannon and Simpson) using MicrobiomeAnalyst (Dhariwal et al., 2017). Data was not rarefied, was scaled by total sum scaling, was non-transformed, and statistical significance was assessed by Student’s t-test (threshold for significance P < 0.05). For comparison of specific taxa, data were CLR-transformed prior to comparison between two groups by t-test.



Other Software

Figure 1 was created using BioRender illustration software: https://biorender.com/.




RESULTS


Candida albicans Translocates From Gut to Brain in Monocolonised Germ-Free Mice and Induces an Inflammatory Response in the Brain

Candida albicans (NCYC 3115) was administered by oral gavage to two groups of germ-free adult C57BL/6 mice, in doses of either 2.5 × 105 or 5 × 105 cells. A third group were administered an inoculum of 2.5 × 104 cells by tail vein injection, a dose previously shown to result in fungal translocation to the brain with no lethality (Wu et al., 2019). Control mice received PBS alone by gavage. Both delivery routes, oral or intravenous, resulted in successful colonisation of the GIT, as measured by CFU recovered from caecal content five days post-delivery (Figure 2A). Oral administration of 2.5 × 105 cells resulted in caecal counts ranging from 1 × 105 to 1 × 107CFU, whereas administration of the higher dose of 5 × 105 cells resulted in caecal counts ranging from 6.2 × 106 to 2.2 × 107CFU. Mice receiving yeast cells intravenously had lower caecal CFU counts of 8 × 105 – 3 × 106. Caecal content from control mice receiving PBS alone yielded no fungal colonies. Species identity of colonies was confirmed by standard colony PCR using C. albicans-specific primers (Asadzadeh et al., 2018).
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FIGURE 2. Colonisation of the caecum by Candida albicans NCYC 3115 following tail vein injection or oral gavage. (A) Colony-forming units (CFU) recovered from caecal content following delivery of C. albicans NCYC 3115 to germ-free mice (left) or SPF mice (right). No colonies were present in the caecal content of germ-free control mice administered PBS alone (GF ctrl). TV, tail vein; OG, oral gavage. Numbers on x-axis labels denote amount of C. albicans cells administered, error bars denote 95% CI. (B) Example YM agar plate with zoom inset showing two phenotypically distinct C. albicans colony morphotypes recovered from caecal contents. White and domed morphotype and darker and flattened/Gastrointestinally indUced Transition (GUT) morphotype (red crosshairs). (C–E) Photomicrographs of pre-passage wild type cells (C), post-passage white phenotype cells (D), and post-passage darker/GUT phenotype cells (E), all grown at 37°C for 3 days in YM broth.


Two types of post-passage C. albicans colonies were cultured from the caecal contents (Figures 2B–E), a white and domed morphotype (as per the wild-type), and a darker and flattened morphotype, chromatically and morphologically resembling the previously described Gastrointestinally indUced Transition (GUT) phenotype (Pande et al., 2013). Approximately 66% of colonies recovered from the caecal content of mice in the present study were of this ‘GUT’-like phenotype, suggesting substantial adaptation of the administered wild-type C. albicans to the C57BL/6 germ-free gut. Cultures derived from this phenotype failed to produce hyphae, either on solid or in liquid media, when grown at 37°C. This was in marked contrast to white phenotype-derived cultures which readily produced hyphae (and pseudohyphae) when grown at this elevated temperature (data not shown).

