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Laboratory mice are typically housed under extremely clean laboratory conditions, far removed from the natural lifestyle of a free-living mouse. There is a risk that this isolation from real-life conditions may lead to poor translatability and misinterpretation of results. We and others have shown that feral mice as well as laboratory mice exposed to naturalistic environments harbor a more diverse gut microbiota and display an activated immunological phenotype compared to hygienic laboratory mice. We here describe a naturalistic indoors housing system for mice, representing a farmyard-type habitat typical for house mice. Large open pens were installed with soil and domestic animal feces, creating a highly diverse microbial environment and providing space and complexity allowing for natural behavior. Laboratory C57BL/6 mice were co-housed in this system together with wild-caught feral mice, included as a source of murine microbionts. We found that mice feralized in this manner displayed a gut microbiota structure similar to their feral cohabitants, such as higher relative content of Firmicutes and enrichment of Proteobacteria. Furthermore, the immunophenotype of feralized mice approached that of feral mice, with elevated levels of memory T-cells and late-stage NK cells compared to laboratory-housed control mice, indicating antigenic experience and immune training. The dietary elements presented in the mouse pens could only moderately explain changes in microbial colonization, and none of the immunological changes. In conclusion, this system enables various types of studies using genetically controlled mice on the background of adaptation to a high diversity microbial environment and a lifestyle natural for the species.
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INTRODUCTION

The common habitat for the house mouse (Mus musculus) is on the ground, typically close to larger animals like humans and their livestock, and the genetic basis for all research mice evolved in such environments (Boursot et al., 1993). Colonization by a host-specific microbiota is necessary to develop essential parts of the mucosal immune system in mice (Cebra, 1999; Chung et al., 2012), and expression of effector- as well as tolerance-associated immune genes are upregulated following microbial colonization (El Aidy et al., 2012). Nevertheless, mice are usually studied under strictly hygienic laboratory conditions. Hence, concerns have been raised whether hygienically raised laboratory (lab) mice will reach a level of immune maturation that fully recapitulates the immune response in a mammal (Tao and Reese, 2017). Large variations in microbiota and cellular composition of the gut mucosa have been observed between animal facilities, accompanied by different immune phenotypes and experimental performance (Ivanov et al., 2009; Kriegel et al., 2011; Jakobsson et al., 2015; Rausch et al., 2016; Franklin and Ericsson, 2017). Thus, an artificial between-lab variability may have replaced natural variability in the course of comprehensible efforts to standardize the world’s most used animal model.

Theories have postulated that a modernized lifestyle has led to a loss of proximity to a diverse range of microbes and parasites, thus removing balancing factors in the immune homeostasis, which may explain an increase of inflammatory diseases and cancer (Hunter, 2020). A major current research field addresses how colonizing microbes, including bacteria, parasites and even viruses, may affect the immune system to generate a lasting and general protection from various diseases. Beyond specific immunity, recent evidence shows how innate immune cells may undergo long-lasting reprogramming following microbial challenges, sometimes referred to as trained immunity (Oh et al., 2014; Honda and Littman, 2016; Netea et al., 2020). Adaptive immune cells may also be primed in a similar manner (Muraille and Goriely, 2017). The concept of immune training has been associated with enhancement of immune responses to vaccines and infections as well as to anti-inflammatory actions (Quinn et al., 2019). The outcome of immune training for a particular disease may thus point in either direction and needs to be explored empirically in organisms exposed to diverse microbial cues.

This background gives a rationale to develop animal models reflecting more realistic ecological contexts (Flies and Wild Comparative Immunology Consortium, 2020). In contrast to the widespread use of hygienically raised inbred mice, studies investigating the microbiota and immunity of mice under more naturalistic conditions have only recently emerged. We and others have demonstrated that feral (wild-caught) mice had an immunological steady state different from lab mice (Devalapalli et al., 2006; Abolins et al., 2011, 2017, 2018), as well as a thicker mucus layer in the gut (Jakobsson et al., 2015). In an effort to decipher the impact of environment, one study found profound changes in the immune system of inbred mice following co-housing with “dirty” pet store mice, approaching phenotypes found in feral mouse as well as adult humans (Beura et al., 2016). In another, pre-infection of inbred mice with selected common mouse pathogens resulted in stronger vaccine responses (Reese et al., 2016). Furthermore, by transplanting feral mouse feces (Rosshart et al., 2017) or by transferring microbiota vertically from feral surrogate mothers (Rosshart et al., 2019), “wildling” lab mice were shown to develop a trained immune system and increased protection against disease. The latter study demonstrated the translational gain by using naturalized mice, as wildling mice behaved immunologically human-like in two clinical settings where conventional lab mice had failed to predict the response. Another study showed that the provision of soil heaps in mice cages modified the gut microbiota and repressed Th2-driven inflammation, in support of the “hygiene hypothesis” (Ottman et al., 2019). However, in all the studies mentioned above, lab mice remained in conventional cages, with limitations of space and behavioral opportunities relative to a wild house mouse lifestyle. A recently described model where mice were kept in large outdoor enclosures, showed altered microbiota, a shift toward Th1-type immunity and an increased susceptibility to helminth infection (Leung et al., 2018; Lin et al., 2020; Yeung et al., 2020). While offering a habitat clearly representing wild conditions, this setup allows limited surveillance of the animals and may prove inaccessible for most researchers.

We present a naturalistic environment housing system for mice consisting of large indoor enclosures (pens) containing farmyard-like elements such as fecal content from farm animals, soil and plant materials, with spatial living conditions reflecting a natural habitat. In a set of experiments, C57BL/6 mice were feralized under these conditions in the presence of feral house mice, serving as a natural source of mouse microbes, including pathogens and parasites. We show that feralization lead to a significant conversion of the gut microbiota composition, and to immunological parameters associated with antigenic experience and immune training.



MATERIALS AND METHODS


Animals and Experimental Design

A mouse pen housing system was designed at The Norwegian University of Life Sciences (NMBU) by escape-proofing pig pens with sheets of galvanized steel, each pen measuring 2.0 × 2.5 × 1.25 m (WxDxH) on concrete floor (Figures 1A–E and Supplementary Video S1). Pens were enriched with wood shavings, organic garden soil, compost, twigs, hay and fecal content from pigs, cows and horses. Oat and carrot sprouts were planted occasionally to provide fresh plants as would be encountered in a farmyard. Wooden pallets were used as stepping platforms for personnel to avoid disturbing the habitats or crushing animals, also contributing to environmental complexity and shelter. Standard nippled drinking bottles provided water. Small wooden boxes were provided for nesting and sheltering. In Experiment (Exp.) 1, surveillance cameras with infrared sensors were used for continuous monitoring.
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FIGURE 1. Construction of mouse pens. Original pig pens in the large animal clinic at NMBU shown in (A) were modified with steel sheets (B,C) and equipped with surveillance cameras (B,C). (D) Contents of mouse pens as outlined in section “Materials and Methods.” (E) Schematic representation of pen construction, showing pallets, wooden houses and drinking bottles (pallet graphics from https://publicdomainvectors.org/).


Following purchase, C57BL/6N (B6) specific pathogen-free (SPF) mice (Charles River/Scanbur, Norway) were acclimatized for 1 week in individually ventilated cages (IVCs) under SPF conditions at NMBU. Feral house mice were captured in domestic animal farms in south-eastern Norway by overnight deployment of Ugglan Special No1 live traps (Grahnab, Gnosjö, Sweden), equipped with wood shavings, fresh fruit and peanut butter as bait, as previously described (Boysen et al., 2011). Representatives of these catches were subtyped as Mus musculus ssp. musculus, with a minor contribution of ssp. domesticus as reported previously (Knutsen et al., 2019). The ages of feral mice could not be determined, but only visibly adult individuals were included. Mice were individually marked using ear punch or microchip injected subcutaneously (Nonatec Lutronic, Rodange, Luxembourg). Feral and B6 mice were released simultaneously into pens.

Experiments and housing design were approved by the National Animal Research Authority in Norway (FOTS 4788, 6801, and 8080). Feral mice capture was approved by The Norwegian Directorate for Nature Management (2012/693 and 2014/7215).

In Exp. 1 (Figure 2), female B6 mice aged 53–77 days were feralized by housing in pens together with feral mice for 9 weeks, divided into two subgroups: In one pen, 15 female B6 mice were co-housed with 10 female feral mice (FzdF; feralized with feral females). In a second pen, 15 female B6 mice were co-housed with 4 male feral mice (FzdM; feralized with feral males). FzdM mice produced several litters of hybrid offspring excluded from the study. To provide a diet reflecting food sources in a natural setting, we provided an unprocessed wild bird seed mix consisting of sunflower seeds (25%), sorghum (25%), oat (25%), and wheat (25%) (Wild bird mix, Plantasjen, Köping, Sweden), mixed with standard “chow” pellets (Rm1, Special Diet Services, United Kingdom/Scanbur, Norway) ad lib on the ground (see Supplementary Table S1 for nutrient composition.) In addition, pen mice had access to a variation of plant material, including dried hay, spruce twigs collected outdoors, and occasional fresh lettuce, carrots and fruits. 20 female B6 mice of the same cohort were housed in cages under SPF conditions as controls, receiving standard chow diet only, to maintain typical lab conditions.
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FIGURE 2. Graphical representation of the experimental design of the three experiments described in this study, as detailed in section “Materials and Methods.”


In Exp. 2 (Figure 2), 15 female B6 mice aged 28 days were feralized in mouse pens with 8 female adult feral mice for 14 weeks (Fzd), while 15 B6 females were kept in cages as SPF controls. Feeding regimen as described above. As the feralized mice were fed a natural diet in the previous experiments, we designed Exp. 3 (Figure 2) to assess the effects of the major dietary sources of the previous two experiments, carried out in IVCs under conventional lab conditions. 30 female B6 mice (source, age and gender as in Exp. 2) were housed for 14 weeks in cages of 5 mice per cage. The animals were randomized into two groups receiving either chow or a combinatory diet of chow and seed mix (the latter hereafter referred to as seed group for simplicity).

The mice were exposed to human caretakers in the pens on a daily basis, but direct handling was minimized, and mice were not re-captured until termination of the experiment. Only mice that were clinically healthy condition at termination were included in the studies. All mice were euthanized by neck dislocation, followed by immediate exsanguination by cardiac puncture, weighing and measuring, and dissection of sample tissues.



Isolation of Cells and Serum

Cells harvested from tissues using a GentleMACS dissociator and mouse Spleen Dissociation Kit (Miltenyi Biotech, Bergisch Gladbach, Germany) according to the manufacturer’s instructions. Splenic suspensions were briefly treated with NH4Cl solution to lyse erythrocytes. Single-cell suspensions were prepared using a 70 μm cell strainer (BD Biosciences) and concentrations standardized after counting using a Countess automated cell counter (Thermo Fisher Scientific). Serum was isolated from blood following centrifugation of clotted whole blood at 3,000 g for 5 min.



Microbial Community Analyses

For microbial community analyses, fecal pellets were flash frozen in liquid N2 after collection and stored at −80°C. DNA extraction, library preparation and 16S rDNA 454 pyrosequencing were conducted as described previously (Lindner et al., 2015). Briefly, DNA was isolated and purified with QIAamp DNA Stool Mini Kit (Qiagen) according to manufacturer’s manual. Libraries we generated with a primer set covering the V1–V3 regions of the 16s rRNA gene (8F/541R). 16S rRNA gene amplicons were purified by gel electrophoresis followed by gel extraction (QIAquick Gel Extraction kit, Qiagen). Amplicons were prepared with the GS FLX Titanium SV emPCR kit (Lib-A) for 454 pyrosequencing on the Genome Sequencer FLX system (Roche) according to manufacturer’s instructions. In Exp. 2 and 3, feces was collected from all individuals at baseline (t0) and termination following 14 weeks of feralization (t1).

Raw reads were processed using the Integrated Microbial Next Generation Sequencing (IMNGS) pipeline (Lagkouvardos et al., 2016) based on the UPARSE approach. Briefly, sequences were demultiplexed, trimmed to the first base with a quality score > 3 and paired. Sequences with > 1000 nucleotides and assembled reads with expected error of > 3 were excluded from the analyses (Exp. 2, USEARCH 8.0; Exp. 3, USEARCH 8.1) (Edgar, 2010). Remaining reads were trimmed by 10 nucleotides at forward and reverse end. The presence of chimeras was tested with UCHIME (Edgar et al., 2011). Operational taxonomic units (OTUs) were clustered at 97% sequence similarity (Edgar, 2010) (Exp. 2, USEARCH 8.0; Exp. 3, USEARCH 8.1), and only those with a relative abundance of > 0.50% (Exp. 2) or > 0.25% (Exp. 3) in at least one sample were kept. Taxonomies were assigned at 80% confidence level with the RDP classifier (Wang et al., 2007) (version 2.11, training set 15). Sequences were aligned with MUSCLE (Edgar, 2004) and trees were generated with Fasttree (Price et al., 2010). In Exp. 2 the analyzed dataset included 1,207,683 quality- and chimera-checked sequences ranging from 6,527 to 48,172 per sample, representing a total of 338 OTUs. One individual in the Fzd group was excluded from analyses due to abnormally high sequence depth (152,009). In Exp. 3 the analyzed dataset included 3,481,304 quality- and chimera-checked sequences ranging from 39,504 to 131,663 per sample, representing a total of 220 OTUs. Sequencing files from Exp. 2 and Exp. 3 are deposited to the Sequence Read Archive and are available under the accession number PRJNA668303.



Flow Cytometry and in vitro T-Cell Stimulation

Immunophenotyping was carried out by incubating single-cell suspensions in phosphate-buffered saline (PBS) with 0.5% bovine serum albumin and 10 mM NaN3 on ice. After FcR-blocking with anti-CD32/16 antibody (eBioscience), cells were stained with Live/Dead Fixable Yellow Dead Cell Stain Kit (Thermo Fisher Scientific) followed by incubation with combinations of monoclonal antibodies as listed in Supplementary Table S2. For intracytoplasmatic staining, cells were treated with Intracellular Fixation and Permeabilization Buffer Set, or with Foxp3/Transcription Factor Staining Buffer Set for intranuclear antigens (both eBioscience), according to the manufacturer’s instructions. Fluorescence levels were measured using a Gallios 3-laser flow cytometer and analyzed using Kaluza 1.2 software (Beckman Coulter). Cells were gated as shown in Supplementary Figure S1, using single cell staining, omission of antibodies and matched isotypes as controls. For stimulation assays, splenocytes were cultured at concentration of 2 × 106 cells/ml together with Dynabeads Mouse T-Activator CD3/CD28 (Thermo Fisher Scientific) at a 1:1 ratio, in RPMI (Gibco) l-glutamine supplemented with 60 μg/ml penicillin, 100 μg/ml streptomycin, 1 mM sodium pyruvate, 50 μM 2-mercaptoethanol, non-essential amino acids (all Gibco/Invitrogen), 10% fetal calf serum (PAA) and 30 U/ml recombinant murine (rm)IL-2 (eBioscience) for 48 h. Brefeldin A (10 μg/ml; Sigma) was added 4 h before harvesting, followed by immunophenotyping.



Multiplex Assays

Cytokines were measured in serum using the following multiplex assays: Bio-Plex Pro Mouse Cytokine 8-plex panel (#M60000007A) supplemented with IL-6 and IL-17A singleplex, Bio-Plex ProTM TGF-β 3-plex Assay (#171W4001M) (Bio-Rad), or ProcartaPlex Th1/Th2/Th9/Th17/Th22/Treg Cytokine 17-Plex Mouse Panel (EPX170-26087-901) (Thermo Fisher Scientific). Antibody subclasses were measured using ProcartaPlex Mouse Antibody Isotyping 7-plex panel (EPX070-20815-901). In all cases the analyses were carried out following the manufacturers’ instructions, using a Luminex 200 reader and BioPlex Manager 6.0 software (BioRad). Analysis was performed on fluorescence index (FI) values minus background, while figures show concentrations calculated from standard curve. Analytes with more than 40% data points below limit of detection (Antweiler, 2015) were excluded from statistical evaluation.



Statistical Analyses

Microbial profiles and composition were analyzed in the R programming environment (R version 4.0.2) (R_Core_Team, 2020) using Rhea (Lagkouvardos et al., 2017)1. To account for differences in sequence depth, OTU tables were first normalized by dividing each sample’s reads to their total reads, then multiplication by the total reads of the smallest sample. Beta-diversity was calculated based on generalized UniFrac distances (Chen et al., 2012) and the significance of separation between groups was tested by permutational multivariate analysis of variance (PERMANOVA). Alpha-diversity was assessed based on species richness and Shannon effective diversity as described in detail in Rhea. Only taxa with a prevalence of ≥ 30% (proportion of samples positive for the given taxa) in one given group, and relative abundance ≥ 0.25% were considered for statistical testing. For analyses of differences in relative abundance between > 2 groups (Exp. 2), Kruskal-Wallis Rank Sum test was performed. A significant Kruskal-Wallis test (p < 0.05) was followed by pairwise Wilcoxon Rank Sum tests. P-values were corrected for multiple comparisons according to the Benjamini-Hochberg method, and adjusted p-values are reported. For comparisons of two groups (Exp. 3), Wilcoxon Rank Sum tests were performed directly. For analyses of differences in prevalence between groups, Fisher’s exact tests were performed. Over-time analyses within groups were performed using paired Wilcoxon Signed Rank Sum tests.

In order to identify patterns of differentially abundant and prevalent OTUs in Feral and SPF mice, we conducted an indicator species analysis implemented by the indicspecies package (De Cáceres and Legendre, 2009) in R. The significance of the associations was determined by permutation tests followed by Benjamini-Hochberg correction of resulting p-values. To identify highly indicative OTUs, we included only OTUs that occurred in ≥ 70% of the mice in either the Feral or SPF group at each timepoint. For Exp. 3, an indicator species analysis was conducted in the same manner as described for Exp. 2, to identify OTUs indicative of Chow-fed or Seed-fed animals independent of timepoint. For all groups at both timepoints, the relative abundances of the identified indicator-OTUs were plotted with the heatmap.2 function from the gplots package (Warnes et al., 2020) in R. The closest species related to the indicator-OTU sequences were identified with EzBioCloud (Yoon et al., 2017). See Supplementary Table S3 for a complete list of indicator-OTUs presented in Figure 3E and Supplementary Figure S4E.
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FIGURE 3. Feralization lead to a gut microbiota diversity and composition converging with feral mice. Presented data is from Exp. 2. (A) Multi-dimensional scaling (MDS) plot of microbiota profiles for feral, feralized (Fzd) and SPF mice at baseline (t0) and termination (t1). Similarities between profiles were computed using generalized Unifrac distances. The significance of separation between groups was tested by PERMANOVA. d = dissimilarity scale. (B) Richness (observed OTUs) and Shannon effective diversity index. Box plots show median (line), mean (+), IQR (box) and minimum to maximum (whiskers). Asterisks designate over-time differences determined by Wilcoxon Signed-Rank Sum test. Differences between groups at each timepoint were determined by Kruskal-Wallis and Mann-Whitney U-tests. The Benjamini-Hochberg method was used to correct for multiple testing. Levels not sharing the same letter were significantly different at α = 0.05. ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001. (C) Taxonomic binning at the rank of phylum, presented as relative abundance for each individual, with groups and timepoints indicated. (D) Firmicutes/Bacteroidetes ratio presented as in (B). (E) Heatmap of relative abundance of Feral- and SPF-associated OTUs identified by indicator species analysis. Phyla of which the OTUs belong to are designated with colored squares specified in (C). Relative abundances of the OTUs < 0.25% were set to NA (black). All plots: n = 8 (feral) or n = 13–15 (other groups).


Immunological data was analyzed using log (Ln)-transformed values. Comparisons between groups were performed using the statistical applications JMP v.14 (SAS Institute Inc.) or Prism v.7 (GraphPad Software, Inc.), applying Student’s t-test for two groups, and Tukey-Kramer’s multiple comparison test for > 2 groups, at alpha level 0.05, unless otherwise stated. In figures with letter indications, levels not sharing the same letter were significantly different. Multivariate analyses were performed using the principal component analysis (PCA) on Correlations, and hierarchical clustering using Ward’s minimum variance method in JMP on the variables listed in Supplementary Table S4, excluding one Fzd mouse with an incomplete data set.




RESULTS


Lab Mice Adapted Well to a Farmyard Habitat in the Presence of Feral Mice

Throughout Exp. 1 we closely monitored how animals performed through direct inspection and using surveillance or handheld cameras (Supplementary Figure S2). Feral and B6 mice were released simultaneously into the pens to avoid biased territorializing (Supplementary Video S2). The mice dug holes in the soil that appeared preferential for nesting rather than using wooden houses provided for this purpose (Supplementary Video S3). Feral and B6 mice mingled well, in both the male-female and the female-female setups. Feral mice generally reacted to human presence by hiding, re-emerged within few minutes and approached people (Supplementary Video S4), whilst the B6 mice were generally less shy. Feral mice quickly adapted to drinking from water bottles. However, four feral individuals were found dead with no visible signs of injuries and lack of water being a possible cause. No B6 mice died, showed visible bruises or signs of disease, except one slow-moving FzdM female that was excluded from the study. FzdM females mated with feral males and produced litters that were cared for in a shared dirt-hole nursing colony. However, since past or present pregnancy might confound the readouts, we chose to carry out subsequent experiments in an all-female setting. In Exp. 2 the observed behavior was similar to Exp. 1, and all introduced mice were recaptured in healthy condition.



Feralized Mice Acquired Mouse Pathogens and a Feral-Like Gut Microbiota

Serum samples from four individuals of each mouse group in Exp. 1 were screened for antibodies against a range of pathogens. Feral mice carried antibodies for Minute virus of mice (MVM), Mouse parvovirus (MPV), Mouse Cytomegalovirus (MCMV) and, in one case, Pasteurella pneumotropica (Pp) (Supplementary Table S5A). FzdM mostly seroconverted to mimic the feral mice, while only a single FzdF mouse tested positive for one pathogen (Pp). SPF controls were negative for all tested agents. A gross parasitological examination of intestines with fecal content revealed the presence worms or eggs in feral and FzdM mice, but to a less extent in FzdF mice while negative in SPF controls (Supplementary Table S5B).

The terminal gut microbiota in stool samples from FzdF mice in Exp. 1 has been reported previous (Lindner et al., 2015). Briefly, the microbiota profile of the feralized mice approached that of feral mice, including a higher relative abundance of Firmicutes and Proteobacteria, while SPF mice stood out with a separate profile. Data from Exp. 2 largely mirrored the findings of Exp. 1. At baseline, beta-diversity analysis demonstrated a distinct clustering of baseline gut microbiota of the B6 mice separate from feral mice (Figure 3A), and alpha-diversity measures showed a significantly higher number of observed OTUs (richness) in feral mice compared to the Fzd and SPF groups (both p ≤ 0.001) (Figure 3B). At the rank of phylum, a significantly higher relative abundance of Firmicutes and lower relative abundance of Bacteroidetes was detected in feral mice compared to Fzd (both p ≤ 0.001) and SPF (p = 0.035 and p = 0.005, respectively), as reflected in a higher Firmicutes/Bacteroidetes ratio (Figures 3C,D). Moreover, Proteobacteria abundance above cutoffs were detected in all feral mice and the majority of feralized mice, but only in one SPF individual (Figure 3C). In feral mice, the Proteobacteria was mainly accounted for by two OTUs with closest sequence similarity to Helicobacter species (Helicobacter ganmani, 99.6% similarity; Helicobater typhlonius, 100% similarity), while in Fzd the Proteobacteria was mainly accounted for by one OTU with the closest sequence similarity to Kiloniella laminariae (86.3% similarity).

A clear shift in the microbiota profile was seen following feralization, in which the Fzd mice approached a Feral-like profile (Figure 3A). Feralization led to a dramatic increase in both richness and Shannon effective (p = 0.002 and p ≤ 0.001, respectively), indicating an elevated number of species representing a higher level of phylogenetic diversity (Figure 3B). An increase in relative abundance of Firmicutes and decrease in relative abundance of Bacteroidetes (both p = 0.001) was observed following feralization, reflected in an increased Firmicutes/Bacteroidetes ratio (p = 0.005) (Figures 3C,D). The shift following feralization was further supported by analysis of the terminal gut microbiota, in which the Fzd and feral mice demonstrated significantly higher alpha-diversity measures and Firmicutes/Bacteroidetes ratios, and increased relative abundances of Proteobacteria compared to the SPF mice (Figures 3C,D). Moreover, we conducted an Indicator Species Analysis to identify OTUs that were most indicative for Feral and SPF mice based on the probability of occurrence and abundance in these groups independent of timepoint. This algorithm was first developed by Dufrene and Legendre (1997) and has been employed previously to track persistence of OTUs in mice following environmental changes (Seedorf et al., 2014) and fecal microbiota transfer from wild to laboratory mice (Rosshart et al., 2017). Generally, the OTUs associated with Feral mice belonged to the Firmicutes phylum, while the SPF-associated OTUs were members of Bacteroidetes, mirroring the detected phylum-level differences (Figure 3E). Two OTUs with closest sequence similarities to Helicobacter species (Helicobacter ganmani, 99.6%; Helicobater typhlonius, 100%) were identified as Feral-associated OTUs (Figure 3E and Supplementary Table S3A). By plotting the abundances of the indicator OTUs for all samples, we were able to track the Feral-associated and SPF-associated OTUs in the Fzd group over time. Prior to feralization, the Fzd and SPF groups showed overlapping patterns, with high abundance of SPF-associated and generally low abundance of Feral-associated OTUs. Following feralization, a substantial proportion of Feral-associated OTUs was detected, while only a very few SPF-associated OTUs undetected in Feral mice remained in the Fzd group at endpoint (Figure 3E).

Taken together, feralization led to a substantial change in gut microbiota structure, approaching the profile and composition seen in feral mice. Seropositivity to viral pathogens was detected in all feral mice, and in female feralized mice co-housed with feral males, but not in those co-housed with feral females.



Feralization Lead to Immunophenotypes Consistent With Antigenic Experience and Immune Training

Cellular phenotypes were measured according to gating strategies shown in Supplementary Figure S1. In both Exp. 2 and Exp. 3, the number of T-cells and CD4+ and CD8+ subsets were similar in feralized and SPF mice in SPL as well as peripheral lymph nodes (PLNs) (not shown). Memory T-cells, defined as CD44+CD62L+ central memory (CM) cells, or CD44+CD62L– effector memory (EM) cells were measured in the spleen and PLNs, respectively, according to the most common compartments for these subsets (Wherry et al., 2003; Stockinger et al., 2006). Feralized mice showed increased levels of CD8+ T cells with an EM phenotype in the spleen (Figures 4A,B) as well as CM cells in the PLNs (Figures 4C,D). A tendency for increased proportions of EM CD4+ cells was seen in the spleen of feralized mice (Figures 4E,F), but not for CM CD4+ cells in the PLNs (Figures 4G,H). Feral mice consistently had more cells displaying an EM or CM phenotype within the CD8 as well as the CD4 subsets (Figures 4A–H). To assess if T-cells of feralized mice had changed their potency as effector cells, we cultured splenocytes with anti-CD3/CD28 coupled beads for 48 h in the presence of IL-2 in Exp. 2. The frequency of interferon-gamma positive CD8+ and to a lesser extent CD4+ T-cell populations was higher in feralized mice compared to SPF mice (Figures 5A,B).
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FIGURE 4. Memory T-cell subsets were accumulated in feralized mice. Cellular phenotypes were measured by flow cytometry, gated as indicated in Supplementary Figure S1. Data from Exp. 1 and 2 is shown respectively as follows: (A,B) CD8+ EM T-cells in spleen; (C,D) CD8+ CM T-cells in PLNs; (E,F) CD4+ EM T-cells in spleen; (G,H) CD4+ CM T-cells in PLNs. PLNs, peripheral lymph nodes; Exp., Experiment; EM, Effector memory; CM, Central memory; SPF, Specific pathogen free; FzdF or Fzd, Female B6 feralized with female feral mice; FzdM, Female B6 feralized with male feral mice. Levels not sharing the same letter were significantly different at α = 0.05.
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FIGURE 5. T-cells in feralized mice responded to in vitro stimulation with increased interferon gamma (IFN-γ) production. Splenocytes were incubated for 48 h with bead-coupled anti-CD3/CD28 antibodies in the presence of IL-2 and measured for intracellular IFN-γ production by flow cytometry. ΔIFN-γ+ (IFN-γ+ NK cells in stimulated cultures—ditto in medium control cultures) is shown as per cent of CD4+ T-cells (A) or of CD8+ T-cells (B). All data from Exp. 2. Abbreviations and statistics as in Figure 4.


Regulatory T-cells (Tregs) (CD3+CD4+CD25+Foxp3+) were measured in PLNs. In Exp. 1, feralized mice had similar number of Tregs as SPF mice, while feral mice had a lower proportion (Figure 6A). In Exp. 2, slightly elevated Treg numbers were seen in feralized but not in feral mice (Figure 6B). We furthermore, assessed neuropilin-1 (NRP-1) dim or negative cells, associated with peripherally induced regulatory T-cells (pTregs), especially induced by gastrointestinal exposure (Bilate and Lafaille, 2012). In both Exp. 1 and 2, the proportion of pTregs was slightly elevated in the feral mice, but insignificantly so in feralized mice (Figures 6C,D).
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FIGURE 6. Regulatory T-cell numbers and phenotypes in peripheral lymph nodes were largely unaffected by feralization. Data from Exp.1 and 2 is shown respectively as follows: (A,B) Relative numbers of Tregs as per cent of CD4+ T-cells; (C,D) Proportion of Tregs defined as pTregs according to lack of NRP1 expression. Tregs, Regulatory T-cells; pTregs, peripheral Tregs; NRP1, Neuropilin-1; otherwise abbreviations and statistics as in Figure 4.


NK cells numbers were elevated in PLNs but not spleens of feral mice (Figures 7A,B and Supplementary Figures S3A,B), as observed previously (Boysen et al., 2011). In feralized mice NK cells tended to increase, albeit not statistically significant, in the PLNs (Figures 7A,B), while no differences were observed in the spleen (Supplementary Figures S3A,B). Murine NK cells can be phenotypically divided into maturation stages as early (S1) CD27–CD11b–, mid (S2) CD27+CD11b–, late (S3) CD27+CD11b+, and fully mature (S4) CD27–CD11b+ stages (Chiossone et al., 2009; Abolins et al., 2017), most cells normally found within the S2–S4 categories. We found that feral mice had a decreased S4/S2 ratio in both PLNs and in spleen, as seen previously (Boysen et al., 2011). In contrast, increased S4/S2 ratio was detected in feralized mice, most evident in the PLNs (Figures 7C,D and Supplementary Figures S3C,D). KLRG1 expression was elevated in NK cells in feral mice in PLN (Figures 7E,F) and partly in spleen (Supplementary Figures S3E,F), confirming previous observations (Boysen et al., 2011). To a lesser extent, feralized mice also had elevated KLRG1 in PLNs (Figures 7E,F), a tendency also evident in spleen (Supplementary Figures S3E,F).
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FIGURE 7. Natural killer (NK) cells in feralized mice showed signs of maturation. Maturational subsets were defined as shown in Supplementary Figure S1, with subset ratio calculated based on CD27+CD11b– (S4)/CD27–CD11b+ (S2). Data from Exp.1 and 2 is shown respectively as follows: (A,B) Relative numbers of NK cells as per cent of live cells; (C,D) Ratio of S1/S2 subsets of NK cells within NK cells; (E,F) Proportion of NK cells expressing KLRG1. Abbreviations and statistics as in Figure 4.


Most tested serum cytokines were low and not significantly altered between groups (Figure 8). However, IL-18 was lower in the feralized and feral mice (Figure 8F). A tendency of increased TGF-β1 in feralized mice was noted but with high variability and not statistically confirmed (Figures 8G,H). Some additional cytokines were either not significantly altered or fell below the lower limit of detection (Supplementary Table S6).
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FIGURE 8. Cytokines in serum were minimally affected by feralization. Serum samples were measured by multiplex assays. Data from Exp.1 and 2 is shown respectively as follows: (A,B) IL-5; (C,D) IL-6; (E,F) IL-18; (G,H) TGF-β. Open symbols indicate measurements below accurate quantification. N.D., No data. Otherwise abbreviations and statistics as in Figure 4.


Increased serum levels of IgE and IgG1 have previously been reported in feral mice (Devalapalli et al., 2006; Abolins et al., 2011), and in Exp. 2 we measured immunoglobulin subclasses using a multiplex assay, demonstrating that feral mice had increased serum IgA, IgE, Ig2a, Ig2b, and IgM (Figure 9). Feralized mice showed a tendency of increased IgE and IgG2b, while the remaining subclasses fell within the same range as SPF controls. IgG1 was not detected above background levels (not shown).
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FIGURE 9. Antibody isotypes IgE, IgG2a, and IgG2b were elevated in feralized mice. Presented data is from Exp. 2. Isotypes were measured in serum by multiplex immmunoassay. Abbreviations and statistics as in Figure 4.


The data from Exp. 2 had a completeness that allowed multivariate analysis of immune parameters, in order to explore any co-variation undetected when assessing single parameters. A PCA analysis revealed that feralized mice grouped separately from SPF controls, in the direction of feral mice (Figure 10A), significantly different between all groups in first principal component (Prin1) but not Prin2 (Figure 10B). Likewise, a cluster analysis grouped mice from each study group separately, except a minor overlap between SPF and feralized mice (Figure 10C).
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FIGURE 10. Multivariate analyses of immune parameters showed that feralized mice clustered in the direction of feral mice. Presented data is from Exp. 2. (A) Principal coordinate analysis of Ln transformed values of variables listed in Supplementary Table S3. (B) Post-PCA analysis of the two first PCA variables (Prin1 and Prin2) using Tukey-Kramer’s multiple comparison for all groups. Different letters designate statistical significance with alpha level 0.05. (C) Hierarchical cluster analysis, numbers refer to individual mouse IDs. Fzd = Female B6 feralized with female feral mice.




Diet May Explain Shifts in Gut Microbiota, but Was Not Found to Drive Immunological Changes

To assess the contributions of differing diets between groups in Exp. 1 and 2 to gut microbiota and immunophenotypes, Exp. 3 was designed to incorporate the two diets in a SPF lab cage setting. Microbial profiling of feces showed a shift in microbiota composition and increased alpha-diversity measures on both diets, although more prominently in mice fed the seed diet compared to regular chow (Supplementary Figures S4A,B). At the rank of phylum, no significant changes were detected in the chow-fed animals. For the seed-fed animals, we detected a significantly decreased relative abundance of Bacteroidetes (p = 0.013) and increased relative abundance of Firmicutes (p = 0,011), reflected in increased Firmicutes/Bacteroidetes ratio over-time (p = 0.048) (Supplementary Figures S4C,D). Similar to Exp. 2, the over-time changes were supported by analyses of the terminal gut microbiota, in which seed-fed mice demonstrated significantly higher alpha-diversity measures and Firmicutes/Bacteroidetes ratio compared to the chow-fed mice. However, in contrast to the findings from Exp. 2, relative abundances of Proteobacteria were unchanged following the different diets. In the analysis of data from Exp. 3 we also conducted an indicator species analysis to identify OTUs that were most indicative for the Chow-fed and Seed-fed mice independent of timepoint. Relatively few indicator-OTUs were identified in this analysis, indicating only small differences between Chow- and Seed-fed mice at the OTU-level (Supplementary Figure S4E and Supplementary Table S3B). At baseline, prior to administration of different diets, the two groups showed overlapping patterns (Supplementary Figure S4E). From baseline to endpoint, Seed-fed animals showed an enrichment of several OTUs belonging to the phylum Firmicutes, mirroring the findings at phylum-level. Whilst we found changes in gut microbiota following the two diets, immunophenotyping showed no diet-induced difference in CD44+ cells in the CD8+ T-cell compartment. In the CD4+ T-cell subset, a minor increase of CD44+ cells was observed in seed-fed mice (Supplementary Figure S5A). In ex vivo CD3/CD28 stimulated splenocytes, intracellular IFN-g production was similar in the two diet groups in both CD8+ or CD4+ T-cells (Supplementary Figure S5D). Moreover, we observed no significant effect of diet on Treg levels or pTreg proportions, NK cells or NK cells subsets (Supplementary Figures S5B,D).

Taken together, the findings from Exp. 3 indicated that a diet similar to that given to feralized mice in Exp. 1 and 2 caused a significant shift in gut microbiota structure, yet provided no evidence for any shift in immunological parameters assignable to the diet.




DISCUSSION

A spacious and naturalistically enriched environment meets an increasing demand to improve housing conditions to refine the experimental output from mouse models (Balcombe, 2010). Large indoor enclosures have previously been used to study house mouse behavior (Gray et al., 2000; Jensen et al., 2003, 2005; Weissbrod et al., 2013), but to our knowledge, no reports describe the microbiological and immunological phenotypes of mice reared in such enclosures enriched as a naturalistic environment. The tremendous adaptability of the house mouse implies that no single habitat is universally “natural.” Nevertheless, house mice are predominantly found in or near human dwellings, farm buildings, food stores and waste areas, and its dispersal largely follows human movements (Pocock et al., 2005). The house mouse often forms high-density territories as small as a few square meters (Selander, 1970). To set up a well-defined naturalistic scenario we constructed large pens containing essential farmyard elements through domestic animal fecal material, soil and plants, and with wild-caught mice present as microbial donors. The aim of the current report was to observe the performance of laboratory mice housed in this model system and to observe their resulting fecal microbiota and key elements of their systemic immunity phenotype.

Feralization led to a significant shift in gut microbiota composition and increased alpha-diversity measures following feralization, supportive of previous reports of microbially exposed mice (Ottman et al., 2019; Liddicoat et al., 2020). We observed an enrichment of Proteobacteria in feral and feralized mice, in agreement with findings in “wildling” B6 mice born to feral mothers (Rosshart et al., 2019) as well as B6 mice co-housed with pet store mice (Huggins et al., 2019). Two OTUs associated with feral mice microbiota showed the closest similarity to Helicobacter species and were enriched in feralized mice. In a recent paper, Helicobacter species have been suggested to trigger colonic T cell responses in a context-dependent manner (Chai et al., 2017). Moreover, the higher Firmicutes/Bacteroidetes ratios in feralized and feral mice corresponds to a previous report of feral mice (Kreisinger et al., 2014), but contrasts the lower relative abundance of Firmicutes seen in fecal samples from wildlings (Rosshart et al., 2019), from B6 mice receiving fecal transfer from wild mice (Rosshart et al., 2017), as well as from soil-exposed mice (Ottman et al., 2019). However, care should be taken when interpreting between studies, as geographical factors have been shown to drive the microbiota composition to a larger extent than genotypes, including between Mus musculus subspecies (Linnenbrink et al., 2013; Kreisinger et al., 2014). Notably, feral mice maintained a similar microbiota before and after pen housing in Exp. 2. Their prior microbial environment and diet is unknown, but they were caught at farms distant from the sources used for enrichment, and these findings could either indicate that the conditions we created reflected their feral situation, or that their colonized microbiota was more resilient to change compared to the SPF-derived laboratory mice.

The seed-based diet offered in the naturalistic environment contained higher amounts of fiber and fat compared to the standard chow diet, both of which are groups of dietary components demonstrated to alter gut microbiota composition and influence immunity in a wide range of previous studies (Daniel et al., 2014; Trompette et al., 2014; Desai et al., 2016; Xiao et al., 2017; Las Heras et al., 2019). We therefore set up a third experiment to assess this impact in an otherwise hygienic context. Seed-fed mice had increased alpha-diversity and Firmicutes/Bacteroidetes ratio, suggesting a partial explanation for changes seen in the feralized mice. We did not observe differences in the investigated immune parameters following the two diets, suggesting the alterations of immunophenotypes were driven by other stimuli, or other components of the microbiota, than those conferred by diet.

A multivariate analysis showed that the combined systemic immune phenotype of feralized mice clustered distinctly from SPF mice in the direction of feral mice, albeit still closer to SPFs. For cellular measurements we concentrated on NK and T-cell phenotypes associated with maturation and memory. Feralized and feral mice had increased numbers of memory CD8+ T cells, in line with report of long-lasting expansion following in vivo challenge (Vezys et al., 2009). Similar upregulation of memory T cells has been reported in feral and pet-store mice, in lab mice co-housed with pet-store mice and in rewilded mice (Beura et al., 2016; Abolins et al., 2017; Lin et al., 2020). Following ex vivo stimulation, we found that T-cells in feralized and feral mice responded more potently with IFN-gamma production compared to lab mice, similar to previous reports in feral and rewilded mice (Abolins et al., 2017; Lin et al., 2020).

We found little effect of feralization on the total Treg cell numbers, while pTregs, defined as NRP-1– Tregs (Bilate and Lafaille, 2012), showed a slightly increasing tendency, not significant in feralized but significant in feral mice. A previous study in feral mice found marginal increase in splenic Tregs (Abolins et al., 2017), while two other studies of microbially diversified lab mice found no alteration in Treg cell numbers (Frossard et al., 2017; Rosshart et al., 2019). These findings suggest that Tregs in systemic organs do not respond substantially to these types of environmental triggers.

NK cells may be activated by pathogens or primed by proinflammatory cytokines, transforming the cells into a more mature state, in many cases persisting as memory-like or trained NK cells (Nabekura and Lanier, 2016; Netea et al., 2020). In mice, trained NK cells have been found to display a mature KLRG1+ and CD27–CD11b+ phenotype (Nabekura and Lanier, 2016). We reproducibly found more CD27–CD11b+ and KLRG1+ NK cells in feralized B6 mice. Notably, as reported previously (Boysen et al., 2011; Abolins et al., 2017), feral mice had a contrasting overweight of CD27+CD11b– NK cells, yet with a high KLRG1 expression. Feral and feralized mice underwent the same microbial pressure for 2–3 months, suggesting that the CD27/CD11b discrepancy may be genetic rather than environmental. However, this aberrance is unlikely due to genetic differences amongst subspecies, as while the present mice were M. m. musculus-dominated, the same NK cell phenotype have been noted in feral M. m. domesticus mice (Abolins et al., 2017), the latter constituting the major genetic background for the B6 mouse (Yang et al., 2011). Regardless of cause, the finding emphasizes the importance of assessing genetically controlled individuals in this type of studies.

Low levels of serum cytokines were detected and these were apparently not sensitive to environmental changes, as also seen in wildlings (Rosshart et al., 2019). The observed elevation of IgE in feral and feralized mice compare with findings from other studies (Devalapalli et al., 2006; Abolins et al., 2011, 2017) and are possibly caused by the presence of parasites as were detected in Exp. 1. Besides parasites, seroconversion for pathobionts were especially evident in the FzdM females, which made frequent intimate contacts with feral males during mating. In the all-female setup, a feral-type feral microbiota was obtained, yet the serological results indicated that they acquired less of a pathogenic burden. These findings may suggest that relatively strong and/or frequent transmission pressure of pathobionts is needed for a mouse to reach a feral-like immunophenotype.

The scope of the presented studies was to achieve a full-scale naturalistic environment, rather than to explore underlying mechanisms, which would require multiple investigations or a substantial reduction of the very elements that create diversity. Depending on the scope, future studies may add or exclude elements, such as considering the necessity of mouse-specific microbionts obtained through the inclusion of feral mice. While the basis for environmental diversity will inevitably vary between geographical sites (Linnenbrink et al., 2013; Kreisinger et al., 2014), so does the microbiota in highly isolated conventional facilities (Rausch et al., 2016). The strength of genetically controlled model animals remains, and studies on the background of mice feralized in this manner can complement studies in conventional SPF and germ-free lab mice, as demonstrated by us in two reports (Lindner et al., 2015; Monin et al., 2020). By ensuring that environmental materials derive from the same sources throughout the experiment, and preferably between experiments, well-controlled and reproducible experiments can be achieved. A “dirty” environment as described here must in most cases be established separate from clean mouse houses, in our hands successfully achieved in an experimental large animal facility, and later built as a separate satellite unit.



CONCLUSION

In conclusion, we have demonstrated how laboratory mice can be feralized in large pens containing feral cohabitant mice, recapitulating a natural mouse habitat. Feralized mice reproducibly carried an altered fecal microbiota and immunophenotype in systemic immune tissues. This model system represents a refinement opportunity for various purposes, such as assessing the performance of infections, drugs or vaccines on the background of “real-world” adapted animals.
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Supplementary Figure 1 | Flow cytometry gating strategies. (A) Single cell, mononuclear cells (MNC) and live cell gates. (B) NK cells defined as NKp46+CD3- cells, further defined as maturational stages S1–S4 based on CD27 and CD11b expression, or gated for the expression of KLRG1. (C) T-cells gated equivalent to above, gated as CD4+ or CD8+ and defined as Central Memory (CM; CD62L+CD44+) or Effector Memory (EM; CD62L–CD44+). (D) Regulatory T-cells, gated on CD4+ T-cells equivalent to above, defined as CD25+Foxp3+, and further gated for the expression of Neuropilin-1 (NRP1). (E) In vitro stimulated T-cells, cultured for 48 h in the presence of CD3/CD28 activator beads and IL-2, gated on T-cells equivalent to above and gated for the expression of interferon gamma (IFNg).

Supplementary Figure 2 | Photos from the mouse experiments carried out in the farmyard-like pens. (A) Pallet, soil, large animal feces, twigs, straw, feral mice. (B) Feral mouse peeking from water bottle. (C) Nest with B6 x feral mouse crosses. (D) B6 mice checking box (mostly used as toilets; dirt holes were preferred as nests). (E) Feral mouse. (F) Nighttime grazing on sprouts. (G) Offspring playing in box.

Supplementary Figure 3 | Natural killer (NK) cell numbers and phenotypes in spleen, equivalent to Figure 7. Abbreviations and statistics as in Figure 4.

Supplementary Figure 4 | Gut microbiota diversity and composition of SPF mice fed different diets. Presented data is from Exp. 3. (A) Multi-dimensional scaling (MDS) plot of microbiota profiles for seed- and chow-fed animals at baseline (t0) and termination (t1). Similarities between profiles were computed using generalized Unifrac distances. The significance of separation between groups was tested by PERMANOVA. d = dissimilarity scale. (B) Richness (observed OTUs) and Shannon effective diversity index. Box plots show median (line), mean (+), IQR (box) and minimum to maximum (whiskers). Asterisks designate over-time differences determined by Wilcoxon Signed-Rank Sum test. Letters designate differences between groups at each timepoint determined by Kruskal-Wallis and Mann-Whitney U tests. The Benjamini-Hochberg method was used to correct for multiple testing. Different letters designate statistical significance with corrected p ≤ 0.05. ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001. (C) Taxonomic binning at the rank of phylum, presented as relative abundance for each individual, with groups and timepoints indicated. (D) Firmicutes/Bacteroidetes ratio presented as in (B). (E) Heatmap of relative abundances of Chow- and Seed-associated OTUs identified by indicator species analysis. Phyla of which the OTUs belong to are designated with colored squares specified in (C). Relative abundances of the OTUs < 0.25% were set to NA (black). All plots: n = 12 (chow) or n = 13 (seed).

Supplementary Figure 5 | Cellular immunological phenotypes of mice in Exp. 3, corresponding to measurements in main experiments shown in Figures 4–7. Abbreviations and statistics as in Figure 4.

Supplementary Video 1 | Mouse pen overview, wooden pallets, soil heaps with fresh domestic animal manure, straw, spruce twigs. / C57BL/6 mice in farm environment.

Supplementary Video 2 | Release of feral (wild-caught) mouse. / First encounters between C57BL/6 and feral mice.

Supplementary Video 3 | Feral mouse showing agile behavior, use of available space and resources.

Supplementary Video 4 | Feral mice showing curiosity, adaptability to B6 mice and people.


ABBREVIATIONS

B6, C57BL/6 inbred mouse strain; CM T-cell, Central memory T-cell; EM T-cell, Effector memory T-cell; Exp. 1/Exp. 2, Experiment 1/Experiment 2; Fzd, Feralized (here: female) B6 mice; FzdF, B6 females feralized in the presence of female feral mice; FzdM, B6 females feralized in the presence of male feral mice; Ig, Immunoglobulin; IL, Interleukin; IVC, Individually ventilated cage; KLRG1, Killer cell lectin-like receptor subfamily G member 1; NRP-1, Neuropilin-1; OTU, Operational taxonomic unit; PCA, Principal component analysis; PLN, Peripheral lymph node; pTreg, Peripherally induced regulatory T-cell; Rm1, Rat and Mouse No.1 diet (TMof Special Diet Services); SPF, Specific pathogen-free; Treg, Regulatory T-cell.

FOOTNOTES

1https://github.com/Lagkouvardos/Rhea
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Psoriasis is a chronic inflammatory skin disease that affects millions of people worldwide. There is still no effective approach for the clinical treatment of psoriasis. This is largely due to the lack of understanding of the pathological mechanism. Here, we comprehensively characterized the skin microbiome and plasma metabolome alterations of psoriasis patients. We observed that some pathogenic bacteria, including Vibrio, were significantly increased in psoriasis patients. The metabolomics results showed alterations in some metabolic pathways, especially pathways for lipid metabolism. In addition, microbiome-specific metabolites, including bile acids and kynurenine, were significantly changed. Correlation analysis revealed the interplay between the skin microbiota and plasma metabolites, especially between Vibrio and several lipids. Our results provide new evidence for the interplay between the skin microbiome and plasma metabolites, which is dramatically disrupted in psoriasis patients. This study also revealed the mechanism underlying the pathogenesis of psoriasis.
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INTRODUCTION

Psoriasis is one of the most common skin disorders worldwide, with approximately 2% of people affected (Boehncke and Schön, 2015). It affects not only the skin but also other organs. The molecular mechanism of psoriasis is not clear, which makes the discovery of new therapeutic drugs difficult. Most patients have to suffer from the disease for their whole life (Dubertret et al., 2006; Nestle et al., 2009).

The causes of psoriasis remain largely unknown but are reported to be related to many factors, including environmental factors, genetic factors, and immunologic factors (Nestle et al., 2009). In addition, the progression and even relapse after clinical treatment are all influenced by these factors, which act together and form the specific metabolic characteristics of psoriasis. Glucose metabolism, amino acid metabolism, and lipid metabolism have been shown to be significantly changed in psoriasis patients (Zeng et al., 2017; Zhu and Thompson, 2019). The roles of metabolic regulation of cell proliferation and apoptosis are considered to be key to unregulated keratinocyte pathogenesis in psoriasis (Luo et al., 2020; Pohla et al., 2020). In addition, it is well known that the chronic inflammatory features of psoriasis, the associated characteristics of metabolic syndrome with psoriasis, and even the diet-related pathogenesis mechanism of psoriasis all indicate the importance of metabolism in the disease (Wolters, 2005; Gisondi et al., 2018). These reports suggest that alterations in global metabolism may contribute to the specific phenotype of psoriasis patients. However, additional information is still needed to answer these questions.