In mice receiving C. albicans orally of either lower (2.5 × 105) or higher dose (5 × 105) inoculum, and in mice receiving the inoculum intravenously, C. albicans cells were detected in brain tissue five days post-colonisation by immunostaining with an anti-C. albicans antibody (Figures 3A–F). Individual C. albicans cells and cell clusters were found throughout the brain, in the ventricular spaces, cerebellum, hypothalamus, midbrain and cortex. Clusters and individual C. albicans cells were confirmed to be within the plane of the brain tissue by imaging of z-stacks (Figure 3A). Individual C. albicans cells and cell clusters were frequently found in, or adjacent to, vessels within the brain tissue (Figure 3B), and within the ventricular spaces, including the cerebral aqueduct (Figure 3C). Candida albicans cells were frequently surrounded by Iba-1+ cells resembling both resident microglia and infiltrating macrophages within or exiting vessels (Figures 3D,E), indicating induction of an inflammatory microglial/macrophage response. In one mouse, striking granuloma-like clusters of fungal and Iba-1+cells were seen in the posterior parietal cortex (Figure 3D), which plays a key role in spatial representation of objects for action planning and control. Less frequently hyphae were detected within brain tissue samples (Figure 3F) indicating C. albicans cells were viable and in an invasive form. No fungal cells or similar microglial clusters were observed in PBS control germ-free mouse brain samples. As mice were not transcardially perfused before brain harvest, we cannot completely rule out that a small number of counted C. albicans cells may have been within vessels/capillaries that were sectioned or optically sliced in such a way that we did not identify the vessels. However, the identification of hyphal forms within the brain tissue, and clusters of microglia identified surrounding C. albicans cells strongly suggests active invasion of the brain tissue as opposed to circulating yeast cells in dissemination form (Gow et al., 2011; Noble et al., 2016).
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FIGURE 3. Candida albicans can disseminate from the gut to the brain and can grow in the invasive hyphal form within brain tissue. In all images, blue = nuclei (Hoechst), green = C. albicans, red = Iba-1-positive microglia/macrophages. Green area in inset brain schematic indicates approximate position of image. (A) C. albicans cells are detectable within cerebellar brain tissue at 5 days post-colonisation. Z-stack orthogonal view (side bar and arrows) shows C. albicans cells are in the same plane as brain cell nuclei. Orthogonal side bar brightness and contrast has been enhanced here for visibility. (B) C. albicans cells in proximity to a hypothalamic blood vessel (dashed outline). (C) C. albicans cells and Iba-1 positive macrophages within the cerebral aqueduct (lobule II granule layer visible as dense Hoechst-stained area bottom right of image). (D) Foci of clustered Iba-1+ cells (red) around C. albicans cells (green) within the posterior parietal association area of the cortex. Inset box shows overview tile scan of the cortex and hippocampus. (E) Cluster of Iba-1 + cells around C. albicans cells within the midbrain (F) Entwined hyphal C. albicans hyphae within the hypothalamus.




Short-Term Depletion of Gut Bacteria in Conventional Mice Permits Expansion of Candida albicans in the Caecum

To test whether depletion of the gut bacterial community in conventional mice would also allow for fungal expansion and dissemination, we pre-treated SPF mice with a short course of broad-spectrum antibiotics (VMNA), or PBS, prior to C. albicans delivery by oral gavage (Figure 1). Colony counts from caecal content (Figure 2A) showed increased caecal colonisation in antibiotic-pre-treated SPF mice (SPF + Abx) compared with PBS-pre-treated SPF controls, but at much lower levels compared to C. albicans-colonised germ-free mice (mean 1.15 × 107 cells/g caecal content in colonised germ-free versus 6.15 × 104 in colonised SPF + Abx). On analysing the brains of the SPF mice, we found no evidence of fungal cells, either in yeast or hyphal form, within brain sections of either PBS control or antibiotic pre-treated colonised mice, either by staining specifically for Candida, or by using a non-specific fungal cell wall stain (example expected staining of positive control shown in Supplementary Figure 1B).

Our data shows that disruption of the intestinal environment by antibiotic treatment permits increased fungal colonisation of the intestinal tract, but suggest that short term-antibiotic treatment is not sufficient to promote dissemination to the brain. On the other hand, recent data show that long-term chronic administration of antibiotics can promote systemic dissemination of both fungi and bacteria (Drummond et al., 2022). Advanced age is also associated with changing gut bacterial composition, as well as depleted barrier integrity promoting chronic systemic inflammageing (Fransen et al., 2017; Thevaranjan et al., 2017; Parker et al., 2022). Therefore, we next investigated whether the composition of the enteric mycobiota is altered in aged animals, and whether any fungal species detected are potential pathobionts/opportunistic pathogens with the capacity to cause serious infection.



Ageing Alone Is Not Sufficient to Select for or Drive Pathobiont Expansion in Specific Pathogen-Free Mice

High-throughput internal transcribed spacer 1 (ITS1) amplicon sequencing was used to characterise the faecal fungal communities in young (3-month) and aged (24-month) SPF mice. A total of 1,471,212 quality-trimmed ITS1 reads were obtained, ranging from 14,913 (A7, aged cohort) to 100,384 (Y2, young cohort), with a sample average of 73,560 reads (Supplementary Figure 2A). Over 2,000 amplicon sequence variants (ASVs) were used to determine the composition of the fungal microbiota in the young and aged mice at different taxonomic levels.

At the phylum level, most identified fungi in each age group belonged to either the Ascomycota or Basidiomycota (Supplementary Figure 2B). A characteristic feature of the gut mycobiome of our C57BL/6 colony, irrespective of age, was the predominance of the Basidiomycota. At the genus level, when analyses were restricted to the most abundant genera (i.e., those with a relative abundance of 1% or more), which accounted for over 80% of all ITS1 reads, both age groups had broadly similar taxonomic profiles, with Vishniacozyma the predominant genus (Figure 4A). This basidiomycetous yeast genus had a mean relative abundancy of over 50% in each age group (young, 52.1%; aged, 53.1%). Other notable genera included Alternaria, Sporobolomyces, Candida, Holtermanniella, and Cladosporium (Figure 4A). Whilst most genera displayed comparable mean relative abundancies in both age groups (Supplementary Figure 2B), Sporobolomyces, Candida and Holtermanniella were all nominally less abundant, albeit not reaching statistical significance, in the aged mice (Figure 4A and Supplementary Figure 2B). At the genus level, there was no significant compositional change in alpha diversity between the two age groups (p > 0.05 in all three indices) (Figure 4B).
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FIGURE 4. Faecal fungal diversity and top ten genera in aged vs. young SPF mice. (A) Top ten most abundant genera (percentage mean relative abundance) in faecal samples of young vs. aged SPF mice (n = 10/group). (B) Alpha diversity (L-R: Chao1, Shannon, and Simpson indices) of faecal fungal composition of young vs. aged SPF mice (n = 10/group), whiskers show spread of data across all mice, solid black dot indicates the mean, horizontal line indicates the median.


For taxa resolved to species level most were categorised as environmental fungi, typically found in soil and/or plant associated. This included Vishniacozyma victoriae, the most abundant taxon and a species present in every sample (Supplementary Figure 3). Six species were identified as candidate gut colonisers based on their ability to survive and proliferate at 37°C. These were Aspergillus aflatoxiformans, Aspergillus chevalieri, Candida albicans, Candida parapsilosis, Kazachstania pintolopesii, and Saccharomyces cerevisiae. Among these, C. albicans was the most prevalent in both age groups (Figure 5A), albeit at lower nominal relative abundance in the elderly mice compared to young mice (Figure 5B and Supplementary Figure 3), (young, 2.9%; aged 1.7%), although this was not statistically significant (p > 0.05) (Figure 5B, and Supplementary Figure 3). In contrast, A. chevalieri, which displayed similar prevalence in both cohorts (70%), was present at nominally higher relative abundance in the aged mice (young, 0.42%; aged, 0.77%), although this was also not statistically significant (p > 0.05) (Figure 5B and Supplementary Figure 3). K. pintolopesii a common rodent-associated yeast species (Kurtzman et al., 2005; Bendová et al., 2020) was found in only two of the mice (one from the 3-month-old group and one from the 24-month-old group), and at relatively low abundance (∼1%).
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FIGURE 5. Prevalence and relative abundance of putative gut commensal fungal species in faecal samples of young vs. aged SPF mice. (A) Prevalence of putative gut commensal fungal species Candida albicans, Candida parapsilosis, Aspergillus chevalieri, Aspergillus aflatoxiformans, Saccharomyces cerevisiae, and Kazachstania pintolopesii in faecal samples from groups of young and aged SPF mice (n = 10/group), percentage of mice harbouring each species displayed as % prevalence. (B) Percentage relative abundance of those same species in faecal samples from aged (A) vs. young (Y) mice (n = 10/group), Tukey whiskers, horizontal bars show the mean, outliers displayed as round points.


In summary, although the overall enteric mycobiota profiles of young and aged mice were broadly similar at the genus level, subtle differences in both the prevalence and abundance were evident at the species level. These differences were evident within a small group of putative commensal fungi, which included three opportunistic pathogens.




DISCUSSION

There is growing interest in the concept that intestinal microbial dysbiosis, as well as microbial infection, contributes to neuroinflammation and neurodegenerative disease, including dementias (Fung et al., 2017; Vogt et al., 2017). The majority of such studies have focused almost exclusively on the prokaryome, with only a small number investigating the mycobiome and implicating fungi in neurological disorders and AD (Alonso et al., 2014; Pisa et al., 2015a,b; Fung et al., 2017; Forbes et al., 2018; Ling et al., 2020). Gut-resident C. albicans populations represent the principal source of life-threatening disseminated candidiasis (Bougnoux et al., 2006; Gouba and Drancourt, 2015). In the gut, pathological invasion of C. albicans across the epithelial barrier and into the bloodstream occurs via hyphal penetration of cells, hyphal production of a cytolytic peptide toxin (candidalysin), enterocyte necrosis and subsequent loss of epithelial barrier integrity (Dalle et al., 2010; Allert et al., 2018). Here, using oral delivery of C. albicans cells to the GIT of germ-free C57BL/6 mice, we demonstrate that C. albicans can traverse both the intestinal and blood-brain barriers and produce hyphae within the brain. We also observed clusters of Iba-1+ activated immune cells surrounding C. albicans cells, in accordance with prior reports of gliosis in mouse models of candidiasis (Lionakis et al., 2011; Wu et al., 2019). Hyphae were not found within the brains of SPF C57BL/6 mice administered C. albicans via intravenous injection (Wu et al., 2019), which may reflect the use of different isolates of C. albicans between studies, or differences in SPF vs. germ-free mice.