Microorganisms, which are located in many sites in our body, play very important roles in system homeostasis. Most studies have focused on the gut microbiome. The abundance and composition of the gut microbiome can vary under different conditions and are related to many human diseases (Chávez-Talavera et al., 2017). Increasing evidence has suggested that the activity of the microbiota is critical, especially in modulating tissue metabolism (Liu et al., 2017; He et al., 2020). In recent years, the role of the microbiome in maintaining healthy skin status and regulating skin-related diseases has been reported (Zeeuwen et al., 2013; Dréno et al., 2016; Byrd et al., 2018). For psoriasis, the role of the gut microbiome in disease pathogenesis and progression has been reported. In addition, the gut microbiota can be a potential biomarker of the disease (Thio, 2018; Myers et al., 2019). However, the organization of the skin microbiome and its potential function in regulating global metabolism in psoriasis patients remain unclear.

In this study, we collected skin microbiome samples and plasma samples from patients with severe plaque psoriasis and from healthy controls. We performed 16S sequencing of the skin microbiome and plasma metabolomic analysis. Our results revealed alterations in the skin microbiota in psoriasis patients, including the accumulation of species of Gammaproteobacteria. Functional prediction revealed changes in metabolic pathways. In addition, our metabolomic data showed very obvious changes in systemic metabolism in psoriasis patients. Furthermore, we established a novel correlation map of the skin microbiome and plasma metabolites. These results highlighted the role of the skin microbiome in regulating global metabolism and provided new insights regarding the pathological view of psoriasis.



MATERIALS AND METHODS


Patient Information

A total of 32 patients diagnosed with severe plaque psoriasis were recruited at the General Hospital of Ningxia Medical University (Ningxia Province, China) for this study from December 2018 to May 2019. At the same time, 29 healthy volunteers were recruited. The average age of the patients was 38.16 years, with a range of 17–74 years. For healthy controls, the average age was 35.53 years, with a range of 23–54 years. The severity of psoriasis was quantified by using the Psoriasis Area and Severity Index (PASI) score (38.96 ± 2.64, mean ± SE), the Psoriasis Global Assessment score (4.41 ± 0.13, mean ± SE), and the body surface area score (24.85 ± 2.82, mean ± SE). Patients who met the following criteria at the same time were included: patients with severe plaque psoriasis (PASI score ≥12) (Mrowietz et al., 2011), patients with at least half a year of disease duration, and patients who had previously received at least one course of systemic treatment without obvious improvement. The exclusion criteria were as follows: volunteers with severe liver or kidney damage, mental illness, hematopoietic dysfunction, or other serious organic disease; patients who received immunosuppressive treatment or high doses of glucocorticoids or retinoid treatment in the previous 2 months; and all participants, including healthy controls and psoriasis patients, who had used any skin care product or lotion in the previous week. None of the healthy volunteers had a history of any immune diseases, and none of them had any skin disorders. All samples and clinical information were obtained under the condition of informed consent. This study was conducted with the approval of the institutional review board of the General Hospital of Ningxia Medical University and in accordance with the Declaration of Helsinki.



Sample Collection

Skin microbiome samples were collected according to a previous report (Oh et al., 2014). Briefly, a swab was rinsed with phosphate-buffered saline, and a defined skin area of approximately 2 × 2 cm2 was swabbed at least 20 times to maximize the amount of microbiome DNA collected. All samples were stored at −80°C until extraction.

The plasma samples were collected on the same day after overnight fasting with a heparin sodium anticoagulant tube. The samples were then centrifuged at 3,000 rpm for 10 min at room temperature. The supernatants were collected and aliquoted into different tubes and stored at −80°C.



Microbiome DNA Extraction and 16S Sequencing

Genomic DNA from skin microbiome samples was extracted by using the Mobio Powersoil DNA Isolation Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The V3 and V4 regions of the 16S rRNA genes were amplified by using Phusion® High-Fidelity PCR Master Mix with GC Buffer (New England Biolabs, MA, United States) and the primers 341F and 806R. After purification of the polymerase chain reaction product by using AMPure XP magnetic beads (Beckman Coulter, IN, United States), the samples were analyzed by the Illumina NovaSeq 6000 platform (Illumina, CA, United States) through a paired-end sequencing strategy.



16S Sequencing Data Analysis

After Illumina sequencing, barcode and primer sequences were removed. Specific tags were generated by FLASH software1 according to the overlap information of the reads. Then, we applied Trimmomatic software (v0.33) to remove the low-quality tags and obtained clean tags. Clean tags were further filtered to exclude the chimeric sequences by using UCHIME software (v4.2). Next, the remaining sequences with an identity >97% were classified as operational taxonomic units (OTUs) by using Uparse software2. Taxonomic information was annotated by searching against the SSU rRNA database3. OTUs were then assigned to different phylogenetic levels (kingdom, phylum, class, order, family, genus, and species). Alpha diversity and beta diversity were analyzed by QIIME software (v1.9.1) based on the effective tags. The relative abundance and the difference in diversity were compared by Student t-test and the Wilcoxon rank-sum test. Furthermore, linear discriminant analysis coupled with effect size (LEfSe) was applied to identify microorganisms that can be used to discriminate psoriasis patients from people with no psoriasis.



Liquid Chromatography–Mass Spectrometry Metabolomic Data Collection

A 100-μL plasma sample from each patient was mixed with 300 μL of methanol containing 1 μg/mL 2-chloro-L-phenylalanine (Hengbai Biotech, Shanghai, China) as the internal standard. After brief sonication in ice water for 10 min, all the samples were placed at −40°C for 1 h and centrifuged at 10,000 rpm for 15 min at 4°C. Then, the samples were resuspended in 100 μL of 50% acetonitrile. For quality control (QC) sample preparation, a mixture containing an equal volume (10 μL) of each plasma extract was prepared.

For liquid chromatography–mass spectrometry (LC-MS) metabolomic data collection, all plasma samples were analyzed by a 1290 UHPLC instrument (Agilent Technologies, CA, United States) coupled with a Thermo Q Exactive Focus (Thermo Fisher Scientific, MA, United States) by Biotree Ltd. (Shanghai, China), according to previously reported methods with minor modifications (He et al., 2020). Briefly, mobile phase A in positive ion mode was 0.1% formic acid in water, and in negative ion mode, it was 5 mmol/L ammonium acetate in water. Mobile phase B was acetonitrile. The elution gradient was set as follows: 1% B at 1 min, 99% B at 8 min, 99% B at 10 min, 1% B at 10.1 min, and 1% B at 12 min. The flow rate was set to 0.5 mL/min. The Q Exactive mass spectrometer was run at a spray voltage of 4.0 kV in positive mode and −3.6 kV in negative mode. Other ESI source conditions were as follows: sheath gas flow rate of 45 Arb, Aux gas flow rate of 15 Arb, and capillary temperature of 400°C. All MS1 and MS2 data were obtained under the control of Xcalibur (Thermo Fisher Scientific). A UPLC HSS T3 column (Waters, MA, United States) was used for all analyses. Organic reagents, including methanol, acetonitrile, and formic acid (HPLC grade), were purchased from CNW Technologies (Dusseldorf, Germany).



Gas Chromatography–MS Data Collection

The extracted plasma samples were resuspended in 30 μL of methoxyamine hydrochloride (20 mg/mL in pyridine) and incubated at 80°C for 30 min. After derivatization with 40 mL of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% trimethylsilyldiethylamine (Sigma, Darmstadt, Germany) at 70°C for 1.5 h, the samples were cooled down gradually to room temperature. For QC sample preparation, a mixture containing an equal volume (10 μL) of each plasma extract was prepared. An additional 5 μL of saturated fatty acid methyl esters (Dr. Ehrenstorfer GmbH, Augsburg, Germany) dissolved in chloroform was added to the QC samples for gas chromatography (GC)–MS analysis.

Gas chromatography–time of flight (TOF)–MS analysis was carried out by using an Agilent 7890 gas chromatograph (Agilent Technologies) coupled with a Pegasus HT TOF mass spectrometer (LECO, Michigan, United States). In this analysis, a DB-5MS capillary column (30 m × 250 μm × 0.25 μm, Agilent Technologies) was used. The carrier gas was helium, the front inlet purge flow was set as 3 mL/min, and the gas flow rate was 1 mL/min. The temperature gradient was set as 50°C for 1 min, increased to 310°C at a rate of 20°C/min, and then maintained for 6 min. The front injection temperature, transfer line temperature, and ion source temperature were 280, 280, and 250°C, respectively. The energy was −70 eV in electron impact mode. The MS data were acquired in full-scan mode with an m/z range of 50–500 at a rate of 12.5 spectra per second after a solvent delay of 4.85 min. A 1-μL sample was injected for this analysis.



LC-MS and GC-MS Metabolomic Data Analyses

ProteoWizard software was used to transform the original LC-MS data to mzXML format. The data were processed by XCMS. GC-MS raw data were processed by Chroma TOF software. After peak identification, peak alignment, peak extraction, retention time (RT) correction, and peak integration, a three-dimensional data matrix was obtained. To make the metabolomics data reproducible and reliable, peaks with relative standard deviations greater than 30% in the QC samples were filtered out. The remaining peaks were identified by comparison of RT and mass to charge ratio (m/z) indexes in a library containing spectral information from the online database of HMDB4, Kyoto Encyclopedia of Genes and Genomes (KEGG)5, and the in-house library. The GC-MS data were matched with the LECO-Fiehn Rtx5 database. Peak intensity was quantified by using the area under the curve. The data matrix was further processed by removing the peaks with missing values in more than 50% of the samples and substituting the remaining missing values with half of the minimum value. Then, a new data matrix was generated by normalizing the data to the peak intensity of the internal standard.



Statistical Analysis

Statistical analysis was performed by using Microsoft Excel (Microsoft Inc., Redmond, WA, United States) and R software version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria). The differential abundance of bacterial taxa at different levels (phylum, class, order, family, and genus) between psoriasis patients and healthy controls was calculated by the Wilcoxon rank-sum test and Metastat. The differences in alpha diversity indexes were determined by Student t-test. The beta diversity difference between psoriasis patients and the control group was analyzed by analysis of similarity (ANOSIM). To understand the difference in the metabolomic profile between psoriasis patients and healthy people, multivariate statistical analyses, including principal component analysis (PCA) and orthogonal projections to latent structure-discriminant analysis (OPLS-DA), were carried out. Small molecules with a VIP (variable importance in projection) >1 in OPLS-DA and p < 0.05 by Student t-test were considered significantly altered metabolites. Spearman correlation was carried out to determine the relationship between the skin microbiota and plasma metabolites.




RESULTS


Altered Skin Microbiota Composition in Psoriasis Patients

We recruited 32 severe plaque psoriasis patients (PASI > 12) and 29 healthy controls to identify the psoriasis-related microbiota. After QC, the DNA sample amounts from only 26 patients and 10 controls were sufficient for 16S sequencing.

Overall, we obtained 83,998 effective tags and 7,887 OTUs according to 97% similarity. After taxonomic assignment against the Silva132 database, 7,606 OTUs were annotated at different phylogenetic levels (Supplementary Table 1). According to the species accumulation curve, the sequencing data and samples were sufficient for taxon identification. However, there were no significant differences between control individuals and psoriasis patients in terms of number of species on skin (Supplementary Figure 1A). In addition, the alpha diversity indexes, including the total observed species, Shannon index, ACE index, Simpson index, and Chao1 index, of the skin of psoriasis patients were not significantly different from those of the control group (Supplementary Figures 1B–F). To identify the microbes that were altered in psoriasis patients, we then conducted Student t test at the genus level (Figure 1A). The average abundance of Lactobacillus, which is widely distributed in the human gut and skin and plays a role as a lactic acid producer, was increased in psoriasis patients. This may suggest a potential positive role of Lactobacillus in regulating skin cell proliferation, which is consistent with a previous report that Lactobacillus was capable of enhancing skin repair after UV damage (Im et al., 2018). Moreover, the abundances of Thermomonas and Luteimonas, which are pathogenic members of Proteobacteria (phylum)_Gammaproteobacteria (class), were also increased, suggesting that the skin of psoriasis patients was a pathogenic environment. To further analyze the alterations in the microbiota in psoriasis patients, we applied Metastat, another widely used statistical analysis tool, to screen for significantly changed organisms (Figure 1B). Similarly, the change in the Lactobacillus abundance was also identified as an important alteration. In addition, another member of Gammaproteobacteria, Vibrio, was identified as being significantly elevated in psoriasis patients. Together, these data suggest an elevation in the abundance of pathogenic bacteria, especially Gammaproteobacteria, in psoriasis patients.
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FIGURE 1. Skin microbiota alterations in psoriasis patients. (A) Significantly altered skin microbiota in psoriasis patients compared with healthy controls analyzed by Student’s t-test at the genus level. (B) Heatmap shows the significantly altered skin microbiota at the genus level in psoriasis patients compared with healthy controls analyzed by Metastat.


To further examine the alterations associated with psoriasis, we conducted LEfSe analysis. The main differences were the increase in abundance of undefined_Cyanobacteria (class unidentified_Cyanobacteria and order Cyanobacteria) in psoriasis patients (Figure 2A). Some differences were also observed at a lower taxonomic level. Psoriasis patients showed a loss in the abundance of the genus Citrobacter (Figure 2B). Taken together, these data indicate alterations in the commensal gut microbiome composition in psoriasis patients, suggesting dysregulation of the microbial community.
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FIGURE 2. Linear discriminant analysis (LDA) effect size. (A) Cladogram of LEfSe of the skin microbiome from 16S sequencing results. Red and green circles represent the differences of the most abundant microbiome class. The diameter of each circle is proportional to the relative abundance of the taxon. (B) Histogram of the LDA scores for differentially abundant microbes in psoriasis patients and healthy controls. Red, enriched in psoriasis patients; green, enriched in healthy controls.




Functional Prediction of the Skin Microbiome of Psoriasis Patients

To further determine the functional impact of skin gut microbiota alterations in psoriasis, we predicted the KEGG pathways based on the 16S sequencing data by using PICRUSt software (Langille et al., 2013). Metabolic pathways ranked as the most abundant pathways predicted, accounting for approximately 50% of the pathways (Figure 3A). Among these pathways, carbohydrate metabolism and the metabolism of other amino acids were obviously decreased (Supplementary Figure 2). In contrast, pyrimidine and purine metabolism (nucleotide metabolism); glycolysis/gluconeogenesis, oxidative phosphorylation, and methane metabolism (energy metabolism); the metabolism of cofactors and vitamins; and the biosynthesis of other secondary metabolites showed an increase in psoriasis patients compared with healthy controls (Figure 3B and Supplementary Figure 2).
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FIGURE 3. Functional prediction of the skin microbiome. (A) KEGG pathway classification of the annotated taxa in healthy controls and psoriasis patients. (B) Heatmap showing the altered metabolic pathways in psoriasis patients compared with healthy controls. Red represents upregulation, and blue represents downregulation.




Plasma Metabolic Profiling of Psoriasis Patients

Microbiota alterations have been reported to be correlated with tissue metabolism in many studies (Liu et al., 2017; Olson et al., 2018). In addition, our data showed that skin microbiota–mediated small molecule metabolism was impacted by psoriasis (Figure 3). We thus investigated the metabolic alterations in psoriasis patients by applying GC and ultrahigh-pressure LC coupled with MS. In general, a total of 3,562 features and 716 metabolites were obtained (Supplementary Table 2). PCA showed very obvious separation of metabolic profiles between psoriasis patients and healthy controls, demonstrating different metabolic activities (Figure 4A). After statistical analysis, we obtained 117 significantly altered metabolites (VIP >1 and p < 0.05) (Figure 4B). Among them, we found several microbiome-generated metabolites that were also significantly changed. These included taurochenodeoxycholic acid (TCDCA), deoxycholic acid glycine conjugate (GDCA), chenodeoxycholic acid glycine conjugate, and L-kynurenine (Chávez-Talavera et al., 2017; Agus et al., 2018; He et al., 2020). To uncover the metabolic pathway alterations, we conducted KEGG pathway analysis of the differentially expressed metabolites by using Metaboanalyst6 (Figure 4C). Branched-chain amino acid metabolism (valine, leucine, and isoleucine biosynthesis), which was reported to be closely related to microbiota metabolic activity (Liu et al., 2017), was significantly altered. In addition, the metabolism of α-linolenic acid and linoleic acid, which reflect the inflammation status of tissues (Sergeant et al., 2016), was also significantly altered.
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FIGURE 4. Plasma metabolomic profiling. (A) PCA revealed clear separation of the plasma metabolome between psoriasis patients and healthy controls. (B) Heatmap showing the significantly changed metabolites in psoriasis patients compared with healthy controls. The metabolites labeled with red font are microbiota-specific metabolites. (C) Bubble plot of the metabolic pathway enrichment analysis results.




Novel Interplay Between the Skin Microbiota and Plasma Metabolism

Many articles have reported the correlation of the gut microbiota and blood metabolism (Liu et al., 2017; He et al., 2020), whereas little is known about the relationship of the skin microbiota and blood metabolism. In this study, we carried out Spearman correlation analysis of the annotated skin microbiota at the genus level and the identified plasma metabolites. The association of the skin microbiota and plasma metabolites was different between healthy controls and psoriasis patients (Figures 5A,B), suggesting that the alteration of plasma metabolites was closely related to the skin microbiome. Interestingly, most of the associations between Lactobacillus and plasma metabolites and the associations between Enterococcus and plasma metabolites in healthy controls (Figure 5A) disappeared in psoriasis patients (Figure 5B). In addition, new correlations between Vibrio, Ferruginibacter, Romboutsia, and plasma metabolites were established in psoriasis patients (Figure 5B). The metabolites that showed a significant positive association with specific skin bacteria in both healthy controls and psoriasis patients were itaconic acid, crotonic acid, and heptadecanoic acid, which are involved in lipid metabolism (Figures 5A,B). Notably, some plasma metabolites were negatively associated with the skin microbiota in psoriasis patients. In addition to several lipids, xanthine, D-ribose 5-phosphate, and uric acid participate in nucleotide metabolism (Figure 5B). These results suggest a role of the skin microbiota in influencing lipid and nucleotide metabolism in psoriasis patients.
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FIGURE 5. Integrated analysis of skin microbes and plasma metabolites. (A) Spearman correlation analysis between significantly altered skin microbes and significantly changed plasma metabolites in the healthy control group. Red, positive correlation; blue, negative correlation. *p < 0.05. (B) Spearman correlation analysis between significantly altered skin microbes and significantly changed plasma metabolites in the psoriasis group. Red, positive correlation; blue, negative correlation. *p < 0.05. (C) Spearman correlation network between significantly altered skin microbes and significantly changed plasma metabolites in all samples from both groups. The purple circle represents the skin microbiota, and the cyan diamond represents plasma metabolites. Red line, positive correlation; blue line, negative correlation. Only the correlations with p < 0.05 are shown. **p < 0.01.


To determine a global relationship between the skin microbiota and plasma metabolism, we then conducted Spearman correlation analysis by using all the samples from healthy controls and systemic lupus erythematosus (SLE) patients. The correlations were shown in a Cytoscape network (Figure 5C), further suggesting a fundamental relationship of the skin microbiota and plasma metabolism. Interestingly, receiver operating characteristic (ROC) curve analysis revealed that many skin microbiota–associated plasma metabolites are potential biomarkers for SLE classification (Supplementary Figure 3).




DISCUSSION

Previous studies investigated the changes in the blood metabolome and gut microbiome that occur in psoriasis. However, it is not sufficient to understand the pathogenesis of psoriasis, as the disease primarily occurs on the skin. Here, we analyzed skin microbiota alterations in psoriasis patients by using 16S sequencing and plasma metabolomic changes by applying an LC-MS metabolomics approach. According to our results, the plasma metabolic homeostasis of psoriasis patients was disrupted and was correlated with alterations in the skin microbiome. We further identified some skin microbes at the genus level, such as Enterococcus and Vibrio, which are critical for plasma metabolism in psoriasis patients. In addition, we also identified some skin microbiota–associated plasma metabolites that are potential biomarkers for strongly discriminating healthy controls from psoriasis patients.

In our untargeted metabolomic study, many plasma metabolites were significantly changed in psoriasis patients. Pathway analysis revealed enrichment in both amino acid metabolism and lipid metabolism pathways (Figure 4). The valine, leucine, and isoleucine biosynthesis pathway, which is a branched-chain amino acid metabolism pathway mediated by the microbiota, has been reported to be related to many diseases (Liu et al., 2017, 2020). In addition, several lipid metabolism pathways were also enriched, including biosynthesis of unsaturated fatty acids, glycerolipid metabolism, linoleic acid metabolism, and α-linolenic acid metabolism. Glycerolipids that play a very important role in membrane mobility and provide building blocks for membrane biogenesis have also been reported previously as potential diagnostic biomarkers in psoriasis patients (Zeng et al., 2017). Furthermore, the alteration in linoleic acid and α-linolenic acid metabolism reflects the inflammation status of psoriasis (Boehncke, 2018). In addition, the microbiota-mediated metabolism of bile acids (TCDA, TCDCA, and GDCA) is well known for its role in lipid metabolism, and L-kynurenine is well known for its role in inflammation regulation (Vítek and Haluzík, 2016; Cervenka et al., 2017). Altogether, the metabolomic results indicate the role of the microbiota in the regulation of lipid metabolism and the inflammatory response in psoriasis patients.

Psoriasis is a chronic inflammatory skin disorder. Increasing evidence has suggested the role of the skin microbiome in the pathogenesis of diseases (Grice, 2014; Picardo and Ottaviani, 2014; Li et al., 2019). In our study, some skin microbes were significantly altered in psoriasis patients compared with healthy people, which is consistent with previous research (Chang et al., 2018). Among them, the bacteria Thermomonas and Luteimonas from the pathogenic Proteobacteria (phylum) and Gammaproteobacteria (class) were significantly increased, suggesting the pathological role of these bacteria in psoriasis. Vibrio, the most strongly and significantly increased bacterial taxon (Figure 1B), is well known for its role as the cholera pathogen (Conner et al., 2016). Because the species of Vibrio mainly live in seawater or brackish water (Vasagar et al., 2018), people should be very careful when consuming seafoods or when exposed to seawater. These results indicate that the accumulation of the pathogenic microbiota is a possible reason for the pathogenesis of psoriasis. This conclusion was also confirmed by functional analysis of the skin microbiota. Skin microbiome–mediated nucleotide metabolism and amino acid metabolism activities were elevated in psoriasis patients compared with healthy controls (Figure 3B), as small-molecule metabolism pathways are critical for providing building blocks for skin cell proliferation.

The interaction between skin microorganisms and blood metabolism has rarely been investigated. In this article, we analyzed the Spearman correlation of significantly altered skin microbes and significantly changed plasma metabolites (Figure 5). The results highlighted the role of the skin microbiota in the regulation of plasma metabolism, especially the role of the pathogens Enterococcus and Vibrio. These data also suggest the role of the skin microbiome in skin homeostasis, which is critical for the maintenance of the immunological barrier of skin (Belkaid and Tamoutounour, 2016).

In summary, our study integrating skin microbiome 16S sequencing and plasma metabolomic data reveals alterations in global metabolic homeostasis status and the association of the skin microbiota with psoriasis. Considering the impact of many factors, including race, ethnicity, lifestyle, and environmental factors, on the skin microbiome and global metabolome, more studies are needed to address the role of the skin microbiome in the pathogenesis of psoriasis. In addition, additional studies are needed to understand the key skin microbes involved in the pathogenesis of psoriasis, especially through an effect on global metabolism. Our data provide the underlying mechanism of skin microbiome–mediated regulation of blood metabolism in patients with psoriasis. The results will be helpful for understanding the pathological mechanism of psoriasis.
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Supplementary Figure 1 | Alpha diversity indexes of the skin microbiome in psoriasis patients and healthy controls. (A) Curve of accumulated species number in psoriasis patients and healthy controls. (B–F) Alpha diversity indexes, including observed species (B), ACE index (C), Shannon index (D), Simpson index (E), and Chao1 index (F), in psoriasis patients and healthy controls.

Supplementary Figure 2 | Predicted function of the skin microbiome in level 2. The function of the skin microbiome from healthy controls and psoriasis patients was predicted and plotted. Red represents increased pathway annotation. Blue indicates reduced pathway annotation. Metabolic pathways are labeled with red font.

Supplementary Figure 3 | ROC curve of the metabolites significantly associated with the skin microbiota. Biomarker analysis of the metabolites significantly correlated with the skin microbiota in Figure 5 shows the high AUCs. Only the metabolites with AUC value >0.8 are shown.

Supplementary Table 1 | The relative abundance of the annotated skin microbiota measured by 16S sequencing.

Supplementary Table 2 | The relative abundance of the identified plasma metabolites measured by the LC-MS metabolomic approach.
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Aiptasia is an emerging model organism to study cnidarian symbioses due to its taxonomic relatedness to other anthozoans such as stony corals and similarities of its microalgal and bacterial partners, complementing the existing Hydra (Hydrozoa) and Nematostella (Anthozoa) model systems. Despite the availability of studies characterizing the microbiomes of several natural Aiptasia populations and laboratory strains, knowledge on basic information, such as surface topography, bacterial carrying capacity, or the prospect of microbiome manipulation is lacking. Here we address these knowledge gaps. Our results show that the surface topographies of the model hydrozoan Hydra and anthozoans differ substantially, whereas the ultrastructural surface architecture of Aiptasia and stony corals is highly similar. Further, we determined a bacterial carrying capacity of ∼104 and ∼105 bacteria (i.e., colony forming units, CFUs) per polyp for aposymbiotic and symbiotic Aiptasia anemones, respectively, suggesting that the symbiotic status changes bacterial association/density. Microbiome transplants from Acropora humilis and Porites sp. to gnotobiotic Aiptasia showed that only a few foreign bacterial taxa were effective colonizers. Our results shed light on the putative difficulties of transplanting microbiomes between cnidarians in a manner that consistently changes microbial host association at large. At the same time, our study provides an avenue to identify bacterial taxa that exhibit broad ability to colonize different hosts as a starting point for cross-species microbiome manipulation. Our work is relevant in the context of microbial therapy (probiotics) and microbiome manipulation in corals and answers to the need of having cnidarian model systems to test the function of bacteria and their effect on holobiont biology. Taken together, we provide important foundation data to extend Aiptasia as a coral model for bacterial functional studies.
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INTRODUCTION

Corals constitute the foundation species of reef ecosystems that provide a habitat for about a third of all marine life (Fisher et al., 2015), but anthropogenic-driven climate change is now one of the main drivers of coral reef loss (Hughes et al., 2017b, 2018a,b): about half of the Great Barrier Reef corals were lost over the last 30 years (Dietzel et al., 2020) and a 70–99% coral reef decline is projected even under a 1.5–2°C warming, one of the more benign climate change scenarios (Allen et al., 2018). Therefore, it is important to find solutions that can improve coral resilience and mitigate the negative effects of ongoing ocean warming, ocean acidification, and ocean deoxygenation (Allemand and Osborn, 2019; Hughes et al., 2020). Importantly, corals are cnidarian holobionts that consist of the coral animal host, intracellular microalgal symbionts (Symbiodiniaceae), and associated bacteria among many other organisms that all contribute to the stress tolerance and resilience of this metaorganism (Rohwer et al., 2002; Rosenberg et al., 2007; Bang et al., 2018; LaJeunesse et al., 2018; Pogoreutz et al., 2020; Voolstra and Ziegler, 2020). Besides the broad importance of Symbiodiniaceae, which reside within the coral cells and cover almost the entire energy needs of the coral host through provision of photosynthates (Muscatine, 1990; Trench, 1993), bacteria presumably play important roles in metabolism, immunity, and environmental adaptation of the coral host (Ziegler et al., 2017; Ziegler et al., 2019; Robbins et al., 2019; Voolstra and Ziegler, 2020). However, functional studies that detail the specific contributions of specific microbial taxa are still rare, partially due to methodological limitations (Cooke et al., 2019; Robbins et al., 2019). One suggested avenue to elucidate host-bacteria interactions in cnidarians is the use of model organisms, in particular using gnotobiotic (i.e., bearing few remaining known bacteria) or axenic (i.e., bacteria-/germ-free) host systems that allow controlled exposure or provision of cultured bacterial isolates (Jaspers et al., 2019).

Among Cnidarians, the hydrozoan Hydra is one of the few models where a germ-free (axenic) closed life cycle is available, which allows the detailed study of associated bacteria and the functions they contribute to the metaorganism, demonstrating the power of such systems to elucidate host-bacterial interactions (Fraune and Bosch, 2007; Fraune et al., 2009; Fraune et al., 2014; Franzenburg et al., 2013b; Augustin et al., 2017; Wein et al., 2018). Similarly, the anthozoan Nematostella vectensis is becoming established as a cnidarian model to study host-bacterial interactions (Har et al., 2015; Domin et al., 2018). However, both systems lack the ability to engage in symbioses with microalgal symbionts of the family Symbiodiniaceae (LaJeunesse et al., 2018). Therefore, they may not comprise an ideal model for corals, since association with Symbiodiniaceae affects bacterial assemblage (Ainsworth et al., 2015; Röthig et al., 2016a; Lawson et al., 2018; Maire et al., 2021). To this end, the sea anemone Aiptasia is gaining increasing traction as a coral model due to harboring the same or similar Symbiodiniaceae as scleractinian corals, its simplicity of culturing and clonal propagation, and the fact that Aiptasia anemones can be kept indefinitely in symbiotic and aposymbiotic states (i.e., with and without their microalgal partners) (Weis et al., 2008; Voolstra, 2013), allowing to study the mechanistic underpinnings of the cnidarian-dinoflagellate symbiosis in detail (Baumgarten et al., 2015; Biquand et al., 2017; Cziesielski et al., 2018; Rädecker et al., 2018; Gegner et al., 2019; Simona et al., 2019). Of note, the name Aiptasia refers to the colloquial model system name, given that different researchers across the world use different strains, and likely species (Weis et al., 2008; Baumgarten et al., 2015; Oakley et al., 2015; Biquand et al., 2017; Dungan et al., 2020). The current proposed species name is Exaiptasia diaphana (Dungan et al., 2020), previously Exaiptasia pallida (Grajales and Rodríguez, 2014). Following the notion of Aiptasia as a model to study the coral-algal symbiosis (Baumgarten et al., 2015), its suitability as a model to study coral-bacterial interactions was suggested (Röthig et al., 2016a). Studies that describe bacterial association of several wild-type and lab-cultured strains could show that (i) microbial assemblages of lab-cultured Aiptasia are comparable, (ii) bacterial associations are somewhat “plastic” pending environmental differences and association with or without algal symbionts, and (iii) an overall similarity in the taxonomic composition of microbiomes of corals and Aiptasia (Röthig et al., 2016a; Brown et al., 2017; Herrera et al., 2017; Dungan et al., 2020). However, a detailed examination of the surface ectoderm topography, bacterial carrying capacity, and the prospect of microbiome manipulation (e.g., in the form of microbiome transplants) to highlight similarities to corals and demonstrate the efficacy of the Aiptasia system as a tool to study bacterial interactions was missing.

In the current work, our aim was to address these knowledge gaps and provide a foundation for Aiptasia to be used as a model for the study of coral-bacterial interactions. To do this, we characterized tissue surface topographies of Aiptasia and the Hydra and Nematostella cnidarian model systems and subsequently compared them to three scleractinian corals, in the context of the surface ectoderm as a bacterial habitat. In addition, we determined the bacterial carrying capacity in symbiotic and aposymbiotic Aiptasia anemones as a frame of comparison to reef-building corals and to provide a scale of reference for sequencing-based bacterial community studies. Last, using bacteria-depleted sea anemones, we conducted microbiome transplant experiments using coral microbiomes to assess the suitability of this method as a tool to study function of coral-associated bacteria and as a means to assess the ability of changing microbial host association to aid environmental adaptation of coral holobionts.



MATERIALS AND METHODS


Animal Rearing

Aposymbiotic and symbiotic Aiptasia of the clonal strain CC7 were generated and reared as described previously (Baumgarten et al., 2015) with some modifications. Aposymbiotic animals were generated through repeated 4 h cold−shocks at 4°C and treatment with 50 μM of the photosynthetic inhibitor diuron (Sigma−Aldrich, United States). Aposymbiotic animals were maintained in the dark for >3 years and are routinely inspected by fluorescence microscopy (Leica DMI3000 B) to confirm the absence of Symbiodiniaceae. Symbiotic anemones were generated by infecting aposymbiotic animals with strain SSB01 (Breviolum minutum, former Clade B) (Xiang et al., 2013). Of note, the algal symbiont strain SSB01 is not the native symbiont of Aiptasia CC7 but has been previously used as a stable and characterized Aiptasia host-algal symbiont combination (Röthig et al., 2016a; Wolfowicz et al., 2016; Simona et al., 2019). To obtain symbiotic CC7-SSB01 Aiptasia, individual anemones were exposed to 105 Symbiodiniaceae cells/ml for 24 h, fed with Artemia nauplii after 48 h, and seawater was exchanged thereafter. All Aiptasia anemones were kept in autoclaved natural seawater and reared in 1 L tanks at a 12 h:12 h light:dark cycle at 20–40 μmol photons m2 s1 of photosynthetically active radiation at 25°C in an I-36LLVL incubator (Percival Scientific Inc., United States). Nematostella vectensis polyps were reared in half liter tanks in half strength artificial seawater at room temperature. Polyps of Hydra magnipapillata strain 105 were reared in half liter tanks in commercial spring water at room temperature. Nematostella and Hydra animals were fed Artemia nauplii twice a week.



Ectoderm Surface Analysis Using Electron Microscopy

We compared ectoderm surface topography of different cnidarian classes, namely Anthozoa (corals, Aiptasia, Nematostella vectensis) with Hydrozoa (Hydra magnipapillata), using Scanning Electron Microscopy (SEM). Coral colony fragments of Stylophora pistillata, Acropora humilis, and Porites sp. were collected from the central Red Sea at 6 m depth at the Al Fahal forereef (22°15.100′N, 38°57.386′E) by SCUBA and maintained in an open water aquaria system until use (CMOR, KAUST), whereas Aiptasia, N. vectensis, and H. magnipapillata animals were available from cultured lab strains. Three fragments (in the case of corals) or three polyps (in the case of Aiptasia, Nematostella, Hydra) were transferred to 24-well plates for processing. Coral fragments and model system cnidarians were left to expand in ∼2% magnesium chloride in artificial seawater (ASW) or fresh water for Hydra, or half strength ASW for Nematostella for 15 min, respectively. After that, specimens were fixed in ∼2.5% glutaraldehyde in 0.1 M cacodylate buffer at 4°C overnight. Samples were then washed in 0.1 M cacodylate buffer (pH 7.2–7.4) thrice for 15 min each and post fixed in 1% osmium tetroxide solution in 0.1 M cacodylate buffer for 1 h in the dark. Samples were further washed thrice in ddH2O for 15 min each and proceeded for dehydration in an EtOH gradient: 30, 50, 70, 90, and 100%, 15 min each step, with two final incubations in 100% EtOH, also for 15 min. The drying process was initiated by transferring the samples to a 1:2 solution of hexamethyldisilazane (HMDS):100% EtOH (v/v) for 20 min, then to a fresh solution of 2:1 HMDS:100% EtOH for 20 min, 100% HMDS for 20 min, and a final incubation in 100% HMDS. Samples were left to dry loosely covered in the chemical hood for the HMDS to slowly evaporate overnight. Each fragment was then mounted on an SEM specimen mount head pin and sputter coated with 4 nm of platinum/palladium or Iridium. All samples were imaged using a Teneo Volume Scope electron microscope (FEI, United States) operating at 1–3 kV.

Complementary to the SEM analyses, we imaged Aiptasia specimens by Transmission Electron Microscopy (TEM). Briefly, Aiptasia polyps were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 12 h at 4°C and post fixed with 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h in the dark at 4°C. After three washes in ddH2O, the sample blocks were dehydrated through EtOH and acetone, infiltrated with a mixture of epoxy resin (Electron Microscopy Sciences, United States) and acetone, followed by a final embedding in pure resin. A Leica EM UC6 Ultramicrotome (Leica Microsystems, Germany) was used to cut 150 nm thin sections from the resin block. Finally, thin sections were collected on a 200 mesh copper grid, stained with 1% uranyl acetate (Electron Microscopy Sciences, United States) and Reynold’s lead citrate (Electron Microscopy Sciences, United States). Images were acquired using a Titan CT transmission electron microscope (Thermo Fisher Scientific, United States) operating at 300 kV.

To investigate the presence of bacteria inside the mucus layer using TEM, we modified the standard resin embedding protocol by introducing an agarose embedding step with subsequent cryosectioning of the specimens. Aiptasia anemones were prepared as follows: Individual polyps were chemically fixed in phosphate buffer (0.1 M pH 7.4) with 9% sucrose, containing 4% formaldehyde and 2.5% glutaraldehyde. Fixation was done at room temperature for 2 h after which samples were embedded in 4% aqueous agarose to ease the manipulation. Then, polyps were cut into ∼4 mm3 pieces and post stained in 2% osmium aqueous solution for 1 h in the dark. After rinsing in water, samples were dehydrated in a series of ethanol concentrations, ranging from 10 to 100%, then infiltrated with EPON resin (Electron Microscopy Sciences, United States), before polymerization at 60°C for 48 h. Thin sections of 80 nm were cut and mounted onto a Formvar film-coated, carbon-stabilized 100 mesh copper finder grid (Electron Microscopy Sciences, United States). Sections were post stained with UranyLess (Electron Microscopy Sciences, United States) and lead citrate (Electron Microscopy Sciences, United States) before being imaged with a Tecnai-12 transmission electron microscope (Thermo Fisher Scientific, United States) operating at 100 kV with a FEI eagle camera (Thermo Fisher Scientific, United States) using TIA software (Thermo Fisher Scientific, United States). Contrast, brightness, and sharpness of acquired images were adjusted using Adobe Photoshop.



Generation of Gnotobiotic Aiptasia

Bacteria-depleted Aiptasia polyps were generated using a previously developed protocol consisting of a depletion priming step, followed by an antibiotic treatment, and subsequent recovery from the antibiotic cocktail (Costa et al., 2019). For the depletion priming step, polyps were transferred to 500 ml plastic tanks, reared in 0.22 μm filtered ASW (same light and temperature regime as described above) and fed with sterile decapsulated Artemia nauplii for 4 weeks. For the antibiotic treatment, anemones were transferred to petri dishes and washed repeatedly with ASW individually and incubated in antibiotic solution (50 μg/ml of Carbenicillin, Chloramphenicol, Rifampicin, and Nalidixic acid in ASW) for 15 min. Polyps were then transferred to 24-well tissue culture plates (Corning Costar, United States), one polyp per well, under sterile conditions, and incubated with antibiotic solution for 7 days, with daily media exchange, at a 12 h:12 h light/dark cycle in an incubator (20–40 μmol photons m–2 s–1 of photosynthetically active radiation) at 25°C. After 7 days, anemones were given 24 h for recovery in ASW before microbiome inoculation (see below). Effective bacterial depletion using this protocol was validated using culture-dependent and -independent techniques (Costa et al., 2019): bacterial depletion of treated Aiptasia polyps was confirmed by absence of colony forming units (CFUs) after plating anemone lysates on Marine Agar and subsequent incubation for at least 5 days. In addition, DNA extracted using the DNeasy Blood & Tissue Kit (Qiagen, Germany) from treated Aiptasia anemone lysates were used for PCR amplification of the 16S rRNA gene (95°C for 15 min, followed by 30 cycles of 30 s at 95°C, 90 s at 55°C, and 90 s at 72°C, followed by a final extension for 10 min at 72°C using the 16S universal primer pair 27F-1492R) and subsequent confirmation of absence of a PCR product by means of electrophoresis on an agarose gel.



Microbial Carrying Capacity

We determined microbial carrying capacity of apo- and symbiotic control Aiptasia polyps (i.e., untreated) as well as of anemones after antibiotic treatment and microbiome transplants. To do this, single polyps from all experimental conditions were placed in 1.5 ml tubes under sterile conditions and 300 μl of ASW were added before the polyps were lysed using a motorized pestle and mortar. Animal lysates and ASW (negative control) were diluted 10-, 100-, and 1000-fold, and 50 μl were plated on Marine Agar (Difco Marine Agar 2216, BD Biosciences, United States) and incubated at 25°C for 24–48 h or 5 days in the case of antibiotic treated anemones, with subsequent counting of bacterial colonies. For statistical analysis, colony counts were log-transformed, normality was tested using the Shapiro–Wilk test, and a one-way ANOVA was conducted. In case of statistical significance, a Dunnett post hoc test was conducted. An unpaired t-test was used to assess for significant differences between aposymbiotic and symbiotic control conditions. In order to account for putative polyp size differences, CFU counts per polyp were normalized to the host total protein for each polyp, determined using a Micro BCA protein assay kit (Pierce, United States), and the same statistical analysis as above was conducted.



Microbiome Inocula

Fragments of Acropora humilis and Porites sp. were collected from the nearshore reef Tahala (22°15.7812′N, 39°3.099′E) (central Red Sea, Saudi Arabia) and processed on the same day. Fragments from three colonies per coral species were collected and combined prior to inoculation (see below). Each coral fragment was placed in a sterile Ziploc bag with 10 ml of ASW, and coral tissue was air blasted off the skeleton using a sterile 1 ml barrier tip inserted to a rubber hose connected to a bench air-pressure outlet. The slurry obtained from fragments from a given coral species were combined and transferred to a 50 ml polypropylene tube and the volume was adjusted to 50 ml with ASW to reduce viscosity. The slurry was homogenized for 30 s using an Ultra Turrax T18 homogenizer (IKA, Germany) and split in 25 ml preparations per tube. Control inocula were prepared using between 10 and 15 apo- and symbiotic Aiptasia polyps, respectively, in 30 ml of ASW, homogenized as described above, and homogenized a second time with a MicroDisTec homogenizer 125 (Thermo Fisher Scientific, United States) to ensure complete maceration. The final volume of the lysate was adjusted to 50 ml with ASW and split in 25 ml preparations.

Microbiome inocula were further processed in a biosafety cabinet, using sterile work practices. Lysates were centrifuged using a swing-bucket rotor at 500 g for 5 min to pellet zooxanthellae. The supernatant was collected and an aliquot was taken for visual inspection on an inverted epifluorescence microscope. All lysates were centrifuged once, except for the Porites sp. inoculum, which had one extra centrifugation step to completely remove visible traces of the zooxanthellae. The supernatants were pooled for each inoculum type and centrifuged at 3220 g for 30 min to pellet bacteria. The resulting pellet was resuspended in 25 ml of ASW and centrifuged twice. Pellets were resuspended in 15 ml of ASW and a 1 ml aliquot was set aside for quantification of bacteria.

Bacteria were quantified using BacLight Red Bacterial stain (Thermo Fisher Scientific, United States). Aliquots from each inoculum were stained using 1 μM of dye for 10 min and counted using a BD FACSCanto II flow cytometer (BD Biosciences, United States). Gates for bacterial counts were first defined using 1 μm and 2 μm reference beads (Thermo Fisher Scientific, United States) in forward scatter (FSC) vs. side scatter (SSC) and then by using Aiptasia bacterial cultures stained with BacLight Red and acquired in the PerCP-PI channel. Bacterial numbers were calculated after gravimetric calibration of the flow rates and using the positive events acquired using the defined gating strategy. Based on determined counts, inocula were diluted to 5 × 105 bacterial cells/ml and 1 ml was used per polyp. In parallel to the flow cytometry-based bacterial counts, an aliquot of all final inocula was plated on Marine Agar (Difco Marine Agar 2216, BD Biosciences, United States) for CFU counts. Bacterial densities of inocula are provided in Supplementary Table 1.



Microbiome Transplants

For the microbiome transplants, we assessed 30 apo- and symbiotic anemones each across five experimental conditions using six biological replicates (60 anemones in total). Experimental conditions were as follows: (1) untreated control anemones from rearing tanks (APO and SYM), (2) gnotobiotic anemones after 1 day of recovery from antibiotic treatment (APO_AB and SYM_AB), (3) Acropora microbiome inoculum (APO+ACRinoc and SYM+ACRinoc), (4) Porites microbiome inoculum (APO+PORinoc and SYM+PORinoc), (5) Aiptasia microbiome inoculum (APO+APOinoc and SYM+SYMinoc). Anemones were kept in 24-well plates, 1 polyp per well, and gnotobiotic anemones were inoculated by adding 1 ml of the respective microbiome inoculum to the well (final volume of 1 ml, 5 × 105 bacterial cells/ml) and subsequent incubation for 3 days. After that, anemones were washed twice with ASW and kept in ASW for 4 additional days before being collected (7 days after microbiome transplantation).



RNA Isolation, cDNA Synthesis, and 16S rRNA Amplicon Sequencing

RNA-based 16S rRNA amplicon sequencing was conducted on five biological replicates from each experimental condition and symbiotic state of the microbiome transplant experiment (see above), in addition to no template DNA extraction and no template PCR negative controls. For RNA isolation, the Qiagen AllPrep DNA/RNA kit (Qiagen, Germany) was used. Briefly, 600 μl of RLT Plus buffer were added to 150 μl of fresh lysate (or artificial seawater for the negative control) followed by snap freezing of the tubes in liquid nitrogen and storage at −80°C until extraction, following the manufacturer’s instructions. RNA quantity and integrity were determined using Qubit (Thermo Fisher Scientific, United States) and BioAnalyzer (Agilent Technologies, United States), respectively. Total RNA was DNase-treated prior to reverse-transcription using the SuperScript First-Strand Synthesis System (Invitrogen, United States), according to the manufacturer’s instructions. For amplification of 16S rRNA amplicons from cDNA, the primers 784F and 1061R (Andersson et al., 2008; Bayer et al., 2013) with MiSeq 16S adapter sequences were used (forward: 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGGA TTAGATACCCTGGTA-3′; reverse: 5′-GTCTCGTGGGCTCGG A GA TGT GTA TA AG A G A C A G CR R C A C GA G CTGACGAC -3′; Illumina overhang adaptor sequences are underlined). PCR reactions were performed in triplicate using the Qiagen Multiplex PCR kit (Qiagen, Germany) with 2 μl of cDNA and a primer concentration of 0.5 μM in a reaction volume of 20 μL. PCRs were performed as follows: 1 cycle at 95°C for 15 min, 27 cycles each at 95°C for 30 s, 55°C for 90 s, and 72°C for 30 s, followed by a final extension step at 72°C for 10 min. Triplicate PCRs for each sample were pooled and cleaned with Illustra ExoProStar (GE Healthcare, United States). Samples were subsequently indexed (eight PCR cycles) using Nextera XT barcode sequencing adapters (Illumina, United States). Indexed PCR products were normalized using Invitrogen SequalPrep normalization plates (Thermo Fisher Scientific, United States) and pooled in equimolar ratios. Pooled samples were checked for the presence of primer dimers on a BioAnalyzer (Agilent Technologies, United States) before sequencing. The library was sequenced at the KAUST Bioscience Core Lab using 2 × 300 bp at 6 pM with 20% phiX on the Illumina MiSeq (version 3 chemistry) according to the manufacturer’s specifications.



16S rRNA Amplicon Analysis

Sequence reads were demultiplexed and adapters and barcodes were removed. Resulting sequences were then processed using mothur v.1.39.5 (Schloss et al., 2009). Briefly, paired-end sequences were assembled using the “make.contigs” command, subsequently trimmed to exclude sequences <200 bp, and rare sequences (appearing once across the entire sequencing dataset) were removed. The remaining sequences were then aligned to the SILVA database (version 132) using “align.seqs,” then pre-clustered allowing a 2 nt difference, and finally chimeric sequences were removed using VSEARCH (Rognes et al., 2016). Taxonomical classification was done using the Greengenes (release gg_13_5_99, May 2013) and SILVA (release 138, December 2016) databases. Eukaryotic, archaeal, mitochondrial, and chloroplast sequences were removed prior to OTU clustering using a 97% similarity cutoff. Putative contaminants were determined based on their abundance in negative controls and removed from all samples. An OTU was considered a contaminant if: [Σ relative abundance OTUi in negative controls]/[Σ relative abundance OTUi in all samples] > 0.1. Beta diversity was examined via principal coordinate analysis (PCoA) of Bray-Curtis dissimilarity distances of log10(x + 1) OTU abundances (Supplementary Data 1) using the phyloseq package (McMurdie and Holmes, 2013). A permutational multivariate analysis of variance (PERMANOVA) was carried out using the “adonis” function on dissimilarity Bray-Curtis distances of relative OTU abundances to test for differences between conditions and across symbiotic states. Pairwise PERMANOVA tests were conducted using an R wrapper function for multilevel pairwise comparisons (Martinez Arbizu, 2019). To determine overlap of bacterial taxa across microbiome transplants, we determined OTUs that were present across all samples for a given experimental treatment (i.e., APO, APO+APOinoc, ACR+ACRinoc, APO+PORinoc, SYM, SYM+SYMinoc, SYM+ACRinoc, and SYM+PORinoc) and overlapping taxa were represented using the package VennDiagram (Chen and Boutros, 2011).



RESULTS


Distinct Ectoderm Surface Topographies Across Cnidarians

We compared surface topographies using scanning electron microscopy (SEM) of three model system cnidarians (Hydra, Nematostella, and Aiptasia) and three coral species (Stylophora pistillata, Acropora humilis, Porites sp.) as a first proxy to determine microbial association (Figure 1). The ectodermal epithelium of the hydrozoan Hydra was composed of a smooth surface with few cilia (i.e., 5–10 μm long hair-like plasma membrane projections, made of microtubules in a 9 + 2 ultrastructure arrangement) (Figure 1A). By comparison, Hydra tentacles showed increased ciliation (and a higher density of villi), coinciding with increased mucus and detritus retention, but also exhibited smooth(er) tissue patches scattered across the tentacles, where some bacteria were found to be attached (Figure 1B). The ectodermal epithelium surfaces of column and tentacle of N. vectensis and Aiptasia were highly similar (Figures 1C–F). We observed extensive villi (i.e., smaller, numerous plasma membrane projections, lacking microtubules) coverage in the body column of both polyps, with villi protruding from ectodermal cells ranging between 1 and 2 μm in length (Figures 1C,E) and bigger cilia ranging from 4 to 6 μm in the tentacle region (Figures 1D,F). In contrast to Hydra, we did not detect any bacteria on the column surface or tentacle regions. This suggests two things: (1) bacteria are rather rare on the surface ectoderm and may be largely constrained to the surface mucus layer in anthozoans, and (2) bacteria may be more abundant on the surface ectoderm in the hydrozoan Hydra than in anthozoans. This is corroborated by a complementary TEM analysis of the Aiptasia ectoderm, showing bacteria above the ciliary/villi band, inside the electron dense mucus layer (Figure 2 and Supplementary Figure 1). The preserved surface mucus layer was estimated around 5–15 μm, extending beyond the villi. Of further note, the surface ectoderms of apo- and symbiotic Aiptasia were indiscriminate (Supplementary Figure 2).
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FIGURE 1. Ultrastructural comparison of the surface topography of Hydra and Anthozoans. Representative scanning electron microscopy (SEM) images of three model cnidarians (A–F) and three reef building corals (G–L) show differences between the hydrozoan Hydra and anthozoans, but an overall similar topography across anthozoans. (A,B) Hydra column and tentacle surface topography. (C,D) Nematostella column and tentacle surface topography. (E,F) Aposymbiotic Aiptasia column and tentacle surface topography. (G,H) Stylophora pistillata coenenchyme and tentacle. (I,J) Acropora humilis coenenchyme and tentacle. Noticeable are the discharged cnidocysts in the tentacle. (K,L) Porites sp. coenenchyme and fouled surface topography. Note the presence of microeukaryotes trapped in the fouled region, to which bacteria seem attached. Dashed line boxes denote regions where bacteria can be seen (black asterisks). Black arrows denote mechanoreceptor bundles. Scale bars: (A–K): 10 μm; (L): 100 μm; boxes in (B,F,L): 5 μm.
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FIGURE 2. Cross section of the surface ectoderm of Aiptasia. Representative transmission electron microscopy (TEM) micrograph of Aiptasia shows the villi coverage on the epidermis and the interspace between villi and the surface mucus layer (SML), where a bacterium can be identified. b, bacterium; c, cilia; cn, cnidocyte; ec, ectoderm; is, Ectoderm-mucus interspace; mt, mitochondria; n, nucleus; sml, surface mucus layer; v, villus. Scale bar- 1 μm.