We also found that while short-term antibiotic pre-treatment allowed for increased expansion of C. albicans in colonised SPF mice, compared to PBS pre-treated controls, no fungal cells, either in yeast or hyphal form, were detected in the brains of the colonised mice. Drummond and colleagues (Drummond et al., 2022) have recently shown that chronic exposure to antibiotics (>4 weeks in mice or >7 days in humans) can promote fungal and bacterial dissemination to other organs, however, brains were not assessed for fungal cell staining in the mouse studies so it is unclear whether a longer antibiotic regimen might allow for dissemination into the brain tissues. SPF mice may be resistant to brain infection by C. albicans, as intestinal mucins can inhibit hyphal formation by C. albicans (Kavanaugh et al., 2014) and the mucus layer differs in composition between SPF and germ-free mice (Johansson et al., 2014; Jakobsson et al., 2015). Furthermore, differences in immune responses between C. albicans cells and macrophages (Erwig and Gow, 2016) in germ-free versus SPF mice may also affect hyphal formation and persistence.

Considering that fungal processes can contribute to intestinal barrier damage and that age-related intestinal dysbiosis may increase the likelihood of gut-to-brain translocation of microbes in older hosts, we compared the fungal mycobiome of young and aged mice. Within the mycobiota of young mice three species, namely C. albicans, C. parapsilosis and K. pintolopesii, are recognised opportunistic pathogens of humans and mice, and are capable of causing life-threatening systemic infections (Kurtzman et al., 2005; Pfaller and Diekema, 2007). However, the relative abundances of these species were not significantly different in aged mice, nor was there any evidence of significant fungal dysbiosis in aged mice. This suggests that ageing alone is not a major driver of fungal composition in the mouse gut microbiota. In mice at least, it is more likely that other environmental factors including dietary changes, medications (antibiotics), infections and/or changes in host defence mechanisms and immune status might be required to permit fungal gut-brain translocation in aged, but otherwise healthy, hosts.

There is limited available data on the mycobiota profile of aged healthy human adults (Strati et al., 2016), although some studies have sequenced the mycobiota of patients with metabolic or neurodegenerative disease (Ahmad et al., 2020; Jayasudha et al., 2020; Ling et al., 2020; Nagpal et al., 2020). The gut microbiome in patients with mild cognitive impairment (MCI) and those with AD is reported to differ from healthy controls (Vogt et al., 2017; Zhuang et al., 2018; Saji et al., 2019). A study of patients from a United States cohort with MCI for example, found a higher proportion of the fungal genera Botrytis, Kazachstania, Phaeoacremonium, and Cladosporium but a reduced proportion of Meyerozyma compared to controls (Nagpal et al., 2020). A study of the faecal mycobiome of a Chinese cohort of AD patients reported increased abundance of the species C. tropicalis, Trametes versicolor, Schizophyllum commune, Davidiella tassiana, Exophiala dermatitidis, and Erythrobasidium hasegawianum compared to controls, but found no significant differences in the most prevalent Candida species, including C. albicans (Ling et al., 2020). In both the MCI and AD cohorts, no significant change in fungal alpha or beta diversity was seen compared to controls (Ling et al., 2020; Nagpal et al., 2020). With no evident overlap between studies of shared taxa with altered relative abundance, it is currently not possible to identify specific fungi (e.g., pathobionts) which may be associated with the development of these neurodegenerative disorders.

A major difficulty in attributing causality in MCI or AD development to an altered microbiome or mycobiome is identifying and measuring confounding factors, in particular the impact of age-associated changes in lifestyle, diet, behaviour, and co-morbidities. For example, many prescribed orally administered drugs including antibiotics, antidepressants and anti-inflammatory compounds, can significantly impact microbiota composition and function (Maier et al., 2018, 2021; Vich Vila et al., 2020), as can behavioural changes and shifts in diet or living conditions (Auchtung et al., 2018; Raimondi et al., 2019). These factors are of relevance to patients with MCI or AD. Such co-variables are minimised in animal models kept under environmentally controlled conditions and maintained on defined diets. However, when using transgenic mouse models of AD for example, it is often unclear what effects the genetic modifications may have on host immune, neural, or other responses that create an altered intestinal environment which is permissive for particular microbes and pathobionts. Whilst these considerations may help explain conflicting results between human studies, and when comparing results of animal and patient studies, it remains to be determined whether altered microbiota and mycobiota composition is a contributing factor in the development of dementias, or is merely a symptomatic or correlative phenomenon.



CONCLUSION

Here we show that in the absence of other enteric microbes, orally delivered C. albicans can translocate from the gut to the brain and induce cerebral inflammation. Furthermore, we also show that ageing alone did not alter the overall composition of the gut mycobiota in specific pathogen-free mice. This indicates that ageing alone is not sufficient to induce mycobiome dysbiosis and cerebral fungal infection, and that other disruptions to the gut microbiota and/or the intestinal barrier may be needed to permit gut fungal pathobiont escape and infection of the brain.
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