We also analyzed the ectodermal epithelium topography of the tentacles and coenenchyme (i.e., coral tissue between the polyps) of the three scleractinian corals Stylophora pistillata, Acropora humilis, and Porites sp. (Figures 1G–I). We observed extensive villi coverage with longer cilia ranging from 4 to 6 μm extending from the epidermis in all corals. Surface topographies were similar to N. vectensis and Aiptasia, but distinct from Hydra. In the case of Porites sp., a thick mucus sheet was visible on top of the coenenchyme, intercalated with fouled areas (Supplementary Figure 3). Further, the surface mucus layer of Porites sp. seemed distinct from S. pistillata and A. humilis, creating a more compact mucus sheet that persisted chemical fixation and several washing steps. Such sheet-like mucus appearances are described for Porites compressa, as well as the observation of the presence of fouled regions (Johnston and Rohwer, 2007). Contrary to the coral surface ectoderm that seemed devoid of bacteria, many bacteria were found attached to the smooth epithelial surfaces of other eukaryotes that aggregated in fouled regions of Porites sp. (Figure 1L), corroborating the notion that the ciliated surface of anthozoans plays a role in preventing bacterial adhesion.



Distinct Bacterial Carrying Capacity of Apo- and Symbiotic Aiptasia

To determine the putative carrying capacity of Aiptasia anemones, we obtained CFU counts from apo- and symbiotic control anemones that were subsequently compared to the different experimental conditions, i.e., antibiotic treated and microbiome inoculated animals (Figure 3 and Supplementary Tables 2, 3). The average carrying capacity of aposymbiotic Aiptasia anemones was determined as 4.25 × 104 CFUs/polyp (control animals). When normalized to protein biomass, we obtained 1.59 × 105 CFUs/mg host protein. The carrying capacity of symbiotic anemones was estimated at 2.02 × 105 CFUs/polyp and 1.10 × 106 CFUs/mg host protein, respectively (control animals). Thus, the number of CFUs was higher in symbiotic polyps by about an order of magnitude compared to aposymbiotic polyps (unpaired t-test, P = 0.025, Supplementary Table 4). We did not obtain CFUs from antibiotic-treated anemones, confirming successful bacterial depletion (Figure 3B). Interestingly, in some cases (re-)infection of gnotobiotic Aiptasia with microbiome inocula of either aposymbiotic Aiptasia or corals increased the carrying capacity of aposymbiotic animals. For instance, aposymbiotic anemones exposed to Porites sp. inoculum exhibited a significant increase in CFU counts to an average of 1.85 × 105 CFUs/polyp (Dunnett’s test P < 0.05, Figure 3B and Supplementary Tables 2, 4). Conversely, inoculation of symbiotic anemones (SYM+ACRinoc and SYM+PORinoc) did not result in a significant increase in CFU counts (Dunnett’s test P > 0.3, Figure 3B and Supplementary Tables 2, 4). Overall, the carrying capacity of Aiptasia polyps with ∼5 mm of oral disk was between 104 and 105 CFUs for apo- and symbiotic anemones, respectively. After microbiome inoculation the carrying capacity was at about 105 CFUs/polyp, irrespective of the symbiotic condition.


[image: image]

FIGURE 3. Gnotobiotic Aiptasia, microbiome transplants, and carrying capacity of Aiptasia sea anemones. (A) Overview of the microbiome transplant experiment. Anemones underwent antibiotic treatment for 7 days, followed by a 1-day recovery. Animals were then inoculated with preparations of Acropora humilis, Porites sp., and Aiptasia microbiomes for 3 days, after which inocula were removed (water exchange) and animals were incubated for 4 additional days (total of 7 days). Dotted vertical lines denote a change in the external environment. (B) Carrying capacity of Aiptasia sea anemones. CFU counts were determined across all experimental conditions and for apo- (left) and symbiotic (right) anemones separately. Depicted is the mean and standard error for the respective experimental condition (*P ≤ 0.05; ****P < 0.0001). APO/SYM, apo- and symbiotic control anemones; APO_AB/SYM_AB, 7-day antibiotic-treated anemones with a subsequent 1-day recovery; APO+APOinoc, APO microbiome transplantation after antibiotic treatment; SYM+SYMinoc, SYM microbiome transplantation after antibiotic treatment; APO/SYM+ACRinoc, Acropora humilis microbiome transplantation after antibiotic treatment (7 days after inoculation); APO/SYM+PORinoc, Porites sp. microbiome transplantation after antibiotic treatment (7 days after inoculation).




Bacterial Community Composition of Native and Inoculated Aiptasia

We employed RNA-based 16S amplicon sequencing to assess active bacterial community composition and dynamics (in contrast to the resident community based on DNA-based 16S sequencing) associated with Aiptasia under the various experimental treatments (Figure 4). Bacterial community composition differed significantly between treatments (PERMANOVA, P = 0.001) (Supplementary Table 5). As previously reported based on DNA-based 16S marker gene sequencing (Röthig et al., 2016a), bacterial communities of apo- and symbiotic Aiptasia anemones were different (PERMANOVA, P = 0.015, Figure 4B). For this reason, we clustered apo- and symbiotic samples separate to resolve differences within apo- and symbiotic groups as a result of the treatments (Figure 4A). For both groups, antibiotic-treated anemones (APO_AB and SYM_AB) were clearly separated from control anemones (APO and SYM) and both were different from gnotobiotic anemones re-inoculated with microbial communities (with the exception of SYM+SYMinoc that closely clustered with SYM anemones) (Figure 4A).
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FIGURE 4. Bacterial community composition and dynamics of Aiptasia polyps 7 days after microbiome transplantation. (A) Principal Coordinate Analysis (PCoA) based on Bray-Curtis distances of OTU log10(x + 1)-transformed abundances. (B) 16S rRNA amplicon-based active bacterial community composition at the OTU level. Depicted are the 20 most abundant (i.e., active) OTUs across all samples (refer to Figure 3A for an overview over time points sampled). Remaining OTUs are grouped as “Others.” APO/SYM, apo- and symbiotic control anemones; APO_AB/SYM_AB, 7-day antibiotic-treated anemones with a subsequent 1-day recovery; APO+APOinoc, APO microbiome inoculation after antibiotic treatment; SYM+SYMinoc, SYM microbiome inoculation after antibiotic treatment; APO/SYM+ACRinoc, Acropora humilis microbiome inoculation after antibiotic treatment (7 days after inoculation); APO/SYM+PORinoc, Porites sp. microbiome inoculation after antibiotic treatment (7 days after inoculation).


The bacterial assemblage of antibiotic-treated anemones (APO_AB and SYM_AB) was markedly different from the microbiomes of other anemones in that it was considerably less complex. This was highlighted by the notion that >90% of the active community in apo- and symbiotic anemones was comprised of the same three bacterial taxa (OTU0002, OTU0003, and OTU0006) affiliated to the order Rhizobiales and the genera Marinobacter and Alcanivorax (Figure 4B). Conversely, 75% of the active community of aposymbiotic control anemones was comprised of only six bacterial taxa (OTUs 0005, 0012, 0013, 0014, 0015, 0018, Figure 4B), which were largely absent in the antibiotic treated Aiptasia. Notably, >70% of the bacterial communities of all inoculated aposymbiotic anemones were dominated by the same taxa regardless of the inoculum. The dominant bacterial taxa were representatives of the order Alteromonadales (OTU0001, OTU0004, OTU0007, OTU0008), which were barely detected in aposymbiotic control anemones. For the symbiotic anemones, the active bacterial community of control polyps was dominated by a few bacterial taxa of the order Alteromonadales and the genera Glaciecola and Thalassomonas (Figure 4B). Similarly, microbiome transplanted symbiotic Aiptasia resembled each other and were dominated by bacteria of the order Alteromonadales (OTU0001, OTU0004, OTU0007, OTU0008, OTU0009), just as the microbiome transplanted aposymbiotic Aiptasia. Thus, despite the differences in microbial community composition of apo- and symbiotic control anemones, microbiome transplanted gnotobiotic apo- and symbiotic anemones look much more alike with regard to their microbiome.

To get better insight into the bacterial taxa that were present in Aiptasia after microbiome transplantation, we compared the active bacterial community of control conditions (APO/SYM) and treatment conditions (Figure 5 and Supplementary Table 6). This comparison shows that all inoculated anemones (+APOinoc, +SYMinoc, +ACRinoc, and +PORinoc) harbored bacterial taxa that were already present (active) in control anemones as well as “novel” (i.e., previously undetected) bacteria. This may point to potential carryover from gnotobiotic anemones (not all bacteria were depleted). In the case of coral microbiome inoculations, we observed association with novel bacteria from the coral microbiomes (as determined by the comparison to APO and SYM anemones, Figure 5 and Supplementary Table 6). In particular, two bacteria taxa, of the genus Thalassomonas (OTU0016) and an unclassified Alteromonadales (OTU0021), are worthwhile mentioning because they were both found to be abundant (i.e., active) in coral microbiome transplanted Aiptasia (i.e., APO+ACRinoc, APO+PORinoc, SYM+ACRinoc, and SYM+PORinoc), but absent from Aiptasia transplanted with their own microbiomes (i.e., APO+APOinoc and SYM+SYMinoc) (Supplementary Table 6). Both OTUs are putative coral microbiome bacteria that were able to colonize apo- and symbiotic Aiptasia. On the contrary, a putative coral microbiome taxon from the genus Glaciecola (OTU0195) was only found associated with symbiotic anemones. Further, we found two Gammaproteobacteria (OTU0067 and OTU0099) to be specifically prevalent in anemones inoculated with Porites sp. microbiome preparations.
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FIGURE 5. Bacterial taxa of control and microbiome transplanted Aiptasia. Venn diagrams representing the number of active OTUs ubiquitously present in all control anemones (APO/SYM), shared between APO/SYM anemones and transplanted anemones (APO+APOinoc, APO+ACRinoc, APO+PORinoc and SYM+SYMinoc, SYM+ACRinoc, SYM+PORinoc), and ubiquitously present in transplanted anemones 7 days after the microbiome transplantation. In the absence of sequenced inocula we chose to assess bacterial taxa that were consistently present in coral inoculated Aiptasia, but not present in control Aiptasia, as an indication for bacteria of coral origin. APO/SYM, apo- and symbiotic control anemones; APO_AB/SYM_AB, 7-day antibiotic-treated anemones with a subsequent 1-day recovery; APO+APOinoc, APO microbiome transplantation after antibiotic treatment; SYM+SYMinoc, SYM microbiome transplantation after antibiotic treatment; APO/SYM+ACRinoc, Acropora humilis microbiome transplantation after antibiotic treatment (7 days after inoculation); APO/SYM+PORinoc, Porites sp. microbiome transplantation after antibiotic treatment (7 days after inoculation).




DISCUSSION

It is becoming increasingly clear that the specific composition and abundance of certain bacterial species affect host health and fitness (McFall-Ngai et al., 2013). At the same time, recent studies highlight that bacterial associations are not stable over time, but rather, assemble flexibly following fluctuations in the prevailing environment(s) (Roder et al., 2015; Ziegler et al., 2017; Ziegler et al., 2019; Voolstra and Ziegler, 2020). On the one hand, such observations support the notion that microbiome community changes can support host ecological adaption to environmental change (Reshef et al., 2006; Voolstra and Ziegler, 2020). On the other hand, the premise of flexibility gives rise to the idea of probiotics, i.e., inoculation with beneficial bacteria to support metaorganism stress resilience (Peixoto et al., 2017, 2019, 2021). The latter is gaining attention with regards to reef-building corals given the alarming loss of coral reef cover over recent decades (Hughes et al., 2017a, 2020). However, besides the acknowledged importance of coral-associated bacteria (Bang et al., 2018; van Oppen and Blackall, 2019) and the promise of coral probiotics to work in principle (Rosado et al., 2019), we are still missing answers to many of the basic questions surrounding cnidarian microbiome building principles and the underlying mechanistic aspects. Aiptasia is an emerging model system to study cnidarian symbioses, and here we set out to build a foundation for bacterial functional studies using the Aiptasia model by characterizing surface topography, carrying capacity, and assessing the prospect of microbiome transplants.

Our results show pronounced differences in the ultrastructure of the surface ectoderm between Hydra and anthozoans with implications for microbial association. SEM analyses of Hydra, N. vectensis, Aiptasia, and three scleractinian coral species suggest that bacterial epibionts in anthozoans are (more) restricted to the surface mucus layer (SML) in comparison to hydrozoans. Notably, Hydra anemones feature a smooth surface ectoderm where the epithelial glycocalyx (i.e., the pericellular matrix made of glycoproteins and glycolipids that cover the plasma membrane of the epithelium) promotes bacterial attachment and lacks extensive ectodermal ciliation that may prevent bacterial adhesion (Kesimer et al., 2013; Fraune et al., 2014; Wein et al., 2018). Other hydrozoans such as Ectopleura crocea and Cladonema sp. have shown colonizing epibionts attached to the glycocalyx, which ranged from 200 nm to 1 μm in thickness from the hydroid ectoderm to the epibiont, and their surface topography was also shown to be smoother, resembling that of Hydra (di Camillo et al., 2012; Abouna et al., 2015). Although Hydra can be considered a derived hydrozoan due to its life history (e.g., lack of a medusoid stage and freshwater habitat), imaging results from the current and other studies (e.g., di Camillo et al., 2012; Abouna et al., 2015) support the general notion that hydrozoans and anthozoans differ in their surface topographies, with anthozoans featuring a ciliated, rough surface, and a more defined ectoderm-SML separation in contrast to hydrozoans that seem to exhibit a smooth(er) less ciliated surface. It has been shown that the SML of corals is highly dynamic, with SML being cyclically shed (Bythell and Wild, 2011). This is thought to prevent pathogen colonization from the surrounding environment (Shnit-Orland and Kushmaro, 2009; Glasl et al., 2016), but might also explain the flexible microbial association of corals commonly found across different environments (Roder et al., 2015; Röthig et al., 2016b, 2017; Ziegler et al., 2017; Voolstra and Ziegler, 2020) and may contribute to the efficacy of coral probiotics (Peixoto et al., 2017, 2021). At a more basal level, the difference in surface topography between hydrozoans and anthozoans argues for the need of having distinct cnidarian models to reflect the implied microbial association differences. For the two anthozoan models, N. vectensis and Aiptasia, there was little difference in terms of ectodermal topography and bacterial colonization between the two organisms, both at the column and tentacle level. However, microalgal symbionts in the family Symbiodiniaceae (LaJeunesse et al., 2018) were shown to putatively contribute to the composition of coral mucus through their exudates (Brown and Bythell, 2005; Nelson et al., 2013), which affect bacterial association (Matthews et al., 2020), and Symbiodiniaceae were also shown to harbor themselves specific bacteria (Maire et al., 2021). As such, Aiptasia is a model system not only for the study of coral-algal symbiosis, but also for the study of bacterial associations and for testing the capacity for microbiome manipulation as further discussed below.

We were surprised by the lack of observed bacterial colonization at the surface ectoderm of Aiptasia (anthozoans more generally) using SEM, which was readily apparent in Hydra using the same technique. As alluded to above, this might be a consequence of surface topography differences, which ultimately affect bacterial colonization, but also differences in how the preparation affects sample integrity. In the case of Hydra, the accessible glycocalyx was preserved during SEM preparation, whereas the mucus of the anthozoans species was lost by employing a classical SEM sample protocol. Indeed, a modified TEM protocol developed to preserve the mucus layer also confirmed the presence of bacteria in the surface mucus layer of Aiptasia polyps, but not in the ectodermal layer or glycocalyx (Supplementary Figure 1). This highlights the need for continuous development and improvements of protocols to visualize bacterial association (Wada et al., 2016). For instance, TEM analyses may be combined with CARD-FISH staining for improved specificity and visualization of Aiptasia- and coral-associated bacteria besides the exploration of other methods (Kesimer et al., 2013).

Complementary to the visual assessment of bacterial abundance, we determined a bacterial carrying capacity of ∼ 104 to 105 bacterial cells per Aiptasia polyp, pending on the symbiotic state. This number is similar to the bacterial density reported for Hydra (Wein et al., 2018) and may roughly equate to the ∼106 bacterial cells/cm2 coral tissue previously reported (Koren and Rosenberg, 2006; Garren and Azam, 2012). It is interesting to note that our bacterial capacity was an order of magnitude higher for symbiotic (105 bacterial cells/polyp) in comparison to aposymbiotic (104 bacterial cells/polyp) anemones. This difference may arise from the additional niche space provided by the symbiosome, which was previously shown to harbor bacteria (Ainsworth et al., 2015), and through association with Symbiodiniaceae, which harbor their own microbial community (Deines et al., 2020; Maire et al., 2021). Visualization and enumeration of cnidarian-associated bacteria is still relatively rare (Neave et al., 2017; Cooke et al., 2019), in part because of the difficulties associated with fluorescent staining techniques in corals (Wada et al., 2016). As such, we relied on CFU counts, which avoid many of these difficulties but at the cost of media selectivity, as highlighted by the discrepancy between absence of CFUs in marine media and amplicon sequencing-based detection of some bacterial taxa. Literature perusal suggests that the most prevalent bacterial taxa detected in gnotobiotic anemones using sequencing (OTU0002, OTU0003, and OTU0006) cannot grow on our employed media and therefore escape CFU counting (Brooijmans et al., 2009; Yetti et al., 2015; Wang et al., 2016). Nevertheless, the antibiotic-treated anemones were highly bacteria depleted as more than 95% of the sequencing reads represented only three OTUs, which correspond to less than 5% of the active taxa detected in control anemones. As such, we consider animals treated with our gnotobiotic protocol (Costa et al., 2019) highly bacteria depleted. Besides the availability of axenic or gnotobiotic animals, it is desirable to have bacterial isolates with fluorescent reporter plasmids for more accurate estimation, which also allows for tracking location and abundance of said bacteria, as shown in Hydra (Wein et al., 2018). On this note, viability-qPCR (Emerson et al., 2017) may comprise a molecular method for enumeration of the density of active bacteria, although we found that it requires significant optimization due to taxon-specific differences with regard to dye permeability. As alluded to above and recently (Röthig et al., 2016a), 75% of the relative microbial abundance is comprised of only a handful of bacterial taxa, making Aiptasia a “non-complex” coral model for microbiome studies with the promise to obtain bacterial isolates for functional testing and manipulation (Röthig et al., 2016a).

Our RNA-based sequencing analysis revealed that the community of active bacteria was less diverse in comparison to the DNA-based microbial community (Röthig et al., 2016a): we identified an average of 38 and 64 active bacterial taxa associated with apo- and symbiotic anemones, while DNA-based analysis of the standing community retrieved 109 and 118 distinct bacteria, respectively. This may seem like a stark difference; however, it is not straight-forward to compare RNA- and DNA-based bacterial communities. Since abundance estimates are relative, “absence” in the RNA-based community analysis merely indicates that we could identify less bacteria (at the current sequencing depth) and that there is a putative difference between the bacterial community that is “present” (DNA) and the one that is “active” (RNA). Nevertheless, we compared the overlap in OTU-assigned taxonomies at the genus level for CC7 from Röthig et al. (2016a) and this study, which showed that 65% (APO) and 84% (SYM) of the identified bacterial genera in the RNA-based analysis were also found in the DNA-based analysis. Notably, such comparisons have inherent biases due to taxonomic redundancies and differences in the taxonomic classification between different OTU datasets.

To begin to explore the prospect of Aiptasia microbiome manipulation as a tool to interrogate bacterial function and test the effect of probiotics on holobiont biology, we conducted a series of inoculations/transplants on gnotobiotic Aiptasia with microbiomes from control anemones and from two coral species. Acropora humilis was chosen because its microbiome is highly uneven and dominated by bacteria of the genus Endozoicomonas, which could be used for tracking of the microbial transplant, since Aiptasia CC7 seems devoid of Endozoicomonas (Röthig et al., 2016a). However, we did not detect Endozoicomonas in the microbiome of inoculated anemones (i.e., SYM+ACRinoc, APO+ACRinoc). This suggests that Endozoicomonas exhibit high (coral) host specificity, despite their broad and prevalent distribution across marine invertebrates (Neave et al., 2016, 2017; Rossbach et al., 2019). Moreover, Endozoicomonas reside within coral tissues (Neave et al., 2016, 2017), which may explain their absence after microbiome transplantation, because mucus-associated bacteria may be easier to transfer than tissue-associated bacteria. Such differences putatively provide important insight regarding the choice of bacteria targeted for microbiome transplants. In contrast to A. humilis, Porites sp. was chosen as a donor because it is considered an environmentally resilient species with a more even and diverse microbiome (Hadaidi et al., 2017; Robbins et al., 2019). As such, successful microbiome transplantation would allow for subsequent testing of altered stress susceptibility. First off, our results show that all transplanted animals harbor a significantly different active bacterial community when compared to control anemones with the general notion that inoculated Aiptasia resemble each other more than control animals (Figure 4 and Supplementary Table 5). This is not highly surprising given that formation of an established microbial community may take time and likely goes through processes of inter-bacterial communication, host-bacterial communication, and winnowing, all of which presumably affect microbiome composition (Franzenburg et al., 2013a; Bernasconi et al., 2019; Shibl et al., 2020). As such, microbial consortia associated with Aiptasia after microbiome transplantation might represent a mix of specific bacteria administered with the inocula and opportunistic, environmentally present bacteria (e.g., resistant bacteria that survived the antibiotic treatment and were attached to the wells of the rearing plate), in particular copiotrophs. Copiotrophs are known to rapidly (re)populate carbon-rich environments such as the surface mucus layer (Nelson et al., 2013; McDevitt-Irwin et al., 2017; Cárdenas et al., 2018; Hadaidi et al., 2019) and as such may “drive” initial microbial repopulation dynamics. This makes the long(er)-term tracking of microbiome assemblage dynamics after transplantation important. It also suggests that antibiotic treated Aiptasia without any subsequent inoculation should be included in future experimental designs as controls for determining load and type of “residual” bacteria. In addition, future experiments should also include microbiome transplantations of untreated Aiptasia, resembling current coral probiotics procedures (Peixoto et al., 2021). This would provide further insight regarding repopulation dynamics and constraints.

Many of the taxa found in control Aiptasia established themselves again after microbiome inoculation, such as bacteria in the genus Thalassomonas (OTU0005, OTU0012), Glaciecola (OU0014), Thalassobius (OTU0018), or Alteromonas (OTU0007) (Supplementary Table 6). Microbiome transplantations with inocula from A. humilis and Porites sp. were successful to the extent that (at least) some foreign bacterial taxa (some of which were specific to the coral species from which the inoculum was obtained) were present (active) in Aiptasia polyps, as evidenced by their detection 7 days after microbiome transplantation. Notably, unavailability of sequenced inocula and coral native microbiomes within the current study limited the extent to which we could identify bacterial taxa with broad host compatibility, suitable for cross-species microbiome manipulation. Due to this, we considered bacterial taxa that were consistently present in coral-inoculated but not present in control Aiptasia as of putative coral origin. Besides treatment-specific differences, we commonly found bacterial taxa belonging to the Alteromonadaceae, Rhodobacteraceae, and Gammaproteobacteria to be transferred. This is encouraging given that bacteria from these taxonomic affiliations are commonly found in coral microbiomes (Roder et al., 2014; Neave et al., 2017; Ziegler et al., 2017, 2019).

At large, our results suggest that cross-species microbiome manipulation via transplantation is possible (to a certain extent). That is to say, Aiptasia is a suitable system to test the function of (at least some) coral bacteria and their effect on holobiont biology. The obvious next step is to test for altered holobiont phenotypes, e.g., increased or decreased stress resilience, using a standardized framework (Voolstra et al., 2020) after microbial transplantation with subsequent elucidation of the underlying mechanism(s). In addition, to achieve consistent and stable changes of microbial host consortia, an improved understanding of inocula persistence, dispersion, location, bacterial load, and any putative long-term effects is wanted. Aiptasia seems like the model system of choice, given its taxonomic relatedness and physiological similarities with regard to Symbiodiniaceae association, microbiome composition, and surface and tissue complexity.



CONCLUSION

Bacteria affect the health and fitness of their hosts. Given the worldwide decline of corals and the reefs they build, a better understanding of the function of bacteria and their potential manipulation is important. To achieve this, the development of coral model systems is imperative. Here we set the foundation for Aiptasia as a model for the study of coral-bacterial interactions. We show that the surface ectoderm topography is highly similar between Aiptasia and corals, in line with overall similarities in the microbiome composition established previously. Building on these prospects, we have developed a protocol for the generation of gnotobiotic Aiptasia and determined the bacterial carrying capacity to perform microbiome manipulation experiments. Our results support the principal suitability of Aiptasia to microbiome manipulation and its putative ability to incorporate foreign bacterial species. Although more work is needed, our study is a first step and provides an avenue to study the function of self and foreign bacteria as well as to explore the mechanisms underlying microbial acquisition, association, and host specificity. Future work should incorporate standardized testing to elucidate the effect of altered microbiomes on holobiont phenotypes as well as the generation of fluorescently labeled bacterial isolates, which will allow for spatial/temporal tracking and enumeration of bacterial associates. The work presented here provides a foundation and we will continue to develop Aiptasia as a coral model for bacterial functional studies.
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There is growing evidence that symbiotic microbes can influence multiple nutrition-related behaviors of their hosts, including locomotion, feeding, and foraging. However, how the microbiome affects nutrition-related behavior is largely unknown. Here, we demonstrate clear sexual dimorphism in how the microbiome affects foraging behavior of a frugivorous fruit fly, Drosophila suzukii. Female flies deprived of their microbiome (axenic) were consistently less active in foraging on fruits than their conventional counterparts, even though they were more susceptible to starvation and starvation-induced locomotion was notably more elevated in axenic than conventional females. Such behavioral change was not observed in male flies. The lag of axenic female flies but not male flies to forage on fruits is associated with lower oviposition by axenic flies, and mirrored by reduced food seeking observed in virgin females when compared to mated, gravid females. In contrast to foraging intensity being highly dependent on the microbiome, conventional and axenic flies of both sexes showed relatively consistent and similar fruit preferences in foraging and oviposition, with raspberries being preferred among the fruits tested. Collectively, this work highlights a clear sex-specific effect of the microbiome on foraging and locomotion behaviors in flies, an important first step toward identifying specific mechanisms that may drive the modulation of insect behavior by interactions between the host, the microbiome, and food.
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INTRODUCTION

Food seeking and selection are crucial for the survival, growth, and reproduction of animals. The motivation to seek food and foraging preferences toward particular food sources involve complex integration of intrinsic (e.g., host physiological status and chemosensory perception) and extrinsic (e.g., food nutrient content and chemistry) signals. In most animals, both males and females can adjust their foraging behavior to achieve their nutritional goals and to avoid harmful components, often through the same behavioral and neurophysiological adaptations. Examples include increasing locomotion when starved to promote food searching and acquisition (Zhao et al., 2011; Yu et al., 2016), and the ability to sense or differentiate potential food sources based on volatile cues released by the food as well as cues released by associated microbes (Becher et al., 2012; Stensmyr et al., 2012; Martini et al., 2014; Karageorgi et al., 2017; Goldberg et al., 2019; Kim et al., 2019). However, males and females are distinct in their foraging motivation and reproductive investments. For example, in many oviparous insects, females make foraging decisions to fulfill both their own nutritional needs (feeding) as well as those of their offspring (oviposition). Females also allocate a large amount of energy and resources to oogenesis, requiring significant nutrient intake from the diet (Simmons and Bradley, 1997; Terashima et al., 2005; Schultzhaus and Carney, 2017). These male and female specific differences in nutritional needs are likely to drive sex-specific patterns of foraging and diet selection behaviors (Lihoreau et al., 2016; Ehl et al., 2018; Roswell et al., 2019).

Symbiosis with microbes is an important intrinsic component of animal nutrition and physiology. Contributions of the gut microbiome to a host can vary from the digestion of dietary substrates to provisioning of essential micronutrients (Larsbrink et al., 2014; Wong et al., 2014; Kovatcheva-Datchary et al., 2015; Hu et al., 2018) among other functions, which can ultimately affect host feeding and diet selection behavior (Alcock et al., 2014; Akami et al., 2019). Specifically, in the model fly Drosophila melanogaster, symbiotic gut bacteria can influence host foraging by priming host olfactory-guided preferences toward specific bacteria on food (Wong et al., 2017; Qiao et al., 2019), and feeding by regulating host appetite toward specific food macronutrients (Leitão-Gonçalves et al., 2017; Wong et al., 2017). Other behaviors directly linked to foraging, especially locomotor activity, have also been shown to be modulated by the gut microbiome (Schretter et al., 2018). This emerging evidence supports the notion that symbiotic microbes are an integral part of the behavioral aspects of food-seeking and acquisition. However, how the microbiome interacts with host sex-specific differences in physiology and metabolic needs for reproduction to bring about changes in behavior is unclear. Additionally, the majority of studies on foraging preference and food selection have been conducted using semi- or fully defined artificial diets. The influence of the gut microbiome on host foraging toward more natural food sources remains underexplored.

Drosophila suzukii (Matsumura), a close relative of D. melanogaster, is a significant agricultural pest with a broad host range that can infest a large variety of small, soft-skinned fruits (Hauser, 2011; Walsh et al., 2011; Asplen et al., 2015). These flies have evolved a serrated ovipositor, unique among related Drosophila, to lay eggs inside ripening fruits where larvae feed and develop (Hickner et al., 2016; Cloonan et al., 2018). Like D. melanogaster, the D. suzukii microbiome is dominated by a few bacterial genera, and the composition can vary significantly by geographical location and across diets (Chandler et al., 2014; Vacchini et al., 2017; Bing et al., 2018; Fountain et al., 2018; Jiménez-Padilla et al., 2020). Research using axenic D. suzukii generated in the laboratory has demonstrated the microbiome is essential for D. suzukii development on fruit (strawberry and blueberry)-based diets (Bing et al., 2018). Given the known fruit hosts and the importance of the gut microbiome in host nutrition and developmental success, D. suzukii can serve as a tractable model to study the relationship between the gut microbiome and foraging behavior.

In this study, we characterize the role of the gut microbiome in host foraging and locomotion using D. suzukii as a model. By quantifying the effects of the microbiome on flies’ overall food-seeking and host preference in both sexes (using five different fruits that are considered their natural food sources), we have made several significant discoveries. First, we reveal a strong sex difference in microbiome-mediated effects on fly foraging. Axenic females had lower food-seeking activity than conventional females, even though they were more susceptible to mortality by starvation, and starvation-induced locomotor hyperactivity was exacerbated in axenic females. Yet, we did not observe the same microbiome effects in male flies. Further, we demonstrate that female flies’ food seeking is strongly associated with egg production, by showing that axenic females laid significantly fewer eggs than conventional females, similar to virgins who also exhibited lower foraging activity than gravid females. Finally, we show that conventional and axenic flies of both sexes share similar fruit preferences; in females, their foraging and oviposition preferences toward the different fruits are tightly coupled. Altogether, our study provides novel evidence for sex-dependent effects of the microbiome on foraging and locomotion in D. suzukii. Sex-specific effects of the microbiome on behavior are likely prevalent across Drosophila species and other insects, given the evidence suggesting a significant role of microbial symbionts in insect oogenesis.



MATERIALS AND METHODS


Fly Husbandry

Wild D. suzukii were collected from blackberries grown in Hawthorne Florida (29 °35′17″ N 82° 5′ 2″ W) in August 2017. The population was subsequently raised on Formula 4-24® Instant Drosophila Medium (Carolina Biological Supply Company) supplemented with 2.5% brewer’s yeast (MP Biomedical) in the laboratory at 24°C, 64% RH, 16:8 L:D cycle. Fruit-based diets were prepared using raspberries (Driscoll’s Inc.), nectarines (PLU code: 4378, GEOFRUT Inc.), strawberries (Driscoll’s Inc.), grapes (PLU code: 4023, Ahold Inc.), and blueberries (Driscoll’s Inc.) purchased from grocery stores. Intact fruits and pitted nectarines were washed with deionized water and then macerated separately in a blender, followed by adding a solution of deionized water (13.7%), agar (0.6%), and Tegosept (0.15%), then dispensed in 50 ml bottles (VWR, United States).



Generation of Axenic Flies

Drosophila suzukii mated females were allowed to lay eggs on the Instant Drosophila Medium overnight. Eggs were then collected in a mesh basket (2.54 cm diameter, Genesee Scientific, United States) using paintbrushes. Eggs were soaked in 0.01M sterile phosphate-buffered saline (PBS) to avoid dehydration. Axenic flies were generated using an established procedure (Ridley et al., 2013). Briefly, mesh baskets containing the eggs were soaked in 0.6% hypochlorite for 2.5 min two times. After dechorionation, embryos were rinsed three times with sterile deionized water and then placed onto fruit-based diets or autoclaved Instant Drosophila Medium. These steps were performed in a biosafety level II cabinet (NuAire, United States) with aseptic techniques. Successful elimination of the fly microbiota was confirmed by plating homogenates of fly adults onto MRS medium (VWR, United States).



Collection of Virgin Flies

Drosophila suzukii flies emerged within 18 h were anesthetized on a Drosophila Flypad (Genesee Scientific, United States) using CO2 under a stereomicroscope and the virgin females were identified based on the presence of meconium on the ventral abdomen as well as their distinct ovipositors. Virgin females were then transferred onto autoclaved Instant Drosophila Medium for 7 days before conducting the foraging assay.



Foraging and Oviposition Assays

Drosophila suzukii adult foraging assays were performed in transparent plastic arenas (350 × 260 × 150 mm) containing food patches made of 5 g mashed fruits loaded into open lids (25 mm diameter and 10 mm depth) and arranged in a randomized, circular array (Supplementary Figure 1). Groups of ten 5–10-day-old female or male flies were food-deprived for 15 h (provided with water), chilled on ice in microfuge tubes, before being placed at the center of the arena with the tube cap opened. Each arena was used as a biological replicate. A total number of 72 arenas were set up in the entire experiment (Conventional females, N = 26; Axenic females, N = 14; Conventional males, N = 17; Axenic males, N = 22). The number of flies on each fruit was scored at each of three-time points 7, 12, and 24 h after introduction to the arena. The number of eggs on each fruit was counted under a stereomicroscope after the 24 h-foraging assay. All fruits were purchased from grocery stores on the same day or a day before the assay. Because the fruits may vary across different batches, all four treatments (age-matched conventional female, axenic female, conventional male, and axenic male) with at least four replicates were set up on the same day. Data were aggregated from assays performed over three separate days, and day was modeled as a random factor.



Locomotion Assays

Drosophila suzukii adult locomotion assays were performed in 9 cm diameter and 0.5 cm depth sterile Petri dishes that allowed free walking movement but restricted flight. Groups of eight 5–10-day-old conventional or axenic flies that had either been given open access to food or had been food-deprived for 15 h (provided with water) were placed into Petri dishes. Locomotion behaviors of flies were filmed in real-time using GigE cameras acA1300-60gc (Basler AG, Germany) for seven consecutive trials of 1 h duration from 12PM to 7PM on a laboratory bench under constant light condition and 23°C ambient temperature throughout the experiments. Each Petri dish contained eight flies that were tracked individually. Each fly in the assay was considered a replicate. For each experiment, four cameras were set up for four different groups of flies (female/male; conventional/axenic; and fed/starved), and each group was repeated once. Video footage was processed and analyzed in EthoVision XT 15 software (Noldus, Netherlands). Slightly modified from a previous study (Schretter et al., 2018), we set 0.3 mm/s and 0.1 mm/s as the threshold walking speeds for characterizing the start and stop of movement of the flies, respectively. The LOWESS (Locally Weighted Scatterplot Smoothing) method was applied to reduce the tracking noise and the small movements of the fly (“body wobble”).



Starvation Resistance Assay

Five–ten-day-old conventional or axenic flies were sorted into same-sex groups of 15–20 individuals on ice and placed onto vials provided with 10 ml 2% agar. The number of survivors was monitored twice daily until all flies were dead. Each group of flies was replicated three times in one experiment.



Statistical Analysis

All analyses were performed using the statistical computing environment R (version 3.5.1). Foraging assay data were analyzed by fitting either a generalized linear mixed model (GLMM) or a linear mixed model with random effects accounting for the experimental arenas and experiment days. The total numbers of foraging flies in each arena at each time point were modeled as a function of foraging time, microbiome status, sex, and their interactions using the “lmer” function. The numbers of flies counted on each fruit at each time point were modeled as a function of fruit types, foraging time, microbiome status, sex, and their interactions using the “glmer” function with Poisson distribution in R package lme4 (Bates et al., 2015). Analysis of variance for the model objects was conducted using Wald chi-square test implemented in R package car (Fox et al., 2020). Inferential statistics for all pairwise comparisons were based on 95% confidence interval of estimated marginal means (EMMs) with Kenward-Roger adjusted degrees of freedom followed by Bonferroni correction. The numbers of eggs (log-transformed) laid on each fruit were modeled as a function of fruit type and microbiome status, and their interactions. Mann-Whitney U tests were applied to compare the total number of eggs in each arena laid by the conventional fly population and the axenic fly population. For locomotion data, pairwise comparisons between conventional and axenic flies or between fed and starved flies were analyzed with two-sample t-tests after meeting the normality assumption with the Shapiro–Wilk test. Cox proportional hazards regression models and pairwise log-rank tests implemented in the R package “survival” and “survminer” were used to analyze fly mortality under starvation (Kassambara et al., 2020). All plots were generated using the R package ggplot2 (Wickham et al., 2020).



RESULTS


Food-Seeking Is Reduced in Axenic Female, but Not Male Drosophila suzukii

To examine the microbiome’s impact on D. suzukii foraging, we adopted an adult foraging assay as previously described (Wong et al., 2017). Groups of ten flies of only one sex were placed in arenas provided with five different open choices of fruits that are considered their natural hosts (Supplementary Figure 1). Both conventional (flies bearing a full microbiome) and axenic (microbiome-free) flies were tested. The total numbers of flies foraging across all five fruits increased from hour 7 to hour 24 after introduction to the arena for both axenic and conventional females, but not for either treatment in males (time:sex, P = 0.009, Wald, Table 1). Notably, the influence of the microbiome on flies’ food-seeking varied by sex (microbiome:sex, P = 0.02, Wald, Table 1). A greater number of female flies with an intact microbiome were observed foraging than axenic flies at all three time points of observation (7 h, P < 0.001; 12 h, P = 0.01; 24 h, P = 0.004, Bonferroni adjusted) (Figure 1), but the microbiome had a limited effect on male food seeking (7 h, P = 0.07; 12 h, P = 0.33; 24 h, P = 0.99, Bonferroni adjusted) (Figure 1). We discuss time spent foraging across different fruits in section “The microbiome has subtle effects on foraging and oviposition preferences toward different fruits” below.


TABLE 1. Summary of the GLMM/LMM Wald chi-square tests outputs.

[image: Table 1]

[image: image]

FIGURE 1. Foraging of adult Drosophila suzukii on fruit-based foods. Conventional females, N = 26; Axenic females, N = 14; Conventional males, N = 17; Axenic males, N = 22 (N indicates the number of arenas). The numbers of flies foraging on food (foraging flies) at 7, 12, and 24 h were scored. The data were analyzed by fitting a linear mixed effects model (LMM) with time, microbiome status, and sex as fixed effects (and their interactions tested), while arenas and days were accounted for as random effects. Error bars represent estimated marginal means (EMMs) with 95% confidence interval. The observed number of foraging flies in each arena was represented in dots. Statistical significance between conventional and axenic flies is indicated with *P < 0.05, **P < 0.01, ***P < 0.001. NS represents no statistical significance (P ≥ 0.05). P-values were adjusted by Bonferroni correction.




Axenic Female D. suzukii Are More Sensitive to Starvation

Foraging behavior is modulated by nutritional status (Toth et al., 2005; Pradhan et al., 2019). Accordingly, the lower numbers of axenic females observed on food compared to conventional females led us to hypothesize that axenic female D. suzukii have reduced hunger or appetite and would thus potentially be less sensitive to starvation. Contrary to our expectation, axenic female D. suzukii were more susceptible to death by starvation than conventional females (P = 7.4 × 10–5, log-rank) (Supplementary Figure 2). Male flies were generally less starvation-resistant than female flies (sex, P = 4.4 × 10–10, Cox regression), but no difference was observed between conventional and axenic males (P = 1, log-rank) (Supplementary Figure 2).

Starvation has been shown to increase animal locomotor activity (Lee and Park, 2004; Isabel et al., 2005; Dietrich et al., 2015; Yang et al., 2015; Yu et al., 2016), presumably to facilitate exploration of the environment and promote the chance of locating food. Interestingly, a recent study on D. melanogaster showed axenic females were hyperactive compared to conventional females, but male flies were not tested, and the effect of starvation was unknown (Schretter et al., 2018). Therefore, we compared locomotion between axenic and conventional D. suzukii of both sexes under fed and starved conditions. Consistent with the observation in D. melanogaster, axenic D. suzukii females were hyperactive compared to conventional females (Figure 2A). Fed axenic females traveled ∼2.6 times further (P = 3.5 × 10–7, Bonferroni adjusted) and walked for ∼2.4 times longer (P = 1.4 × 10–8, Bonferroni adjusted) than fed conventional females (Figures 2B,C).
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FIGURE 2. Effects of the microbiome on locomotor activities of fed or starved female Drosophila suzukii. (A) Movement profiles of groups of eight conventional (Conv) and axenic (Ax) flies in the locomotion assay at 1 h intervals. (B) Hourly moving distance, (C) moving time, and (D) moving speed of fed or starved conventional flies (black lines) and axenic flies (golden lines) during the 7 h. (B–D) Fed conventional flies, n = 16; starved conventional flies, n = 16; fed axenic flies, n = 16; starved axenic flies, n = 16. n indicates the number of flies tracked. The error bars represent the means ± SEM (standard error of the means). All pairwise comparisons were analyzed with two-sample t-tests after meeting the normality assumption with Shapiro–Wilk test. Full statistical details are in Supplementary Table 2.


Starvation-induced locomotor hyperactivity was more pronounced in axenic females than conventional females. Both distance moved and duration of movement were further increased in axenic females under starvation in the 7-h window, by 129% and 121%, respectively. In conventional females, starvation increased the duration of movement (P = 2.5 × 10–10, Bonferroni adjusted) but not the distance moved (P = 0.4, Bonferroni adjusted), owing to decreased walking speed in starved flies (Figures 2A–D and see Supplementary Table 2 for statistical details).

Male flies exhibited different locomotion patterns from female flies in response to microbiome elimination and starvation. At the beginning of the assay, starved males displayed significantly greater moving distance and moving duration than fed males, regardless of the microbiome status (Supplementary Figure 3A). Interestingly, toward the later time points (from 4 to 7 h), the locomotion of conventional fed males was significantly elevated, with up to a 7.6 times increase in moving distance and five times increase in moving duration (see Supplementary Figures 3B,C and Supplementary Table 2 for statistical details).



Egg-Laying on Fruits Is Dramatically Reduced in Axenic D. suzukii

The reduced food seeking in axenic D. suzukii occurs only in females, seemingly contradicting the higher sensitivity of females to starvation, both in starvation resistance and starvation-induced locomotor response. Based on these observations, we hypothesized that the female-specific microbiome effect on foraging might be associated with oviposition, because females forage for fruits to lay eggs in addition to their own consumption. In fact, we observed that conventional female populations laid over five times more eggs than the axenic female populations 24 h after being placed in the arenas. The average numbers of eggs laid by the conventional females were 76 ± 7.3 (SEM), compared to 14 ± 2.8 (SEM) laid by axenic females in each arena (W = 297, P = 2.2 × 10–6, Mann-Whitney U test) (Figure 3). To further elucidate the relationship between food seeking and egg laying, we also compared foraging between virgin (no egg laying) and gravid flies. As expected, conventional virgin flies were less active in seeking food than conventional gravid flies, but the difference was only significant at the early time point (7 h, P = 0.027, Bonferroni adjusted) (Supplementary Figure 4). Also, no difference in food seeking between virgin and gravid flies was observed when they were axenic (7 h, P = 0.24; 12 h, P = 0.17; 24 h, P = 0.60, Bonferroni adjusted) (see Supplementary Figure 4 and Supplementary Table 1 for statistical details). Together, our data point to reduce egg production and laying as a possible mechanism for reduced foraging behavior in axenic flies, but additional factors are likely involved in the microbiome-dependent effect on female food seeking.
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FIGURE 3. Oviposition of conventional and axenic Drosophila suzukii. The total number of eggs laid on the fruits after 24 h in the arenas (Mann–Whitney U test).




The Microbiome Has Subtle Effects on D. suzukii Foraging and Oviposition Preferences Toward Different Fruits

In addition to overall food seeking and total egg production, we examined the microbiome’s impact on D. suzukii fruit preferences. Conventional and axenic flies of both sexes displayed similar relative fruit preferences in foraging (fruits:sex, P = 0.24; fruit:microbiome, P = 0.63; fruit:microbiome:sex, P = 0.60, Wald; Table 1). In the conventional populations, female flies preferred foraging on raspberries over strawberries (P = 0.0002, Bonferroni adjusted), blueberries (P < 0.0001, Bonferroni adjusted), nectarines (P < 0.0001, Bonferroni adjusted), and grapes (Vitis vinifera) (P < 0.0001, Bonferroni adjusted) (Figure 4A). Male flies were most attracted to raspberries and blueberries, followed by nectarines (P = 0.0053, Bonferroni adjusted), strawberries (P = 0.007, Bonferroni adjusted), and grapes (P = 0.0001, Bonferroni adjusted) (Figure 4A and see Supplementary Table 1 for statistical details). Subtle differences in fruit preferences were observed in axenic flies. Specifically, a reduced preference for blueberries was detected in axenic males, and the preference for raspberries was less pronounced in axenic females than in conventional females.
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FIGURE 4. Effects of the microbiome on Drosophila suzukii fruit preferences and oviposition preference. (A) A generalized linear mixed model (GLMM; Poisson) was applied to analyze the number of flies on each fruit in response to time, microbiome status, and sex as fixed effects (and their interactions tested), while arenas and days were accounted for as random effects. The number of eggs laid on each fruit by (B) the conventional fly populations or (C) the axenic fly populations. Statistical significance between raspberries and the other four fruits is indicated with *P < 0.05, **P < 0.01, ***P < 0.001. NS represents no statistical significance (P ≥ 0.05). The crossbars represent mean values. N indicates the number of arenas with each containing ten D. suzukii adults. P-values were adjusted by Bonferroni correction.


Aligning with the foraging preference, conventional females preferred laying eggs on raspberries, distributing 41.9% of the eggs on raspberries, followed by 25.7% on nectarines, 15.3% on blueberries (P = 0.02, Bonferroni adjusted), 9.9% on strawberries (P < 0.0001, Bonferroni adjusted), and 7.3% on grapes (P < 0.0001, Bonferroni adjusted) (Figure 4B). Although axenic flies laid significantly fewer eggs than conventional flies, microbiome’s effect on oviposition preference was not significant (fruit:microbiome, P = 0.16, Wald, Table 1). The relative proportion of eggs laid on raspberries by axenic females was 43.8%, followed by 21.7% on blueberries, 16.7% on nectarines, 10.8% on grapes (P = 0.01, Bonferroni adjusted), and 7.1% on strawberries (P = 0.001, Bonferroni adjusted) (Figure 4C). Together, our results suggest that D. suzukii female foraging preference generally aligns with oviposition preferences, regardless of the flies’ microbiome status.

Given that female D. suzukii distributed their eggs across the different fruits, it raises the question of whether flies developing on different fruits in early life may differ in their later-life foraging preferences. To test this, we raised the flies on three different fruits (raspberry, strawberry, and nectarine) for one (F1) or five generations (F5), then subjected the flies to the foraging assays offered with the different fruits. Our results suggest that the foraging fruit preferences of D. suzukii are not dependent on their diet history. Regardless of the fruit they were raised on, the flies maintained the strongest preference toward raspberries and a similar order of preference on the other fruits. The results are consistent regardless of whether the flies were raised on those fruits for one or five generations (Supplementary Figure 5 and Supplementary Table 3).



DISCUSSION

Using a non-model Drosophila system, our experiments show significant effects of the microbiome on three discrete but connected host behaviors: foraging, oviposition, and locomotion. These findings join a growing body of literature demonstrating that the gut microbiome contributes to individual patterns of animal behavior, by way of modulating internal physiological processes and the nervous system (Ben-Ami et al., 2010; Alcock et al., 2014; Mayer et al., 2015; Wong et al., 2017; Akami et al., 2019; Morimoto et al., 2019; Hosokawa and Fukatsu, 2020). Our results show that food seeking in female, but not male D. suzukii, is influenced by the fly’s microbiome. Lower food seeking in axenic females is associated with reduced egg production but conflicted with the flies’ higher locomotor response and susceptibility to starvation, suggesting that the flies might prioritize foraging for oviposition sites for their progeny over their own feeding. This is also supported by the close alignment between fly foraging and oviposition preferences, with raspberries being the most preferred fruit among the five fruits tested.

Our finding of decreased egg laying in axenic D. suzukii is in line with previous studies on other insects showing that symbionts can promote host reproduction, including mosquitoes (Gaio et al., 2011; Coon et al., 2016), olive fruit fly (Jose et al., 2019), Queensland fruit fly (Nguyen et al., 2020), the bean bug Riptortus pedestris (Lee et al., 2017), and Drosophila melanogaster (Leitão-Gonçalves et al., 2017). Specifically, there is emerging evidence for the role of microbial symbionts in insect oogenesis. In D. melanogaster, the gut microbiome has been shown to contribute to oogenesis in two independent studies. Elgart et al. (2016) found that reduction in oogenesis of axenic female flies is associated with reduced transcription and enzymatic activities of Aldh (Aldehyde dehydrogenase) in the ovary. Aldh expression and the normal oogenesis phenotype could be restored by re-introduction of a specific Acetobacter gut bacterium to the flies. Gnainsky et al. (2021) suggested that specific gut bacteria provision an essential B vitamin (riboflavin) and mitochondrial co-enzymes to the host to support oogenesis. While further research is needed to elucidate the involvement of these molecular pathways in microbiome-dependent egg production in D. suzukii, our study is the first to discover that the microbiome-dependent effects on egg production could have an effect on the foraging behavior of the host insects.

Egg production requires nutrient acquisition and allocation (i.e., vitellogenin) to the oocytes. A recent study on D. melanogaster showed egg production depends on the upregulation of the pentose phosphate pathway in the germline, which in turn affects sugar feeding (Carvalho-Santos et al., 2020). Therefore, foraging signals are likely elicited or suppressed during the pre-oviposition state, corresponding to nutritional needs for egg production. In Aedes mosquitoes, vitellogenin synthesis in the fat body is upregulated after a blood or sugar meal, and the elevated expression of a specific vitellogenin gene (Vg-2) has been shown to suppress host-seeking behavior (Hansen et al., 2014; Dittmer et al., 2019). Conserved mechanisms governing the equilibrium between foraging, egg production, and egg-laying behavior may also exist in other insects. More recently, a study on Queensland fruit fly highlights transgenerational effects of the parental microbiome on offspring fecundity (Nguyen et al., 2020). Therefore, it is also plausible that the microbiome could exert long-term effects on the host fly germline that ultimately shapes their hosts’ foraging and oviposition strategies. Besides effects on food seeking and oviposition, our results demonstrate sexual dimorphism in locomotion in axenic flies. Our locomotion data corroborate recent findings in D. melanogaster, showing axenic females were inherently hyperactive compared to conventional females (Schretter et al., 2018). We show that starvation-induced hyperactive locomotion was exacerbated in axenic females. In contrast, the locomotion in male D. suzukii was less affected by the microbiome. In D. melanogaster, it is believed that an enzyme (xylose isomerase) encoded by a specific fly gut commensal bacterium (Lactobacillus brevis) can rescue fly locomotion in axenic flies to levels similar to conventional flies by modulating host sugar metabolism and possibly octopamine signaling (Schretter et al., 2018). Interestingly, Lactobacillus brevis was not found in our D. suzukii flies (data not shown), but other gut bacteria we have detected in D. suzukii (including Bacillus sp. and Enterobacter sp.) might encode this enzyme (Amore et al., 1989; Brat et al., 2009; Taghavi et al., 2010). Assuming the same bacteria-mediated mechanism is at play in controlling D. suzukii locomotion as in D. melanogaster, a plausible explanation is that there is a sex difference in fly behavioral output in response to the same microbiome-dependent effector(s) (or the lack of such effectors). For instance, octopamine signaling has been shown to drive aggression (Hoyer et al., 2008) and plasticity responses to endurance exercise (Sujkowski et al., 2017) specifically in male D. melanogaster, while for females, it can stimulate post-mating behaviors, including oviposition (Rezával et al., 2014).

Taken together, our work, using a non-model fruit fly, provides the first demonstration of a role for the microbiome in host foraging behavior associated with changes in host physiological state. The interrelationship between host-microbe symbiosis, oviposition, and foraging might be ubiquitous across insect taxa, given that the role of symbiotic microbes in insect oogenesis has been established in different insects. The knowledge of how commonly the microbiome affects foraging and oviposition behaviors opens new research avenues regarding microbiomes as key regulators of animal behavior. It could also serve as a basis for innovative strategies to control pest insects by diminishing their tendency to forage and oviposit on crops, via disruption of their microbiomes to achieve long-term physiological and behavioral changes.
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Microplastic pollution in marine environments has increased rapidly in recent years, with negative influences on the health of marine organisms. Scleractinian coral, one of the most important species in the coral ecosystems, is highly sensitive to microplastic. However, whether microplastic causes physiological disruption of the coral, via oxidative stress, immunity, and energy metabolism, is unclear. In the present study, the physiological responses of the coral Acropora sp. were determined after exposure to polyethylene terephthalate (PET), polyamide 66 (PA66), and polyethylene (PE) microplastic for 96 h. The results showed that there were approximately 4–22 items/nubbin on the surface of the coral skeleton and 2–10 items/nubbin on the inside of the skeleton in the MPs exposure groups. The density of endosymbiont decreased (1.12 × 105–1.24 × 105 cell/cm2) in MPs exposure groups compared with the control group. Meanwhile, the chlorophyll content was reduced (0.11–0.76 μg/cm2) after MPs exposure. Further analysis revealed that the antioxidant enzymes in coral tissues were up-regulated (Total antioxidant capacity T-AOC 2.35 × 10–3–1.05 × 10–2 mmol/mg prot, Total superoxide dismutase T-SOD 3.71–28.67 U/mg prot, glutathione GSH 10.21–10.51 U/mg prot). The alkaline phosphatase (AKP) was inhibited (1.44–4.29 U/mg prot), while nitric oxide (NO) increased (0.69–2.26 μmol/g prot) for cell signal. Moreover, lactate dehydrogenase (LDH) was down-regulated in the whole experiment period (0.19–0.22 U/mg prot), and Glucose-6-phosphate dehydrogenase (G6PDH) for cell the phosphate pentoses pathway was also reduced (0.01–0.04 U/mg port). Results showed that the endosymbiont was released and chlorophyll was decreased. In addition, a disruption could occur under MPs exposure, which was related to anti-oxidant, immune, and energy metabolism.

Keywords: microplastics, Acropora sp., endosymbiont, enzyme, biochemical evaluation
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GRAPHICAL ABSTRACT. The experiment flow chart of anti-inflammatory and analgesic effects of P. orientale extracts.




INTRODUCTION

Acropora sp., a species of scleractinian coral, is a complex symbiosis constituting with scleractinian host, photosynthetic symbionts, and various microbial communities (Besseling et al., 2014; Tian and Niu, 2017; Yu et al., 2020a,b). Corals supply protection and inorganic salt for the endosymbiont, and in return, the endosymbiont provides its host with organic nutrients (Cook and D’ Elia, 1987). Although corals can obtain energy from symbiotic endosymbiont, they need to ingest extra exogenous food to satisfy their nutrition (Allen et al., 2017; Tian and Niu, 2017). However, the intricate relationship between coral and endosymbiont symbiosis is threatened by environmental changes such as global climate change and aquatic environment pollution (Hughes et al., 2017; Saliu et al., 2019; Yu et al., 2020a,b). Global coral reefs are suffering from continual and serious degradation in recent years (Veron, 1992; Zhao et al., 2013, 2016; Higuchi et al., 2015a,b; Hughes et al., 2017).

An estimated approximately 8–12 million tons of various plastic waste are transferred into the ocean in multiple ways each year (Carpenter et al., 1972; Hidalgo-Ruz et al., 2012). Previous reports show that plastic waste accounted for 70–90% of marine waste (Lusher, 2015; Walker, 2018). Lamb assessed the influence of plastic waste on reef-building corals in the Asia-Pacific region, and they found that plastic waste increased the risk of diseases in corals from 4 to 89% (Lamb et al., 2018). Furthermore, in the marine environment plastic waste can develop into small fragments through biodegradation, thermal degradation, hydrolysis, and photodegradation (Hidalgo-Ruz et al., 2012; Walker, 2018). Microplastics (MPs) are described as plastic pieces smaller than five millimeters, and they are more difficult to manage than other pollutants due to this small size and global distribution (Antao Barboza and Garcia Gimenez, 2015; Ali Chamas et al., 2020). MPs can be ingested by a wide range of marine organisms, and they bring negative effects, including gastrointestinal obstruction, inflammation, tissue damage, and growth restriction (Sun et al., 2017; Wang et al., 2020). Due to the stable chemical composition, MPs are difficult for marine organisms to digest. Hence, MPs accumulate continuously in marine organisms (Deudero and Alomar, 2015; Sun et al., 2017).

MPs are mainly discharged from terrestrial environments into the sea, meaning coastal ecosystems such as coral reefs are especially at risk (Hermabessiere et al., 2017; Huang et al., 2019). The threat of numerous MPs to coral reefs has attracted extensive attention (Kirstein et al., 2016; Reichert et al., 2018). Reichert found that MPs could attach to the tentacles or skeleton surface of Pocillopora damicornis, and the coral was subject to germ infection, bleaching, and even tissue necrosis (Reichert et al., 2018). Additionally, Hankins evaluated the effects of MPs on Montastraea cavernosa and Orbicella faveolat. They found that the corals captured MPs actively although they could recognize and repel indigestible substances (Hankins et al., 2018). Interestingly, coral tends to ingest MPs because it is driven by chemoreception (Allen et al., 2017). Furthermore, a previous report suggested that excessive ingestion of MPs could induce the scleractinian coral P. damicornis to produce oxidative stress, which can lead to a decrease in the expression of stress-related protein and activate the MAPK/Nrf2 pathway (Jeong et al., 2016). MPs not only cause irreversible damage to coral hosts but also seriously threaten the survival of symbiotic algae. Su found that MPs can inhibit the growth of endosymbiotic algae by affecting its apoptosis and metabolism (Su et al., 2020). MPs negatively affect the photosynthesis activity of coral endosymbiontic microorganisms through reducing chlorophyll content and photochemical efficiency (Mao et al., 2018; Wu et al., 2019). Many studies to date have found that MPs could accumulate in an organism and cause endocrine disruption (Chapron et al., 2018; Syakti et al., 2019). It has been revealed that the reactive oxygen species (ROS) and antioxidant enzymes (SOD, CAT, and GSH) of coral are up-regulated after exposure to MPs (Chen et al., 2017; Tang et al., 2018; Dias et al., 2019). Oxidative damage could be caused by excessive ROS after exposure to MPs (Paul-Pont et al., 2016; Chen et al., 2017). Although exposure and ingestion of MPs have been reported in many coral reefs, there is still a shortage of research on the adverse effects of MPs on coral Acropora sp.

The present study aimed to provide detailed information about the physical and toxicity effects of MPs on corals. The scleractinian coral Acropora sp. was chosen to evaluate the effect of MPs. The biochemical level stress response of Acropora sp. was determined by the antioxidant enzyme (T-SOD, T-AOC, and GSH), immunocompetence [alkaline phosphatase (AKP), nitric oxide (NO)], phosphate pentoses pathway [lactate dehydrogenase (LDH), Glucose-6-phosphate dehydrogenase (G6PDH)]. This is the first study to assess the physiological responses of scleractinian coral exposed to MPs. It examines the activity of enzymes involving antioxidant capacity, immune response, and energy metabolism in different stages. The results provide new insights into the response of corals and stress reactions caused by different kinds of MPs.



MATERIALS AND METHODS


Materials

Polyethylene terephthalate microplastics (PET), Polyethylene microplastics (PE), Nylon 66 microplastics (PA66) were purchased from Saierqun, Shanghai, China. The microscope images and size distributions of MPs are shown in Supplementary Figure 1. The BCA protein assay kit was offered by the Beyotime Institute of Biotechnology (Shanghai, China). We 4% paraformaldehyde, acetic acid, 0.9% saline were purchased from Sigma-Aldrich (St Louis, MO, United States). Assay kits for measuring the levels of LDH, G6DPH, GSH, AKP, NO, T-SOD, and T-AOC were purchased from Nanjing Jiancheng Bioengineering Institute (A020, A027, A006, A059, A012, A001, and A015, Nanjing, China).



Experimental Design


Collection and Treatment of Corals

Corals of the genus Acropora were used in this investigation. Acropora sp. is very sensitive to changes in the anthropogenic ecosystem (Mendrik et al., 2020). Acropora sp. was collected from the surrounding waters of Shenzhen Nanao Island (22°33′50.78″−22°40′38.18″N, 114°30′35.62″−114°33′26.90″E, 18–25°C, depth 5–8 m) (Supplementary Figure 2), according to the statistical data of Meteorological Bureau of Shenzhen Municipality (1980.01-2018.12). The annual average temperature is 21.5°C, the annual average sunshine is 2,325.3 h, and the annual average rainfall is 1,348.4 mm. There are 6 months in a year when the total solar radiation is above 400 MJ/m2. Five corals were collected from this location and quickly put into the holding tank. The oxygen pump was used to supply oxygen to corals.

In the laboratory, the whole origin coral polyps were transferred to open flow system glass tanks (160 cm × 50 cm × 75 cm) at ambient conditions, glued on ceramic plates by cyanoacrylate. The coral’s acclimation modular system was conducted according to the previous description (Rocha et al., 2015). They were acclimated to the experimental conditions for 30 days. Subsequently, 2–5 cm long fragments were cut from the origin colonies and they were attached to the ceramic matrix bases with two-component glue. The branches in the colonies were split as nubbins, and 108 nubbins were thus generated in total. In addition, there were regular shape and single branch experimental corals with intact polyps on each nubbin. All nubbins were distributed equally in 15 L acrylic laboratory tanks filled with seawater. Corals were housed in a controlled tank with a temperature of 24 ± 1°C and a salinity of 35.0 ± 0.2 ppt. The whole coral nubbins were illuminated with blue-white fluorescent bulbs (Chihiros LED lighting system 21 W, A351M, 1) at a light 70 ± 10 μmol quanta m–2 s–1 in a 10 h/14 h light-dark cycle for 30 days to adapt to the experimental environment.



Exposure of Microplastics

In the experiments, MPs (PET, PE, and PA66) were treated for Acropora sp. to optionally ingest. Prior to the experiment, all MPs were confirmed by Raman Spectrometer (RS, SR-510 Pro, Ocean optics Asia, 785 nm laser, Raman shift 50–3,500 cm–1).

In detail, seawater containing MPs was prepared by adding 250 mg MPs to a 100 mL beaker. Then 50 mL seawater was added into the beaker, and it was shaken well. The solution in the beaker was ultrasonic for 5 min (200 W). Finally, the solution in the beaker was mixed with 5 L of seawater, and constant stirring prevented MPs from depositing. The final concentration of MPs was 50 mg/L (9.0 × 1010 particles/L), which is similar to previous reports (Tang et al., 2018; Chantal et al., 2020). The control groups of corals nubbins were maintained in fresh seawater (three tanks). While the experiment groups were carried out in the PET group (three tanks), PA66 group (three tanks), and PE group (three tanks), which were each placed in seawater-containing MPs. Continuous gentle aeration was used to prevent the accumulation of MPs. There were 12 tanks with a capacity of 15 L in the present study. The temperature was controlled at 24–25°C by air conditioning. The seawater in all tanks was replaced once every 24 h with freshly filtered seawater from the coral culture system to ensure a suitable aquaculture water environment, and new MPs were also added at the same time.



Separation of Microplastics

To obtain the concentration of MPs attached to the coral surface, a test was conducted based on Allen’s work (Allen et al., 2017). Briefly, the nubbins were placed in a glass beaker and then immersed in filtered seawater. The nubbins were sonicated (200 W) for 10 min to strip off MPs attached to the surface. The glass beaker was then placed at ambient temperature to settle for 1 day. After 24 h, all the solution was prudently decanted and filtered with 0.8 μm pore size glass fiber membranes (Beyotime Biotechnology, FF338).

To obtain the ingested MPs in corals, the coral tissues after sonic processing were immersed in 30% formic acid solution for 6 h, and then they were placed in excess KOH solution (ω = 10%). All the solution was collected. Filtered seawater was used to rinse undissolved corals to get remnant MPs and the solution was collected. The collected solution was blended and filtered through a glass fiber membrane to obtain MPs. To collect all MPs, the membrane was treated the same way, and then MPs were dried completely at room temperature. Finally, MPs were observed via a microscope. The number of MPs represented per coral nubbin (unit: items/nubbin). Because coral is a colony animal, the unit of items/nubbin was used to reflect the number of MPs in the coral during the analysis procedure.



Measurement of Endosymbiont Density

The density of endosymbiont from corals was measured based on previous studies by Hedouin et al. (2016) and Higuchi et al. (2015a, b). The coral tissues were homogenized (60 Hz, 3 min, 4°C) in 5 ml of filtered seawater. Subsequently, the collected homogenates were mixed with 2 mL 4% paraformaldehyde and stored at 4°C for 30 min. 2 mL homogenate was resuspended with filtered seawater to count the number of endosymbiont per unit area by a hemocytometer (QIUJING, China). The coral nubbins surface area was measured according to the aluminum foil method (Johannes et al., 1970). Finally, the density of endosymbiont was expressed as the number of symbiont per unit area of the coral nubbins.



Measurement of Chlorophyll

Chlorophyll from symbiotic algae after MPs exposure was analyzed as outlined in previous research by Stimson and Kinzie (1991). 2 mL homogenate was centrifuged at 2,500 rpm for 15 min under 4°C, and then the gathered symbiotic algae was centrifuged at 15,000 rpm for 30 s under 4°C. Subsequently, the centrifuged homogenate was extracted with 2 mL of 100% acetone for 24 h at 4°C. The absorbance of the extract was measured at wavelengths of 634, 647, 664, and 750 nm (Thermo NanoDrop 2000), respectively. The chlorophyll content was obtained according to the equations of Porra and Jeffrey (Jeffrey and Humphrey, 1975; Porra et al., 1989). The weight of chlorophyll was described as the chlorophyll content per unit area of coral nubbins (μg/cm2).



Biochemical Evaluation of Coral Tissue

To get tissue homogenates, the coral tissue was moved into a 5 mL tube after weighing accurately, and it was added to nine times the volume of filtered seawater according to the ratio of m(g)/V(mL). The tissue was mechanically homogenized under ice bath conditions for making 10% homogenate that used an Automatic Sample Rapid Grinding Instrument (JingXin, Shanghai, China). The homogenate was centrifuged for 15 min at 5,500 rpm. Finally, the supernatant was transferred to a new tube, and then it was diluted with filtered seawater. After the total enzyme activities were obtained, the concentration of total protein in the supernatant was quantified using the BCA method (Zhou et al., 2018). Biochemical parameters were analyzed after the diluted supernatant was transferred to a new tube. The commercial kits were used to detect the activities of T-SOD, T-AOC, AKP, GSH, G6PDH, LDH, and the content of NO.



Histology Observation

After exposure, the coral nubbins were fixed in 4% formalin-seawater for more than 24 h, then rinsed with filtered seawater and preserved in 70% ethanol and 30% seawater (V/V). The coral samples were immersed in ethylene diamine tetraacetic acid (EDTA) decalcifying solution (pH 7.2) for 2 weeks, and the solution was replaced at 48 h. The tissue was paraffin-embedded and sectioned (6 μm) in a Jinhua automatic tissue processor (Zhejiang, KEDD-BM-6L). At least five slices were made from each sample (each slide was from a different area and depth in the tissue). Comparisons were made among slides from the same area (tissue depth or polyp area). Chlorophyll distribution was observed and photographed via a fluorescence microscope (Japan, Nikon Type 108, blue light excitation).

The green fluorescence was obtained by the camera system (NIS-Elements).



Statistical Analyses

The values were evaluated by one-way ANOVA and multiple analyses of variation using Statistical Analysis Software (SPSS 17.0 IBM, Armonk, NY, United States). Data were expressed as mean ± standard deviation (SD). In all cases, p < 0.05 was considered as a statistically significant difference. The asterisk (∗) expressed as the significant difference between the control and MPs treatment groups. Letter of a, b and c represented the differences of PET vs. PA66, PET vs. PE, and PA66 vs. PE, respectively.



RESULTS


Microplastics in Corals

Figure 1A is a sketch that displays the distribution of MPs on the inside and outside of corals. Granular aggregation MPs could be found inside of corals (2–10 items/nubbins, Figure 1B) and on the surface (4–22 items/nubbins, Figure1C). The contents of the three kinds of MPs (PET, PA66, and PE) on the surface were higher than the ones inside (Figures 1B,C). Raman spectroscopy was used to distinguish the constituent (Figures 1D–F) of MPs. The results showed that the granular aggregations were PET (D), PE (E), and PA66 (F).


[image: image]

FIGURE 1. Plastic ingestion and Raman spectroscopy identification of microplastics structures in corals. The diagram of coral skeleton (A). The MPs content on the inside of the skeleton (B) and on the surface of the coral skeleton (C) respectively. ○, *, and □ represent the maximum value, median value, and minimum value. Values are means ± SD, N > 3. Parts a represent significantly different groups (Wilcoxon test, p < 0.05). MPs identified by Raman spectroscopy on the surface of the skeleton and inside, and the results are presented respectively. (D) PET, (E) PE, and (F) PA66.




The Impact of Microplastics Exposure on Endosymbiont and Chlorophyll

The density of endosymbiont in corals is stable in the control group (p > 0.05) (Figure 2A). However, after exposing for 96 h, their densities were lower (p < 0.05) in all MPs exposure groups (PET 2.47 × 105 cell/cm2, PA66 2.67 × 105 cell/cm2, and PE 2.49 × 105 cell/cm2) compared with the control group (3.46 × 105 cell/cm2). The density of endosymbiont was the lowest after 24 h of MPs treatment, indicating that endosymbiont was sensitive to MPs toxicological reaction. The chlorophyll content of corals is shown in Figure 2B. The chlorophyll a + c content was stable in the control group (p > 0.05). Compared with the control group, it reduced to the lowest value (p < 0.05) at 96 h in the presence of PET, PA66, and PE. In general, the chlorophyll content was reduced in all MPs treatment groups at 96 h.
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FIGURE 2. Effects of microplastics exposure on the density and chlorophyll content of endosymbiont in corals. Density variation of the endosymbiont in Acropora pruinosa after different MPs exposure (A). Content variation of the chlorophyll a + c (B). Histogram data represent means and error bars represent standard deviations (N > 3). Asterisk (*) represent a significant difference from normal (*p < 0.05).




Fluorescence Analysis of the Chlorophyll in Corals

The chlorophyll green fluorescence of the control group was more than those corals with MPs treatment groups (see in Figure 3). Short-term high concentration of MPs exposure caused damage and disturbed the symbiosis with endosymbiont.
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FIGURE 3. Microcosmic analysis of corals after MPs exposure for 96 h. Fluorescence analysis of chlorophyll in coral tissue (20×). (A) Control, (B) PET, (C) PA66, and (D) PE.




Effect of Microplastics Exposure on Biochemical Indices of Coral


The Effect of MPs on Anti-Oxidative Capacity

Figures 4A–C show the anti-oxidative ability of coral tissue. As depicted in Figure 4A, the content of T-AOC (p < 0.05) was 4.26 × 10–2, 4.17 × 10–2, 4.23 × 10–2 mmol/mg prot after 24 h exposure in PET, PA66, and PE. Though it was gradually reduced after 48 h and 96 h, it was still higher than the control group. There was a significant increase in T-SOD activity after exposure 24 h (137.44 U/mg prot, 137.07 U/mg prot, 142.10 U/mg prot, p < 0.05) in PET, PA66, and PE groups. While it was decreasing after 96 h treatment (Figure 4B). Comparing with the control group, the GSH activities (p < 0.05) were higher in MPs groups after 24 h exposure. After 96 h, the GSH activities decreased (32.23 U/mg prot, 32.43 U/mg prot, 32.92 U/mg prot, p < 0.05) in MPs exposure groups (Figure 4C). In summary, the levels of T-SOD, T-AOC, and GSH increased after MPs exposure, indicating that MPs could induce coral defense against oxidative stress, which depended on the type of MPs.
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FIGURE 4. Changes in the anti-oxidative enzymes of corals after 96 h exposure to three kinds of microplastics. (A) Total antioxidant capacity (T-AOC), (B) Total Superoxide Dismutase (T-SOD), and (C) Glutathione (GSH) in the coral Acropora pruinosa after exposure to different MPs (PET, PA66, and PE 50 mg/L, respectively) in the experiment. Histogram data represent mean and error bars represent standard deviations (N > 3). Asterisk (*) represents a significant difference from normal (*p < 0.05).




The Effect of MPs on Alkaline Phosphate and Nitric Oxide

As shown in Figure 5A, the AKP level showed an inhibiting trend throughout the experimental period (1.44–4.29 U/mg prot, p < 0.05) in all MPs exposure groups. At 96 h, the AKP activities (p < 0.05) were significantly decreased in MPs exposure corals when compared with the corals in the control group. On the contrary, the NO content in the MPs group sharply increased at 96 h (0.69–2.26 μmol/g prot, Figure 5B), and was higher (p < 0.05) than the control groups. It was ascending for NO content in all MPs exposure groups, indicating that the coral immune system may be sensitive to MPs.
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FIGURE 5. Immune ability analysis. AKP activity (A) and NO content (B) in the coral exposed to different MPs (PET, PA66, and PE 50 mg/L, respectively) for 0, 24, 48, 72, and 96 h. All data are presented as mean ± standard error (N > 3). Asterisk (*) represent a significant difference from normal (*p < 0.05).




The Effect of MPs on Glycolysis Enzymes (LDH) and Phosphate Pentoses Pathway (G6PDH)

An inhibiting effect was observed on LDH activity (p < 0.05) after exposure to MPs (Figure 6A) and decreased compared with the one in control coral at 24 h (0.19–0.22 U/mg prot, p < 0.05). The activity of LDH presented significantly lower values (p < 0.05) in MPs exposure groups at 96 h compared with the control group. As shown in Figure 6B, the G6DPH content (p < 0.05) decreased in MPs exposure corals compared with the corals in the control group at 24 h. The G6DPH content was sharply reduced (p < 0.05) in PET, PA66 and the PE group (0.01–0.04 U/mg port) at 96 h. This indicated that coral glycometabolism was influenced by the type of MPs.
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FIGURE 6. Energy metabolism enzyme analysis. LDH activity (A) and G6PDH activity (B) in the coral Acropora pruinosa after different MPs (PET, PA66, and PE 50 mg/L, respectively) exposure experiment. Histogram data represent means and error bars represent standard deviations (N > 3). Asterisk (*) represent a significant difference from normal (*p < 0.05).




DISCUSSION

The presence of MPs significantly affected the physiology of corals depending on the types of MPs (Hidalgo-Ruz et al., 2012; Hankins et al., 2018). In this study, we observed that the contents of MPs on the surface of the coral skeleton were significantly different from those of the control groups. Our study also discovered MPs in coral tissues, which aligns with other studies indicating that corals may ingest MPs (Allen et al., 2017; Tang et al., 2018; Reichert et al., 2019). Even though coral calcification depends largely on photosynthesis from the endosymbiont (Porter et al., 1989), the corals still supply carbon sources through predation (Grottoli et al., 2006; Anthony et al., 2009). MPs are ingested as food because they are not easy recognized by zooplankton or corals (Hankins et al., 2018). The large specific surface area and high hydrophobicity of MPs may increase the surface free energy of polar plastics and improve lipophilicity. Therefore, MPs can be adsorbed on the surface of corals (Ainsworth et al., 2007; Hidalgo-Ruz et al., 2012). MPs tend to accumulate on the surface of the coral skeleton, causing frictional damage and pathogen invasion (Chen et al., 2017; Reichert et al., 2018). They can also be ingested by the coral, leading to coral oxidative stress response or toxic effects (Chen et al., 2017; Tang et al., 2018). The toxic effect of MPs was determined by measuring the biochemical indicators of coral and further exploration of the relationship between the contents of MPs and physiological activities.

Exposure to MPs caused a stress response in the coral that further impaired its function. Firstly, the heterotrophic feeding may be inhibited due to excessive ingestion of MPs. Several studies have reported that the normal food supply of corals was hindered by MPs. The coral is unable to obtain nutrients owing to the continuous ingestion and excretion of MPs (Chapron et al., 2018; Reichert et al., 2019). When food sources are limited, the endosymbionts play a key role in the energy supply. The endosymbionts provide hosts with colors and energy because they can absorb light. They can also convert light energy into chemical energy through chlorophyll (Besseling et al., 2014; Pierson et al., 2017), meaning that endosymbionts play an important role in the growth and breeding of corals (Mcleod, 1957; Pierson et al., 2017). In the present study, the density of endosymbionts in coral decreased and maintained a stable density, which revealed that the corals could recover symbiotic balance in a short time. This is consistent with previous reports (Denis et al., 2013; Reichert et al., 2018; Corona et al., 2020). As expected, the chlorophyll content was reduced in coral symbiosis. The exchange of light energy was reduced due to the attachment of MPs on the surface of the coral skeleton. MPs can easily absorb the toxic metabolites of microorganisms that inhibit the activity of key photosystem II in coral (Hidalgo-Ruz et al., 2012; Mendrik et al., 2020). On balance, these stressors lead to the stress response of corals and their symbionts (Enriquez et al., 2005; Muller-Parker et al., 2015). The content of chlorophyll was closely related to the MPs on the surface of the coral skeleton. Furthermore, the toxicity of MPs increased and the symbiotic algae were reduced with time (Downs et al., 2002). Under different stressors, the chlorophyll content of scleractinian coral decreased temporarily, results that are confirmed by previous studies (Rocha et al., 2015; Long et al., 2017; Zhang et al., 2017; Lanctot et al., 2020). Lei believed that the change of chlorophyll content was one of the stress response indicators and that it reflected the density and photosynthetic capacity of the endosymbiont in corals (Lei et al., 2009).

Moreover, a disturbance of the symbiotic alga-host relationship could be caused by ROS from MPs stress (Okubo et al., 2018). In the antioxidant enzyme system of marine organisms, T-AOC, T-SOD, and GSH are important active enzymes that synergistically reduce the production of free radicals under negative stress (Levy et al., 2006; Sorianosantiago et al., 2013). The activities of T-SOD and T-AOC were up-regulated after MPs exposure at 24 h, meaning that MPs can induce ROS production and it enhances the anti-oxidative system of coral. The adverse effects of MPs, causing oxidative stress on scleractinian coral, have also been reported in previous research (Sorianosantiago et al., 2013; Tang et al., 2018; Liao et al., 2021). In the present study, there was the same tendency of oxidative stress caused by the three kinds of MPs. In general, the T-AOC content, T-SOD, and GSH activity showed the variation tendency of rising (Tang et al., 2018; Liao et al., 2021). After 96 h of exposure, the coral acclimation to MPs stress can occur through the production of antioxidant enzymes. The antioxidant system of corals (inactive damaging oxygen radicals) can scavenge denatured cellular proteins to reduce the harm of active free radicals (Hofmann and Todgham, 2010; Weis, 2010). The corals can resist external adverse factors by enhancing antioxidants or self-cleaning (Denis et al., 2013; Rocha et al., 2015). When a mass of MPs are ingested by corals, they cause damage to the coral tissues because they accumulate in the gastrointestinal tract and liposomes of corals (Hall et al., 2015). Previous reports have shown that oxidative damage of coral symbiosis increased in the presence of MPs (Jeong et al., 2016; Tang et al., 2018). Tang outlines that exposure to MPs may regulate the JNK and ERK signaling pathways and that it inhibits the phosphorylation process in corals (Tang et al., 2018). It is worth mentioning that these effects directly weaken coral’s ability to detoxify. GSH is a small molecule peptide composed of three amino acids, and it is a special substance for detoxification (Krueger et al., 2014; Nicosia et al., 2014). GSH activity increased under MPs exposure at 24 h. Finally, it was decreased in MPs exposure groups at 96 h. This indicated that short-term MPs exposure could regulate the detoxification system in Acropora sp. Under MPs stress, the detoxification system was disturbed, which accelerated the collapse of the host-symbiotic algae relationship (Tang et al., 2018). In summary, MPs could activate the Acropora sp. antidotal system in a short time.

The immune system is the host defense system, and AKP is an essential enzyme in corals. It participates in the identification and clearance of pathogenic organisms or materials (Palmer et al., 2011). In scleractinian corals, the immune function of AKP has been confirmed (Palmer et al., 2011; Godinot et al., 2013). Oxidative stress is expected to aggravate the negative immunity effects of MPs exposure on corals (Godinot et al., 2013; Tang et al., 2018). Our results suggested that there was a significant correlation between MPs and AKP in Acropora sp. The AKP activities in all MPs exposure groups showed a decreasing trend in the experiment. AKP activity decreased significantly, which suggested that MPs-induced stress may damage the immune system of Acropora sp. by regulating the oxidative stress signal pathway. Studies have revealed that the oxidative stress caused by MPs exposure can lead to the occurrence of immunosuppression in corals (Tang et al., 2018). Moreover, some similar results have been reported in other species (Detree and Gallardo-Escarate, 2018; Liao et al., 2021). An imbalance in immunity capacities was induced by MPs, which could disturb pathways or genes of the immune system in coral. Tang’s results showed that MPs impacted the immune system in corals by regulating the MAPK signal pathways (Tang et al., 2018). However, the mechanism of immune system suppression still requires further study and research. Besides, NO is the product of inflammatory molecules in corals, which have a significant effect on coral bleaching (Perez and Weis, 2006). When exposed to MPs, the NO content was increased in coral, meaning that the pressure on the immune system in corals increased. The rapid increase of NO in the host may adversely affect the symbiosis of coral-endosymbiont (Perez and Weis, 2006; da Silva Fonseca et al., 2019). The role of NO not only involves host apoptotic-like cell death but also receiving and transmitting information. It can regulate the activity of the host-endosymbiont cells (Hawkins and Davy, 2012; Hawkins et al., 2014; da Silva Fonseca et al., 2019). These results indicate that an immunosuppressive effect could be caused by MPs in the coral host. In addition, the synthesis NO from the host was related to the health of the coral-endosymbiont.

The LDH and G6PDH in coral Acropora sp. were investigated to understand the effects of MPs exposure on the energy metabolism of corals. In the presence of MPs, the content of glycolytic enzyme (LDH) was reduced, indicating that the inhibition of LDH activity can compromise the coral energy metabolism. In turn, it reduced the aerobic metabolism because organisms failed to initiate physiological adjustment that leads to severe anaerobic metabolism. The exposure of MPs had an overall inhibitory effect on the enzyme activities related to energy metabolism in corals (Teuten et al., 2009; Andrady, 2011). Therefore, the change of LDH activity directly affected the corals’ energy metabolism (Hosseini et al., 2014; da Silva Fonseca et al., 2019). In addition, G6PDH is responsible for the production of ribose units necessary for nucleotide synthesis that contributes to antioxidant system, lipid synthesis and, bioconversion (Carvalho and Fernandes, 2008; Nelson et al., 2008). After 24 h exposure to MPs, the activity of G6PDH was suppressed, resulting in metabolic and oxidative damages of coral. Besides, a consistent decrease of enzymatic activity was observed after 96 h exposure to MPs. The results from enzymatic activities showed that exposure to stressors induce a state of energy limitation in the scleractinian coral Acropora sp. An insufficient energy supply can accelerate the collapse of the symbiotic system of corals.

The results of this study indicate that short-term exposure to high concentrations of MPs could induce the stress response of scleractinian coral Acropora sp. as well as inhibit the activity system of major enzymes in energy metabolism. Based on our results, it is clear that short-term exposure to concentrations of MPs is the potential to cause metabolic dysfunction between Acropora sp. and its algal symbionts. However, long-term exposure to lower concentrations in situ still needs to be studied.



CONCLUSION

In conclusion, the present study revealed that there were correlations between MPs exposure and physiological parameters in corals Acropora sp. The number of MPs ingested by corals was significantly different among PET, PA66, and PE. MPs exposure disrupted the balance between symbiosis and corals by influencing the density of endosymbiont and chlorophyll. The antioxidant enzyme T-AOC content, T-SOD activity, and GSH activity were maintained at higher levels, which suggested that MPs caused the breakdown of the oxidation-reduction enzyme balance in the coral and endosymbiont symbiosis. The AKP enzyme was inhibited to various degrees by MPs. The content of NO in whole MPs exposure groups increased in the whole exposure experiment, which revealed that the immune functions suffered disruption to some extent. LDH activity was significantly down-regulated, which indicated that the energy metabolism and homeostasis of corals were disturbed. The variation of G6PDH activity showed that the coral Acropora sp. phosphate pentoses pathway was destroyed. The results showed the MPs ingested by corals would lead to the destruction of oxidative stress, immune suppression, and energy metabolism pathways.
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The ruminal microbial community is an important element in health, nutrition, livestock productivity, and climate impact. Despite the historic and current efforts to characterize this microbial diversity, many of its members remain unidentified, making it challenging to associate microbial groups with functions. Here we present a low-cost methodology for rumen sample treatment that separates the microbial community based on cell size, allowing for the identification of subtle compositional changes. In brief, the sample is centrifuged through a series of sucrose density gradients, and cells migrate to their corresponding density fraction. From each fraction, DNA is extracted and 16S rRNA gene amplicons are sequenced. We tested our methodology on four animals under two different conditions, fasting, and post-feeding. Each fraction was examined by confocal microscopy showing that the same sucrose fraction consistently separated similar cell-sized microorganisms independent of the animal or treatment. Microbial composition analysis using metabarcoding showed that our methodology detected low abundance bacterial families and population changes between fasting and post-feeding treatments that could not be observed by bulk DNA analysis. In conclusion, the sucrose-based method is a powerful low-cost approximation to untwine, enrich, and potentially isolate uncharacterized members of the ruminal microbiome.
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INTRODUCTION

Ruminants contribute to food security by providing adequate protein and energy to the human population (Matthews et al., 2018). These animals have developed a unique ability to convert plant cell wall carbohydrates into meat and milk, mostly due to the complex and not completely characterized symbiotic microbiota in their rumen (Morgavi et al., 2013; Ribeiro et al., 2016). The ruminal microbiota is composed of diverse populations of obligate anaerobic microorganisms belonging to all life domains such as Bacteria, Eukarya, and Archaea (Nagaraja, 2016), which interact with each other to degrade the plant material and convert it into metabolic by-products and microbial protein (Ribeiro et al., 2016).

For decades, many studies conducted in the rumen have tried to understand the numbers, composition, and function of the ruminal microbial community, mostly using conventional culture-based methods (Morgavi et al., 2013; Ribeiro et al., 2016). These types of methods have only allowed for the isolation and cultivation of about 15% of the estimated bacterial species potentially present in the rumen (Ribeiro et al., 2016). However, for most of the ruminal microorganisms, little is known about their functional role, and many of them have not been taxonomically classified at the genus or species level (Henderson et al., 2015; Puniya et al., 2015).

The modulation of the microbial community structure and function of the rumen has been an area of intense research, particularly in the development of food additives, probiotics, chemical compounds, and diets, which may lead to improved productivity and animal health, as well as the reduction of environmental impacts (Fernando et al., 2010; Poulsen et al., 2013; van Lingen et al., 2017; Teoh et al., 2019; Petri et al., 2020; Stanton et al., 2020). Several recent studies have used the high-throughput sequencing of universal phylogenetic markers such as 16S rRNA gene to evaluate bacterial community shifts under different treatments (Wang et al., 2017; Yang B. et al., 2018). In many cases, even though these interventions seem to affect animals’ productivity or health, the direct relationship between such treatments and the identification of microbial community members responding to them remains unclear. Various factors might hinder the identification of such differences. For instance, one factor is the population-level diversity not observable with the current methodologies, which obscures the response of specific populations (Caro-Quintero and Ochman, 2015). Another factor is the effect of bulk DNA extraction that destroys the distinct levels of microbial organization and favors the amplification of the most abundant members of the communities, missing important functional organisms that might have lower abundances (Puniya et al., 2015; Eisenstein, 2018). For these reasons, it is necessary to develop new methodological approaches to disentangle the complexity of the ruminal microbiota that favor the recovery of a greater variety of taxonomic groups, allowing a higher resolution for the microbes’ identification affected by treatments and conditions.

The fractionation of the microbial community by cell size and density prior to DNA extraction is an alternative methodological approach that can unravel the enormous microbial diversity present in complex samples. Density gradients are used in different disciplines to separate particles based on size and density (York and Tang, 2015; Lianidou and Hoon, 2018). The principle of the method is simple; first, the sample is deposited on top of either a continuous or step gradient. Then, using centrifugal forces, the different particles in the sample migrate to their corresponding density equilibrium (Brakke, 1951). Different types of media have been used to build density gradients for biological applications; however, one of the most common is a sucrose medium, which has been used for the separation of molecules such as DNA, RNA, and proteins (Raschke et al., 2009; Kleene et al., 2010). In microbiology, the sucrose density gradient has been used for the purification and concentration of viruses (Huhti et al., 2010; Urbas et al., 2011), the separation of Burkholderia sp. from a consortium of microorganisms (Chee et al., 2010), and the separation of prokaryotes from eukaryotes (protozoa) in aquatic environments (Garrison and Bochdansky, 2015). Sieving the microbial community through these gradients has the potential for the identification of more subtle differences among less abundant organisms, providing a greater resolution when compared to currently used methods.

In this study, we present a methodology that incorporates a sucrose density gradient as a simple approach for separating ruminal microbial communities by size and density. This approach allows for a more thorough recovery of the diversity of taxonomic groups from the ruminal microbiota compared to commonly used methods for microbial community characterization. To demonstrate the utility of the fractionation methodology, we evaluated the taxonomic diversity shifts of the ruminal microbial community in two different treatments: fasting and post-feeding. We used fractionated and non-fractionated (total) samples and compared the microbial composition using 16S rRNA gene amplicon sequencing. We hypothesized that density fractionation provides a higher resolution by disentangling the microbial community’s complexity, allowing for a more sensitive identification of taxonomic bacterial groups.



MATERIALS AND METHODS


Experimental Design and Sampling

Three female adults of the creole Colombian cattle breed Blanco Oreginegro (BON) and one male of the Holstein breed were used in the study. These animals were kept at the same location and fed ad libitum with fresh grass (Cenchrus clandestinus) at the Colombian Agricultural Research Corporation Agrosavia, Tibaitatá (Mosquera, Cundinamarca, Colombia).

Two ruminal samples were collected for each animal after fasting and post-feeding. The animals were initially fed ad libitum in a closed grass field, then they were moved to a different enclosure without the availability of food for 16 h. After that time, the fasting sample was taken, registering the order of sampling for the different animals. Once these samples were taken, the animals were moved back to the grass field where they were fed ad libitum again. Although no quantification was performed on the amount of grass consumed, all the animals registered similar grassing activities and after 1 h they were all removed from the grass field back to the enclosure where they were sampled for post-feeding in the same order as in the first sampling. One animal, BON-C, bled during the post-feeding sampling, which contaminated the sample. Consequently, this sample was discarded.

The ruminal fluid samples of the BON animals were collected using a nasogastric probe, and the ruminal fluid of the Holstein animal was obtained directly from the rumen through a fistula according to the standard procedure published in Minor et al. (1977). The ruminal fluid samples were initially filtered through a sterile cheesecloth to remove plant material, then 200 mL of ruminal fluid was stored in 50 mL tubes with 10% (v/v) formal saline solution. The samples were refrigerated at 4°C until further use.

All animal procedures were conducted by a veterinary doctor after the previous approval of Agrosavia’s bioethics committee and followed all the guidelines and standards for animal care. In addition, the Institutional Committee for the Care and Use of Laboratory Animals (CICUAL) at the Universidad de los Andes also approved these procedures. The number of individuals used in this study was maintained to a minimum to avoid any negative impact of the research on animal health and wellness.



Sucrose Density Gradient Construction

Eight solutions were prepared in a PBS buffer at different sucrose concentrations of 5, 10, 20, 30, 40, 50, 60, and 70% (w/v% or g/L). Each solution was prepared to a final volume of 100 mL. The sucrose gradient was assembled as follows. First, a 5 mL of a sucrose solution at 70% was added to a 50 mL tube, which was immediately immersed into liquid nitrogen for approximately 60–80 s, until the solution was completely frozen. Next, 5 mL of the 60% solution was added and fast-frozen as mentioned before. The process was repeated with the other sucrose solutions from the highest (50%) to the lowest (5%) sucrose concentration. The 50 mL tube was kept frozen at −20°C until further use.

From each of the three 50 mL samples collected for each animal for each treatment, a sucrose gradient was prepared. To prepare the sucrose density gradient for analysis, it was thawed for 2 h at room temperature, keeping it still to prevent the different sucrose solutions from mixing. A total volume of 5 mL of ruminal fluid was carefully added on top of the sucrose density gradient. The tube was centrifuged at 5,000 × g for 35 min at 4°C to prevent damage to the protozoan cells. After centrifugation, the fractions of each gradient were retrieved separately using a sterile 16 G needle, which was inserted through the wall of the falcon tube at the bottom end of each fraction. This process was performed sequentially starting from the top of the tube with the lowest concentration fraction (5%). The individual gradient fractions obtained from the previous procedure were stored in 15 mL tubes at 4°C until further use. The experimental replicates from each animal and treatment were pooled together in order to obtain DNA concentrations suitable for sequencing at specific sucrose gradient levels, this will hinder estimates of reproducibility as technical replicates were not assessed. In total, 69 samples were processed in this study.



Microscopy Analysis of Sucrose Gradient Fractions

To evaluate the size distribution of the microorganisms in the different gradient fractions, an aliquot of 10 μL of each sample was examined under a light microscope. Some selected samples were used to visualize the microorganisms under the scanning electron microscope and confocal microscope. To reduce focal problems due to microbial cells accumulating at different depths, we used Colorfrost Plus Slide Glass, which electrostatically adhered the microbial cells to the slides (ThermoFisher, United States). All observations were performed at the Microscopy Center of the Universidad de los Andes. High-resolution pictures were taken with the scanning electron microscope to confirm the cell size observations. The size of the microorganisms in each fraction was measured using the confocal microscope and five independent photographs were analyzed using a custom ImageJ (Abramoff et al., 2003) script on each fraction from each sample (available upon request). The ImageJ script includes image preprocessing steps (background subtraction algorithms, noise filtering), segmentation (Phansalkar Local threshold method), and post-processing routines (watershed, hole filling, erode-dilate morphological filtering). We gaged the convex hull of each cell and computed its area value in square microns. We assessed image quality by using the deep neural network model proposed in Yang S. J. et al. (2018).



DNA Extraction in Different Sucrose Gradient Fractions

DNA extraction of each gradient fraction was done as follows. First, 5 mL of each gradient fraction were centrifuged at 19,064 RCF at 1°C for 1 h. The supernatant was discarded and the pellet was washed with a PBS buffer to remove sucrose residues. The suspension was centrifuged again at 11,769 RCF at 4°C. The supernatant was discarded, and the pellet was resuspended in 200 μL of PBS buffer for a second time. The three experimental replicates for each gradient were pooled in a 2 mL centrifuge tube to make a single DNA extraction. In addition, 500 μL of a homogenized, composite ruminal fluid sample that did not undergo a separation by sucrose density gradient was also extracted and used as a total community for reference comparisons (bulk DNA extraction). The samples were frozen in liquid nitrogen for 5 min and were then placed in a water bath at 65°C for 5 min. This procedure was repeated three times in order to promote the lysis of the cells. DNA extraction was performed using the kit ZR Fungal/Bacterial DNA MiniPrepTM from Zymo research following manufacturer’s instructions. Samples were initially homogenized using bead beating for 5 min. The DNA concentration was measured using the Nanodrop (ThermoFisher, United States) and the quality of the DNA was verified by electrophoresis in a 2% (w/v) agarose gel. The DNA extractions from the different fractions were quantified, obtaining concentrations ranging from 8 to 100 ng/μL (see Supplementary Table 1). All samples with concentration greater than 30 ng/μL were diluted to 30 ng/μL. For PCR (see below) 30 ng of DNA was used as template, implying 1 μL for all dilutions and the corresponding volume from the stock sample in order to reach 30 ng for samples with less than 30 ng/μL.



Construction of Amplicon Libraries of the 16S rRNA Gene and Sequencing

The construction of metabarcoding libraries for 16S rRNA gene was performed in two steps, following the protocol described by Caro-Quintero and Ochman (2015) which targeted the hypervariable region V4. In the first step, a triplicate PCR reaction was prepared for each of the samples. Amplification was performed using 30 ng of DNA template, 12 μL of the Promega GoTag® Green Master Mix (United States), 10 μL of ddH20, and 1 μL of each of the primers 515F and 806R at a concentration of 10 μM (Caporaso et al., 2012) with customized modifications to include a partial sequence of the Illumina amplification primers as shown in Faith et al. (2013); see Supplementary Table 2). The PCR amplification reactions were carried out under the following conditions: initial denaturation of 3 min at 94°C; three cycles of 45 s at 94°C, 30 s at 62°C, and 30 s at 72°C; three cycles of 45 s at 94°C, 30 s at 60°C, and 30 s at 72°C; three cycles of 45 s at 94°C, 30 s at 58°C, and 30 s at 72°C; 25 cycles of 45 s at 94°C, 30 s at 56°C, and 30 s at 72°C; and a final extension of 10 min at 72°C. PCR products were purified using AMPure XP beads (Beckman Coulter) following the manufacturer’s instructions.

In the second step, the triplicate amplification products were pooled together. Five microliters of this pool were used as a template for a second PCR reaction where the indexes and the Illumina adaptors were added to the sequences (Supplementary Table 2). The second PCR reaction was performed with the same conditions as described in the first PCR reaction. The PCR conditions included an initial denaturation of 3 min at 94°C, 12 cycles of denaturation for 45 s at 94°C, annealing for 1 min at 56°C, an extension for 1.5 min at 72°C, and a final extension of 10 min at 72°C. PCR products were cleaned using AMPure XP beads (Beckman Coulter). The quality of the DNA was verified by electrophoresis in a 2% (w/v) agarose gel. The DNA concentration was measured using Qubit 2 fluorometer (ThermoFisher, United States). An equimolar pool of all the PCR products was made with a final concentration of 10 nM. Pair-end libraries were sequenced in an Illumina MiSeq machine at the Universidad del Bosque in Bogotá, Colombia.



Bioinformatic Analysis

Samples were demultiplexed with an in-house script (available upon request). The quality of the sequences was verified using FastQC v0.11.7 (Andrews, 2010). The adapters and linker sequences were removed from the 16S rRNA gene partial sequences, using cutadapt v1.12 (Martin, 2011). Low-quality sequences, with an average Phred score <20 and having a read length <200 nts, were detected and removed from the datasets using trimmomatic v0.38 (Bolger et al., 2014). Qiime2 pipeline v_2018 (Bolyen et al., 2019) was used to analyze the 16S rRNA gene amplicon libraries. Dada2 (Callahan et al., 2016) was the algorithm used to denoise and generate Amplicon Sequence Variants (ASVs). Pair-end sequences were used as input for Dada2 with a truncation length of 200 bp. The ASVs present in less than two samples or had less than 4 sequences in all the samples in the feature table were eliminated from further analyses. The taxonomic assignment of the ASVs was performed using the Silva Database version 132 (Glöckner et al., 2017).



Microbial Community Structure and Diversity Estimates

All samples were rarefied to a depth of 7,200 sequences, which was the minimum number obtained for any given sample. We used Observed OTUs, Shannon and Faith’s PD indices as alpha diversity metrics to explore within-sample microbial heterogeneity. Beta diversity (between-sample diversity) was calculated using the weighted UniFrac metric (Lozupone et al., 2011). A principal coordinate analysis (PCoA) was used to visualize the results and the effect of the different variables under study such as the sucrose concentration, breed, individual, and sampling time. Rarefaction curves and beta diversity metrics were estimated using the “core-metrics-phylogenetic” plug-in implemented in the Qiime2 pipeline.



Statistical Analysis

A permutational multivariate analysis of variance, PERMANOVA (Anderson, 2017), was performed using weighted UniFrac distance matrix on the ASVs table to establish if there were significant differences among groups of samples according to variables such as fractions of the gradient, the breed, and the individual animals. Distances were calculated among the different fractions of the sucrose gradient as well as the total sample of ruminal fluid. Pairwise comparisons (PERMANOVA between two groups) were made between gradient’s fractions and between animals to establish significant differences.

Welch’s test (White et al., 2009) was used to establish if there were significant differences in taxonomic families’ abundance or ASVs between fractions, and total, and between fasting and post-feeding treatments. In addition, the Fisher exact test (Ironyt and Pereirat, 1986) was used to quantify the enrichment of a given taxonomic group in the different fractions of the gradient. The taxonomic groups were filtered in both tests using a difference between proportions >1% together with an FDR adjusted p-value < 0.01. These two tests were implemented in the software STAMP-v2 (Statistical Analysis of taxonomic and functional Profiles) (Parks et al., 2014). To visualize if a taxonomic group (family or an ASV) was significantly enriched, an extended error bar plot was performed in the STAMP-v2 program.

An abundance matrix was generated with the taxonomic groups that had a statistically significant difference in at least two fractions of the gradient for the same animal. This matrix allowed us to identify in which fractions of the gradient a specific taxonomic group was enriched. The enrichment of the taxonomic groups across the gradient fractions was analyzed for each animal.



RESULTS


The Sucrose Density Gradient Allows for the Separation of the Microbial Community by Size

We developed a methodology to disentangle the complex composition of the ruminal microbial community using sucrose-based fractionation of microbial cells. Our approach incorporated a sucrose step gradient using a range of eight sucrose (w/v) concentrations: 5, 10, 20, 30, 40, 50, 60, and 70%. We also included the densest fraction of the community that moved through all gradients and formed a large pellet at the bottom of the tube (labeled 70%_F) which was enriched with protozoa that were not observed in any of the other fractions. Ruminal samples were collected from four animals at fasting and post-feeding treatments, with the exception of one animal (BON-C) who was not possible to sample at 1 h post-feeding, for a total of seven ruminal samples. For each of those samples, the nine step gradient fractions were obtained as well as a total non-fragmented sample, resulting in 69 samples.

Using electron microscopy, it was observed that the lowest density fraction (5%) enriched the smallest bacteria, with an average size ranging from 0.2 to 0.8 μm2, while the larger microorganisms of about 1–4 μm2 in area were enriched in the larger fractions (30–60%) (Figure 1A). Other large microorganisms such as protozoa and bacterial clusters (i.e., chains and aggregates) were found in the highest density fractions (i.e., 70 and 70%_F) (Figure 1B).
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FIGURE 1. Cell size distribution of rumen microorganisms retained by the different sucrose fractions. The transmission electron microscope images show the differences in the size of microorganisms present in the (A) 20% and (B) 70% sucrose fractions. Violin plots represent the distribution of cells’ area quantified by confocal microscopy, five confocal microscopy microphotographs were analyzed for each gradient and animal. The panels show the distributions of the 70, 60, 50, 40, 30, 20, 10, and 5% fractions, for the animals (C) BON-A, (D) BON-B, (E) BON-C and (F) Holstein.


To assess the consistent separation of similar size microorganisms, five confocal microscopy microphotographs were analyzed for each gradient and animal. The cell size (area) was determined for each microphotograph, and the area distribution was represented as violin plots. Although an overlapping distribution in cell sizes along the gradient was observed, different cell sizes were clearly enriched at different concentrations of the gradient. The cell size distribution for samples corresponding to the BON-A (Figure 1C), BON-B (Figure 1D), BON-C (Figure 1E), and Holstein (Figure 1F) showed that the step gradients demonstrated similar size selection across animals. For instance, the distributions of the 5 and 10% fractions showed an enrichment of small cell-sizes, with the first quartile and median of the cell size around 0.3 and 0.7 μm2, respectively. In the case of the 20% gradient, the first quartile was around 0.75 μm2 with a median around 1 μm2. For the 30% gradient, the first quartile was around 1 μm2 with a median around 1.3 μm2. Finally, for the concentrations between 40 and 70%, the first quartile was around 1 μm2 and the median was around 1.5 μm2. For BON-B, cell size distribution for all gradients seems to have a larger variability and wider distribution due to suboptimal focus quality. We obtained absolute measure predictions of image focus with no user-specified parameters, using the deep learning trained model (Yang S. J. et al., 2018), combining all images for BON-B and comparing the focus accuracy with that of the images from BON-A. A clear decrease in accuracy could be observed (Supplementary Figure 1).



Diversity Is Mainly Driven by Sucrose-Based Fractionation

To analyze the microbial community structure in bovine ruminal fluid and the effect of the sucrose-based fractionation, we sequenced the V4 region of the 16S rRNA gene. An average sequence depth of 33.661 ± 60.044 (mean ± SD) reads were obtained per sample. ASVs were identified using Dada2 and rarefaction curves for each sample were calculated for all samples (Supplementary Figure 2). Given the diversity saturation observed for most samples at ∼7,000 reads, a rarefaction was performed at 7,200 sequences to prevent sample loss and used for downstream analyses.

The PCoA with weighted UniFrac distance metric on the ASVs abundances was used to visualize similarities between the bacterial communities and evaluate the effect of variables such as sucrose concentration, breed/sampling method, individual, and treatments. Interestingly, the sucrose concentration was the variable with the highest contribution at inter-sample diversity, as it corresponded to the variable that principally explained the variation in the first two axis of the PCoA with 32 and 28% of the variability explained, respectively (Figure 2A and Supplementary Figure 3). In general, a distinction was observed for the 5, 10, and 20% fractions compared to the rest of the fractions, suggesting that they share a similar bacterial composition, confirming what was also observed on the cell size distribution by the confocal microscopy (Figure 1). The total (non-fragmented) samples of ruminal fluid were grouped closely together with the largest gradient fractions (50, 60, 70, and 70%_F), suggesting that the total ruminal fragment is enriched with bacterial taxons more commonly identified in the medium-high density gradients.
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FIGURE 2. Principal coordinate analysis (PCoA) of the fractionation of the ruminal microbial community based-on weighted UniFrac distances. Distribution of the community in the samples is depicted according to (A) sucrose concentration, (B) breed, (C) animals, where A, B, C, and H represent BON-A, BON-B, BON-C, and Holstein respectively, and (D) sampling at fasting and post feeding.


Given that most of the variation was explained by the fractionation of density gradients, a PERMANOVA analysis was performed to test whether the weighted UniFrac distances among the different gradients were significantly different (pseudo-F = 5.39, p-value 0.001, 999 permutations; see Supplementary Table 3A for pairwise comparisons). This analysis showed that the smallest fractions of the gradient (5 and 10%) and the larger fractions (50, 60, 70, 70%_F, and Total) are more similar. This can also be observed when comparing weighted UniFrac distances within and between gradient fractions (Figure 3). For example, when comparing the distances within the different samples of the 5% fraction (Figure 3A, it is possible to observe black box) that they had lower variation. This low beta diversity or distance was also observed when comparing the samples of the 5% fraction with the 10 or 20% fractions. In contrast, significantly higher distances were observed when comparing the 5% fraction with the larger fractions (50, 60, and 70%). The behavior observed with the distances based on the composition of the microbial communities was similar to what was observed in the microscopy pictures. Importantly, some of the lowest inter-sample distances observed were between the total sample and each gradient, showing that the total is a composite of all the other samples.
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FIGURE 3. Beta-diversity analysis based on weighted UniFrac between and within the fractions of the gradient and total samples. The distribution of the distances between each sample from each fraction of the gradient (and the total) and the samples from each other fraction of the gradient are shown in open box plots. The distances of samples within a given fraction of the gradient are shown in black box plots. (A–I) Correspond to each fraction of the gradient. (J) Corresponds to the distance of the total samples compared to all gradients and itself.


Beyond the sucrose density gradient effect, a separation between breeds was observed in the PCoA plot on axis 3 (8.6% of total variation), where the samples belonging to animal of the Holstein breed were separated from those from the BON breed (Supplementary Figure 3B). It is important to mention that the Holstein animal was the only one sampled by cannula and not by nasogastric tube as the other BON animals. Several studies have suggested that there are no, or very minor, variations in the microbial communities obtained depending on the sampling method of rumen microorganisms (Kittelmann et al., 2015; Tapio et al., 2016; de Assis Lage et al., 2020). However, due to this complete co-variation between the sample treatment and the breed of the animals, it is impossible for us to determine if the breed was the main factor affecting the observed variation and not the sampling method. The samples belonging to the three BON animals were similar among them and no clear separation was observed (Figure 2C and Supplementary Figure 3C). Those results were further confirmed with the ANOVA analysis, where we found significant differences driven by breed/sampling method (pseudo-F = 3, 11,131, p-value = 0.003, 999 permutations) and individuals (pseudo-F = 4.154, p-value = 0.001, permutations = 999), although no significant differences were found between the individuals of BON-A and BON-B (Supplementary Table 3B). Finally, no apparent effect of the feeding was observed on the first 3 PCoA axes (Figure 2D and Supplementary Figure 3D).



Enrichment of Bacterial Families and ASVs Throughout the Sucrose Density Gradient

Bacterial taxonomic groups were enriched in specific sucrose fractions compared to the total ruminal fluid. Figure 4 shows bacterial abundance at the family level for all the individual animals during fasting and post-feeding, for the families comprising up to 70% of the relative abundance. Several interesting observations can be derived from Figure 4. First, the families present in any gradient were also found in the total samples; additionally, all 27 bacterial families were present in all four animals. Second, as noted above, the 5 and 10% fractions have very similar composition, and for most of the animals this similarity extended to the 20% or even 30% fraction. However, the abundance of the families that were enriched in the 5 and 10% fractions began to decrease as the sucrose concentration increased. Examples of the families enriched in the 5 and 10% fractions included members from the Bacteroidales order, such as Bacteroidaceae and RF16, the Clostridiaceae and Erysipelotrichaceae from the Firmicutes, and the Anaeroplasmataceae from the Tenericutes. There were few families enriched in the 40 and 50% fractions, with the Enterobacteriaceae among those, suggesting that these fractions are a transition between smaller and larger bacteria. Additionally, other families were enriched only in 60, 70, and 70%_F, such as the families Mogibacteriaceae, Veillonellaceae, Methanobacteriaceae, Anaerolinaceae and S24-7 from Bacteroidales. Lastly, the 70%_F fraction shows different abundance patterns with respect to other fractions immediately preceding it, likely due to the presence of sessile bacteria that were attached to large particles and the absence of planktonic cells, prevalent in the other fractions. Families such as Prevotellaceae, Ruminococcaceae, Lachnospiraceae, and Spirochaetaceae were present in all the gradient fractions and were the most abundant bacterial families for all the animals.
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FIGURE 4. Heatmaps depicting relative abundance of the bacterial families across the sucrose density gradient fractions and the total sample for the BON-A (A), BON-B (B), BON-C (C), and Holstein (D) at the time of fasting and post feeding. Note that no post-feeding sample was obtained for the BON-C. Relative abundance (percentage) is shown in a log scale to help visualize changes in the community composition of families that are not highly abundant. Families present in the four animals are highlighted in red. A black line divides the Total sample from each of the fractions.


Looking deeper in the taxonomic level, the distribution of genera per gradient shows three different patterns based on their relative abundance (Supplementary Figure 4), confirming the results observed at the family level. First, some genera were enriched at the lower sucrose concentrations (5, 10, and 20%), such as Anaeroplasma (Anaeroplamataceae family), RFN20 (Erysipelotrichaceae), Clostridium (Clostridiaceae family), BF311 (Bacteroidaceae family); all those genera belong to families identified as enriched in the smaller gradients. Furthermore, the genus Anaerostipes from the Lachnospiraceae family also was identified in these fractions. Second, we observed microorganisms with a higher relative abundance at more dense gradient concentrations (50, 60, and 70%); among these we found genera with species that have very large cell sizes such as Selenomonas (Veillonellaceae), Oscillospira and Ruminococcus (Ruminococcaceae), and Butyrivibrio (Lachnospiraceae). Finally, some genera have a higher relative abundance at the intermediate gradients (30, 40, and 50%); among these we found Prevotella, Fibrobacter, Pseudobutirivibrio, Treponema, and Coprococcus. Interestingly, when analyzed at the genus level, families such as Lachnospiraceae and Ruminococcaceae that were reported at high abundance in all fractions of the gradient were composed by different genera, each one with specific distribution of cell sizes highlighting the large diversity within these taxonomic groups.



Bacterial Community Changes Are Better Detected Using the Sucrose-Based Fractionation

In order to evaluate the usefulness of the fractionation on the identification of subtle changes in the composition of the microbial community, we identified the taxonomic groups that show significant differences when comparing the fasting and post-feeding treatment for the same animal. It is important to highlight that the BON-C is excluded from these analyses due to the lack of post-feeding samples. We found significant differences in the abundance of bacterial families before and after feeding; many of those differences were not detected in the total samples (Supplementary Table 4). Using the program STAMP, we evaluated the differential abundance between fasting and post-feeding conditions at the family level (Fisher’s exact test, FDR corrected q-value < 1e−2) for each of the animals. We chose families that had an effect size (differences between proportions) greater than 1 (significantly enriched in fasting) or less than −1 (significantly enriched in post-feeding), comparing equivalent fractions (Supplementary Table 4). In general, it was observed that all the enriched families were identified either uniquely in the fractions or shared by the fractions and the total. Furthermore, the magnitude of the effect size and the percent of families enriched were greater in the fractions compared to the total sample. Specifically in terms of percentage of enriched families in fragments vs. totals, we have in BON-A: 81.5 vs. 37.0%; BON-B: 77.8 vs. 7.4%; Holstein: 66.7 vs. 22.2%. These results indicate that the gradients allowed the detection of a stronger family enrichment signal.

The families enriched exclusively in the fractions of the gradient included Coriobacteriaceae, Bacteroidales RF16 and Methanomassiliicoccaceae. On the other hand, the families that were present in all fractions showing consistent enrichment patterns included Ruminococcaceae, Lachnospiraceae, Spirochaetaceae, and Prevotellaceae. Interestingly, the enrichment direction was not the same on all animals or between the fractions and the total. An example of this is Prevotellaceae, which shows opposite treatment enrichment. In BON-B, this family is enriched in post-feeding in most of the gradients, while in BON-A it is highly enriched in the 20–50% gradients during fasting and in the total during post-feeding. Given that within a bacterial family a large functional and phenotypic diversity of microorganisms is expected, we examined the enrichment of microorganisms using ASV as a proxy for species level. We wanted to determine if at a finer level of taxonomic classification implying closer evolutionary relationships, a defined group may have a more restricted associated cell size, and therefore it would be possible to see stronger effects of separation on the enrichment at this level.

Using the total number of ASVs, we calculated the difference in proportions between fasting and post-feeding, analogous to what was performed at the family level, selecting those with enrichment in fasting (as a difference greater than 1) or post-feeding (with values less than −1). We selected only those ASVs that were significantly enriched in at least two fractions of the gradient (Supplementary Table 5). Analogously to what was observed at the family level, there was a higher number of ASVs enriched in the gradients compared to the number enriched in total samples. In summary, the proportion of enriched ASVs in fractions vs. the total samples is 29 vs. 7 for BON-A, 18 vs. 2 for BON-B; and 21 vs. 3 for Holstein. The ASVs that belong to the taxonomic groups Bacteroidaceae BF311, Bacteroidales RF16, Ruminococcaceae, Clostridiales, and Tenericutes ML615J-28 were enriched in the smallest fractions (5, 10, and 20%) for the BON-A and BON-B. Meanwhile, ASVs belonging to Prevotella were mostly enriched in the middle fractions (30, 40, and 50%) for all the animals, as well as ASVs from Enterobacteriaceae in the Holstein. The ASVs that belong to Methanobrevibacter genus were enriched in the largest fractions (60, 70, and 70%_F) of the gradient for the BON-B and Holstein, and the ASVs belonging to the bacterial group WPS-2 were enriched in the biggest fractions of the gradient in the Holstein. Supplementary Figure 5 shows the unique and shared ASVs enriched in the three animals. Only four ASVs were shared by all three animals, two of them belonging to the Prevotella genus, and the other ones to the taxonomic groups Clostridiales and Acholeoplasmataceae. The larger number of enriched ASVs was found uniquely in Holstein and BON-A, with 13 and 12 ASVs, respectively. Another group of enriched ASVs is those present in BON-A and BON-B, 12 ASVs, while no ASVs were found shared between Holstein and BON-B. This shows that each animal has their unique ASV profile, with animals from the same breed sharing higher numbers of bacteria.

As observed at the family level, there were also some ASVs that were present in all the fractions of the gradients studied and in the total samples. It was possible to identify those ASVs enriched using a Welch test due to the treatment in most of the fractions (Figure 5), and for some selected representatives we plotted their abundance as a function of the sucrose fraction (Figure 6). The enriched ASVs are members of the genera Prevotella, Butyrivibrio, Ruminococcus, Succiniclasticum, Paraprevotella, and Treponema. Interestingly, some ASVs were enriched in between treatments but only in a few specific fractions of the gradient (Figure 7). Some ASVs were enriched in the smallest fractions of the gradient such as Acetobacter variants in the animal BON-B, other ASVs were enriched in the middle gradient fractions such as Prevotella variants in the animal BON-A, and other ASVs were enriched in the largest gradient fractions such as Enterobacteriaceae variants in the animal BON-A. The identification of those ASVs shows that the fractionation of the microbial community can detect changes in the abundance that total DNA extraction without fractionation cannot.
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FIGURE 5. ASVs that were significantly enriched in all the fractions of the gradient before or after feeding. (A) BON-A, (B) BON-B, and (C) Holstein. The graphics were made using the program STAMP program using Welch’s test with a p-value < 0.01. No FDR correction was made.
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FIGURE 6. Relative abundance of the ASVs that show their enrichment throughout all, or almost all, the fractions of the gradient. (A) BON-A, (B) BON-B, and (C) Holstein. Blue lines correspond to the relative abundance while fasting and orange are the abundances 1 h post-feeding. Dotted black line at −3 represents a relative abundance of 1:1,000 which marks or limit of detection for the sequencing. The relative abundance was log-transformed.
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FIGURE 7. Relative abundance of the ASVs that show their enrichment in specific fractions of the gradient when the animals were fasting or post feeding. (A) BON-A, (B) BON-B, and (C) Holstein. Blue lines correspond to the relative abundance while fasting and orange are the abundances 1 h post-feeding. Dotted black line at −3 represents a relative abundance of 1:1,000 which marks or limit of detection for the sequencing. The relative abundance was log-transformed.




DISCUSSION


The Sucrose Density Gradient and the Separation of the Ruminal Microorganisms

The ruminal microbial diversity is a key factor in improving productivity, health, and reducing methane emission in cattle (Matthews et al., 2018). Despite its importance, there are still gaps in the knowledge of the diversity of ruminal microbiota and we are still exploring how treatments and conditions affect the abundance and composition of ruminal microbes (Malmuthuge and Guan, 2017). In this study, we developed an alternative approach to study the composition and diversity of the ruminal microbiota by fractionating the microbial community based on cell size and density.

We were able to show that the sucrose gradient is a simple method for microbial community analysis, which showed consistent fractionation in four different animals tested. These results were confirmed both qualitatively and quantitatively by the cell size distribution of samples measured by confocal microscopy. Furthermore, it was shown that most cells are maintained intact in the different fractions, allowing the recovery of enriched cells viable for culture and other downstream analysis. A similar use has been reported in the human gut, where bacteria has been separated from the rest of the fecal material using a NICODENZ density gradient and could be recovered alive and preserved for a fecal microbiota transplantation (Hevia et al., 2015). We observed that the cell morphology and size distribution corresponded to that of bacteria, archaea, and protozoa; however, we did not observe fungi zoospores, an important part of this microbial community. A potential explanation is that zoospores attach to the plant material in a sessile state (Orpin and Bountiff, 1978). This matches with the observation that a very low number of motile zoospores have been observed in the ruminal fluid (Lee et al., 2000) and with our observation from the images obtained with the scanning electron microscope for the 40% fraction.

The analysis of cell size distribution clearly shows that even though breed/sampling method has an important effect on the ruminal microbial composition, same sucrose percentage fractions between different animals recover similar microbial taxonomic composition. In this sense, the cell size distribution obtained by microscopy and the taxonomic composition analysis showed a similarity between the 5, 10, and 20% fractions, significantly different from the 40, 50, 60, and 70% fractions. One possible explanation is that in the environment, cell sizes and their densities may differ to what has been characterized in laboratory conditions. They may depend on factors such as age, growth phase, or cell arrangement morphology (e.g., aggregates or chains); in consequence, the cell density might vary, as well as their distribution in the different gradient fractions. Because of this, it is expected to find ASVs in different fractions of the gradient. The lack of a finer resolution or separation among the fractions could be due to technical difficulties in recovering the purified fraction and/or incomplete fractionation during the centrifugation. A strong separation of the fractions by centrifugation was avoided to maintain the viability and integrity of the cells. Other plausible explanations of that seemingly bimodal distribution of bacterial sizes could be due to factors like protozoa predation and the anoxic environment. This variation in bacterial size has been reported as a consequence of predation of bacteria by the protozoa (Chrzanowski and Šimek, 1990; Gonzalez et al., 1990). Studies in aquatic environments have demonstrated that when bacteria are under grazing pressure, the bacterial size tends to become smaller or very large (Hahn and Höfle, 2001) as a size-defensive mechanism because protozoans prefer to feed on intermediate-sized bacteria (1 μm). Bacteria with a size smaller than 1 μm or greater than 2 μm have a predation rate 10–200 times lower than in an intermediate size bacterium. Another factor that could influence the similarity in the microbial composition in the fractions of 40–70% is the possibility of the protozoa disrupting the gradient as they pass through, generating a homogenization of the fractions.



The Enrichment of Families and ASVs in the Sucrose Density Gradient

During the development of this research, it was possible to observe that the most important factor affecting the taxonomic composition of the samples was the sucrose gradient. This observation shows the possibility to use such methods for enrichment of certain bacterial species, genera, or families based on their size or density. At higher taxonomic ranks (i.e., family), it was possible to observe a consistency in the enrichment among the different gradients between animals, even from different breeds. For example, the taxonomic groups Anaeroplasmataceae, Bacteroidaceae, and Clostridiaceae were enriched in the smallest fractions of the gradient, which was consistent with what was observed at the genus level, with genera such as Clostridium (Ruminococcaceae); Anaerostipes (Lachnospiraceae); Clostridium (Clostridiaceae); BF311 (Bacteroidaceae); Anaeroplasma (Anaeroplasmataceae); RFN20 (Erysipelotrichaceae). Most of these genera have a reported small cell size, for instance Anaeroplasma and anaerobic mycoplasmas have an average cell size of 0.5 μm and Anaerostipes has a described cell size of 0.5–0.6 μm wide × 2.0–4.3 μm long.

Families enriched in the larger fractions of the gradients included Mogibacteriaceae, Veillonellaceae, Anaerolinaceae, Coriobacteriaceae, and S24-7. These families were further confirmed at the genus level, with members of the Selenomonas, Anaerovibrio (Veillonellaceae); Ruminococcus, Oscillospira (Ruminococcaceae); Butyrivibrio (Lachnospiraceae); Methanobrevibacter (Methanobrevibacteriaceae); SHD-231 (Anaerolinales); and Desulfovibrio (Desulfovibrionales). This includes organisms known for a large cell size such as the genus Selenomonas with an average cell size of 2.0–3.0 × 5.0–10.0 μm (Falkow et al., 2006) and Oscillospira has an average size of 3–6 × 10–40 μm (Gophna et al., 2017). Other genera, even though they have smaller reported cell size, are known to grow in filamentous and chain structures, such as Butyrivibrio (0.21–0.32 × 2–4 μm) (Sewell et al., 1988) and Ruminococcus (0.9 × 1.3 μm) (Latham et al., 1978). Another example of how the cell size influences the distribution across the fractions of the gradient of the bacterial group at the genus level is the Ruminococcus genus. The Ruminococcus are prevalent in most of the ruminant species, and they are major cellulose and cellobiose degraders (Krause et al., 1999). The bacterial morphology of R. albus is mainly coccus and diplococcus with diameters varying from 0.8 to 2.0 μm. The cells of R. flavefaciens are spherical with a diameter varying from 0.7 to 1.6 μm; however, this species grows in chains (Puniya et al., 2015), which is likely the reason why they were enriched in the 60 and 70% fractions. There were also families that appeared throughout the whole range of fractions such as Ruminococcaceae, Lachnospiraceae, Prevotellaceae, and families belonging to Clostridiales. Interestingly, at the genus level, we observe genera from these families being enriched in different fractions. These families, which are among the most abundant and prevalent in the ruminal microbiota (Henderson et al., 2015), have been described with large morphological diversity living as single cells, filaments, chains, and flocs (Parte et al., 2011).

One important aspect is the enrichment of unclassified or poorly characterized bacteria in different gradients. We observed ASVs from the candidate division SR1 (SR1c) and Tenericutes phylum were only enriched in the small fractions of the gradient. The SR1c group is also found in diverse environments like sea sediments (Corre, 2001), termite gut (Hongoh et al., 2003), and sulfur rich springs (Blank et al., 2002) and do not have any representative isolated strains. The SR1c has been reported in several of the rumen microbiota studies (Davis et al., 2009; Zhong et al., 2018). However, the diversity of this group in the rumen is low, and only two OTUs from this group have been reported in the rumen and belonging to the BD2–14 sub-group III (Davis et al., 2009; Ghotra, 2014; AlZahal et al., 2017). The SR1c was also present in all the fractions of the gradient indicating that there are other bacterial sizes of this group in the ruminal fluid.



The Sucrose Density Gradient as a Tool to Disentangle Subtle Changes in Microbial Composition in Response to Treatments

In our experimental design, we aimed at using the fractionation of cells according to their density to allow for a higher resolution of changes and enrichments upon treatments such as feeding. Although the treatment used (fasting vs. feeding) does not necessarily imply a drastic change in the microbial community, most of the variations and enrichments observed were found precisely in the fractions and not in the total samples. In this experiment, the post-feeding time could actually represent an active phase of transitions with a reported peak of increased abundance of fibrolytic bacteria at 1–2 h post feeding (Huws et al., 2018). Examples of these increases in abundance were the families Bacteroidales BS11 and Bacteroidales S24-7. These families are commonly present in the rumen but are found in low abundance and do not have cultured representatives yet. In our study, the family BS11 was enriched in the 10 and 20% fractions, for the BON-A when fasting, in the 5 and 10% for the Holstein, and in the 50% fraction in the BON-B post-feeding (Figure 4), suggesting a niche partitioning of this family in the rumen (Solden et al., 2017). The presence of this family in different fractions could indicate different genera with different size and functional profiles in the rumen. The family Bacteroidetes S24-7 was enriched in 60, 70, and 70%_F for most of the animals when they were fasting (Figure 4), which could be explained by the bacterial cells floating in the ruminal fluid waiting to adhere to the plant material that enters the rumen when the animal feeds on grass. To obtain more precise results about the enrichment of the different taxonomic groups when fasting or post feeding, it would be desirable to sample a larger number of animals to observe more robust and homogeneous trends. On the other hand, the functional response of the low abundant microorganism, such as the families Bacteroidales BS11 and S24-7, is not well understood in ruminal animals. The enrichment of these families in the gradient will provide an opportunity to explore the genome of these low abundant groups. In this sense, recent studies performed in the human gut microbiome demonstrated the importance of the low abundant microorganisms as a source of new functional genes with antimicrobial and biotechnological applications (Almeida et al., 2019).

We believe that the current method is widely applicable and of potential interest in different relevant situations, particularly when studying the effect of treatments such as prebiotics and probiotics in the animal microbial community since some of those effects are more subtle and may not affect the most abundant bacteria. However, even small changes may bring significant biological variation. The method presented here can be further optimized, for instance, the addition of a cell dissociating step prior to the fractionation in order to separate those microorganisms that can flock together, or those that are attached to large plant material. The dissociation can be performed using treatment such us Tween or physical methods such as sonication. Based on our results is not clear whether the complete set of different gradients is needed in order to obtain the observed separation, as each gradient sieves the bacteria that pass to the next gradient, or if a selected subset of gradients could have the same effect. However, from the obtained results it is clear that is not needed to sequence all fractions. We suggest that in future studies a focus could be made on the 5, 30, 60, and 70_F fractions. We think this will reduce the sequencing cost, while still representing all of the taxonomic groups that inhabit in the rumen. As with any enrichment method, it is important to consider that any bias or noise that could be present in the samples could be artificially enriched when separated throughout the sucrose gradient.

For other microorganisms, an optimization of the gradient or even the solution will still be necessary. In the current setup, the viral component of the rumen community will be present only in the 5% gradient fraction. If what is desired is to fractionate the different members of the viral community, a Cesium Chloride gradient with ultracentrifugation should be used instead. On the other hand, when considering large organisms such as protozoa, the sucrose density gradient facilitates the isolation and concentration of these microorganisms in a unique fraction making it easy to determine the effect of a treatment on their abundance.

Finally, caution is important when analyzing the enrichment based on specific fractions of the gradient. If the total DNA yield of a given fraction is too low or the alpha diversity is significantly affected compared to the total sample, it is possible that sampling bias could affect the relative abundance of the taxons and thus the enrichment observed. Furthermore, if biological inferences will be made based on enrichments identified in particular fractions, verification through qPCR or other methods such as CFU counts on selective media should be done, starting from the total sample, to confirm the results obtained from the fractions.

In conclusion, in this study we describe a low-cost methodology to expand the knowledge of the ruminal microbial diversity in the ruminal fluid compared to a standard procedure. Using the sucrose density gradient methodology, we separated the ruminal microbiota based on their size and density in different fractions of a gradient. We demonstrated that fractions of the gradient of ruminal sample fluid have different compositions and abundance, which allowed us to enhance the resolution of the study of bacterial diversity in the rumen. We found an enrichment of the less abundant bacterial families and ASVs in different fractions of the gradient compared with a total sample without separation. Lastly, the sucrose density gradient was able to detect subtle changes in the differential abundance, not only for the most abundant and prevalent groups of bacteria in the rumen before and after feeding, but also for the less abundant groups. These less abundant groups are likely equally important groups in the rumen. Hence, this method will allow an improved diversity analysis of the effect of a treatment on the ruminal microbiota. The enrichment of specific or less abundant taxonomic groups in specific fractions of the gradient maintaining their viability in a less complex mixture open the possibilities for culturing strategies or even whole-genome shotgun sequencing for genomic reconstruction, paving the way for a more exhaustive functional characterization of those elusive members of the ruminal microbiome.
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The increasing availability of modern research tools has enabled a revolution in studies of non-model organisms. Yet, one aspect that remains difficult or impossible to control in many model and most non-model organisms is the presence and composition of the host-associated microbiota or the microbiome. In this review, we explore the development of axenic (microbe-free) mosquito models and what these systems reveal about the role of the microbiome in mosquito biology. Additionally, the axenic host is a blank template on which a microbiome of known composition can be introduced, also known as a gnotobiotic organism. Finally, we identify a “most wanted” list of common mosquito microbiome members that show the greatest potential to influence host phenotypes. We propose that these are high-value targets to be employed in future gnotobiotic studies. The use of axenic and gnotobiotic organisms will transition the microbiome into another experimental variable that can be manipulated and controlled. Through these efforts, the mosquito will be a true model for examining host microbiome interactions.
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THE ORIGINS OF AN AXENIC MOSQUITO MODEL

The term axenic refers to the growth of a single strain or species entirely free from contamination of any other organisms. The axenic state has also been referred to as “germ free.” We discourage this practice as it tends to implicate the microbes associated with a host with disease, ignoring the myriad of commensal and beneficial associations between microorganisms and their host. In its original usage, the term axenic was generally applied to cultures of bacteria or single-celled eukaryotes. As early as 1885, Louis Pasteur hypothesized the potential of an axenic animal host, although he was of the belief that the resulting axenic animal would not be viable (Pasteur, 1885). His views seemed to be borne out in 1896 when the production of axenic guinea pigs failed to survive past 13 days (Nuttall and Thierfelder, 1896). An axenic fly (Calliphora vomitoria) was first reported by Wollman in 1911, raising the potential for producing axenic insects (Wollman, 1911). With advancements in nutrition, handling facilities, and aseptic techniques, species, such as mice and fruit flies, are now routinely reared for multiple generations under axenic conditions, demonstrating that the axenic state is not a death sentence for the host organism (Sang and King, 1961; Smith et al., 2007; Douglas, 2018).

In 1930s, researchers turned their efforts to rear axenic mosquitoes, reporting the production of aseptic Aedes aegypti larvae in sterile media (Trager, 1935a,b, 1937). A series of studies would go on to refine the axenic techniques and were generally focused on determining the nutritional requirements of mosquito larvae (Lea et al., 1956; Singh and Brown, 1957; Akov, 1962; Lang et al., 1972; Rosales-Ronquillo et al., 1973). From the earliest studies, it was recognized that the microbiome was a potential source of essential nutrients. In 1935, Trager reported that sterile larval rearing media needed to be supplemented with particular nutrients, reporting that an essential ingredient in the media formulation was “heat-and alkali-stable…it seems to belong to the B group of vitamins” (Trager, 1935b). In fact, it was these studies that established a diet of liver and yeast extract for larval rearing, which is employed in many mosquito laboratories to this day. However, these studies occurred before the molecular revolution in microbiology in which we learned that the majority of microorganisms in the environment are often recalcitrant to laboratory cultivation (Hug, 2018; Lewis et al., 2021). Thus, there was some concern as to whether reports of axenic mosquitoes were reliable, as they may have been colonized by some of this biological “dark matter” (Rinke et al., 2013). Then, in 2014, a study called into question whether mosquitoes could be reared axenically at all, and proposed a potentially novel mechanism for the role of microbes in mosquito biology (Coon et al., 2014, 2017).



MICROBIAL INDUCED HYPOXIA AND LARVAL DEVELOPMENT

It was recently reported that removing the mosquito larval microbiome by surface sterilizing eggs resulted in the production of axenic larvae that would expire in the first instar stage of development. However, larval development could be rescued if the larvae were provided with a live culture of a laboratory strain of Escherichia coli (Coon et al., 2014). In a follow-up experiment, the researchers performed a transposon mutant screen to identify the genetic determinants allowing for E. coli to rescue larval development. Through this screen, they identified that axenic larvae colonized by mutants in cydB and cydD, which encode cytochrome bd oxidase, failed to develop (Coon et al., 2017). The respiratory oxidase cytochrome bd allows E. coli to grow in oxygen-replete conditions, with maximal activity at oxygen concentrations of 25–50 nM (D’mello et al., 1996). This suggested an important role for this terminal electron transporter in bacteria-host interactions. Coon et al. observed that the guts of larvae colonized by wild-type E. coli showed a cyclical behavior in oxic conditions over development, with declining oxygen levels prior to molting. When colonized by the cydB/cydD mutants, gut anoxia did not manifest, and the larvae failed to develop. Furthermore, expression of mosquito-encoded hypoxia-inducible transcription factor was associated with larval development, supporting a connection between anoxia and larval growth (Valzania et al., 2018a). Therefore, the hypoxic model proposes that E. coli cytochrome bd mutants do not scavenge O2 from the gut lumen, thereby not producing anoxic conditions, and thus, the larvae failed to develop (Coon et al., 2017). This would require that microbes are not just a passive source of nutrients to the larvae, but a living respiring microbial population was necessary for larval development. These observations would make mosquitoes unique from other insects, like Drosophila, which are routinely reared in an axenic state and would seem to support Pasteur’s original thesis that some hosts may require a living microbiome for survival.



REEMERGENCE OF AXENIC MOSQUITO MODELS

In 2018, we reported the generation of axenic Ae. aegypti larvae that were capable of developing into adults. The sterility of the mosquito host was verified by both culture-dependent and culture-independent methods (Correa et al., 2018). More recently, Romoli et al. described a method to produce axenic Ae. aegypti larvae through a process of “transient colonization.” Briefly, axenic larvae are colonized by a genetically modified strain of E. coli that can be removed during larval development, referred to as decolonization. The decolonized larvae go on to produce axenic adult mosquitoes (Romoli et al., 2021).

The description of axenic mosquitos seems to contradict the microbial-driven hypoxia model described above, which would require a living functional microbiome. Yet, several lines of evidence suggest that the hypoxic model may be incorrect. First, there was no difference in oxygen concentration between colonized larvae and decolonized axenic larvae (Romoli et al., 2021). Here, we show that axenic Ae. aegypti mosquitoes raised in the complete absence of a microbiome and stained with a fluorescent dye as a hypoxia marker maintain anoxic conditions in the gut (Figure 1). This indicates that mosquitoes themselves are capable of scavenging oxygen from the gut lumen. We thusly propose an alternative explanation to the observation that E. coli cytochrome bd mutants are unable to rescue larval development. Cytochrome bd mutants of E. coli demonstrate slower growth and produce lower biomass than their wild-type counterparts (Goojani et al., 2020). This suggests that the reproduction rate of cytochrome bd mutants may not be sufficient to support larval growth, not their ability to drawdown oxygen. In this view, the defects in the electron transport chain of E. coli lead to slower growth, which is then insufficient to support the high levels of metabolism required for larval development. A similar phenomenon has been observed in Drosophila, where it was reported that the quantity of bacteria present determined fly development and longevity rather than a particular microbial species or traits. In fact, the best predictor of how well a microbe would affect Drosophila development was how well that microbe grew on fruit fly culture medium (Keebaugh et al., 2018). This may also explain why E. coli K12, a laboratory-adapted bacterium, is still able to rescue larval development (Correa et al., 2018). E. coli K12 maintains high growth levels in larval growth media and thus can act as a source of larval nutrition, despite presumably losing many characteristics that would normally facilitate host colonization (Liu and Reeves, 1994; Browning et al., 2013).
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FIGURE 1. Hypoxic conditions in the guts of conventionally reared and axenic Aedes aegypti larvae. Larvae were reared to the third instar of development and stained with Image-iT Hypoxia Reagent, which fluoresces in anoxic conditions (<5% oxygen). Axenic larvae were reared in the dark to protect light sensitive B-vitamins in the culture medium. A subset of axenic larvae were subsequently verified to be free of microbial contamination by both culture-dependent and culture-independent (16S rRNA and fungal rRNA gene PCR) methods.


Data from the newly developed axenic models also support a nutritional role of the microbiome. For instance, larvae reared on a high-density diet of liver and yeast extract have to be reared in the dark to protect a light-sensitive component in the food, presumably a B vitamin (Hyde et al., 2019a). Transcriptional data from decolonized axenic larvae showed that folate biosynthesis, folate transport, and thiamine metabolism were all upregulated in comparison with their microbially colonized cohorts, additionally pointing to a B vitamin deficiency in axenic larvae (Romoli et al., 2021). Furthermore, supplementing the diet of axenic larvae with folate increased larval survival 4-fold (Romoli et al., 2021). Finally, using data from the axenic and decolonized mosquito models, Wang et al. verified and replicated the observation that supplementing the diet of axenic larvae with B vitamins, in this case riboflavin, can rescue development. They further showed that axenic larvae undergo gut hypoxia when reared under appropriate conditions, verifying that microorganisms are not required to produce anoxic conditions (Wang et al., 2021a). Thus, axenic studies of mosquito larvae have come full circle, highlighting the role of the microbiome in supplying essential nutrients, B-vitamins, such as folate and riboflavin, as the key function of the microbiome in mosquito larval development.



ARE MICROBES ESSENTIAL FOR LARVAL DEVELOPMENT?

The development of axenic larvae seems to suggest that living microorganisms are dispensable to larval growth. Yet, the microbes that make up the microbiome are clearly providing high amounts of biomass, food, and essential vitamins. It is unlikely any of these nutrients would be present in the environment in sufficient quantities to support larval growth in the absence of living microbes. In this regard, a living microbiome is likely required to support mosquito development in the wild. The fact that axenic larvae took longer to develop and produced smaller adults indicates that the axenic diet has not yet been optimized (Correa et al., 2018). In addition, several nutrients, such as amino acids and vitamin mixes, were lethal to the larvae when provided in high concentrations in the rearing water, which was only overcome when nutrients were provided in a semi-solid agar plug (Correa et al., 2018). This provides information on how mosquito larvae feed and acquire nutrients in the environment. Larval nutrition has long been recognized as a potential target for mosquito control and influences the development and fitness of adult mosquitoes (Souza et al., 2019; Dittmer and Gabrieli, 2020). Thus, the axenic model will continue to be important in defining and characterizing the nutritional requirements of mosquito larvae and the potential for identifying diet or microbial-based larval control programs.



THE ROLE OF THE MICROBIOME IN ADULT MOSQUITOES

The microbiome of mosquito larvae is thought to be largely acquired from their aquatic environment (Coon et al., 2016b; Saab et al., 2020). As mosquitoes are holometabolous, going through a complete metamorphosis from larvae to adults through a “resting” pupal phase (Figure 2), larval nutrition and health have direct consequences on the fitness of the adult (Moller-Jacobs et al., 2014; Linenberg et al., 2016). Presumably, this means the status of the larval microbiome will also affect traits of the adult mosquito. Evidence suggests that many microbes are lost during metamorphosis when mosquitoes develop from larvae to pupae and emerge as adults (Lindh et al., 2008; Chavshin et al., 2015). The adult mosquito is exposed to new food sources, such as flower nectar, as well as being more mobile and able to visit other locations, and the anautogenous female mosquito requires a blood meal for reproduction (Figure 2). Thus, the microbiome of adult mosquitoes differs from larvae, in both composition and diversity (Muturi et al., 2017; Wang et al., 2018; Hyde et al., 2019b). Yet, no serious detrimental effects of the axenic state on adult Ae. aegypti mosquitoes have been documented. Axenic mosquitoes had similar, if not slightly longer lifespans than their bacterially colonized cohorts, and female mosquitoes took a blood meal, laid a similar number of eggs, and the eggs of the axenic Ae. aegypti females gave rise to viable offspring (Correa et al., 2018). Similarly, there were no detrimental effects of the axenic state on longevity of fecundity of decolonized mosquitoes (Romoli et al., 2021). Additionally, transcriptomic analysis of axenic adult mosquitoes showed a muted response in terms of gene expression change between axenic and conventionally reared mosquitoes, indicating similar physiological states for colonized and axenic mosquitoes (Hyde et al., 2020). Thus, it appears that the axenic state is not an obvious burden for the adult mosquito, at least in the case of Ae. aegypti.
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FIGURE 2. Acquisition and transmission of the microbiome over the life cycle of the mosquito. 1. Microorganisms from the aquatic environment colonize the larvae. These organisms provide essential nutrients such as B vitamins. 2. During pupation there is a large reduction for or even elimination of the microbiome. 3. After emergence mosquitoes are exposed to rearing water potentially being recolonized by aquatic bacteria, but are also exposed to new sources of colonizing bacteria such as flower nectar. 4. Certain members of the microbiome may facilitate blood digestion by female mosquitoes becoming more abundant in the gut. Other bacteria may be adapted to survive the high nutrients and reactive oxygen species. 5. Through colonizing the female ovaries microbes may be deposited on the egg surface, ensuring they are available to colonize newly hatched larvae, there by continuing the colonization cycle.


Mosquitoes pose a significant and continued public health threat worldwide as they are responsible for transmitting numerous pathogenic viruses and parasites, such as dengue virus, West Nile virus, malaria parasites, and filarial nematodes, resulting in millions of infections each year. As such, there has been considerable research interest into the interactions between the mosquito microbiota and the pathogens they carry. Different microbial taxa have shown both positive and negative associations with the vectorial capacity of mosquitoes (Cirimotich et al., 2011; Guégan et al., 2018; Romoli and Gendrin, 2018; Caragata et al., 2019). Additionally, the composition and membership of the microbiome have been associated with a long list of other mosquito phenotypes. These include insecticide resistance, lifespan, and fecundity (Minard et al., 2013a; Dada et al., 2018; Wang et al., 2021b). Yet, all these studies have one thing in common, and they assume an interaction between microbiome members and host phenotypes. In this regard, these associations are not addressable with an axenic model, which can only investigate phenotypes in the presence or absence of a microbiome. What is required to link the status of the microbiome to host phenotypes is a model in which the diversity and composition of the microbiome can be mechanistically controlled and altered.



A DEFINED MICROBIOME: GNOTOBIOTIC MOSQUITOES

The ability to perform the microbiome presence/absence studies is important, but they are binary in nature and, therefore, somewhat limited. The true power of axenic models is their ability to be manipulated so that defined microbiomes, whether it be an individual or multiple community members, can be introduced, thereby allowing the systematic examination of the effects that specific community members have on host biology. These systems, referred to as gnotobiotics, allow microbiome research to move beyond correlational studies to hypothesis-driven examinations of causation.

A gnotobiotic host is one in which every living organism in association with the host is defined. Consequently, gnotobiotic systems are limited by the availability of both an axenic host and microbiome community members that can be cultured. Despite these limitations, our ability to decipher the complexity of host-microbiome interactions has accelerated in recent years through advancements in genomics, proteomics, metabolomics, and culturing techniques. Initial studies in axenic flies revealed that developmental delays could be avoided through the introduction of a single community member and that certain community members were more effective at counteracting these delays (Bakula, 1969; Storelli et al., 2011). Functional characterization of these observations through a transposon mutagenesis screen and metagenome-wide association analysis determined that Drosophila larval development and adult fly metabolic homeostasis were significantly affected by the bacterial community members’ ability to synthesize pyrroloquinoline quinone, which is an important modulator of the flies insulin/insulin-like growth factor signaling (Shin et al., 2011; Chaston et al., 2014).

Monoculture gnotobiotics are a very useful tool for elucidating the contributions that the microbiota has on host development and physiology but are reductionist and cannot measure the influence of intra-community interactions on the system at large. Early on it was demonstrated that the microbiomes influence on host biology can be greater than the sum of its parts (Schaedler et al., 1965). Axenic flies colonized with communities of varying complexity reveal that some phenotypic traits are highly influenced by community interactions (Newell and Douglas, 2014; Gould et al., 2018). For instance, axenic Drosophila showed prolonged development times and elevated triglyceride contents in comparison with conventionally reared bacterial colonized flies. When the flies were recolonized with individual members cultivated from the microbiome, there were strain specific responses of the flies in triglyceride levels and longevity, but it was only when strains of both Acetobacter and Lactobacillus (the dominant members of the Drosophila microbiome) were presented to the axenic flies that the flies phenotypes returned to wildtype levels (Newell and Douglas, 2014).

Another approach for examining community scale effects and interactions is through transfer studies. While not truly gnotobiotic, transfer studies in which the microbiome of an individual with a specific disease state is introduced into an axenic host have become a useful tool for examining microbiome correlates of disease (Vrieze et al., 2012; Fei and Zhao, 2013; Schulz et al., 2014). For instance, the now famous study documents that transferring the microbiome from lean and obese mice results in increased capacity for energy harvest and weight gain for the mice receiving the “obese microbiome” (Turnbaugh et al., 2006). These systems have the benefit of more realistically capturing the complexity of interactions associated with the microbiome but suffer from an incomplete understanding of the members within the community and their individual contributions to host phenotypes.

Until recently, mosquito-microbiome studies have been limited due to the lack of an axenic model. Consequently, most studies have relied upon the use of antibiotics to clear the resident bacteria in order to interrogate microbiome-mosquito interactions. Using this approach, several groups have reported that the microbiome plays a role in modulating gut immunity thereby effecting susceptibility to viral and parasitic pathogens (Xi et al., 2008; Dong et al., 2009; Kalappa et al., 2018; Wu et al., 2019). Similarly, antibiotic clearance of the microbiota has demonstrated a role for the microbiome in mosquito metabolism and sensitivity to insecticides (Xiao et al., 2017; Barnard et al., 2019; Chabanol et al., 2020). These studies, like the presence/absence studies used in axenic models, offer generalizable insights into the effects of the microbiota on host phenotypes. While these studies support that the presence of a microbiome is linked to mosquito phenotypes, it is difficult to parse out microbiome impacts from those potentially associated with sustained antibiotic exposure. It has been demonstrated in mammalian systems that antibiotics can induce immunologic and metabolic changes in the host, inhibit eukaryotic translation, and alter mitochondrial function (Kalghatgi et al., 2013; Badal et al., 2015; Moullan et al., 2015; Yang et al., 2017; Gopinath et al., 2018). In addition to potential side effects, it has been shown that antibiotics do not eliminate resident microbiota, but rather cause a dysbiosis, as some members of the mosquito microbiome likely harbor antibiotic resistance (Hughes et al., 2014; Schubert et al., 2015; Hyde et al., 2019b). This may also explain contrasting results between studies that employ antibiotic clearance, as the net result may be an altered microbial composition rather than a comparison between the presence and absence of a microbiome. For instance, Xi et al. (2008) reported a significant reduction in dengue virus infection after antibiotic treatment of Ae. aegypti mosquitoes, whereas Audsley et al. reported no effect of antibiotic treatment on the permissiveness of Ae. aegypti to infection by dengue virus (Audsley et al., 2017). In addition, several studies have employed antibiotic clearance in attempts to recapitulate monoculture gnotobiotics in mosquitoes, by “clearing” the resident microbiota with antibiotics and then exposing the mosquitoes to a bacterium of interest. These studies demonstrate that specific bacterial community members may affect mosquito susceptibility to pathogens and host physiology (Dong et al., 2009; Apte-Deshpande et al., 2012; Ramirez et al., 2012; Hughes et al., 2014; Xiao et al., 2017; Wu et al., 2019). However, there is no way to separate the possible influence of antibiotics on these traits, or little to no verification that the mosquitoes are true gnotobiotics.

Recent efforts have been made to examine mosquito-microbiome interactions using axenic mosquitoes. Introduction of individual bacterial isolates at the larval stage revealed strain-specific effects on larval survivorship and development time as well as adult mosquito biometrics, such as body size and reproductive fitness as well as susceptibility to dengue virus and Zika virus (Coon et al., 2016a; Dickson et al., 2017; Correa et al., 2018; Carlson et al., 2020; Giraud et al., 2021). It has also been demonstrated that simplified communities can successfully colonize both axenic larvae and adult mosquitoes (Correa et al., 2018). Correa et al. found that the composition and function of the microbiome may be important determinants of phenotypic plasticity observed between individual mosquitoes. The generation of axenic/gnotobiotic mosquito models now make it possible to systematically interrogate the effects of the microbiome on mosquito biology without the use of antibiotics.



OPPORTUNITIES AND CHALLENGES FOR AXENIC AND GNOTOBIOTIC MOSQUITOES

The advent of the axenic/gnotobiotic mosquitoes opens up a wide range of questions that can be addressed by the research community. The method for generating and rearing axenic mosquitoes has been published and is achievable by any laboratory with the ability to maintain aseptic conditions, sterilize the required equipment, and perform basic microbiology (see Hyde et al., 2019a for a detailed protocol). To date, axenic rearing from larvae to adults has only been reported for Ae. aegypti, but gnotobiotic Aedes atropalpus, Aedes albopictus, Anopheles gambiae, Culex quinquefasciatus, and Toxorhynchites amboinensis have all been reported (Coon et al., 2016a,b, 2020; Valzania et al., 2018b). In this respect, gnotobiotic models may be achievable for a wider range of host species. Implementing these gnotobiotic studies will require an appropriate mosquito host and bacterial strains capable of supporting larval development.

Perhaps, one of the greatest opportunities for gnotobiotics is the potential for standardizing mosquito studies. It stands to reason that different research laboratories employing varied diets, rearing conditions, and being geographically separated are likely to harbor differing microbiome compositions in the mosquitoes they rear. Thus, at least a portion of variability reported between studies is likely due to heterogeneity in microbiome composition and structure between laboratories. Gnotobiotic models allow for standardization of the microbiome and transitioning the microbiome to a controlled variable. The creation of a defined tractable model microbiome, similar to the altered Schaedler flora employed in gnotobiotic mouse studies (Biggs et al., 2017), would be a resource that could be shared among researchers, and act as a baseline to investigate the consequences of microbiome manipulation on mosquito phenotypes. This will require identifying those bacteria that would serve the greatest utility for a defined microbiome.



A PATH FORWARD: A MOST WANTED LIST FOR MICROBES IN GNOTOBIOTIC STUDIES

In general, the diversity of the microbiome in an individual mosquito is rather low, being comprised of ~10–50 bacterial species (Minard et al., 2013a). Yet, there are certain microbial members that appear to be commonly associated with mosquitoes or that have been correlated to particular phenotypic outcomes, which makes them particularly attractive targets to investigate in a gnotobiotic model. Below, we list five microbiome members that are high-value targets for future gnotobiotic studies (Figure 3). This is by no means an extensive list of microbiome members that may play a role in mosquito physiology but is a review of some of the mosquito microbiome members that show the greatest promise for untangling host microbe interactions or potential microbes that could be employed in microbial-based mosquito borne disease control. Notably, not included on the list is the bacterial endosymbiont Wolbachia. This maternally inherited organism may be the most well-studied mosquito-associated bacterium, with over 100 years of active study (Kaur et al., 2021). However, the difficulty in growth and maintenance of Wolbachia in pure culture, its biology, host range, and inheritance makes it a difficult organism to employ in gnotobiotic studies (Voronin et al., 2010; Hughes et al., 2012). Despite the myriad of effects Wolbachia plays in mosquito biology, reproduction, and control of mosquito carried pathogens (Turley et al., 2009; Hancock et al., 2011; Iturbe-Ormaetxe et al., 2011; Jiggins, 2017), it does not make the list.
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FIGURE 3. List of organisms of significant interest for gnotobiotic studies in mosquitoes.



Genus Asaia

Bacteria in the genera Asaia (phylum Proteobacteria) are acetic acid bacteria within the family Acetobacteraceae. Acetic acid bacteria are differentiated from other bacteria as they are obligate aerobes that oxidize sugars, sugar alcohols, and ethanol with the production of acetic acid as the major end product (Raspor and Goranovič, 2008). Bacteria of the genus Asaia colonize multiple insects, across multiple orders, such as the Diptera, Hymenoptera, Hemiptera, and Homoptera (Crotti et al., 2010). This includes mosquitoes within Aedes sp., Anopheles sp., and Culex sp. (Crotti et al., 2009; Freece et al., 2014; Ramos-Nino et al., 2020). Asaia is among the numerically dominant bacterial populations that colonize mosquitoes as assessed by sequencing surveys (Chouaia et al., 2010; Damiani et al., 2010) and can be found in larval and adult mosquitoes and multiple tissues (e.g., the adult gut, testes, ovaries, and salivary glands; Favia 2007, 2008; Mancini, 2018). Geographically dispersed, Asaia has been identified in mosquitoes from Brazil (Oliveira et al., 2020), Canada (Novakova et al., 2017), Iran (Rami et al., 2018), Italy (Alfano et al., 2019), Kenya (Osei-Poku et al., 2012), Madagascar (Minard et al., 2013b), and the United States (Muturi et al., 2017), among others. Species of Asaia are often found in flower nectar, the food source of newly emerged mosquitoes (Bassene et al., 2020). They can also spread through mosquito populations by paternal transmission during mating (Damiani et al., 2008). Asaia may use their colonization of the female reproductive tract to ensure vertical transmission through a process of egg smearing, whereby they colonize the egg surface in order to be ingested by newly hatched larvae (Damiani et al., 2010). The importance of the bacteria to the larvae is demonstrated by the fact that reduction of Asaia bacterial load by treatment with antibiotics slows larval growth. Subsequently, supplementing larval diets with Asaia bacteria accelerated larval development time (Mitraka et al., 2013). This suggests that these bacteria are able to meet the nutritional needs of developing larvae (Chouaia et al., 2012). Evolutionary analysis of Asaia genomes indicates that these organisms have underwent a process of genome reduction as they became associated with insects, yet preserved an insecticide degrading gene, pyrethroid hydrolase (Comandatore et al., 2021). Thus, beyond providing a source of nutrition to developing larvae, Asaia may play a role in protecting mosquitoes from insecticides.

Asaia bacteria appear to interact with the endosymbiotic bacteria and parasites carried by mosquitoes. When the mosquito microbiome was supplemented with Asaia bacteria, there was an observed impediment to the vertical transmission of Wolbachia, a mosquito endosymbiont, suggesting inter-species competition (Hughes et al., 2014). Additionally, several studies have documented a negative relationship between Asaia bacteria and Plasmodium, the causative agent of malaria (Capone et al., 2013; Cappelli et al., 2019a). It is thought that Asaia bacteria prime an immune response that prevents the malarial parasite from developing in the mosquito (Cappelli et al., 2019a). In this regard, the Asaia-mosquito symbiosis may be a relationship with significant public health implications.

These data and observations show that Asaia sp. colonize multiple mosquito hosts as well as other sugar-feeding insects. Asaia sp. are present across multiple life stages, in multiple tissues, and are reliably inherited between mosquito generations. Asaia bacteria are also amenable to genetic modification and mosquito recolonization, which makes them an attractive tool for studying the genetic determinants of mosquito colonization (Favia et al., 2007). Additionally, because bacteria in the genus Asaia are generally non-pathogenic they are attractive targets for paratransgenic strategies for mosquito vector control. Thus, Asaia is on the list of most wanted as they represent an ideal model bacterium to study an apparent beneficial relationship between a bacterium and the mosquito host.



Serratia marcescens

Serratia (phylum Proteobacteria) is a genus of facultatively anaerobic bacteria within the family Yersiniaceae. Bacteria in the genus Serratia are common among the bacteria that make up the mosquito microbiome (Sharma et al., 2020). Several different species of Serratia have been identified in mosquitoes, including Serratia odorifera (Apte-Deshpande et al., 2012), Serratia nematodiphila (Patil et al., 2012), and Serratia fonticola (Chen and Walker, 2020, 14). Yet, one bacterium in particular has received a considerable research focus as a mosquito associate, Serratia marcescens.

Serratia marcescens is a cosmopolitan bacterium with multiple environmental reservoirs, including soil and water (Abreo and Altier, 2019). It is often found in hospital settings and is a significant cause of nosocomial infections (Mahlen, 2011; Khanna et al., 2013). Mosquitoes are also an environmental reservoir. Strains of S. marcescens have been found to colonize mosquito larvae, the adult midgut, female ovaries, and male accessory glands, and on the surface of newly laid eggs (Tchioffo et al., 2016; Wang et al., 2017). Various isolates of Serratia demonstrate larvicidal activity. A strain of S. nematodiphila demonstrated high mortality to several mosquitoes species: C. quinquefasciatus (100%), Anopheles stephensi (95%), and Ae. aegypti (91%) after 48 h of exposure (Patil et al., 2012). Similarly, gnotobiotic Ae. aegypti mosquito larvae colonized with a strain of S. marcescens experienced >85% mortality, and the surviving larvae took approximately twice as long to develop (Correa et al., 2018). The characteristic red coloration of S. marcescens may play a role in its antagonism to larval development. Prodigiosin, the red pigment produced by S. marcescens shows larvicidal activity when introduced to larvae (Patil et al., 2011; Suryawanshi et al., 2015).

In contrast, S. marcescens seems to play a beneficial or at least neutral role in the adult mosquito. Gnotobiotic adult Ae. aegypti mosquitoes colonized by S. marcescens showed no increase in mortality (Correa et al., 2018). Similarly, no fitness defects were noted for adult An. gambiae or Culex pipiens mosquitoes colonized by S. marcescens (Koosha et al., 2019; Ezemuoka et al., 2020). In fact, S. marcescens may participate in mosquito blood digestion. The genome of S. marcescens encodes several genes for heme uptake and storage, as well as demonstrating alpha-hemolytic activity, i.e., the complete lysis of blood cells (Chen et al., 2017). Yet, fewer females infected with S. marcescens took blood meals in comparison with their uninfected cohorts (Kozlova et al., 2021).

Serratia marcescens has also been shown to interact with the capacity of mosquitoes to transmit disease. For instance by inhibiting Plasmodium development in the mosquito, thereby reducing the spread of malaria (Seitz et al., 1987; Bahia et al., 2014; Bai et al., 2019). Yet, there is high intra-specific diversity between S. marcescens strains capable of inhibiting Plasmodium. This indicates the anti-parasitic ability is likely due to a small number of genetic determinants, such as flagellum biosynthesis, that may not be conserved among all members of the species (Bando et al., 2013). Genome sequencing of mosquito-associated strains of S. marcescens showed various virulence factors and antibiotic production which may be involved in controlling pathogen infection of the mosquito (Chen et al., 2017). A recently described class of natural products, the stephensiolides, was isolated from a mosquito-associated Serratia. It is posited that these compounds have antimicrobial properties, which may also antagonize Plasmodium, as well as facilitate motility and transfer of bacterial cells within and between mosquitoes (Ganley et al., 2018). Additionally, colonization of the mosquito with S. marcescens induces gene expression changes in pathways, such as peptidoglycan recognition receptors that may enhance anti-parasitic immune responses that act to inhibit Plasmodium (Stathopoulos et al., 2014). In contrast, mosquito colonization by S. marcescens has been reported to increase the infection rate of mosquitoes by particular arboviruses. Specifically, S. marcescens colonization has been linked to increases in the infection of mosquitoes with dengue-2 and chikungunya virus (Apte-Deshpande et al., 2012). This increased permissiveness to viral infection is thought to occur through bacterial excretion of a protein SmEnhancin, which interferes with mucins of the mosquito gut epithelia, allowing dissemination of viral particles (Wu et al., 2019). In this regard, S. marcescens appears to inhibit or facilitate the vector competence of mosquitoes depending on the pathogen under consideration.

Serratia marcescens is on the target of most wanted mosquito which associates to study in gnotobiotic systems due to its complex interactions with the mosquito host. Colonization outcomes vary widely between larvae and adults. The potential relationships and mechanisms driving interactions between S. marcescens and the pathogens vectored by mosquitoes vary from the general, such as a priming of the immune system to the specific production of metabolites that aid or hinder pathogen infection or spread. In this respect, there is a rich list of potential host microbe interactions and phenotypic outcomes to characterize in regard to the association between S. marcescens and mosquitoes.



Elizabethkingia anophelis

Elizabethkingia (phylum Bacteroidetes) is a genus within the family Weeksellaceae. This bacterium is unique on this list as its origins are from mosquitoes, being first isolated from the midguts of An. gambiae (Kämpfer et al., 2011). However, the genus Elizabethkingia is considered to be ubiquitous in the environment. Although genomic-based analyses suggest that the mosquito-associated strains form a distinct evolutionary sublineage within the Elizabethkingia anophelis species complex (Breurec et al., 2016).

Elizabethkingia anophelis is an opportunistic human pathogen, causing pneumonia, bacteremia, neonatal meningitis, nosocomial bacteremia, and neutropenic fever (Lau et al., 2016). Cases of bacteremia are often associated with poor clinical outcomes, with mortality rates as high as 23.5% (Lau et al., 2016). Cases of E. anophelis infections have been reported from Singapore, Hong Kong, Taiwan, and the United States (Janda and Lopez, 2017). Because of the association between E. anophelis and mosquitoes, it was initially posited that mosquitoes may be a vector (Frank et al., 2013). Subsequent studies suggest that E. anophelis cases are far more likely to be hospital acquired infections, although sporadic, community-acquired cases have been reported (Hayek et al., 2013; Perrin et al., 2017; Lee et al., 2021). One characteristic that makes E. anophelis infections particularly challenging in the clinical environment is that the bacterium is resistant to multiple antibiotics including cephalosporins, aminoglycosides, and carbapenems (González and Vila, 2012; Breurec et al., 2016). A notable 112 predicted proteins identified in the genome of mosquito-associated strains of E. anophelis were annotated to features involved in resistance to antibiotics or other toxic compounds (Kukutla et al., 2013). Indeed, in recent surveys of antibiotic-resistant bacteria in the mosquito microbiome, isolates of Elizabethkingia were identified to possess multi-drug resistance against ampicillin, carbenicillin, gentamycin, tetracycline, and kanamycin (Hyde et al., 2019b; Ganley, 2020). It is not clear what, if any, role this multi-drug resistance may play in colonizing the mosquito host, other than a potential fitness advantage against other bacteria making up the mosquito microbiome.

Elizabethkingia anophelis shows differential preferences for mosquito hosts. The bacterium showed high colonization rates for An. gambiae and A. stephensi but was rarely detected in Aedes triseriatus (Chen et al., 2015). Like other bacteria on this list, Elizabethkingia sp. can be found in high numbers in the mosquito ovaries and may be vertically transmitted from mother to offspring (Akhouayri et al., 2013). Yet, colonization by Elizabethkingia sp. may induce melanotic lesions in the fat bodies of mosquito larvae and adults, suggesting a potential antagonistic relationship (Akhouayri et al., 2013). E. anophelis may be particularly important in mosquito blood digestion. Cell counts of E. anophelis increased approximately 3-fold in the guts of post-blood fed mosquitoes, and animal erythrocytes promoted E. anophelis growth in cell culture (Chen et al., 2015, 2020). The bacterium also displays hemolytic activity and encodes several hemolysins that may participate in the digestion of erythrocytes in the mosquito gut, along with antioxidant genes, which could provide defense against the oxidative stress that is associated with blood digestion (Kukutla et al., 2014). Mosquitoes colonized with E. anophelis produced more eggs than did those treated with erythromycin or with a standard microbiome, suggesting E. anophelis may increase mosquito fecundity, potentially by increasing available nutrients from the blood meal (Chen et al., 2020).

Elizabethkingia anophelis makes this list as it is a true mosquito associate that may shed light on specific genomic adaptations for colonizing the mosquito host. Furthermore, with the high levels of antibiotic resistance, E. anophelis is a model to study competition among microbiome members. Finally, E. anophelis appears to play a significant role in blood digestion a key point in the mosquito lifecycle.



Genus Chromobacterium

The genus Chromobacterium (phylum Proteobacteria) is facultatively anaerobic bacteria withing the family Neisseriaceae. Like the other bacteria on this list, species of Chromobacterium are abundant in the environment and can be readily isolated from soils and water sources (Batista and da Silva Neto, 2017). Much of the research interest in Chromobacterium has been driven by the biotechnological and pharmaceutical importance of secondary metabolites produced by the strains, which include antibiotics, quorum sensing molecules, lipopolysaccharides, and the pigment violacein that gives Chromobacterium violaceum its characteristic purple coloration (McClean et al., 1997; Durán and Menck, 2008; Kothari et al., 2017).

Chromobacterium strains are not particularly abundant in the mosquito microbiome, although they are among bacterial members commonly identified in several species of mosquito (Minard et al., 2013a). Instead, the research focuses on the Chromobacterium predominately derives for their role in control of mosquito populations and their interactions with mosquito vector competence. Various strains have shown detrimental effects of mosquito survival, lifespan, blood feeding, and fecundity (Gnambani et al., 2020). Colonization of Ae. aegypti or An. gambiae with a strain of Chromobacterium isolated from mosquito midguts resulted in rapid mortality of both larvae and adults (Ramirez et al., 2014). Larvae exposed to sublethal doses of the bacterium had lengthened developed time, suggesting chronic effects of even small populations of the bacteria (Short et al., 2018a). In the adult mosquito, C. violaceum exposure decreased the proportion of females seeking a blood meal, significantly reduced the numbers of eggs laid, and reduced hatches from the resulting eggs (Gnambani et al., 2020). A preparation of a strain of Chromobacterium with no living cells maintained strong lethal effects in mosquitoes, indicating this bacterium was producing one or several bioactive compounds (Caragata et al., 2020). Transcriptional analysis of mosquitoes with chromobacterium exposure revealed gene expression changes in pathways related to detoxification, xenobiotic response, and stress response, similar to that of an insecticide exposure (Short et al., 2018b). The same strain was also observed to produce hydrogen cyanide in larval water at sufficient concentrations to induce larval mortality, offering another possible mechanism for larvicidal activity (Short et al., 2018a). The effects of chromobacteria exposure can be transgenerational with the offspring of exposed females showing developmental delays and increased mortality (Short et al., 2018b). The genome of Chromobacterium vaccinii, another bacterium with potential roles in mosquito biocontrol, encodes several genes for virulence factors that may explain their toxicity, and these include siderophores, production of hydrogen cyanide, as well as multiple chitinase genes (Vöing et al., 2020).

Chromobacterium sp. are among the microbes that show inhibitory activity against the pathogens carried by mosquitoes. Chromobacteria cell extracts and cultures show anti-pathogen activity outside of the mosquito host, indicating the potential production of secreted metabolites inhibiting pathogen growth (Ramirez et al., 2014). For example, violacein, the violet pigment compound produced by many species of Chromobacteria, is potent antimicrobial with antiparasitic activities against Plasmodium (Lopes et al., 2009). A specific compound produced by Chromobacterium sp. Panama, romidepsin a histone deacetylase inhibitor, also showed high activity against Plasmodium (Saraiva et al., 2018b). Additionally, the Chromobacterium sp. Panama produces a protease that attacks the envelope protein of dengue virus, thereby blocking its ability to bind to and infect cells (Saraiva et al., 2018a). Thus, these observations point to the wealth of chemical compounds produced by species of Chromobacterium and their potential to influence the biology, behavior, and vector competence of their mosquito hosts.

The genus Chromobacterium makes the list based on the assortment of potentially bioactive compounds that are produced by these bacteria. In this regard, these bacteria offer a unique insight into the chemical ecology of the mosquito microbiome.



Microbial Eukaryotes

The microbiome of mosquitoes consists of more than just bacteria. Yet, there is a significant knowledge gap concerning the single-celled eukaryotes that inhabit the mosquito microbiome.

Fungal diseases are common in insects, including mosquitoes. These entomopathogenic fungi have been extensively described elsewhere (e.g., Scholte et al., 2004; Kanzok and Jacobs-Lorena, 2006; Shen et al., 2020). However, it is not so clear that these organisms can be considered part of the normal microflora of the mosquito microbiome. Far less is known of the commensal fungi that are common residents of the microbiome and are the next set of organisms on the most wanted list. A survey of culturable fungal isolates among laboratory reared and field caught mosquitoes found fungal isolates in the class Microbotryomycetes to be common among field caught mosquitoes, but absent in the microbiome of laboratory-reared mosquitoes (Hyde et al., 2019b). This suggests fungi may play an important role in the microbiome, but normal colony conditions may not be favorable to commensal fungi (Hyde et al., 2019b). As to the role fungi may play in the environment, certain fungi may exert their effect on the microbiome by attracting gravid females to a breeding site. Particularly, yeasts produce CO2 and other volatile compounds through fermentation, which can signal to the mosquito, a suitable habitat with sufficient sugar and microbial resources to support larval development (Malassigné et al., 2020). In this manner, these fungi can ensure colonization of the newly hatched larvae (Reeves, 2004). Gnotobiotic larvae colonized by Saccharomyces cerevisiae develop normally, indicating yeast can supply all the required nutrients for larval development (Correa et al., 2018). Certain fungi, such as Cladosporium, Aspergillus, Ampullimonas, and Cyberlindnera, actively participate in digesting the fructose that mosquitoes ingest from flower nectar (Guégan et al., 2020). Thus, fungi appear to play roles in both larval and adult nutrition. Other yeasts, such as Wickerhamomyces anomalus, colonize the reproductive organs of both male and female mosquitoes, indicating the potential for vertical transmission between generations, suggesting a stable multi-generational association (Ricci et al., 2011). Several fungi have also shown potential in inhibiting the pathogens carried by mosquitoes. For instance, mosquitoes colonized by microsporidian fungi demonstrated a significant decline in Plasmodium development in the mosquito, potentially through priming the mosquito immune response to the malarial parasite (Bargielowski and Koella, 2009; Herren et al., 2020). Similarly, protein toxins produced by the yeast Wickerhamomyces anomalus inhibit Plasmodium and other entomopathogenic fungi (Cappelli et al., 2019b). In contrast, fungi of the species Talaromyces may promote mosquito infection by dengue virus through suppression of the digestive enzyme trypsin (Angleró-Rodríguez et al., 2017). In this regard, fungi clearly have the potential to play a multitude of roles in the mosquito microbiome, yet remain an enigma.

Beyond the protist parasite Plasmodium, there is very little knowledge concerning whether mosquitoes harbor a stable population of protists in their microbiome (Guégan et al., 2018). Belda et al. employed a method based on peptide-nucleic acid clamps to suppress amplification of host DNA and specifically interrogate the eukaryotic members of the mosquito microbiome (Belda et al., 2017; Taerum et al., 2020). The eukaryotic microbiome of larval samples was dominated by the Ichthyosporea group, a lineage of unicellular organisms that includes parasites and commensals of a wide range of animals (Glockling et al., 2013). Similarly, metabarcoding and sequencing of the 18S rRNA genes from mosquitoes in Thailand identified Ascogregarina as the dominant microbial eukaryote in the mosquito microbiome (Thongsripong et al., 2018). This protist has been shown to have a range of fitness consequences on host mosquitoes ranging from detrimental to neutral (Erthal et al., 2012). Yet, the organism displays the hallmarks of a parasitic infection as oocysts are ingested from the larval water, enter epithelial cells, and use host cell mitochondria to supply the energy required to mature (Chen and Wu, 1997). Trypanosoma brucei, a protist parasite and causative agent of trypanosomiases, normally carried by tsetse flies, can survive in mosquito midguts for up to 48 h. Co-infection of mosquitoes with Trypanosoma and Plasmodium increased the malarial parasite load in the mosquito, potentially increasing the risk of malarial spread (Dieme et al., 2020). Thus, there is evidence that the microbiome of the mosquito may host a population of protists, but their roles and interactions with the host are essentially undescribed.

The microbial eukaryotes carried by mosquitoes represent a virtually uncharted territory for discovery in the mosquito microbiome. As such, they are the final members to make the list of high-value targets for gnotobiotic studies.




COMMUNITY ECOLOGY AND MICROBIOME INTERACTIONS

Bacteria are unlikely to find themselves in the mosquito as a monoculture. Instead, mosquitoes are colonized by a community of interacting individuals and populations.

Microbial interactions may be parasitic, where one organism benefits at the cost of another: mutualistic, such that both organisms benefit, or commensal, when one organism benefits at no cost or benefit to the other. These interactions are facilitated by mechanisms, such as metabolite exchange, cross-feeding, and antibiotic production (Phelan et al., 2012; Pacheco and Segrè, 2019). Thus, the properties of the community are determined by the separate functional contributions from each species and their interactions. In this respect, the attributes of a community are difficult to predict from the traits of its members when they are reared in a mono-culture (Sanchez-Gorostiaga et al., 2019). It is increasingly apparent that the microbiome of mosquitoes acts as a community, rather than a collection of individuals. Co-occurrence networks based on bacterial census data identified multiple pairwise and higher order interactions, indicating an interwoven and linked microbial community (Hegde et al., 2018). More direct evidence of microbial interactions within the mosquito has also been documented. For example, when a strain of S. marcescens was introduced to Ae. aegypti larvae as a monoculture, 89% of the larvae died. The same strain inoculated in a simple three-member community reduced mortality to 50%. Yet, Serratia was identified among all of the assayed mosquitoes, suggesting that the larvicidal activity of Serratia is attenuated by the presence of other microbes (Correa et al., 2018). Microbial interactions also influence the digestion of mosquito food sources. The fructose that mosquitoes obtain through feeding on flower nectar can be digested in a trophic interaction involving both fungi and bacteria (Guégan et al., 2020). In another example, it was shown that when E. anophelis was co-cultured with a strain of Pseudomonas in the midguts of mosquitoes, E. anophelis upregulated gene products for heme degradation. This activity presumably facilitates blood digestion in the mosquito but also produced a metabolite of the class biliverdin, which may inhibit Pseudomonas growth. In this manner, E. anophelis gains a competitive advantage and may indirectly benefit the mosquito host (Ganley, 2020). These observations all point to the importance of viewing the mosquito microbiome as a community and taking a population ecology viewpoint when linking the status of the mosquito microbiome to host phenotypes. Thus, an important step going forward will be to employ gnotobiotic mosquitoes as a resource to characterize microbiome interaction networks.



CONCLUSION AND PERSPECTIVES

The development of axenic and gnotobiotic mosquito models offers the potential to transform the study of the mosquito microbiome. These models transition microbiome studies from correlational associations between microbes and their host to controlled experiments that can systematically manipulate the composition, genetics, and biochemistry of the of the microbiome. In this manner, the mechanistic underpinnings of the relationship between the mosquito and its microflora can begin to be uncovered. The wealth of studies that have already linked the microbiome to mosquito biology and the diseases they carry have already provided an abundance of hypotheses to test and will be an excellent foundation for future studies. We have provided a list of potential microbiome members that represent particularly high-value targets for future gnotobiotic studies, but they are only the forefront of a broad field of investigation. Recently, researchers proposed the formation of a “Mosquito Microbiome Research Consortium” and laid out recommendations for best practices for collecting, analyzing, and sharing mosquito microbiome data (Dada et al., 2021). We propose that properly designed and controlled axenic and gnotobiotic studies should be central pillars to a unified effort to disentangle the role of the microbiome in mosquito biology and microbe-mosquito control programs.
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Pathogen Challenge and Dietary Shift Alter Microbiota Composition and Activity in a Mucin-Associated in vitro Model of the Piglet Colon (MPigut-IVM) Simulating Weaning Transition
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Enterotoxigenic Escherichia coli (ETEC) is the principal pathogen responsible for post-weaning diarrhea in newly weaned piglets. Expansion of ETEC at weaning is thought to be the consequence of various stress factors such as transient anorexia, dietary change or increase in intestinal inflammation and permeability, but the exact mechanisms remain to be elucidated. As the use of animal experiments raise more and more ethical concerns, we used a recently developed in vitro model of piglet colonic microbiome and mucobiome, the MPigut-IVM, to evaluate the effects of a simulated weaning transition and pathogen challenge at weaning. Our data suggested that the tested factors impacted the composition and functionality of the MPigut-IVM microbiota. The simulation of weaning transition led to an increase in relative abundance of the Prevotellaceae family which was further promoted by the presence of the ETEC strain. In contrast, several beneficial families such as Bacteroidiaceae or Ruminococcaceae and gut health related short chain fatty acids like butyrate or acetate were reduced upon simulated weaning. Moreover, the incubation of MPigut-IVM filtrated effluents with porcine intestinal cell cultures showed that ETEC challenge in the in vitro model led to an increased expression of pro-inflammatory genes by the porcine cells. This study provides insights about the etiology of a dysbiotic microbiota in post-weaning piglets.

Keywords: in vitro model of colonic microbiota, piglet, weaning, ETEC, intestinal cells, gene expression


INTRODUCTION

In early life, the gut microbiota is shaped by its host and by external factors, including diet (Frese et al., 2015). At weaning, piglets are exposed to social, environmental and dietary stresses engendering disruptions of the balance between intestinal microbial communities, also called dysbiosis (Gresse et al., 2017). Gut dysbiosis in post-weaning piglets is associated with a higher risk of developing infectious post-weaning diarrhea (Gresse et al., 2017), raising a major economic burden in swine industry because of the reduced growth performance and high mortality of infected animals (Amezcua et al., 2002; Fairbrother et al., 2005; Luppi et al., 2016). Additionally, the massive use of antibiotics as preventive and curative treatment increases public health concerns due to the expansion of bacteria resistance against antibiotics (Gresse et al., 2017). The major pathogenic agent responsible for post-weaning diarrhea is Enterotoxigenic Escherichia coli (ETEC) (Amezcua et al., 2002; Fairbrother et al., 2005; Dubreuil et al., 2016; Luppi et al., 2016; Rhouma et al., 2017). This pathotype is characterized by both the presence of fimbrial adhesins inducing cell attachment to porcine intestinal epithelial cells and secretion of enterotoxins which impact intestinal homeostasis (Dubreuil et al., 2016; Luppi et al., 2016). The most prevalent ETEC strains found in 45.1% of diarrheic post-weaning piglets harbor the fimbriae F4 (also designated K88) and secrete heat-labile toxin (LT) and heat-stable toxins (St a or b) (Fairbrother et al., 2005; Dubreuil et al., 2016; Luppi et al., 2016). If contributing factors to the progression and severity of ETEC infections such as housing conditions, early weaning, feed management, and genetic predispositions were previously identified (Madec et al., 1998; Main et al., 2004; Laine et al., 2008; Rhouma et al., 2016), the exact etiology of post-weaning diarrhea and ETEC infections remains far from understood. One hypothesis incriminates the reduced feed intake encountered by piglets at weaning which contributes to intestinal inflammation and morphology disruptions and strongly correlates with the risk of developing enteric diseases (McCracken et al., 1999; Le Dividich and Sève, 2000; Main et al., 2004; Rhouma et al., 2017). In particular, the disturbance of the mucosa intestinal environment and its associated microbiota could promote the expansion of opportunistic pathogens such as Enterobacteriaceae and increase the susceptibility toward bacteria and their toxins (Gresse et al., 2017). At the end of the weaning-induced feed deprivation period, the ingestion of plant-based derived solid feed further remodels the composition of the gut microbiota that was adapted to maternal milk during the suckling period (Frese et al., 2015). Understanding the origin of post-weaning diarrhea is challenging since the mechanisms involved are very complex and probably caused by nutrition and both host and microbe-derived factors. In vitro models of the piglet intestine including gut microbiota are adequate tools to remove host influence and thus exclusively evaluate factors impacting or influenced by commensal microbes. Especially, the use of such in vitro techniques offers advantageous conditions when pathogenic strains are involved due to more standardized conditions, good reproducibility and ethical reasons (Payne et al., 2012). Hitherto, the PigutIVM (Piglet Gut In vitro Model) and the BABY-SPIME (Baby Simulator of Pig Intestinal Microbial Ecosystem) were the only developed in vitro models mimicking the specific physicochemical and microbial conditions encountered in the colon of piglets (Fleury et al., 2017; Dufourny et al., 2019). However, the recently designed MPigut-IVM (Mucin associated Piglet Gut In vitro Model) brought the unique feature of reproducing the mucus-associated microbiota of piglet colon using specifically developed mucin beads. In a previous study using the MPigut-IVM, a 48 h feed deprivation stress remodeled piglet gut microbiota composition and functionality (Gresse et al., 2021).

In this study, we used the MPigut-IVM to evaluate the impact of a dietary change on the gut microbiota of 4-week-old piglets after a 48 h feed deprivation period. The MPigut-IVM was then exposed to an ETEC strain isolated from diarrheic piglets to study the interactions between the pathogen and gut microbiota. Finally, to unravel the consequences of microbiota perturbation on the host epithelium metabolism, filtrated effluents of control and ETEC-inoculated MPigut-IVM bioreactors were incubated with a porcine cell line.



MATERIALS AND METHODS


Fecal Sample Collection and Treatments

All animals were housed in a conventional pig farm located in the Haute-Loire area of the Auvergne-Rhône-Alpes region in France. Piglets remained with their mother and siblings during the suckling period. In addition to sow milk, piglets received water and pre-weaning diet ad libitum. None of the piglets had signs of enteric or metabolic disturbances. The animals did not receive any antibiotic in the 27 days prior to the day of fecal collection. As freezing process showed to affect bacterial abundances in pig feces (Metzler-Zebeli et al., 2016), fecal samples from six 4-weeks old healthy male unweaned suckling piglets (Landrace × Large White) were collected directly from the pig while holding using sterile bottles and preserved under anaerobic conditions using GENbag anaer gas pack systems (bioMérieux, Marcy-l’Etoile, France) during transport to laboratory where they were immediately processed upon their arrival.



MPigut-IVM Parameters

Five hundred milliliters MiniBio bioreactors (Applikon Biotechnology, Delft, Netherlands) equipped with stirrers, ports and probes and inoculated with fecal samples from piglets were prepared as previously described (Gresse et al., 2021). Briefly, 150 mL of fecal suspension prepared in an anaerobic chamber were added in each bioreactor containing 150 mL of nutritive medium (see below), previously reduced by flushing with O2-free N2 gas. Ten minutes after inoculation and during the fermentation course, flushing was stopped and anaerobic conditions were maintained exclusively by the activity of the resident microbiota and by ensuring the airtightness of the system. The temperature of the fermentation was set up to 39°C, pH was maintained to a physiological value of 6.0, and redox potential was constantly measured. The fermentation medium was stirred at a constant speed of 300 rpm. After a 24 h-batch fermentation period, nutritive medium was continuously introduced at a flow rate of 0.17 mL/min except during the feed deprivation period (see below). The fermentation medium volume was maintained at 200 mL using a drainage pump controlled by a level sensor. Indeed, the system ensured a retention time of 18 h to mimic the colonic transit time of 4-week old piglets (Wilson and Leibholz, 1981). Anaerobic conditions and gas composition were checked every day by analyzing N2, O2, CO2, CH4, and H2 present in the atmospheric phase of the bioreactors using a 490 Micro gas chromatograph (Agilent Technologies, Inc., Santa Clara, CA, United States) equipped with two columns, Molecular Sieve 5A and PoraPlot U, coupled with TCD detectors. Argon was used as gas carrier.



Composition of MPigut-IVM Nutritive Media

Two nutritive media were used during in vitro fermentative procedure (see Figure 1). A pre-weaning diet was given during the first 7 days of fermentation (Stabilization period, Figure 1). Its formula was elaborated as previously described (Gresse et al., 2021) and considered as a digested pre-weaning diet (Supplementary Table 1). Following the 48 h feed deprivation period, which was simulated by stopping the nutrient supply to MPigut-IVM bioreactors, corn meal, potato protein and a higher concentration of soy proteins were included in the diet whereas milk derived proteins and products were reduced to simulate a post-weaning diet as commonly fed to piglets (Supplementary Table 1).
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FIGURE 1. Experimental design of the in vitro fermentations and denomination of the conditions studied in the MPigut-IVM.




Mucin Bead Production and Compartment

Mucin beads were prepared as previously described (Gresse et al., 2021). At the beginning of fermentation, 350 ± 20 mucin beads were introduced into their specific glass compartment. The latter was maintained at 39°C in a water-bath and the fermentative medium continuously flowed through it (re-circulating loop). Mucin beads were completely replaced every 48 h to ensure a continuous availability of mucin adherent surfaces. During the time of bead replacement, the medium of the bead compartment was kept under CO2 flushing to avoid oxygenation.



In vitro Fermentation Procedures and Sampling

The first 7 days of the fermentation procedures represented the stabilization period and corresponded to the appropriate time to achieve stabilization of microbiota composition, diversity and activity inside the MPigut-IVM (Gresse et al., 2021). At day 7, the flow of nutritive medium was interrupted during 48 h to simulate feed deprivation observed at weaning. At day 9, the flow of nutritive medium restarted with a simulated post-weaning diet. Taken together the feed deprivation stress and the dietary change applied during the recovery period aimed to simulate weaning transition (Figure 1). Experiments were designed as presented on Figure 1, three independent runs of fermentation were performed with different pools of piglet fecal samples. Samples from the bioreactor medium were collected on day 7 (before the start of the feed deprivation period), day 9 (right at the end of the feed deprivation), and days 10, 10.5, 11, 12, and 15 (corresponding to the recovery period). Mucin beads and bead medium from the bead compartment were collected on days 7, 9, 11, and 15. Samples from the bioreactor medium and bead medium were centrifuged (4°C, 10,000 g, 45 min). Pellets and supernatants were stored until analysis at −20 and −80°C, respectively. After collection, mucin beads were gently washed three times in sterile 1X PBS and stored at −20°C.



ETEC Strain, Culture and Challenge Conditions

The ETEC Ec105 strain (F4, Stb+, East1+, LT+) was isolated from a diarrheic piglet (Dr. J. J. Garrido, Department of Animal Genetics, University of Córdoba, Spain). Prior to ETEC challenge in the in vitro model, bacteria were grown until OD600nm = 0.6 in Luria Bertani (LB) broth (BD Difco, NJ, United States), at 39°C to be consistent with the temperature of the MPigut-IVM (body temperature of piglets). The bacterial culture was then centrifuged (4°C, 10,000 g, 15 min) and the pellet was rinsed using sterile PBS 1X (Phosphate Buffered Saline, Sigma-Aldrich), resuspended in 1 mL of sterile PBS and inoculated to the bioreactor medium of the “ETEC” condition on day 10 (see Figure 1) at a final concentration of 107 CFU/mL of fermentation medium. The control condition, referred as “CTRL,” received 1 mL of sterile PBS 1X at the same time.



PMA Treatments for qPCR

Samples from the bioreactor medium and bead medium were collected in duplicate at all time points. They were stained with 50 μM PMAxx (Interchim, Montluçon, France) as described by Roussel et al. (2018) to avoid PCR amplification of DNA from dead cells. The stained samples were incubated for 5 min in the dark at room temperature, under shaking (100 rpm). After incubation, samples were exposed to the blue light PMA-Lite LED Photolysis (Interchim, Montluçon, France) during 15 min to activate the PMAxx dye. Samples were then centrifuged (4,400 g, 4°C, 45 min). Pellets were washed twice with milli-Q water and stored at −20°C until DNA extraction.



DNA Extraction From MPigut-IVM Samples

Total DNA was extracted from all samples using the Quick-DNA Fecal/Soil Microbe Miniprep Kit (Zymo Research, Irvine, CA, United States) according to the manufacturer’s instructions. The quality of the eluted DNA was assessed by agarose gel electrophoresis. Extracts were quantified using the Qubit dsDNA Broad Range Assay Kit (Invitrogen, Carlsbad, CA, United States) with a Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, United States). Samples were stored at −20°C prior to analyses.



Microbial Quantification by qPCR

The list of primer pairs and their optimal conditions used for quantitative PCR of total bacteria, Methanogenic archaea and Escherichia/Shigella group are presented in Supplementary Table 2 (Huijsdens et al., 2002; Yu et al., 2005; Ohene-Adjei et al., 2008). Standard curves assessment was performed as specified in Gresse et al. (2021). Real-time PCR assays were performed on a Rotor-Gene Q (Qiagen, Venlo, Netherlands) in 20 μL reactions with QuantiFast SYBR GREEN master mix (Qiagen, Venlo, Netherlands) or TaqMan Fast Advanced Master mix (Applied Biosystems, Foster City, CA, United States) with the addition of each primer at their optimal concentration (Supplementary Table 2). The 16S rDNA genes were amplified using the following program: 2 min denaturation at 95°C and 10 min denaturation at 95°C; 40 and 45 cycles of 20 s at 95°C and 60 s elongation and extension at the optimum annealing temperature, and when performing SYBR GREEN based assay, a melting curve step was performed from 60°C to 95°C. Each reaction was run in duplicate. The melting curves of PCR amplicons from SYBR GREEN based assays were checked to ensure primer specificity. The 16S rDNA gene copy number was calculated using the formula: copy number/μl = (C/X)∗0.912.1012 with C: DNA concentration measured (ng/μL) and X: PCR fragment length (bp/copy) and diluted in 10-fold dilution series to be used as qPCR standards. Efficiency of the qPCR for each target varied between 95 and 105% with a slope from −3.0 to −3.4 and a regression coefficient above 0.95, which was in accordance with the MIQE guidelines (Bustin et al., 2009). Ten-fold dilutions series of DNA extracted from the ETEC Ec105 pure culture stained or not with PMA were used to control the reliability of the PMA treatment. A sample from the same bacterial pure culture was subjected to a lethal treatment (95°C, 15 min) and stained or not with PMA and used as a negative control for PMA-qPCR. The survival of the ETEC strain was monitored from day 10, i.e., the time of inoculation, to day 15 in the bioreactor medium, bead medium and on mucin beads via the quantification of the labile enterotoxin (LT) gene [Supplementary Table 3, references (Ngeleka et al., 2003; Rahman et al., 2006; Madoroba et al., 2009; Nicklasson et al., 2012; Roussel, 2019)]. After log transformation of the data, a mixed-model one-way ANOVA (lmer and ANOVA functions) with time point (days of fermentation) and ETEC treatment as fixed effects and fermentation experiment as a random effect was used to compare the number of 16S gene copy per g of samples between days of fermentation using the R packages lme4 package version 1.1.21 and car package version 3.0-6. The means of each group were compared pairwise with the lsmeans package (version 2.30-0) with the Tukey correction.



MiSeq 16S rDNA Sequencing and Bioinformatic Analysis

The DNA concentration of all samples was measured using the Qubit dsDNA High Sensitivity Assay Kit (Invitrogen, Carlsbad, CA, United States) with a Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, United States) and diluted to 2 ng/μL prior to PCR amplification. The Bacterial V3–V4 region of 16S rDNA and the Archaeal 16S rDNA were, respectively, amplified with primers 357F 5′-CCTACGGGNGGCWGCAG-3′ (Yu et al., 2005) and 805R 5′-GACTACHVGGGTATCTAATCC-3′ (Lane et al., 1985) and primers 349F 5′-GYGCASCAGKCGMGAAW-3′ and 806R 5′-GGACTACVSGGGTATCTAAT -3′ (Ohene-Adjei et al., 2008). Amplicons were generated using a Fluidigm Access Array followed by high-throughput sequencing on an Illumina MiSeq system (Illumina, San Diego, CA, United States) performed at the Carver Biotechnology Center of the University of Illinois (Urbana, IL, United States). The demultiplexed paired end Illumina sequence reads in the FastQ format were uploaded into the Galaxy instance (v.2.3.0) of the Genotoul bioinformatics platform1 to be used in the FROGS (Find Rapidly OTU with Galaxy Solution) pipeline (Escudié et al., 2018). During the FROGS pre-process, sequences were depleted of barcode and the sequences with a non-appropriate length or containing ambiguous bases were removed. Next, reads were clustered into de novo operational taxonomic units (OTUs) using SWARM algorithm (Mahé et al., 2014) with, at first, a denoising step to build very fine cluster using the minimal distance equal to 1 and, secondly, with an aggregation distance equal to 3. Chimeras were then detected and removed with VSEARCH (Rognes et al., 2016). Additionally, filters were applied to the OTUs in order to remove singletons (Bokulich et al., 2013; Auer et al., 2017). The OTUs selected were taxonomically assigned using the Silva release 132 reference database (Quast et al., 2013).



Statistical Analysis of Sequencing Data

The Illumina MiSeq run generated a total of 8,107,484 and 1,467,731 high quality sequences, respectively, for the V3–V4 and archaeal sets of primers. Removal of PhiX control reads, removal of chimeras and filtering of singletons lead to a number of 51,703 ± 13,520 sequences for V3–V4 primers and 5,377 ± 4,645 sequences for archaeal primers per sample. To avoid any bias, samples containing less than 500 sequences after abundance filtering were removed from the dataset. Statistical analysis was processed using the RStudio software version 1.0 (with R software version 3.5.1, R Development Core Team)2. OTU structure and composition analyses were performed using the phyloseq R package version 1.30.0 (McMurdie and Holmes, 2013). Visualization of data was performed using the ggplot2 R package version 3.2.1. Prior to alpha and beta diversity calculations, rarefaction using the transform count methods was applied to the dataset. The following alpha diversity indices were calculated: number of observed OTU phylogenic diversity and Shannon index. Statistical differences in Bray Curtis distance between the mucin beads, bead medium and the bioreactor medium and between the pre and post-weaning diet were tested using a multi-analysis of variance (MANOVA) performed with ADONIS using the vegan R package with 9999 permutations and represented by principal coordinate analysis (PCoA) plots. The relative abundances of bacterial groups were log transformed prior to univariate statistical analyses. All univariate statistical analyses were performed using linear mixed-models (lme4 package version 1.1.21) with time point (days of fermentation) and ETEC treatment as fixed effects and fermentation experiment as a random effect. Analysis of variance tables was calculated with the car package (version 3.0.6). The means of each group were compared pairwise with the lsmeans package (version 2.30-0) with the Tukey correction (Supplementary Table 4). Statistical comparisons of samples from the recovery phase of the fermentation containing or not the ETEC Ec105 strain were also performed using the Wald test of the DESeq2 R package version 1.26.0 at the genus level. In all statistical analyses, only P-values below 0.05 were considered as significant.



RNA Isolation of MPigut-IVM Samples

Total RNAs from bioreactor medium, mucin beads, and bead medium were extracted using Trizol reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA, United States) as described by Comtet-Marre et al. (2017). DNAse treatment with the rDNAse Set (Macherey-Nagel, Hśrdt, France) was performed to remove any contamination of genomic DNA according to the manufacturer’s instructions. The integrity of few samples representative from the whole set was assessed using the Agilent 2100 Bioanalyzer using RNA Nano Chip (Agilent Technologies, Inc., Santa Clara, CA, United States) to ensure sufficient quality for RT-qPCR. Quantity and purity of RNAs were measured using the Nanodrop One (Thermo Fisher Scientific, Waltham, MA, United States) and RNAs were stored at −80°C until cDNA synthesis.



RT-qPCR of ETEC Virulence Genes

First, 1 μg of RNA per sample was reverse transcribed into complementary DNA (cDNA) with the SuperScript IV Reverse Transcriptase kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA, United States) in conformity with the manufacturer’s instructions. QPCR was performed on the cDNAs as outlined in the section above. Primers and conditions used for qPCR on cDNAs are listed in Supplementary Table 3. cDNAs and DNA samples from the ETEC Ec105 pure culture and from the MPigut-IVM challenged with ETEC were used as a positive control. The comparative E−ΔΔCt method was applied to calculate the relative fold changes in the expression of ETEC virulence genes in the samples from the MPigut-IVM. The BestKeeper excel-based tool (Pfaffl et al., 2004) was used to determine the geometric means of the three quantified reference genes, arcA, gapA, and rpos considered for normalization. Primer efficiency was determined using 10-fold dilution series of a set of samples representative from mucin beads, bead medium, and bioreactor medium. The efficiency was calculated from the slope of the standard curves using the following equation E = 10 (−1/slope), where E corresponds to high/acceptable amplification efficiency equals to 90–110%.



Quantification of Short Chain Fatty Acids (SCFAs) by Gas Chromatography

The SCFAs were quantified in the bioreactor medium and bead medium by gas chromatography. Eight hundred microliters of supernatants from bioreactor medium and bead medium were mixed with 500 μL of 0.4% (w:v) crotonic acid and 2% (w:v) metaphosphoric acid solutions. This mixture was centrifuged and the supernatant obtained was injected into a PerkinElmer Clarus 580 gas chromatograph (Waltham, MA, United States) for quantification of SCFAs. A mixed-model one-way ANOVA (lmer and ANOVA functions) with time point and ETEC treatment (days of fermentation) as fixed effects and fermentation experiment as a random effect was used to compare the concentration of the main SCFAs between days of fermentation using the R packages lme4 and car.



Metabolome Analysis by 1H Nuclear Magnetic Resonance (NMR)

Supernatants of mucin bead medium collected on days 7 and 11 were used for metabolomic profiling using NMR spectroscopy. After two centrifugation steps (18,000 g, 4°C, 10 min) to remove particles, 50 μL of supernatant were mixed with 600 μL of buffer composed of sodium phosphate 0.2 M, pH 7.4, trimethylsilylpropanoic acid 1 mmol/L, 80% deuterated water, and 20% water. Spectra acquisition, processing, and metabolite identifications were performed as described previously in the MetaboHUB MetaToul-AXIOM metabolomics platform (Beaumont et al., 2020). The list of metabolites identified in the bead medium is presented in Supplementary Table 5.

Statistical analysis for NMR metabolomics was performed using the R software (version 3.5.1). Partial-least square discriminant analysis (PLS-DA) was performed with mixOmics package (Rohart et al., 2017). Metabolite relative concentration was used as variable matrix (X). Groups (Day 7, Day 11 CTRL, Day 11 ETEC) were used as predictors (Y) and time-repeated measurement were considered by using a multilevel approach. Univariate statistical analysis was also performed on each metabolite relative concentration with the R packages lme4 and car. A mixed-model one-way ANOVA (lmer and ANOVA functions) with group (Day 7, Day 11 CTRL, Day 11 ETEC) as a fixed effect and fermentation experiment as a random effect was used. A post hoc test was used to compare the mean relative concentrations with Tukey correction. P-values were corrected for multiple testing (false discovery rate).



Incubation of MPigut-IVM Effluents on the IPI Porcine Cell Line


IPI-2I Cell Culture

The IPI-2I cell line is derived from the ileum of an adult male pig and was immortalized by transfection with an SV40 plasmid (pSV3-neo) (Kaeffer et al., 1993). IPI-2I cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM)/Ham’s F-12 (1:1) medium (Invitrogen Life Technologies, Carlsbad, CA, United States) supplemented with 10% Fetal Calf Serum (FCS, PAA Laboratories GmbH, Austria) and 4 mM L-glutamine (Sigma, St. Louis, MO, United States). Cells were seeded onto 48-well tissue culture plates at 25,000 cell/well in a volume of 200 μL and grown 24 h in an atmosphere of 5% CO2 at 37°C to allow for confluency for the day of experiment.



Exposure of IPI-2I Cells to MPigut-IVM Effluents

Supernatants from bioreactor and bead medium at days 7, 9, 11, 13, and 15 were filtered using 0.2 μm sterile Minisart syringe filters (Sartorius, Göttingen, Germany) and 30 times diluted with DMEM (10% Fetal Calf Serum and 4 mM L-glutamine). A thirty-fold dilution of each sample was established as the best compromise following preliminary tests estimating the survival of IPI-2I cells exposed to dilution series of MPigut-IVM supernatants. After 2 h of incubation with the 30 fold diluted supernatants, the viability of cells was comprised between 70 and 100% with a mean of 86.5% (n = 8, data not shown). The diluted samples were added in duplicate to confluent monolayers of IPI-2I cells in 48-well plates, as described above. Plates were incubated for 2 h at 37°C, 5% CO2. Then, the supernatants were removed and IPI-2I cells were lysed by addition of 500 μL of NucleoZOL (Macherey-Nagel, Hœrdt, France). Cell lysates were stored at −80°C prior to RNA isolation.



RNA Isolation From IPI-2I Lysates

Total cellular RNA was extracted from IPI-2I lysed cells following the guidelines provided by the NucleoZOL user manual (Macherey-Nagel, Hœrdt, France). The TURBO DNA-freeTM kit (Applied Biosystems, Foster City, CA, United States) was used according to the manufacturer’s instructions to prevent DNA contamination. Purity and quality of the RNA extracts were controlled on 1% agarose gels. RNAs were then quantified using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) using an optical density of 260 nm.



RT-qPCR on IPI-2I RNA Extracts

Reverse transcription was performed using the qScript cDNA Synthesis Kit (Quantabio, Beverly, MA, United States). Briefly, 350 ng of RNA per sample were added to 5 μL of sScript Reaction Mix (5x) and 1 μL of qScript Reverse Transcriptase in a final volume of 15 μL. The reverse transcription mix was successively incubated 5 min at 22°C, 30 min at 42°C, and 5 min at 85°C. The synthetized cDNAs were stored at −20°C until used. The targeted genes are listed in Supplementary Table 5 (Mariani et al., 2009). Quantifications were carried out in triplicate for each cDNA using a QuantStudioTM 12K Flex Real-Time PCR system (Applied Biosystems, Foster City, CA, United States). The cyclophilin A and β-actin genes were used as reference genes. PCR reactions were carried out in 96 well plates using 3 μL of 5x HOT FIREPol® EvaGreen® qPCR Mix Plus (ROX) (Solis BioDyne, Tartu, Estonia), 0.4 μL of forward and reverse primer, 9.2 μL of milli-Q water, and 2 μL of cDNA. Tenfold dilution series of each primer pair were used as standard curves to determine primer efficiencies. Real time PCR efficiencies were calculated according to the equation: E = 10 (−1/slope). The appropriate reference gene and the Log2 fold change of each gene, compared with the IPI-2I cells which had not been exposed to bead medium supernatants, were determined by GenEx software3. A mixed-model one-way ANOVA (lmer and ANOVA functions) with time point (days of fermentation) and ETEC treatment as fixed effects and fermentation number as a random effect was used to compare the significance between gene expression profile of the IPI-2I cells which were exposed to bead medium supernatants containing or not the ETEC Ec105 strain using the R packages lme4 and car. In all statistical analyses, only P-values below 0.05 were considered as significant.



RESULTS

Analyses of the microbial profile and SCFA proportions of the three pooled fecal inocula for the runs #1, 2, and 3 are available in Supplementary Figure 1. Redox potential was followed throughout the whole fermentation runs and was representative of a feed deprivation stress by displaying an important increase during this period such as detailed in Gresse et al. (2021) (data not shown). Gas composition was also monitored every day during the fermentation runs. At the end of the stabilization period [Day 7, the mean relative proportions of H2, O2, CO2, N2, and CH4 for the six bioreactors were, respectively, 2.1 ± 1.2, 0.3 ± 0.1, 73.7 ± 0.4, 5.9 ± 0.8, and 6.8 ± 1.1% (data not shown)].


Simulation of Weaning Transition Affects the Metabolic Activity of the MPigut-IVM Microbiota

In the bioreactor medium of the CTRL group, propionate and caproate proportions increased while acetate, isovalerate and butyrate proportions decreased from day 10 to 15 compared to day 7 (Figure 2A). In the mucin bead medium of the CTRL group, the proportions of propionate, isovalerate and valerate increased while the proportions of acetate and butyrate decreased from day 11 to 15 compared to day 7 (Figure 2A). The total concentration of SCFA significantly (P < 0.05) increased between day 9.5 and 15 both in the bioreactor medium and the bead medium (Figure 2B).
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FIGURE 2. Short chain fatty acids (SCFA) relative abundances (A) and Evolution of the total concentration of SCFAs (B) produced by fermentation activity of the microbiota inhabiting the MPigut-IVM in the CTRL and ETEC conditions for the runs #1, 2, and 3. Groups (days) associated with different letters are significantly different (P < 0.05).


Nuclear magnetic resonance-based metabolomics revealed a strong modification of the mucin bead medium metabolome between day 7 and day 11 in the CTRL group (Figure 3). The relative concentration of isovalerate and 3-phenylpropionate increased significantly after the simulation of weaning transition (day 11 CTRL).
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FIGURE 3. NMR-based metabolomics analysis of mucin bead medium. Left panel: Individual plot of PLS-DA. Right panel: Heatmap representing the relative concentrations of all identified metabolites (rows) in individual samples (columns). The color represents the Z-scores (row-scaled relative concentration) from low (blue) to high values (red). The days sharing the same letters are not significantly different from each other (p > 0.05) whatever the conditions.




Simulation of Weaning Transition Impacts MPigut-IVM Microbiota Composition

Q-PCR quantifications of targeted bacterial groups showed that total bacteria concentrations were not affected by the 48 h feed deprivation stress nor the diet change (Figure 4A). The abundance of Escherichia/Shigella group increased significantly (P < 0.05) at day 9 and 15 in the bioreactor medium, when compared to day 7. In the mucin beads, the concentration of Escherichia/Shigella increased significantly (P < 0.05) at day 15 compared to day 9 and 11 for both (Figure 4B). PMA-qPCR confirmed that bacteria from Escherichia/Shigella genus were viable across time for all the fermentation runs in both the bioreactor and bead medium of the MPigut-IVM (data not shown).
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FIGURE 4. Q -PCR quantification of total bacteria, Escherichia/Shigella and methanogenic archaea populations in the bioreactor medium (A) and the mucin beads (B) of the MPigut-IVM for the runs #1, 2, and 3 in the CTRL and ETEC conditions. The days sharing the same letters are not significantly different from each other (p > 0.05) whatever the conditions.


16S DNA sequencing analysis showed a certain variability of microbiota composition between runs #1, 2, and 3. However, several populations responded in a similar manner and were significantly impacted by the simulated weaning transition. In more details, on the mucin beads, the Spirochaetes phylum significantly decreased from a relative abundance of 6.8 ± 5.7% at day 7 to 0.3 ± 0.3% of mean relative abundance from day 10 to 15 (Supplementary Figure 2). In the bioreactor, the Proteobacteria significantly increased from a relative abundance of 4.0 ± 2.5% at day 7 to 17.1 ± 4.1% at day 9 and to 7.9 ± 5.6% from day 10 to 15 (Supplementary Figure 2). Looking at lower taxonomy level, some families were also significantly impacted by the simulation of weaning transition (Figure 5). In the bioreactor medium, Coriobacteriaceae significantly decreased from a mean relative abundance of 11.9 ± 6.6% at day 7 to a mean relative abundance of 2.2 ± 2% from day 9 to day 15. In contrast, the Enterobacteriaceae and Erysipelotrichaceae families significantly increased from a mean relative abundance of, respectively, 0.9 ± 0.7% and 1.5 ± 2% at day 7 to mean relative abundances of 6.2 ± 5.4% and 4.7 ± 4.1% from day 9 to day 15 (Figure 5A). Finally, the Prevotellaceae significantly decreased from 6.5 ± 6.3% at day 7 to 4 ± 2.7% at day 9 prior to significantly increase from day 10 to day 15 with a mean relative abundance of 27.1 ± 20%. On the mucin beads, the average relative abundances of Bacteroidiaceae and Coriobacteriaceae for the day 11–day 15 period (10.3 ± 8.8% and 1.3 ± 0.9%, respectively) significantly decreased as compared to those calculated for the day 7–day 9 period (24.9 ± 9% and 5 ± 2.7%, respectively) (Figure 5B). In contrast, the average relative abundances of Prevotellaceae and Atopobiaceae were significantly higher for the day 11–day 15 period (9.7 ± 7% and 6.8 ± 4%, respectively) than those calculated for the day 7–day 9 period (3.1 ± 2.4% and 2.4 ± 1.5%, respectively) (Figure 5B). The simulation of weaning transition also led to modifications in relative proportions of several genera, both in bioreactor medium and mucin beads (Figure 6). Statistical results of this section are detailed in Supplementary Table 6.
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FIGURE 5. Relative abundances of the main bacterial families in the bioreactor medium (A) and the mucin beads (B) in MPigut-IVM during the runs #1, 2, and 3 which were subjected to a simulated weaning transition and challenged or not with the ETEC Ec105 strain.
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FIGURE 6. Mean relative abundance of the 30 more abundant bacterial genera in the bioreactor medium (A) and mucin beads (B) of MPigut-IVM in the CTRL and ETEC conditions (n = 3).


In the bioreactor medium and the mucin beads of control fermentations, the Methanosphaera genus was found in significantly higher mean relative abundance during the recovery period compared to the end of the stabilization period (Figure 7A), and feed deprivation stress also affected Methanobrevibacter relative abundance which was significantly lower after stress but only on mucin beads (Figure 7B). Regarding qPCR data, on the mucin beads, the abundance of archaea increased significantly (P < 0.05) at day 15 compared to day 9 and 11 for the CTRL conditions (Figure 4B).
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FIGURE 7. Relative abundance of the archaeal genera in the bioreactor medium (A) and mucin beads (B) of the MPigut-IVM for the runs #1, 2, and 3, in the CTRL and ETEC conditions. Day 7 and 9 of run #1 were removed due to their low number of sequences.




Survival of Ec105 in the MPigut-IVM

The presence of the ETEC strain was monitored in all the MPigut-IVM samples by quantifying the LT gene using qPCR. In the bioreactor medium of the ETEC condition, the LT gene was quantified at a mean of 8.0 ± 0.2 log10 of gene copy/g of sample at day 10 (ETEC inoculation) prior to slowly decrease over time to reach a mean of 4.9 ± 1.1 log10 of gene copy/g of sample at day 15 (end of recovery period). On the mucin beads of ETEC condition, the LT gene was quantified at mean values of 4.5 ± 1.6 and 3.3 ± 2.9 log10 of gene copy/g of sample, respectively, at day 11 and 15. However, the LT gene was quantified in higher concentration in the bead medium at mean values of 7.6 ± 1.6 and 6.4 ± 2.1 log10 of gene copy/g of sample, respectively, at day 11 and 15. It can be noticed that the LT gene was quantified in much lower quantity from day 11 in all samples from run #1 (Figure 8). Finally, a low copy number of LT gene could also be detected in the CTRL condition at mean values of 2.9 ± 1.6, 3.4 ± 1.6, and 3.9 ± 0.2 log10 of gene copy/g of sample, respectively, in the bioreactor medium, mucin beads, and bead medium, however, these values are close to the detection limit (Figure 8). The activity of the ETEC strain in the MPigut-IVM was evaluated by quantification of virulence gene expression using RT-qPCR. Even though the expression of virulence genes was detected in the bioreactor medium and bead medium in the ETEC condition on the day 10, 11, and 15, none of the targeted virulence genes (EAST1, LT, and K88 genes) was expressed in the CTRL condition (data not shown).
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FIGURE 8. Quantification of the ETEC LT gene in the MPigut-IVM by qPCR for the runs #1, 2, and 3 in the CTRL and ETEC conditions (n = 3).




Effects of the ETEC Ec105 Strain on MPigut-IVM Microbiota Metabolic Activity

Relative abundances of SCFAs were compared between the conditions ETEC and CTRL during the recovery period from day 10 to 15. The proportion of caproate and propionate tended (0.05 < P < 0.1) to be higher in the ETEC condition versus CTRL in the bead medium and bioreactor medium, respectively (Figure 2A).

The mucin bead medium metabolome shifted strongly between day 7 and day 11 in the presence of ETEC Ec105 (Figure 3). Indeed, the relative concentrations of isovalerate, valerate, 3-phenylpropionate and tyramine increased significantly, while the relative concentration of ethanol decreased. Multivariate PLS-DA analysis also suggested metabolome differences between CTRL and ETEC groups at day 11 (Figure 3). However, the relative concentrations of individual metabolites were not significantly different at this time point.



ETEC Challenge Triggers Microbiota Composition Disruptions in the MPigut-IVM Subjected to a Simulated Weaning Transition

No effect of the presence of the ETEC Ec105 strain on bacterial populations was detected by qPCR (Figure 4). However, a significant impact of the ETEC challenge on the microbiota was highlighted by the Illumina MiSeq data from day 10 to 15. Indeed, in the bioreactor medium, the presence of Ec105 led to significant higher average relative abundance of the Bacteroidetes phylum (35.4 ± 15.4% for the CTRL condition and 50.7 ± 10.5% for the ETEC condition for the day 10 to day 15 period), and lower mean relative abundance of Actinobacteria from 9.2 ± 7.4% in the CTRL condition to 2.7 ± 2.7% in the ETEC condition during the same period (Supplementary Figure 2A). On the mucin beads, the Firmicutes were significantly increased from 48.9 ± 7.7% in the CTRL condition to 58.1 ± 6.6% in the ETEC condition from day 11 to 15 (Supplementary Figure 2B). At the family level in the bioreactor medium (Figure 5A), the Prevotellaceae average relative abundance was significantly increased (23.2 ± 23% in the CTRL condition, 30.9 ± 18.8% in the ETEC condition for the day 10 – day 15 period) (Figure 5A). In contrast, Acidaminococcaceae, Atopobiaceae, Veillonellaceae, and Erysipelotrichaceae were significantly reduced with average relative abundances of, respectively, 24.2 ± 8.4%, 6.3 ± 7%, 4.1 ± 2.8%, and 6 ± 4.8% in the CTRL condition to 18.2 ± 7.4%, 0.3 ± 0.4%, 2.2 ± 2.1%, and 2.7 ± 2.8% in the ETEC condition during the same recovery period (Figure 5A). On the mucin beads, the Atopobiaceae family was significantly decreased from mean relative abundance of 11.5 ± 3.2% in the CTRL condition to 5.8 ± 2.1% in the ETEC condition while the Enterococcaceae was significantly increased from 0.5 ± 0.6% in the CTRL condition to 10.3 ± 5.7% in the ETEC condition in the day 11 – day 15 period (Figure 5B). At the genus level, the introduction of the ETEC strain significantly affected the abundance of several genera. For example, the genera Eisenbergiella, Peptoniphilus, Morganella, Tyzzerella, and Enterococcus were particularly enhanced in the ETEC-challenged bioreactors and mucin beads (Figures 6, 9). The MPigut-IVM archaeal microbiota was not significantly impacted by ETEC inoculation (Figure 7).
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FIGURE 9. Differentially abundant genera between the samples of the recovery period containing the ETEC Ec105 strain or not in the bioreactor medium (A) and mucin beads (B) of the MPigut-IVM. Only significant Log2 fold changes are represented on the figure. Positive Log2 fold changes indicate genera that were significantly more abundant in the presence of the pathogen. P values were corrected for multiple testing.


The MPigut-IVM microbiota alpha diversity indices were not significantly modified by any of the treatment (Supplementary Figure 4). Yet, beta diversity analysis using principal component analysis on Bray-Curtis distance showed that samples of MPigut-IVM clustered by diet (Supplementary Figure 4). No effect of ETEC was detected (data not shown).



Gene Expression in IPI-2I Cells Is Modulated When Exposed to the Bead Medium of MPigut-IVM Challenged by ETEC

The expression of selected genes involved in innate inflammatory immune response targeting inflammatory cytokines and chemokines, tight junctions or mucus secretion (Supplementary Table 5) of IPI-2I porcine cells incubated with filtrated effluents of the bead medium of MPigut-IVM were quantified using RT-qPCR (Figure 10). The effluents from the ETEC-inoculated bioreactors collected at day 15 led to a significant increase in the expression of TNFα, MYD88, MUC1, and CLDN4 genes compared to effluents from control bioreactors collected at same day. Differences in IPI-2I gene expression caused by effluents from the other days of fermentation (day 11 and 13) remained non-significant.
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FIGURE 10. Log2 fold changes of gene expression of IPI-2I cells incubated with bead medium supernatants of the MPigut-IVM collected at days 11, 13, and 15 and challenged or not with the ETEC Ec105 strain. Values were normalized with basal gene expression profiles for the targeted genes from IPI-2I cells incubated with their usual glutamine and FCS complemented DMEM medium (n = 3).




DISCUSSION

The MPigut-IVM has been developed to simulate the gut microbiome and mucobiome of weaning piglet (Gresse et al., 2021). In this previous paper, we demonstrated that, due to unique features such as the presence of mucin beads and a self-maintained anaerobiosis, the MPigut-IVM harbored an in vitro microbiota very close to that of the proximal colon of piglets originating from the same farm, after a stabilization period of 7 days (Gresse et al., 2021). To further understand the impact of weaning stressors on the colonic microbiota of piglets and their roles in the etiology of post-weaning diarrhea, a diet change focused on the introduction of more diversified plant protein sources and of higher amounts of these nutrients was introduced into the MPigut-IVM right after the 48 h- feed deprivation period to evaluate the impact of stressful events close to weaning as encountered in commercial pig farms. First, in the present work, the simulated weaning transition induced modifications in the archaeal microbiota of the MPigut-IVM, shifting from a Methanobrevibacter to a Methanosphaera dominant microbiota. Modifications of the archaeal microbiota associated with weaning transitions are not yet well documented in piglets. This shift could, however, impact the metabolites present in the piglet gut, considering the high abundance of archaea populations in piglet lower gut (Gresse et al., 2019). Indeed, Methanobrevibacter and Methanosphaera are mainly known as hydrogenotrophic and methylotrophic archaea genera, respectively, although recent genomic studies suggest that they may have other metabolic differences (Poehlein et al., 2018). Second, regarding bacterial microbiota, the simulated weaning transition induced an increase in the relative abundance of several bacterial communities in the MPigut-IVM, including Prevotellaceae and Enterobacteriaceae family members while the Bacteroidiaceae was decreased. Our findings are in agreement with in vivo studies reporting a shift from a high relative abundance of Bacteroides in pre-weaning piglet feces toward a high relative abundance of Prevotella coupled with a reduced Bacteroides proportion in post-weaning piglet fecal samples (Alain B. Pajarillo et al., 2014; Frese et al., 2015; Guevarra et al., 2018; Trckova et al., 2018; Yang et al., 2019) and Adhikari et al. (2019) reported similar results in the piglet colon. Prevotella is a common commensal genus which plays important roles in the digestion of nutrients, particularly in the degradation of starch, proteins and other plant polysaccharides (Ivarsson et al., 2014; Sandberg et al., 2019). In the study from Yang et al. (2019), Prevotella was the most abundant genus in both healthy and diarrheic weaning piglets. However, piglets that developed diarrhea after weaning harbored a higher relative abundance of Prevotella and less Escherichia coli in their pre-weaning period compared to piglets that remained healthy after weaning (Yang et al., 2019). A reduced number of Bacteroides in weaned piglet feces was also associated with diarrhea (Yang et al., 2019). Therefore, disturbed ratios between Prevotella, Bacteroides, and Escherichia populations in early life could be associated with the onset of post-weaning diarrhea. Also, the simulated weaning transition in the MPigut-IVM led to a decrease of the Collinsella genus from the Coriobacteriaceae family. A decreased proportion of Collinsella in human gut was previously linked to the development of a dysbiotic microbiota in inflammatory bowel disease (Kassinen et al., 2007) while an increase of Collinsella was positively correlated with protection against rotavirus diarrhea in gnotobiotic pigs (Twitchell et al., 2016) suggesting of potential role of Collinsella in pigs’ health. In our study, microbial activity was also significantly modified by the simulated weaning transition probably associated to microbiota composition changes. Redox potential was considerably impacted by the feed deprivation period which is in agreement with our previous findings (Gresse et al., 2021). In the bioreactor and on the mucin beads, butyrate, acetate and isovalerate relative abundances significantly decreased after the simulated weaning transition. In contrast, propionate, valerate and caproate increased both in the bioreactor and on the mucin beads of the MPigut-IVM. The total SCFA concentration increased during the feed deprivation period. This particular point could be due to the accumulation of these metabolites inside the bioreactors due the absence of feeding and consequently medium flushing. Besides, the bacterial metabolite 3-phenylpropionate increased after weaning simulation in the mucin bead medium, maybe due to an increased availability of its polyphenol precursors present in the post-weaning diet. Butyrate proved to be very beneficial to piglet health by improving the performance of piglets around weaning due to the stimulation of intestinal epithelium (Lu et al., 2008), improved immune response (Melo et al., 2016), and modulation of intestinal microbiota (Castillo et al., 2006; Xu et al., 2016; López-Colom et al., 2019). Also, supplementation of early weaned piglets with sodium butyrate was shown to attenuate diarrhea symptoms and decrease intestinal permeability (Feng et al., 2018). Thus, fluctuations of both bacterial composition and activity were observed in the MPigut-IVM following the simulated weaning transition which could favor the emergence of opportunistic pathogens such as ETEC.

To further simulate the conditions leading to post-weaning diarrhea at weaning (Gresse et al., 2017), a porcine ETEC strain was inoculated to the MPigut-IVM after the simulated weaning transition. Interestingly, 2 days after the inoculation of ETEC Ec105, the Labile Toxin (LT) gene was detected in high concentration in the bead medium of the MPigut-IVM, showing a preferential localization of ETEC Ec105 close to an area rich in mucins which are indeed known to be a privileged site of adhesion in vivo (González-Ortiz et al., 2014). Only one replicate displayed a strong decrease in the pathogenic strain concentration after few days in the MPigut-IVM. This difference could be explained by some variability in the microbial composition of the fecal inocula, probably reflecting the in vivo situation. A more robust microbial community could lead to less susceptibility to the introduction of a pathogen. The differences of microbiota composition observed between the three replicates could also induces different responses toward the ETEC challenge and the simulated weaning transition such as observed in vivo. The ETEC challenge did not influence the relative abundance of Escherichia/Shigella genus, probably because the concentration of the ETEC strain after inoculation was in the range of that of commensal Escherichia/Shigella. In addition, López-Colom et al. (2019) reported previously that an ETEC challenge was not associated with the increase of commensal E. coli in the ileum and ileal mucosa of weaned piglets. In this study, piglets which received butyrate and heptanoate preventive treatments to ETEC F4 displayed higher levels of commensal Enterobacteria in the ileum and ileal mucosa few days after the infection (López-Colom et al., 2019). One hypothesis, supported by Leatham et al. (2009), was the phenomenon of colonization resistance described as an increase in coliforms in the gut to fight against colonization of pathogenic strains. In the present work, several families and genera were, however, significantly impacted by the introduction of ETEC after the simulated weaning transition in the MPigut-IVM. The most spectacular change was the increase in Enterococcus in the ETEC conditions, especially on the mucin beads. Some Enterococcus members are known to bind to mucus in vivo (Hendrickx et al., 2015; Tytgat et al., 2016). Consistently with our findings, several in vivo studies reported a higher relative abundance or quantity of Enterococcus and E. coli or ETEC strains in the digestive content or mucosa of neonatal diarrheic piglets (Cheon and Chae, 1996; Jonach et al., 2014; Larsson et al., 2014; Hermann-Bank et al., 2015). A co-occurrence of Enterococcus and pathogenic E. coli could thus be involved in the pathogenesis of diarrhea episodes in piglets. Considering the several reports of this observation, it has been hypothesized that Enterococcus and E. coli/ETEC members could be able to naturally cooperate possibly by mechanisms of cross feeding or mutualism (Germerodt et al., 2016). Finally, the Morganella genus, which was found to be four times more abundant in the ETEC condition both in the mucin beads and the bioreactor by the differential analysis, has been previously associated with diarrhea in humans (Müller, 1986; Jertborn and Svennerholm, 1991; Ikeobi et al., 1996) and was even positively correlated with diarrhea indices during an ETEC F4 challenge in mice (Xu et al., 2020). The MPigut-IVM is thus able to reproduce several characteristics of ETEC pathogenesis consistent with in vivo data. In consequence, the other populations which correlated with the ETEC conditions but are not currently described in the literature such as Peptoniphilus or Eisenbergiella should be considered as populations of interest for future investigations.

To increase our understanding of the etiology of post-weaning diarrhea and how microbiota disruptions and pathogen presence affect host cells, we incubated diluted filtrated effluents collected from bead medium from MPigut-IVM with the IPI-2I pig intestinal cell line. In vitro models of the human colon were previously successfully coupled with eukaryotic cell cultures (Marzorati et al., 2014; Defois et al., 2018) but, to our knowledge, this is the first time that this was performed with an in vitro model of the piglet colon. In this study, supernatants from the bead medium of the ETEC condition induced significant increases in expression of genes coding for the myeloid differentiation primary response 88 (MyD88), tumor necrosis factor α (TNFα), claudin 4 (CLDN4), and mucin 1 (MUC1) in IPI-2I cells. The relation between mucins, commensals and pathogens have been widely studied (Etienne-Mesmin et al., 2019). MUC1 is a high molecular mass glycoprotein expressed at the apical surface of mucosal epithelial cells. MUC1 secretion can be stimulated by lipopolysaccharides produced by Gram negative bacteria and mucin is thought to play an important role against infections of epithelial cells (Kato et al., 2017). Expression of the MUC1 gene notably limited the access of Helicobacter pylori in infected mice (McGuckin et al., 2007). In our study, claudin 4 gene was over-expressed in cells exposed to supernatants collected at day 15 of ETEC conditions. This gene belongs to claudins’ family which are, with occludin proteins, tight junction proteins located at the apical side of piglet enterocytes (Pasternak et al., 2015) and thus play a role in intestinal permeability and infection. Consistently with our findings, claudin protein higher gene expression was previously associated with ETEC K88 infection in the porcine cell line IPEC-J2 in several studies (Wu et al., 2016; Luo et al., 2019). We could hypothesize that the higher expression of claudin genes from enterocytes could be induced in order to repair disrupted tight junctions due to the presence of toxins or other virulence factors in the supernatants which, as reported by RT-qPCR, were indeed expressed in the bead medium of the MPigut-IVM. The MyD88-mediated innate immune response has been already proven to be primarily important for protection against microbial pathogen infection via the induction of inflammatory cytokine production (Scanga et al., 2002; Campos et al., 2004; von Bernuth et al., 2012; Issac et al., 2013, 2018). Indeed, MyD88 deficient mice showed to be profoundly susceptible to infection (Issac et al., 2013). In weaning piglets, an increased level of MyD88 was already reported in enterocytes both in vivo and in vitro by several studies after challenge with an ETEC K88 strain (Chytilová et al., 2014; Finamore et al., 2014; Xu et al., 2014). TNFα is one of the most widely studied proinflammatory cytokine involved in numerous bacterial, parasitic and viral infections and was suggested as a biomarker of digestive pathologies in weaned piglets due to its correlation with villi/crypt ratio damages (Van Reeth et al., 2002; Gustavo Hermes et al., 2013; Barba-Vidal et al., 2017; López-Colom et al., 2019). Indeed, increased concentration of TNFα or increased expression of the associated gene were previously reported in the intestine of piglets orally challenged with ETEC K88 (Pu et al., 2018; López-Colom et al., 2019) as well as in IPEC-J2 cells co-incubated with ETEC K88 (Xia et al., 2017a, b). Considering the matches between our results and literature, the incubation of MPigut-IVM bead medium supernatants with IPI-2I cells seemed to reproduce, at least in part, the effects of ETEC infection on piglet enterocytes. However, it is important to notice that significant differences were detected only with effluent collected at day 15. These findings could highlight that the introduction of a porcine ETEC strain in the MPigut-IVM led to modifications of microbial metabolites which could be secreted in sufficient quantity to induce differential inflammatory responses in porcine epithelial cells at day 15 only. The high concentration of tyramine and valerate or the low concentration of ethanol in the mucin bead medium after weaning simulation in the ETEC group could contribute to the transcriptomic regulation observed in epithelial cells in vitro.

To conclude, our studies reported that the reproduction of a weaning transition in the MPigut-IVM impacted the microbiota composition and functionality in a consistent manner compared to previous in vivo findings. The introduction of a porcine ETEC strain after the simulated weaning transition was positively correlated with an increase in several genera which should be considered in future investigations. If further research needs to be undertaken to fully understand the interactions, our results confirmed that members of Prevotella, Escherichia, and Enterococcus genera could play a role in the onset of post-weaning diarrhea in piglets. The incubation of the in vitro effluents with pig intestinal cell lines, which was performed for the first time, indicated that MPigut-IVM was able to report some effect of microbiota metabolites change on host cells. The MPigut-IVM seems to reproduce the effects of weaning transition and ETEC colonization on the microbiota and will thus be used to evaluate preventive strategies against post-weaning intestinal dysbiosis.
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New Insights From Transcriptomic Data Reveal Differential Effects of CO2 Acidification Stress on Photosynthesis of an Endosymbiotic Dinoflagellate in hospite
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Ocean acidification (OA) has both detrimental as well as beneficial effects on marine life; it negatively affects calcifiers while enhancing the productivity of photosynthetic organisms. To date, many studies have focused on the impacts of OA on calcification in reef-building corals, a process particularly susceptible to acidification. However, little is known about the effects of OA on their photosynthetic algal partners, with some studies suggesting potential benefits for symbiont productivity. Here, we investigated the transcriptomic response of the endosymbiont Symbiodinium microadriaticum (CCMP2467) in the Red Sea coral Stylophora pistillata subjected to different long-term (2 years) OA treatments (pH 8.0, 7.8, 7.4, 7.2). Transcriptomic analyses revealed that symbionts from corals under lower pH treatments responded to acidification by increasing the expression of genes related to photosynthesis and carbon-concentrating mechanisms. These processes were mostly up-regulated and associated metabolic pathways were significantly enriched, suggesting an overall positive effect of OA on the expression of photosynthesis-related genes. To test this conclusion on a physiological level, we analyzed the symbiont’s photochemical performance across treatments. However, in contrast to the beneficial effects suggested by the observed gene expression changes, we found significant impairment of photosynthesis with increasing pCO2. Collectively, our data suggest that over-expression of photosynthesis-related genes is not a beneficial effect of OA but rather an acclimation response of the holobiont to different water chemistries. Our study highlights the complex effects of ocean acidification on these symbiotic organisms and the role of the host in determining symbiont productivity and performance.

Keywords: carbon-concentrating mechanism, coral-dinoflagellate symbiosis, ocean acidification, Symbiodiniaceae, F’/Fm’, pCO2, gene expression


INTRODUCTION

Rising levels of anthropogenic carbon dioxide (CO2) are transforming the chemistry of our oceans; the average seawater pH has already decreased by 0.1 pH units (equivalent to almost 30% increase in acidity) since the Industrial Revolution and it is predicted to drop even further by the end of this century (Magnan et al., 2016; Hoegh-Guldberg et al., 2017). Thus, there is a great concern regarding the future of marine ecosystems and the ecological services they provide; particularly for coral reefs, as these depend entirely on the persistence of corals and other calcifiers (Hoegh-Guldberg et al., 2007, 2017; Pandolfi et al., 2011; Hughes et al., 2017). As CO2 dissolves in water, carbonic acid (H2CO3) is formed and protons (H+) are released, which lowers the pH (i.e., more acidic) but also reacts with carbonate ions (CO32–), which in turn reduce carbonate concentrations and saturation state (Ω). Calcifying organisms are then unable to build skeletons, have slower growth and are more sensitive to disturbances (Doney et al., 2009).

Much attention has been focused on the detrimental effect of ocean acidification (OA) on calcification (Orr et al., 2005; Hofmann et al., 2010; Andersson and Gledhill, 2013), yet, it is unclear how it affects other physiological processes (Kroeker et al., 2010, 2013). Specifically, there is a growing interest in understanding how acidification will impact photosynthetic organisms (Mackey et al., 2015; Connell et al., 2018). For example, changes in diversity, structure, and productivity of phytoplankton communities are predicted to have profound consequences for marine food webs and biogeochemical processes (Dutkiewicz et al., 2015). Indeed, increased biomass of primary producers, such as sea grasses and algae, has been shown to alter the ecological functioning of benthic ecosystems by favoring the proliferation of some species and demise of others (Hall-Spencer et al., 2008; Connell et al., 2017). For symbiotic corals, OA may even have a greater impact on bleaching and productivity than on calcification (Anthony et al., 2008). Nonetheless, the effects are multi-faceted and complex. Like other aquatic photosynthetic organisms, the endosymbionts of corals (of the family Symbiodiniaceae) also have active CO2-concentrating mechanisms (CCMs) (Al-Moghrabi et al., 1996; Leggat et al., 1999) that allow them to cope with the challenges of living in a carbon-limited environment (Moroney and Ynalvez, 2007). To fuel photosynthesis, CO2 must be converted to HCO3– (and vice versa) so it can be transported inside the cell and ultimately reach RuBisCO, the enzyme that catalyzes the first step of CO2 fixation. However, in hospite, this process is actively regulated by the host (Barott et al., 2015) through proteins like carbonic anhydrases and bicarbonate transporters that catalyze the interconversion of CO2 and bicarbonate and mediate their transport. Certainly, this implies that the symbiont relies on the host to provide a suitable environment that supports its functioning (e.g., in hospite nutrient availability) so that if the physiological response of the latter is compromised, that of the symbiont will be too. Thus, even if productivity of the holobiont increases under elevated pCO2 (Strahl et al., 2015; Biscéré et al., 2019), its performance and survival are ultimately limited by the physiological capabilities of the coral, which can either be negatively impacted (e.g., reduced metabolism, increased oxidative stress, apoptosis, etc.) (Kaniewska et al., 2012) or (seemingly) unaffected (Wall et al., 2014; Tambutté et al., 2015; Davies et al., 2018).

Similar to the specific stress sensitivity of their cnidarian hosts (Anthony et al., 2008; Crawley et al., 2010; Edmunds, 2012; Kaniewska et al., 2012; Towanda and Thuesen, 2012; Jarrold et al., 2013; Gibbin and Davy, 2014; Hoadley et al., 2015b; Klein et al., 2017; Davies et al., 2018), differential responses to OA have also been observed among Symbiodiniaceae types (Buxton et al., 2009; Brading et al., 2011). This is not surprising considering the remarkable intra- and inter- specific functional diversity (LaJeunesse et al., 2018), including species-specific CCMs (Brading et al., 2013). For example, a recent study (Aranda et al., 2016) showed substantial differences in the number of bicarbonate transporters in the genomes of coral-associated endosymbionts; in particular, Symbiodinium microadriaticum appears to have significantly more compared to Breviolum minutum, which likely has fundamental implications for carbon acquisition and (indirectly) productivity. Various combinations of host and symbiont genotypes may provide physiological (dis)advantages under changing ocean conditions. Hence, examining the response of different symbiotic associations to elevated pCO2 can provide valuable understanding of OA effects on corals (Hoadley et al., 2015a).

Here, we investigated the global transcriptomic response of the endosymbiont Symbiodinium microadriaticum of the Red Sea coral Stylophora pistillata (Esper 1797) to long-term seawater acidification stress. This pocilloporid coral is not only one of the most abundant species and major contributor to reef structures in the Indo-Pacific (Veron, 2000) but has also been used as a model organism to study ecological, physiological, and evolutionary aspects of the cnidarian-dinoflagellate symbiosis (Ferrier-Pagès et al., 2003; Franklin et al., 2004; Putnam et al., 2008; Venn et al., 2013; Vidal-Dupiol et al., 2013; Maor-Landaw et al., 2014; Cohen and Dubinsky, 2015; Tambutté et al., 2015; Zoccola et al., 2015; Voolstra et al., 2017; Liew et al., 2018). Colonies of this coral have been successfully cultured under CO2-driven low pH conditions for almost 10 years, thus providing a unique opportunity to examine the effects of chronic exposure to high CO2. Further, most studies on OA represent data from short-term experiments that range from days to few weeks and focused on the physiological impact of coral calcification (Kaniewska et al., 2012; Chan and Connolly, 2013), however, little is known for the algal partner, especially with regard to responses on the molecular level. This study presents novel observations on the responses of a common coral symbiont to acidification stress.



MATERIALS AND METHODS


Experimental Incubations

Multiple colonies of a single clone of S. pistillata were subjected to long-term seawater acidification in an experimental setup at the Centre Scientifique de Monaco that has been maintained continuously from the early 2010s (Venn et al., 2013; Tambutté et al., 2015; Liew et al., 2018). Based on nuclear ITS and mitochondrial COI, colonies were previously typed to be S. pistillata clade 4 (Voolstra et al., 2017), which is found throughout the northwest Indian Ocean including the Red Sea, the Persia/Arabian Gulf and Kenya (Keshavmurthy et al., 2013). Coral fragments were kept simultaneously in four aquaria, each supplied with Mediterranean seawater with an exchange rate of 70% per hour, salinity of 38 ppt, temperature of 25°C and irradiance of 170 μmol photons/m2s white light on a 12:12 h light:dark photoperiod provided by HQI-10000K metal halide lamps (BLV Nepturion), and fed with freshly hatched Artemia brine shrimps twice per week. Carbonate chemistry was manipulated by bubbling CO2 to reduce pH to the reach values of pH 7.2, an extremely low value used to generate and study new phenotypes (Tambutté et al., 2015; Liew et al., 2018), pH 7.4, which represent extreme values observed today in some environments like volcanic CO2 vents where mean pH can range between 7.4 and 7.6 (Hall-Spencer et al., 2008) and pH 7.8 or near future natural conditions as projected by the IPCC scenario RCP8.5 (Magnan et al., 2016), while a control aquarium was maintained at the current average seawater pH 8.0 (Doney et al., 2009). pH and temperature were constantly checked with a custom-made monitoring system (Enoleo, Monaco) so that similar conditions prevailed in each aquarium except for the carbonate chemistry. Details on chemistry parameters, pH and alkalinity measurements, and aquarium maintenance are provided in Tambutté et al. (2015) and Liew et al. (2018). For this experiment (same as Liew et al., 2018), coral fragments (three per tank) were added to the system in 2012 and taken out in 2014 (at the same time) after being subjected to the respective treatments for 2 years (Figure 1).
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FIGURE 1. Schematic of the experimental design. (A) A single clone of the Red Sea coral Stylophora pistillata (symbiotic with Symbiodinium microadriaticum CCMP2467) was collected in 1989. (B) The same coral colony was (i) fragmented into multiple nubbins and (ii) maintained in the aquaria system of the Centre Scientifique de Monaco. (C) At least 3 nubbins were added to different pH treatments in 2012: pHs 7.2, 7.4, 7.8 and a control pH 8.0. Details on carbonate chemistry are shown as means ± SD; Ωar, saturation state of aragonite [taken from Liew et al. (2018)]. (D) Coral nubbins were retrieved in 2014 after being subjected to their respective treatments for 2 years. (i) RNA extractions were performed and (ii) photochemical efficiency (F’/Fm’) were measured to analyze changes in gene expression and assess the photo-physiological status, respectively.





Identification of Differentially Expressed Genes

High-quality total RNA was extracted from three replicate coral nubbins (one per colony, three colonies in each tank) that were kept in all different conditions for 2 years. Twelve strand-specific mRNA libraries were generated using the NEB Next Ultra Directional RNA Library Prep Kit for Illumina (New England Biolabs) and sequenced in six lanes of the HiSeq 2000 platform (Illumina) to retrieve a total of 674 million paired-end reads (101 bp). RNA-seq data was analyzed as implemented in Kallisto v0.44.0 (Bray et al., 2016) and its companion tool Sleuth v0.28.0 (Pimentel et al., 2017). Kallisto pseudo-aligns reads to a reference to produce a list of transcripts compatible with each read while avoiding alignment of individual bases, thus achieving much faster results compared to other approaches. Details on pseudo-alignment statistics are provided in Supplementary Table 1. Quantifications of gene expression in transcripts per million reads (TPM) resulting from the bootstrapping performed in Kallisto were then analyzed with Sleuth. Briefly, Sleuth builds a response error model that allows for the decoupling of biological variance from inferential variance to ultimately identify differentially expressed genes (DEGs). Significance of the differential expression levels is evaluated through a likelihood test (LRT), after which Sleuth returns a q-value per coding sequence (i.e., the corrected p-value following the Benjamini-Hochberg correction for reducing the false discovery rate (FDR) due to multiple testing). Here, we chose a threshold of 0.05 for the q-value (corresponding to an FDR of 0.05), below which we considered the DEGs to be significant. Differential expression levels are outputted as a “beta” (b) value, which in order to get a differential expression level index similar to the classically used log2 fold-change, we transformed by raising the number e to the b-th power (i.e., eb).

While Liew et al. (2018) analyzed the transcriptomic response of S. pistillata, that study solely focused on the differential expression of methylated genes in the host, particularly those related to growth and biomineralization pathways. Thus, here we assessed the overall response of S. pistillata, along with the response of its endosymbiont S. microadriaticum. All analyses described above were carried out for both data sets. Reads were mapped to S. microadriaticum (Aranda et al., 2016) and S. pistillata (Voolstra et al., 2017) gene models (reference genomes can be found at1), and DEGs were identified by contrasting samples from all experimental conditions (pHs 7.2, 7.4, and 7.8) against the control (pH 8.0). Normalized expression values were log (x + 1) transformed and principal component analyses (based on Euclidean distances) were carried out after to assess the relationship between samples. Differences between treatments were tested using the function “Adonis” as implemented in the R (v3.5.1) (R Core Team, 2018) package “vegan” (Oksanen et al., 2019).



Functional Enrichment Analyses

GO term enrichment analyses were performed with topGO (Alexa et al., 2006) using a self-developed R script2 as described in Liew et al. (2018). Only GO terms with p < 0.05 and occurring at least five times were considered enriched. Furthermore, KEGG Orthology (KO) annotations were merged from the KEGG Automatic Annotation Server3 (Moriya et al., 2007) (with the parameters ‘‘GHOSTZ,’’ ‘‘eukaryotes’’ and ‘‘bi-directional best hit’’) and the results of the gene models of both S. microadriaticum and S. pistillata4. KEGG pathway enrichment analysis of DEGs were carried out using Fisher’s exact test and subsequent multiple testing correction via false discovery rate (FDR) estimation. Only pathways with p < 0.05 were considered significant. The R package “GOplot” (Walter et al., 2015) was used to visualize the relationship between genes and selected functional categories. This is presented as a circular plot where the inner ring shows the z-score and the outer ring scatterplots of the expression levels for the genes assigned to each GO term. The z-score is calculated as the number of up-regulated genes minus the number of down-regulated genes divided by the square root of the count (Walter et al., 2015).



Symbiont “Typing”

In order to identify the main symbiont of the S. pistillata colonies kept in the aquaria system at the Centre Scientifique de Monaco, RNA-seq data was mapped to SymPortal’s (Hume et al., 2019) reference database. Briefly, SymPortal is a platform for phylogenetically resolving Symbiodiniaceae taxa using ITS2 rDNA amplicon data. Its reference database contains thousands of ITS2 sequences from taxa belonging to the seven named genera (formerly genus Symbiodinium containing “clades A–I”). Read counts were calculated using Kallisto and based on this, A1 (>97.5%) was determined to be the most abundant sequence in all samples (Supplementary Figure 1). Symbiodiniaceae taxa associated with a dominant ITS2 designated sequence A1 is, in turn, associated to the species definition of S. microadriaticum (LaJeunesse, 2001). Yet, it is noteworthy clarifying that, here, the binomial S. microadriaticum refers to the strain CCMP2467, which was originally isolated from S. pistillata from the Gulf of Aqaba and was the same symbiont strain used to sequence the genome (Aranda et al., 2016).



Physiological Validation: Photochemical Efficiency Measurements

Light-acclimated yields (F’/Fm’) were recorded in triplicate (one branch per colony and multiple measurements were taken for each branch at the same distance) with a Pulse Amplitude Modulated fluorometer (Junior-PAM, Walz, Germany) to assess the photo-physiological status of colonies at the different pH treatments (see raw data in Supplementary Table 2). Although measurements were not taken from the exact same fragments from which RNA was extracted, all colonies originated from the same coral genet (Figure 1) and phenotypes have been validated multiple times. A one-way analysis of variance (ANOVA) as implemented in R was conducted to assess the effect of pH in symbiont’s photochemical efficiency. Differences were further identified through Student-Newman-Keuls (SNK) post hoc tests.




RESULTS

Here, we investigated the in hospite transcriptomic response of S. microadriaticum in the Red Sea coral S. pistillata under long-term (2 years) acidification stress. Based on previous evidence showing beneficial effects from elevated pCO2 on productivity (Strahl et al., 2015; Biscéré et al., 2019), we focused on genes and processes involved in photosynthesis and carbon acquisition, which were also enriched in our differential gene expression analysis. Furthermore, we integrated the gene expression changes in the symbiont and host to assess the effect of low pH on both partners and overall response of the holobiont. Finally, we tested the conclusions from our transcriptomic analyses on the physiological level by measuring symbiont’s light-acclimated photochemical yields and interpreting relevant molecular responses of the host.


Differential Gene Expression Following Chronic Exposure to High pCO2

Principal component analyses revealed that symbiont samples clustered according to treatment (Figure 2A), yet PERMANOVA tests did not show significant differences in gene expression between treatments (p = 0.08). The opposite was true for the host (Figure 2B, PERMANOVA p = 0.01), although no significant differences were observed among treatments (post hoc tests p > 0.05). Overall, gene expression patterns revealed a weaker transcriptomic response (that is, a lower number of DEGs) to the experimental treatments for the symbiont (1,230 unique genes representing 2.50% of the transcriptome) compared to the coral host (986 unique genes corresponding to 3.80%). As expected, more differentially expressed genes (DEGs) were identified in response to the strongest treatment of pH 7.2 for both partners, followed by at least three times less DEGs in the other conditions. A total of 1,459 (964), 392 (249), and 1 (38) DEGs were identified for the symbiont (host) in pH 7.2, 7.4, and 7.8, respectively (Figure 3). In regard to S. microadriaticum CCMP2467 approximately 45% of the DEGs had ≥ 2-fold change in expression (all of them up-regulated) and, again, most were observed in pH 7.2 (Figure 3). Only one DEG was identified at pH 7.8 (Smic24339), and it encoded for dimethylglycine dehydrogenase, a mitochondrial enzyme involved in pathways of degradation of amino acids and was only found in this treatment. Further, comparison of gene expression changes between pH 7.2 and 7.4 identified 310 shared DEGs, from which 111 and 199 were up- and down-regulated, respectively. Directionality of these changes was consistent across both treatments, although the magnitude of change was not. That is, 160 genes showed a higher fold change in expression in the pH 7.2 treatment whilst the remaining 150 had a lower expression compared to pH 7.4 (Supplementary Table 3). Patterns in expression for the S. pistillata, on the other hand (Figure 3), were similar to the symbiont’s, with most genes being down-regulated (at least in pH treatments 7.2 and 7.4).
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FIGURE 2. Relationship between samples. Principal component analysis (PCA) of (A) in hospite Symbiodinium microadriaticum CCMP2467 and (B) Stylophora pistillata samples across all four treatments.
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FIGURE 3. Barplot showing number of differentially expressed genes (DEGs) for the symbiont (blue) and coral host (orange) across pH treatments compared to the control. Numbers in bold indicate the total number of DEGs for each category whilst numbers in parenthesis show unique genes (exclusive to that treatment). Top and bottom panels depict direction of the change, up- and down-regulation, respectively.





Impact of Low pH on Specific Biological Functions: Enrichment of Genes Related to Photosynthesis and Carbon Acquisition Processes

We conducted GO and KEGG pathway enrichment analyses to further assess the functional impact of the previously identified DEGs. A total of 114 significantly enriched GO terms across all treatments were identified for S. microadriaticum CCMP2467 (81, 26, and 7 from pH 7.2, 7.4, and 7.8, respectively, see Supplementary Tables 4A–C). Particularly noteworthy terms (most of them underrepresented) were related to translation and transcription, regulation of metabolic processes, and cellular components (ribosome, cytoplasm and microtubule complexes, cilium, among others). We also identified a few DEGs (with ≥ 2-fold change, all of them up-regulated) encoding for ion-transport activity; yet the associated GO terms were not significantly enriched.

We further focused on terms related to photosynthesis and carbon acquisition mechanisms as these have been previously reported to potentially benefit from increased CO2. Due to the lack of DEGs, we did not find any enriched GO terms for the pH 7.8 treatment, whilst at least 23 were identified for the other two conditions (Figure 4A, Supplementary Tables 4A–C). From these, most of them were predominant in pH 7.2 (21 compared to only 11 in pH 7.4) and related to photosynthesis light-harvesting proteins, the Calvin cycle and relevant enzymes (RuBisCO, transketolase and ferredoxin-NADP-reductase), as well as various cellular components and processes associated to photosystems I and II complexes. Fewer terms were associated with carbon acquisition mechanisms; most of them linked to genes encoding different subunits of the ATP synthase motor. Since pH 7.2 had the largest number of enriched GO terms, we investigated the expression changes of the genes associated with the corresponding processes (Figure 4B). A total of 172 DEGs were involved in these functional categories with most genes being over-expressed, thus suggesting an overall up-regulation of the process. Further, two of four significantly enriched KEGG pathways (Supplementary Table 5) in this treatment were related to photosynthesis (map00195) and carbon acquisition in photosynthetic organisms (map00710). DEGs involved in these pathways were mostly up-regulated with ≥ 2-fold increase in expression (Supplementary Table 6).
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FIGURE 4. Differential transcriptomic response of in hospite Symbiodinium microadriaticum CCMP2467 to CO2 acidification stress. (A) Heat map showing GO terms related to photosynthesis and carbon concentrating mechanisms. Empty boxes denote differences that were not significant (p ≥ 0.05). Annotation of each term is described in the table and p-values are provided in Supplementary Table 8. (B) Circular plot showing selected GO terms enriched in pH 7.2. Statistical significance (log10 adjusted p-value) of each GO term is shown by the height of the bars in the inner circle, while the color represents the overall regulation effect of each process as indicated by the z-score (red – increased, white – unchanged, blue – decreased). The outer circle scatterplots show the differentially expressed genes assigned to each process, where red and blue represent genes that are up- and down-regulation, respectively.



To complement the analyses on the symbiont, we also performed a GO enrichment analyses for the transcriptional response of the host S. pistillata. This analysis revealed an overall enrichment of metabolic functions, RNA translational and transcriptional mechanisms, stress responses and cellular components (see Supplementary Tables 7A–C). Echoing the findings in the symbiont we also found more terms significantly enriched in the pH 7.2 treatment (167) compared to pH 7.4 (82) and pH 7.8 (94). Particularly relevant were terms related to ion activity and calcification across all treatments, but bicarbonate transport (GO:0015701) stood out (though it was only present in pH 7.2). We identified two genes (Spis16901 and Spis5056.t2) encoding for bicarbonate transporter like proteins, and these were significantly up-regulated (≥ 2-fold change). Although not significant (ANOVASpis16901 F = 3.023, p = 0.094, ANOVASpis5056.t2 F = 1.402, p = 0.311), the absolute expression (TPM) of these genes followed the order pH 7.2 > 7.4 > 7.8 > 8.0 (Figure 5). Also interesting was the term symbiont-containing vacuole membrane (GO:0020005) present in pH 7.8, which was associated to Spis21140. This gene, which annotates for an interferon-induced guanylate-binding protein 2, was significantly over-expressed and had a 2.5-fold change in expression.
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FIGURE 5. Absolute gene expression (transcripts per million) of two Stylophora pistillata genes encoding for bicarbonate transporter-like proteins across pH treatments. Although expression of these genes was not significantly different among conditions (ANOVASpis16901 F = 3.023, p = 0.094, ANOVASpis5056.t2 F = 1.402, p = 0.311), it followed the order pH 7.2 > 7.4 > 7.8 > 8.0.





Physiological Response to Acidification Stress

Our transcriptomic analyses showed enrichment of genes and processes involved in photosynthesis and carbon acquisition mechanisms, with most of the DEGs being significantly up-regulated. To test whether these transcriptomic changes were evident on the physiological level, we measured photosynthetic efficiency of the symbiont using Pulse-Amplitude-Modulation fluorometry. Seawater pH had a significant effect (ANOVA F = 7.503, p = 0.005) on the photo-physiological performance (F’/Fm’) of S. microadriaticum CCMP2467 (Figure 6). Specifically, lower F’/Fm’ values were observed in colonies from the more acidic treatments (pH 7.2 and 7.4) compared to the control (pH 8.0) whereas no significant differences were detected for coral fragments from pH 7.8. Interestingly, however, is that photochemical yields dropped significantly from pH 7.8 to pH 7.4 (mean value ± SD, from 0.5 ± 0.02 to 0.4 ± 0.02) but remained stable between pH 7.4 and pH 7.2 (mean ± SD, 0.4 ± 0.02 and 0.4 ± 0.03, respectively).
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FIGURE 6. Mean (± 1 SE) photochemical efficiencies of Symbiodinium microadriaticum CCMP2467 across pH treatments. Letters indicate overall similarities (e.g., AA) or differences (e.g., AB) between treatments as determined by SNK post hoc tests.






DISCUSSION


Responses of Coral Holobionts to OA Vary Greatly

Transcriptome sequencing has become a powerful tool for understanding the mechanistic underpinnings of coral resilience to environmental change by allowing the identification of genes and/or pathways that are specifically associated with stress responses (reviewed in Cziesielski et al., 2019; Strader et al., 2020). However, most studies have focused on the coral host and it was not until recently that changes in gene expression following exposure to high temperature and/or CO2 levels have also been examined in their algal symbionts (Kenkel and Matz, 2016; González-Pech et al., 2017; Davies et al., 2018; Kenkel et al., 2018; Rivest et al., 2018), thus providing a more complete view of the holobiont responses. Indeed, both partners exhibit differential transcriptomic changes; some studies have shown that the host elicits a stronger response (up to five times) (Kaniewska et al., 2015; Kenkel and Matz, 2016; Davies et al., 2018) whereas others have found greater effects on the symbiont (Kenkel et al., 2018; Rivest et al., 2018). The magnitude of the response to different stressors also varies greatly. Generally speaking, warming, alone or in combination with acidification, has a larger effect on gene expression than just OA (Rocker et al., 2015; Davies et al., 2016, 2018; Rivest et al., 2018). For example, Davies et al. (2016) found almost 25% of the holobiont meta-transcriptome to be differentially expressed in response to temperature stress whilst less than 2% was attributed to elevated pCO2. Similarly, minimal (or no) transcriptomic responses to low seawater pH (close to RCP8.5 scenarios) have also been reported (Vidal-Dupiol et al., 2013; Kaniewska et al., 2015; González-Pech et al., 2017). Hence, it is not surprising that in our study, changes in expression only accounted for a small fraction of the transcriptome of both symbiont and host. Furthermore, the transcriptional responses to acute stress and chronic stress differ substantially (reviewed in Strader et al., 2020). An initial response to acute stress generally invokes greater changes in gene expression as a mean to regain homeostasis, whereas long-term chronic stress exposure implies that acclimation has already occurred and transcriptional changes are limited to processes necessary to maintain homeostasis (via up-/down-regulation of certain genes, for example).

Numerous studies have reported mixed findings on the effects of high pCO2 on the photo-physiology of symbiotic cnidarians. For example, acidification stress has been shown to increase productivity, symbiont density and photochemical efficiency in non-calcifying anthozoans (Suggett et al., 2012; Towanda and Thuesen, 2012; Jarrold et al., 2013; Gibbin and Davy, 2014; Horwitz et al., 2015; Klein et al., 2017) but the opposite in corals (Anthony et al., 2008; Crawley et al., 2010; Edmunds, 2012; Kaniewska et al., 2012; Zhou et al., 2016), and in fewer cases, no significant effects have been observed (Wall et al., 2014; Tambutté et al., 2015; Davies et al., 2018). Certainly, the intertwined interaction between photosynthesis and calcification (Furla et al., 2000) might be key for determining how and to what extent OA will affect corals. Indeed, while OA has been shown to be detrimental to adult coral colonies (see above), contrasting responses have been observed in young recruits and larvae. For example, Jiang et al. (2019, 2020) found a positive photochemical response to OA along with enhanced symbiont CCMs in Pocillopora recruits and greater productivity in larvae. Finally, parabolic responses of photosynthetic processes to acidification stress have also been documented (Crawley et al., 2010; Castillo et al., 2014). Different pCO2 levels and the diverse CMMs of symbionts (Buxton et al., 2009; Brading et al., 2011) may contribute to these variable and contrasting responses. Finally, responses to acidification stress are not only symbiont strain-specific (Buxton et al., 2009; Brading et al., 2011) but may also differ depending on whether they are free-living or in hospite different hosts (see above).



Coral Symbionts Acclimate to OA by Fine-Tunning Gene Expression and Photo-Physiology

This study provides novel insights into coral acclimation to OA by integrating the findings presented here with previously published data (Tambutté et al., 2015; Liew et al., 2018) that support our interpretation of the results. Although we did not find significant differences in expression levels across treatments for the symbiont, there were still a number of genes that were significantly differentially expressed and biologically meaningful. Most of the changes in gene expression we observed here were associated with homeostasis and regulation of metabolic functions; yet we were particularly interested in those involved in photosynthesis and carbon-concentrating mechanisms (CCMs). These processes are essential for holobiont functioning but also different from the other biological processes in that they could potentially benefit from increased pCO2. Over-expression of genes encoding for different cellular components critical for the photosynthetic machinery was common in both extreme treatments (pH 7.2 and pH 7.4); specifically, polypeptide subunits of photosystems, light-harvesting and oxygen-evolving complex proteins responsible for enhancing recruitment and functioning of PS II and several enzymes necessary for photosynthesis. Enrichment of H+ transporter genes were also observed; in particular, a vacuolar H+ ATPase (VHA) proton-pump essential to promote photosynthesis as it catalyzes ATP hydrolysis and lowers pH in the symbiosome (Barott et al., 2015). Indeed, inhibition of this transmembrane protein can result in reduced photosynthetic activity (Barott et al., 2015). Moreover, up-regulation of proton-pumps from the symbiont but also bicarbonate transporter-like proteins from the coral in response to acidification stress suggests that the holobiont might be trying to compensate and/or maintain the internal pH gradient necessary to support nutrient exchange between partners (Barott et al., 2015). Bicarbonate transporters are, in turn, important for the host as these not only play a role in biomineralization but also in homeostatic control of metabolic processes (Zoccola et al., 2015). Previous evidence even suggests that these transporters may play an important role in coral resilience to acidification (Zoccola et al., 2015), thus contributing to the notion that changes in their expression might be indeed an acclimation mechanism of the host to different water chemistries.

Neither host carbonic anhydrases nor solute carrier (specifically SLC4 and SLC26) genes were differentially expressed in any of the treatments, which was initially surprising because these have been shown to be significantly up-regulated in corals subjected to only few weeks of acidification stress (Vidal-Dupiol et al., 2013) (but see above for the effect of exposure time in expression levels). Both play a major role in CCMs; carbonic anhydrases move carbon from the seawater environment across multiple layers into the symbiont cell whilst SLCs are responsible for transporting HCO3– and other ions, however, the main role of these specific transporters might be the provision of bicarbonate to the calcification process (Zoccola et al., 2015). Significant enrichment of symbiont-containing vacuole membrane (which here may refer to the host-derived symbiosome) further highlights the effect of elevated pCO2 on the holobiont CCMs. Acidification of this intracellular compartment is essential for promoting photosynthesis (Barott et al., 2015) and damage and/or disruption of its cellular components and functions could have a negative impact on host-symbiont communication and metabolic exchange. Indeed, a gene encoding for guanylate-binding proteins, previously associated with resistance to intracellular pathogenic microbes (Haldar et al., 2013), was significantly over-expressed. This might suggest the host’s immune response is compromised and secretion of this protein increases as a compensation measure.

Despite previous evidence for beneficial effects from elevated pCO2, often reflected by enhanced productivity (Strahl et al., 2015; Biscéré et al., 2019) and here seen as an enrichment of processes related to photosynthesis and carbon acquisition, our findings suggest that this might be instead an acclimation response of the holobiont to OA. For example, although here we observed significant declines in the operating efficiency of PS II (F’/Fm’), gross photosynthesis rates (as previously reported in Tambutté et al., 2015 for the same coral genet used in this study) have been noted to remain unchanged. Discrepancy between these two measurements has been observed before (Briggs and Carpenter, 2019); multiple aspects of photo-physiology may indeed respond differently to acidification stress with potentially contrasting consequences for photosynthetic performance. The expression of specific proteins and/or maintenance of enzymes related to photo-physiology may be altered, and though this might not influence photosynthesis rates, it could have a significant effect at the cellular level. Protein turnover is particularly important for photosynthesis as it allows repairing damage to the PS II (Han, 2002; Briggs and Carpenter, 2019), thus changes in protein metabolism can eventually lead to a reduction in photochemical efficiency. Indeed, here we observed changes in expression of protein metabolism related functions (most of them depleted) such as protein transport (GO:0015031), intracellular protein transport (GO:0006886), ubiquitin protein ligase binding (GO:0031625) and protein autoubiquitination (GO:0051865), among others.

Other physiological measurements like respiration rates, symbiont densities and protein content were not affected either (also reported in Tambutté et al., 2015). Thus, suggesting that although the overall performance of the holobiont is not (seriously) compromised, the ability of this particular host-symbiont association to maintain carbon fluxes might be affected by OA. The latter because photosynthesis and respiration depend on the availability of dissolved inorganic carbon (Furla et al., 2000; Nakamura et al., 2013) so that more substrate should theoretically enhance both processes; higher CO2 fixation during photosynthesis results in increased oxygen production and thus stimulating respiration (Reece et al., 2015). Though this only holds true if the process is CO2-limited; otherwise, an increase in CO2 will not affect oxygen fluxes as the system is already working at maximum capacity. Another possibility to consider is that CO2 might not be efficiently acquired. This is surprising, however, since S. microadriaticum CCMP2467 in particular is known to have many more bicarbonate transporter domains than other symbiotic dinoflagellates (Aranda et al., 2016). As such, one would assume that it is more efficient in mobilizing HCO3– across membranes. Nonetheless, it could also be that CCMs in this symbiont are mainly supported by the uptake of CO2 and not HCO3–, as it is the case for S. necroappetens (formally known as Symbiodinium A13; LaJeunesse et al., 2015) (Brading et al., 2013), for example. Thus, having more bicarbonate transporters might not necessarily improve carbon transport for photosynthesis. Further, CCMs are active, energy-consuming processes (Leggat et al., 1999) thus if the host is challenged in any way (see above), these can become less efficient and therefore limiting, independent of the symbionts ability to assimilate CO2.



Methodological Considerations

We are cautious when interpreting the effect of pH on gene expression (i.e., PERMANOVA tests to assess differences between treatments) as low statistical power (because of low sample size) can negatively affect the likelihood that a statistically significant finding actually reflects a true effect. Ideally, more samples (i.e., coral nubbins) from different genotypes in each condition should be examined. Yet, this dataset was already published by Liew et al. (2018), who investigated the epigenetic mechanisms underlying OA stress responses (and thus used samples with the same genetic background in order to compare across treatments). Here, we simply provide initial transcriptomic observations of a coral endosymbiont to OA with respect to photosynthesis. This study adds to the growing body of work investigating how different marine organisms respond to OA. Similar efforts on this and other coral-Symbiodiniaceae pairings will eventually reveal the extent at which our findings can be generalized.

Finally, it is also worth noting that, as well as with other environmental factors (e.g., temperature and nutrients), light availability plays an important role in regulating calcification and photosynthetic processes under elevated pCO2 (Suggett et al., 2013). Specifically, it has been shown that corals under low light growth conditions exhibit greater OA-induced calcification loss and lower gross photosynthesis rates. Since the light intensity used in this study (170 μmol photons/m2s) is similar to the one (100 μmol photons/m2s) tested by Suggett et al. (2013), it is fair to consider the possibility that even if Symbiodinium has the capacity to use CO2 at lower pH, photosynthesis might have not been increased because of the low light. Under low light conditions, photo-acclimation processes that facilitate light harvesting also require protein production and maintenance which, as discussed above, is negatively affected by OA (Briggs and Carpenter, 2019). This might explain the increasingly detrimental effects on photochemical efficiency as pH decreases. OA studies should then better account for the potential moderating role of light on elevated pCO2 as together they clearly alter the energetic budgets and resource allocation among photosynthetic processes (Suggett et al., 2013; Briggs and Carpenter, 2019).




CONCLUSION

Here, we present an overview of the in hospite transcriptomic response of a common coral symbiont exposed to different seawater pH conditions. This study together with Kenkel et al. (2018) are, to our knowledge, the only ones examining changes in expression patterns under long-term CO2 acidification stress. Their contrasting findings, as they did not show differential expression of any gene related to photosynthesis nor carbon acquisition mechanisms, further highlight the importance of investigating different host-symbiont pairings to better understand the effects of OA on corals. Certainly, host and symbiont genetics (and the interaction between both) play a major role in gene expression in response to stress (Parkinson et al., 2015; Cziesielski et al., 2019; Strader et al., 2020) such that conclusions based on this experiment may only be applicable to the host-symbiont combination in question and care should be taken in extrapolating this response to other coral-Symbiodiniaceae assemblages. In summary, our data suggest that, despite the existing hypothesis that elevated CO2 benefits photosynthetic organisms, here, up-regulation of genes involved in photosynthesis processes might be an acclimation response to OA stress experienced by the host (and thus (indirectly) by the symbiont) and not a beneficial effect. Indeed, we show a significant drop in photochemical yields with increasing pCO2, which in turn demonstrates the extent of symbiont photo-acclimation that operates in response to a changing environment (reviewed in Nitschke et al., 2018). The implications of these changes under extended acidification stress and the effect this may have on symbiotic interactions is complex and thus warrants further study, especially since responses vary greatly among different host-symbiont combinations.
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Gut microbiome composition is determined by a complex interplay of host genetics, founder’s effects, and host environment. We are using omnivorous cockroaches as a model to disentangle the relative contribution of these factors. Cockroaches are a useful model for host–gut microbiome interactions due to their rich hindgut microbial community, omnivorous diet, and gregarious lifestyle. In this study, we used 16S rRNA sequencing to compare the gut microbial community of allopatric laboratory populations of Periplaneta americana as well as sympatric, wild-caught populations of P. americana and Periplaneta fuliginosa, before and after a 14 day period of acclimatization to a common laboratory environment. Our results showed that the gut microbiome of cockroaches differed by both species and rearing environment. The gut microbiome from the sympatric population of wild-captured cockroaches showed strong separation based on host species. Laboratory-reared and wild-captured cockroaches from the same species also exhibited distinct gut microbiome profiles. Each group of cockroaches had a unique signature of differentially abundant uncharacterized taxa still present after laboratory cultivation. Transition to the laboratory environment resulted in decreased microbiome diversity for both species of wild-caught insects. Interestingly, although laboratory cultivation resulted in similar losses of microbial diversity for both species, it did not cause the gut microbiome of those species to become substantially more similar. These results demonstrate how competing factors impact the gut microbiome and highlight the need for a greater understanding of host–microbiome interactions.
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INTRODUCTION

The gut microbiome plays an important role in the health and fitness of most animals. Gut microorganisms assist with the breakdown of dietary substrates and play a role in nutritional absorption and energy regulation (Dillon and Dillon, 2003; Engel and Moran, 2013). The gut microbiome also protects against pathogens, both by inhibiting colonization by invading pathogenic microbes as well as by interacting with the host immune (Engel and Moran, 2013). Certain toxins, including pesticides, can be metabolized by the gut microbiome (Engel and Moran, 2013; Brune and Dietrich, 2015; Claus, 2016). The presence of certain gut microbes is essential for the development of several types of insects, including the cockroach and mosquito (Bracke et al., 1978; Cruden and Markovetz, 1984; Gijzen and Barugahare, 1992; Coon et al., 2015; Jahnes and Sabree, 2020). Finally, recent work demonstrates that microbes can impact animal behavior across classes, from insects to mammals (Wada-Katsumata et al., 2015; Vuong et al., 2017). Examples include frequency of social interactions, mate choice, hyperactivity, anxiety, depression, and others (Wada-Katsumata et al., 2015; Delbare et al., 2020; Heys et al., 2020; Zhu et al., 2020). Therefore, identifying and understanding host–gut microbiome interactions is an important area of research.

Gut microbiome composition is determined by a complex interplay of host genetics, early environment, and immediate environment (Turnbaugh et al., 2009; Neu and Rushing, 2011; Ericsson and Franklin, 2015; Martinson et al., 2017; Ho et al., 2018; Kakumanu et al., 2018; Lee et al., 2020; Lim and Bordenstein, 2020; Sepulveda and Moeller, 2020; Tinker and Ottesen, 2020; Wolff et al., 2020). Host genetics has been shown to play the key role in the gut microbiome of certain species, including cockroaches, mosquitoes, and apes (Sanders et al., 2014; Novakova et al., 2017; Lim and Bordenstein, 2020; Tinker and Ottesen, 2020). In contrast, sympatric populations of Drosophila (Martinson et al., 2017) were shown to exhibit indistinguishable gut microbial communities, suggesting environment may be the primary factor in shaping the gut microbiome for certain species. Early environment and founder’s effects are also thought to play a role in the gut microbiome, with studies in humans showing lasting signatures arising from mode of birth (vaginal vs. cesarean) and newborn diet (breastfeeding vs. formula feeding) (Neu and Rushing, 2011; Ho et al., 2018). Additionally, recent work suggests that the host’s immediate environment can cause major impacts on the gut microbiome. For instance, temperature (Sepulveda and Moeller, 2020), diet (Turnbaugh et al., 2009), and/or housing conditions (isolated vs. co-housed) (Ericsson and Franklin, 2015; Caruso et al., 2019) can be manipulated in order to produce certain gut microbiome profiles in mice.

Cockroaches are an ideal organism for studying gut microbial community assembly and host–microbe interactions. Cockroaches represent an ancient lineage that emerged over 300 million years ago (Legendre et al., 2015; Wang et al., 2017) and have evolved to host a complex gut microbiome composed of hundreds of unique species of microbes (Bell et al., 2007; Engel and Moran, 2013; Dietrich et al., 2014). This gut microbiome is composed of insect-associated lineages, but is populated by microbial families and genera that are characteristic of the gut microbiomes of a wide range of omnivorous animals, including mice, and humans (Schauer et al., 2012; Dietrich et al., 2014; Tinker and Ottesen, 2016). The cockroach gut microbial community is not vertically transmitted, but indirectly acquired from other cockroaches in their immediate environment, a process aided by their typically gregarious lifestyle (Bell et al., 2007; Engel and Moran, 2013; Wada-Katsumata et al., 2015; Kakumanu et al., 2018). Acquisition of a healthy gut microbial community is required for proper development (Bracke et al., 1978; Cruden and Markovetz, 1984; Gijzen and Barugahare, 1992; Jahnes and Sabree, 2020). Dysbiotic cockroaches are generally smaller than their healthy counterparts and rarely complete the final molt into adulthood (Bracke et al., 1978; Cruden and Markovetz, 1984; Gijzen and Barugahare, 1992; Jahnes and Sabree, 2020). Social behavior is also impacted by the gut microbiome, which produces volatile carboxylic acids (VCAs) which act as aggregation agents for the insect hosts (Wada-Katsumata et al., 2015). Axenic cockroaches produce no aggregation agents and thus have reduced social contact from other insects (Wada-Katsumata et al., 2015). Interestingly, once assembled, the cockroach gut microbiome appears to be robust to many environmental perturbations (Renelies-Hamilton et al., 2021). This may be due to regular conspecific inoculation events through social behaviors including coprophagy and trophallaxis (Renelies-Hamilton et al., 2021).

In this experiment, we used 16S rRNA gene sequencing to compare the hindgut microbiome of an in-house laboratory colony of Periplaneta americana, a second laboratory colony of P. americana obtained from the University of Florida, and sympatric wild-caught P. americana and Periplaneta fuliginosa. A subset of the transplanted laboratory colony and wild-caught cockroach populations were maintained under in-house laboratory conditions for a period of 14 days to observe changes in the hindgut microbiome following this transition. We were specifically interested in measuring changes in richness (alpha diversity) and dissimilarity (beta diversity) within and across the treatment groups after a transition into a laboratory environment. We were also interested in identifying which factors (treatment group, host species, and/or sample origin) most impacted the hindgut microbial community. Finally, we planned to identify and investigate any taxa that were uniquely associated with particular treatment groups.



MATERIALS AND METHODS


Insects

Our in-house laboratory colony of P. americana cockroaches was provided by the University of Georgia’s entomology department from a colony that has been maintained in captivity for over 10 years. The cockroaches were maintained in mixed-age, mixed-sex colonies in aquarium tanks at room temperature on a diet of dog food (Kroger nutritionally complete bite-sized adult dog food, composed of 21% protein, 8% fat, and 6% fiber) ad libitum. Each tank was provided with corn cob bedding, cardboard tubes for nesting, and a cellulose sponge saturated with water. The laboratory colony from the University of Florida was generously obtained and provided by Brian Forschler, a colleague in the University of Georgia’s entomology department.

For studies of wild-caught cockroaches, insects were collected in traps placed outside within a 135 m radius on the University of Georgia’s campus. The traps were glass jars with petroleum jelly placed around the jar opening to prevent insects from escaping. Each trap contained glass wool saturated with beer as a lure. Traps were checked daily, and any captured P. americana and P. fuliginosa adults were either sacrificed immediately or placed in an aquarium tank under laboratory culture conditions (as described above) for 14 days before being sacrificed. Wild P. americana and P. fuliginosa were visually identified by morphology. We confirmed our identifications by sequencing a representative sample from each insect species. For the P. americana sample we sequenced a modified A-tLeu/B-tLys and for the P. fuliginosa sample we sequenced the CO-II gene, both as previously described (Tinker and Ottesen, 2020). Ultimately, our experiment included a total number of 90 insect samples from the following groups: laboratory P. americana (12 samples), Florida laboratory P. americana at time 0 (8 samples), Florida laboratory P. americana at day 14 (20 samples), wild P. americana at time 0 (12 samples), wild P. americana at day 14 (11 samples), wild P. fuliginosa at time 0 (12 samples), and wild P. fuliginosa at day 14 (15 samples) (Supplementary Table 1). Each sample represented an individual dissected hindgut.



Hindgut Collection and DNA Extraction

We opted to focus on the hindgut in this study due to its high bacterial density and diversity (Cruden and Markovetz, 1987). For this work, DNA was extracted from individual dissected hindguts; no hindguts were pooled. Each insect was placed on ice in a sterile culture plate until sufficiently torpid. The entire cockroach gut was dissected and any visible debris, including fat bodies or exoskeleton, was removed with forceps. The hindgut was then separated from the rest of the gut, placed on parafilm, and submerged in 100 μL of RNAlater (Ambion, Austin, TX, United States). A pipette tip was used to break open the hindgut and disperse the contents into the RNAlater (Ambion) before the suspended hindgut lumen was removed and stored at 80°C.

DNA was extracted from a 30 μL aliquot of the preserved hindgut sample using a modified version of the EZNA Bacteria kit (Omega Biotek, Norcross, GA, United States). A 100 μL of balanced salt solution (2.5 g K2HPO4, 1 g KH2PO4, 1.6 g KCl, 1.4 g NaCl, and 10 ml of 1 M NaHCO3 per liter, pH 7.2) was added to each sample aliquot before mixing followed by centrifugation for 10 min at 5,000 × g. The supernatant was discarded and the pellet was resuspended in 100 μL TE buffer [10 nM Tris, 1 mM EDTA (pH 8)] with 10 μL lysozyme (as supplied by kit). The sample was incubated at 37°C for 30 min before adding approximately 25 mg of glass beads (as supplied by kit) and bead beating for 5 min at 3,000 rpm. Hundred microliters BTL buffer and 20 μL proteinase K solution (as supplied by the kit) were added to each sample before incubation at 55°C while shaking at 600 rpm for 1 h. After this step, the manufacturer’s protocol (June 2014 version) was followed beginning at step 11. Samples were eluted in 50 μL preheated elution buffer after a 5-min incubation at 65°C. The final DNA concentrations (typically between 5 and 50 ng/μL) and A260/A280 were measured using a NanoDrop Lite spectrophotometer (Thermo Scientific, Wilmington, DE, United States).



Library Preparation and Sequencing

The V4 region of the 16S rRNA gene from each hindgut sample was amplified using a two-step PCR method as previously described (Tinker and Ottesen, 2016, 2018, 2020; Hassell et al., 2018). In brief, the initial PCR used Q5 Hot Start high-fidelity DNA polymerase (New England BioLabs, Ipswich, MA, United States) and 515F (GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT) primers in a 10 μL PCR mixture [1 Q5 reaction buffer, 200 M deoxynucleoside triphosphates (dNTPs), 0.5 M 515F, 0.5 M 806R, 2 ng DNA, and 0.02 U/L Q5 polymerase] under the following conditions: 98°C for 30 s, followed by 15 cycles at 98°C for 10 s, 52°C for 30 s, and 72°C for 30 s, with a final extension step at 72°C for 2 min for the initial V4 region amplification. Immediately following the initial amplification, the resulting product was reamplified using double barcode primers (Tinker and Ottesen, 2016, 2018, 2020Hassell et al., 2018). The secondary amplification mixture contained 1 Q5 reaction buffer, 200 M dNTPs, 0.5 M 515F, 0.5 M 806R, 2 ng DNA, and 0.02 U/L Q5 polymerase. From this mixture, 21 μL was added to 9 μL of the initial reaction product before cycling under the following conditions: 98°C for 30 s, followed by four cycles at 98°C for 10 s, 52°C for 10 s, and 72°C for 30 s, followed by six cycles at 98°C for 10 s and 72°C for 1 min, concluding with a final extension at 72°C for 2 min. The resulting PCR amplicons were purified using the EZNA Cycle Pure kit (Omega Bio-tek) before quantification with a NanoDrop Lite spectrophotometer (Thermo Scientific). Amplicons were then normalized to equal concentrations, pooled to a library concentration of 10 nM, and assessed for quality using the Agilent 2100 Bioanalyzer DNA-HS assay (Agilent Technologies, Santa Clara, CA, United States) before submission to the Georgia Genomics Facility for sequencing (Illumina MiSeq 250 × 250 bp; Illumina Inc., San Diego, CA, United States).



Data Analysis

16S rRNA gene sequences were analyzed using a modified version of the Mothur Miseq standard operating protocol (Schloss et al., 2009). In brief, after sequence assembly any sequence that had ambiguous bases or was longer than 275 bp was removed and remaining sequences were aligned to the Silva reference database (Release 132) (Pruesse et al., 2007; Quast et al., 2012). Aligned sequences that contained homopolymers of 8 or more base pairs were removed before chimeral identification and removal via VSEARCH (Rognes et al., 2016). Remaining sequences were classified using the Silva reference database (Release 138) (Pruesse et al., 2007; Quast et al., 2012). Unclassified sequences or sequences identified as chloroplasts, mitochondria, Eukaryota, or Blattabacterium (cockroach endosymbiont found in fat body cells) were removed. The remaining sequences were clustered into OTUs based on 97% or greater sequence identity using OptiClust (Westcott and Schloss, 2017).

Data generated by Mothur was imported into R for further analysis (Schloss et al., 2009). The vegan (Oksanen et al., 2012) package was used to complete non-metric multidimensional scaling (NMDS) analyses and Analysis of Similarities (ANOSIM). Vegan (Oksanen et al., 2012) was also utilized to calculate Shannon diversity and Bray–Curtis dissimilarity values. Wilcoxon rank-sum tests were run using base R and differential abundance was measured with the DESeq2 (Love et al., 2014) package. Finally, we used base R, ggplot (Wickham, 2016), and RColorBrewer (Neuwirth, 2014) to visualize the data.



Data Mining

Our analysis utilizes previously published data as well as new, unpublished data. Please note that the 16S rRNA sequencing data from the laboratory P. americana (Tinker and Ottesen, 2016), wild P. americana at both timepoints (Tinker and Ottesen, 2016), and wild P. fuliginosa at time 0 (Tinker and Ottesen, 2020) were utilized in previous publications. These publications investigated the effect of diet on P. americana (Tinker and Ottesen, 2016) and measured the phylosymbiotic signature in omnivorous cockroaches (Tinker and Ottesen, 2020). The 16S rRNA sequencing data from the wild P. fuliginosa at day 14 as well as the laboratory Florida P. americana at both time points is new, previously unpublished data. The methods described above were used to generate all data, both published and unpublished.



RESULTS


All Cockroaches Harbor a Hindgut Microbiome Dominated by Members of the Bacteroidota, Firmicutes, and Desulfobacterota Phyla

16S rRNA gene amplicon sequencing was completed for the hindguts of 90 unique cockroaches across the control and three treatment groups. A total of 6,969,201 sequences were generated, with 4,927,318 remaining after quality filtering and classification (Supplementary Table 1). Across all treatments, hindguts were dominated by members of the Bacteroidota, Firmicutes, and Desulfobacterota phyla. These three phyla comprised 32.84–92.04% of any one individual sample (Figure 1). Members of the Bacteroidota phyla were most abundant across all samples, comprising an average of 41.43% and a median of 42.51% (Figure 1). In contrast, the Firmicutes and Desulfobacterota phyla comprise an average of 30.16 and 10.22% across all samples (Figure 1).
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FIGURE 1. Relative abundance of microbial families across each treatment group. Each bar represents an individual insect gut. All families that represent >5% of sequences from any one sample are listed in the legend; less abundant families are grouped together under other.


The Bacteroidota observed in the cockroach guts represented a diverse array of families. An average of 2.74% of sequences across all samples belong to unclassified members of the Bacteroidia class with an additional 6.51% of sequences belonging to unclassified members of the Bacteroidales order (Figure 1). Nine other Bacteroidota families were especially abundant across all samples and comprised >5% of the total sequences from at least one sample. These include: Bacteroidaceae, COB P4-1 termite group, Dysgonomonadaceae, M2PB4-65 termite group, Marinifilaceae, Rikenellaceae, Parabacteroides, vadinHA21, and Williamwhitmaniaceae (Figure 1). All of these families except the M2PB4-65 termite group were present within all 90 samples and comprised anywhere from 0.005 to 17.22% of all sequences for any one sample (Figure 1). Of these families, Dysgonomonadaceae and Parabacteroides had the highest average relative abundance across all samples, at 6.11 and 5.37% (Figure 1). Members of the Dysgonomonadaceae and Parabacteroides families are commonly found in the gut microbiome of animals and certain species of Parabacteroides have previously been associated with obesity and inflammation (Wang et al., 2019).

Most of the highly abundant Firmicutes families belonged to the Clostridia class (Figure 1). Members include the Christensenellaceae, Lachnospiraceae, and Ruminococcaceae families which composed an average of 3.38, 5.04, and 3.98% of sequences across all samples (Figure 1). Acholeplasmataceae and Lactobacillaceae, both members of the Bacilli class, were also present with an average relative abundance of 1.08 and 1.51%. Finally, an average of 2.08% of sequences across all samples were unclassifiable members of the Firmicutes phylum (Figure 1).

The majority of the Desulfobacterota present in our experimental samples belonged to unclassified members of the Desulfovibrionales order, which comprised an average of 7.85% of sequences across all samples (Figure 1). Desulfovibrionales are commonly found in the gut microbiome of animals and have been associated with human diseases including obesity and type 2 diabetes (Rinninella et al., 2019). Eight Desulfobacterota families as well as sequences that belong to unclassified members of the Desulfobacterota phylum, Desulfuromonadia class, and the Desulfobacterales and Desulfobulbales orders were also present in select experimental samples at low abundances (Figure 1).

In addition to the three dominant phyla, bacteria from the Proteobacteria phylum was also present within all 90 experimental samples. Four families comprised the majority of these Proteobacteria: Diplorickettsiaceae, unclassified members of the Enterobacterales order, unclassified members of the Enterobacteriacae order, and Moraxellaceae (Figure 1). These families were present at low abundance for most samples, composing an average of 0.38–1.03% (Figure 1). The maximum relative abundance for these families ranged from 5.03 to 62.62% and for each family, the individual sample with the maximum relative abundance belonged to the wild treatment group (Figure 1). Notably, the majority of the Diplorickettsiaceae present in our samples are members of the Rickettsiella genus, which is commonly thought to be an intracellular insect parasite (Leclerque and Kleespies, 2012). Interestingly, most samples contained <0.5% sequences from the Diplorickettsiaceae family (Figure 1). However, eight samples from the wild P. americana group had a high (>0.5%) abundance of Diplorickettsiaceae, with a maximum abundance of 63.62% in a wild P. americana day 14 sample (Figure 1).



Wild-Collected Cockroaches Exhibit High Alpha Diversity That Decreases on Being Housed in Laboratory Conditions

Previous work demonstrates that the cockroach hindgut microbiome is highly diverse (Schauer et al., 2012, 2014; Bertino-Grimaldi et al., 2013; Dietrich et al., 2014; Wada-Katsumata et al., 2015; Tinker and Ottesen, 2016, 2020; Renelies-Hamilton et al., 2021). Congruent with this, all cockroach samples, except for one outlier from the day 14 wild P. americana treatment group, had a Shannon Diversity metric greater than 4.0 (Figure 2). Pielou’s evenness was also high across all groups at each timepoint, with an average of 0.83 and a median of 0.84 across all samples. Overall, both laboratory populations had similar alpha diversity, but there were significant differences between the laboratory and wild cockroach groups (Figure 2 and Supplementary Table 2). Using the Wilcoxon rank-sum test with Bonferroni correction, we found that wild-collected P. americana exhibited significantly higher alpha diversity than both in-house and Florida laboratory P. americana populations as well as the wild-collected P. fuliginosa (Supplementary Table 2). This alpha diversity decreased on housing in the laboratory, and we found no significant difference (p > 0.05) between the in-house laboratory or Florida laboratory P. americana and either day 14 wild P. americana or P. fuliginosa groups (Supplementary Table 2). In addition, we found no significant difference in alpha diversity between the two wild treatment groups at time 0. Interestingly, while there was a significant difference (p > 0.05) between the time 0 P. americana and the day 14 P. fuliginosa groups and vice versa, there was no significant difference in alpha diversity between the two wild-collected groups after 14 days. This suggests that both species lost diversity at similar rates upon housing in the laboratory.
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FIGURE 2. Boxplots show Shannon diversity indices for each group. For each boxplot, the bars delineate the median, the hinges represent the lower and upper quartiles, and the whiskers extend to the lesser of the most extreme value or 1.5 times the interquartile range. Within each boxplot, a dot plot shows the spread of Shannon diversity indices across the group. Before calculating Shannon diversity indices, libraries were resampled to a depth of the sample with the fewest sequences (4082). A full table with all of the paired Wilcoxon rank-sum test with Bonferroni correction and the resulting p-values is located in Supplementary Table 1.




Hindgut Microbial Communities Cluster by Treatment Group, Host Species, and Sample Origin

Previous research demonstrates that the cockroach hindgut microbiome is shaped by various compounding biological and environmental factors (Bracke et al., 1978; Bertino-Grimaldi et al., 2013; Dietrich et al., 2014; Schauer et al., 2014; Wada-Katsumata et al., 2015; Tinker and Ottesen, 2020). We used NMDS to visualize Bray–Curtis dissimilarities among our samples (Figure 3 and Supplementary Figure 1). When plotting all samples, we identified a clear separation between the laboratory and wild groups (Figure 3 and Supplementary Figure 1). Furthermore, we identified separation among the wild groups by both species and time point (Figure 3 and Supplementary Figure 1). However, the in-house laboratory and the Florida laboratory group at both timepoints clustered together (Figure 3 and Supplementary Figure 1). When we followed up with ANOSIM, we found there was no statistically significant difference between the in-house and Florida laboratory cockroaches or the two timepoints for the Florida lab cockroaches. In contrast, there was significant separation between the wild P. americana (R = 0.4825, p = 0.001) and wild P. fuliginosa (R = 0.649, p = 0.001) at each timepoint. When the dataset was analyzed as a whole, we found that clustering by treatment group with (R = 0.7349, p = 0.001) and without timepoints (R = 0.653, p = 0.001), host species (R = 0.8241, p = 0.001), and laboratory or wild origin (R = 0.3113, p = 0.001) was supported by ANOSIM.
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FIGURE 3. Non-metric multidimensional scaling (NMDS) plot with a stress value of 0.0889 constructed with weighted Bray–Curtis metrics based on the distribution of OTUs (97% sequence identity). Before construction, libraries were resampled to a depth of the sample with the fewest sequences (4082). Clustering by treatment group with (R = 0.7349, p = 0.001) and without timepoints (R = 0.653, p = 0.001), host species (R = 0.8241, p = 0.001), and laboratory or wild origin (R = 0.3113, p = 0.001) was supported by ANOSIM.




Within- and Between-Group Comparisons Show Differences in Hindgut Microbiome Composition

We were interested in examining differences in within-group variability across populations (Figure 4 and Supplementary Table 3). We found that our in-house laboratory P. americana populations showed the lowest within-group variability by both weighted and unweighted Bray–Curtis metrics among the populations tested (Figure 4 and Supplementary Table 3). It was significantly lower than the Florida laboratory P. americana at day 14 and the wild P. fuliginosa at both time points using weighted measurements (Figure 4 and Supplementary Table 3). When using unweighted measurements, it was significantly lower than all of the treatments (Figure 4 and Supplementary Table 3). Within-group variability was highest for the wild-captured populations, with wild-collected P. fuliginosa showing significantly greater variability than wild-collected P. americana by weighted measurement (Figure 4 and Supplementary Table 3). Both groups of wild-collected cockroaches showed slight decreases in within-group variability upon housing in the laboratory, but the only significant difference was in unweighted Bray–Curtis comparisons between T0 and T14 wild-captured P. fuliginosa (Figure 4 and Supplementary Table 3).
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FIGURE 4. Boxplots show weighted (right) and unweighted (left) pairwise Bray–Curtis dissimilarity metrics among (black) and between (purple) each group. For each boxplot, the bars delineate the median, the hinges represent the lower and upper quartiles, and the whiskers extend to the lesser of the most extreme value or 1.5 times the interquartile range. Before calculating Bray–Curtis dissimilarity metrics, libraries were resampled to a depth of the sample with the fewest sequences (4082). A table with all of the paired Wilcoxon rank-sum tests with Bonferroni correction and the resulting p-values is located in Supplementary Table 3.


We also compared the between-group dissimilarity for the laboratory P. americana control with all other groups (Figure 4). Consistent with ANOSIM results, we found that the between-group dissimilarity for each treatment was significantly higher than the among group dissimilarity (Figure 4). For the Florida laboratory P. americana, between-group dissimilarity vs. in-house laboratory cockroaches remained consistent over both time points using both weighted and unweighted metrics. However, we saw a lower between-group dissimilarity vs. our in-house laboratory population after 14 days of laboratory cultivation for both the wild P. americana and P. fuliginosa groups. Interestingly, there was a greater difference in the unweighted metrics than the weighted metrics, suggesting that the decrease in dissimilarity is likely due to a loss of low-abundance, environmentally associated microbes.



Differential Abundance Analysis Reveals Unique Taxa Associated With Each Group

In order to evaluate OTUs driving these between-group differences, we used DESeq2 to identify significantly enriched or depleted OTUs across groups (Supplementary Table 4). We found that there were 416 OTUs with a significant differential abundance between the laboratory P. americana and the Florida P. americana at time 0, 747 for the laboratory P. americana and the wild P. americana at time 0, and 996 for the laboratory P. americana and the wild P. fuliginosa at time 0 (Figure 5A). The number of OTUs with a significant differential abundance between the laboratory P. americana decreased to 351 for the Florida P. americana, 504 for the wild P. americana, and increased to 1,058 for the wild P. fuliginosa after 14 days in the laboratory environment (Figure 5A). When we compared the time 0 and day 14 samples within each group, we found that far fewer OTUs had significant compositional differences (Figure 5A). We found 18 between the Florida laboratory P. americana at each time point, 197 between the wild P. americana at each time point, and 274 between the wild P. fuliginosa at each time point (Figure 5A). Overall, this demonstrates that origin (laboratory v. wild) and species strongly impact the cockroach hindgut microbiome but that taxonomic differences are typically reduced when insects are housed in identical conditions.
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FIGURE 5. (A) Visual representation displaying the number of significant log2-fold changes in abundance between each treatment group. These calculations assumed an adjusted p-value of ≤0.05 and were made using the Wald test with Benjamini–Hochberg adjustment as implemented in the DESeq package. Black numbers indicate the total number of statistically significant changes in differential abundance between the two treatment groups. Red (negative) or green (positive) numbers in conjunction with the arrows indicate the direction of the log2-fold change. Finally, blue numbers indicate the number of OTUs that have a significant change in differential abundance across either two groups (corners) or all groups (center). A table containing the raw data from DESeq for the significant log2-fold changes from all pairwise comparisons is located in Supplementary Table 4. (B) A heatmap of the 158 OTUs which have significant log2-fold changes across three or more treatment groups. Each row in the heatmap represents a unique OTU, with replicated labels representing multiple OTUs assigned to the same taxonomic group. For each pairwise comparison, the reference is the first pair listed. Each box in the heatmap represents unscaled log2-fold change and ranges from a minimum value of –26.31 (purple) to a maximum of 45.47 (green) with the color scale centered at white. To enable visualization of broader taxonomic patterns, row labels are color coded by phylum assignment, with members of the Bacteroidota phyla in blue, Firmicutes in green, and all others in black. A table containing the raw data and adjusted p-values from DESeq2 for these 158 OTUs is located in Supplementary Table 5. (C) A close-up of the highlighted sections of the heatmap presented in B.


We found that there were 602 OTUs with a significant differential abundance between the sympatrically collected wild populations of P. americana and P. fuliginosa (Figure 5A), suggesting that host species results in differences in hindgut microbiome composition among sympatric populations of closely related species. Interestingly, this value was comparable to that found when comparing the laboratory P. americana and the wild P. americana at time 0 (747) and the laboratory P. americana and the wild P. fuliginosa at time 0 (996), also confirming an important role for early environment in shaping the hindgut microbiome.

Figure 5B shows a heatmap illustrating OTUs that exhibit significant log2-fold changes across our four sets of three-way comparisons (Supplementary Table 5). We found 2, 20, and 74 OTUs with significant log2-fold changes across all three paired comparisons for the Florida P. americana, wild P. americana, and wild P. fuliginosa treatment groups, respectively (Figure 5A). We also found 89 OTUs with significant log2-fold changes found in the comparison of laboratory P. americana with the two wild-collected populations (Figure 5A). Removal of redundant sets resulted in a list of 158 OTUs which have exhibited significant log2-fold changes across all three pairwise comparisons of 1 or more treatment groups (Supplementary Table 5). When we visualize these 158 OTUs in an unscaled heatmap (Figure 5B), there are two notable trends. First, the majority of these OTUs have low taxonomic resolution and second, the majority of these OTUs have statistically significant, but minimal log2-fold changes (Figure 5B and Supplementary Table 5). Within the heatmap, there were 22 OTUs that had a large change across multiple treatment groups (Figure 5B). When we explicitly examine these OTUs they fall into four general categories (Figure 5C): those (1) associated only with the laboratory control P. americana; (2) associated with both the laboratory control P. americana and the Florida laboratory P. ameriana; (3) associated with wild P. fuliginosa; and (4) associated with wild P. americana. Fifteen out of 22 (and 57 out of the full 158) of these OTUs represent diverse Bacteroidota, including two Dysgonomonas genus OTUs as well as multiple OTUs that could not be classified beyond the order or family level. Many of the Bacteroidota genera and families include multiple OTUs showing contrasting patterns in abundance across groups. A number of Firmicutes also show group-specific patterns, although they were more highly represented among organisms showing smaller fold changes between groups. As these groups are thought to play diverse roles in carbohydrate metabolism (Vera-Ponce de León et al., 2020), further studies are required to determine the functional implications of these OTU shifts. Another interesting taxon is Arcobacter, which was associated with wild P. fuliginosa and is thought to be an emerging pathogen (Collado and Figueras, 2011; Barboza et al., 2017).



DISCUSSION

The cockroach is emerging as a common model organism for studying the gut microbiome due to their rich hindgut microbial community, omnivorous diet, and gut structure, which is analogous to the human stomach. Our goal was to better understand the factors that drive assembly and biodiversity in the cockroach gut microbiome. Previous work on the cockroach gut microbiome demonstrates that cockroaches have a gut microbiome which is more typical of omnivorous mammals than insects outside of the Blattodea order (Schauer et al., 2012; Tinker and Ottesen, 2016, 2020). Much like the mammalian gut microbiome, the cockroach gut microbiome is highly complex and primarily composed of bacterial lineages from the Bacteroidota and Firmicutes phyla (Schauer et al., 2012; Tinker and Ottesen, 2016, 2020). Our work was congruent with this and showed that all cockroaches contained a high abundance of uncharacterized, insect-associated microbial families.

Previous work showed that host species shapes the gut microbiome of cockroaches (Tinker and Ottesen, 2020). Consistent with this, we observed that sympatric populations of wild-collected cockroaches belonging to different species showed significantly different hindgut microbiome compositions, with over 602 microbial OTUs differing significantly in abundance between these two species. Upon housing in identical laboratory conditions, the wild-collected populations showed decreases in alpha and beta diversity. Wild-caught Drosophila gut microbiomes also decrease in diversity when brought into a laboratory setting (Martinson et al., 2017). This is interesting, as the Drosophila gut microbiome appears to be governed by different rules of assemblage, with local sampling environment shaping the gut microbiome rather than host species (Martinson et al., 2017). Renelies-Hamilton et al. (2021) have suggested that co-housing can, to some extent, overcome founder’s effects in gut microbiome composition in cockroaches (Martinson et al., 2017). Therefore, it would be interesting to observe the extent to which these differences could be resolved by co-housing with laboratory-origin populations and/or rearing in the laboratory environment.

Interestingly, a comparable number of OTUs (747) were observed to exhibit significantly different abundances between laboratory and wild-caught P. americana as were differentially abundant between the sympatric wild populations of P. americana and P. fuliginosa (602). This is congruent with previous studies that have included wild-captured cockroaches (Bertino-Grimaldi et al., 2013; Pérez-Cobas et al., 2015; Tinker and Ottesen, 2016; Kakumanu et al., 2018), which have also typically found a distinct and more diverse gut microbiome. Housing in the laboratory resulted in decreases in alpha diversity, decreases in within-group beta diversity, and a significant change in abundance for 197 OTUs. However, the laboratory-housed P. americana of wild origin retained a distinct hindgut microbiome from the laboratory-raised P. americana, with 504 OTUs exhibiting significant differences between these two populations. Notably, 347 of these OTUs were also significantly different between the laboratory cockroaches and day 0 wild-captured cockroaches.

We found substantially greater similaritiesbetween the UGA and Florida laboratory populations of P. americana. In general, while our in-house laboratory populations of cockroach showed greater within-group similarity than the Florida-sourced laboratory population (potentially as a result of disturbance resulting from the transport and altered housing of Florida-sourced cockroaches), both showed low within-group variability and similar levels of alpha diversity. The two laboratory populations clustered together to the exclusion of both wild-origin populations in our NMDS plot, although 270 OTUs were found to be significantly different between our in-house laboratory populations and both day 0 and day 14 Florida laboratory cockroaches. Interestingly, unlike the wild-captured cockroaches, the Florida-origin laboratory population showed significant changes in the abundance of only 18 microbial OTUs upon housing in our laboratory, suggesting substantially smaller shifts in microbiome composition upon transfer from one laboratory to another than that occurring during the transition to the wild to loratory conditions.

We also found it notable that many of the group-specific OTUs belonged to the Bacteroidota phylum. Across all groups, 57 of the 158 significant OTUs, or 36.08%, were members of the Bacteroidota phylum. In contrast, Bacteroidota only represents 20.53% of the total number of OTUs. This increase in representation suggests that Bacteroidota strains may be particularly likely to vary across populations, perhaps since many are strict anaerobes without the ability to make endospores and therefore could be less easily transmitted through/acquired from the environment. Alternatively, they may be particularly responsive to dietary or environmental differences between groups.

We also found it notable that Rickettsiella and Arcobacter (Figure 5 and Supplementary Tables 4, 5) were highly abundant in wild P. americana and wild P. fuliginosa, respectively. Rickettsiella are most commonly known as intracellular insect pathogens (Leclerque and Kleespies, 2012), however, there is one symbiotic species found in aphids that can be found in extracellular tissues or in the hemolymph (Tsuchida et al., 2010). Rickettsiella can be transmitted both vertically and horizontally between insects (Iasur-Kruh et al., 2013; Marshall et al., 2017), and certain Rickettsiella species have been found to be transferred from insects to mammals via insect bites (Anstead and Chilton, 2014). Similarly, Arcobacter is an emerging animal and human pathogen with multiple roles of transmission (Collado and Figueras, 2011; Barboza et al., 2017). As cockroaches have previously been thought to act as a reservoir for pathogenic microbes (Pai, 2013; Menasria et al., 2014; Memona et al., 2016; Moges et al., 2016), it is unclear whether the insects harboring these taxa were in diseased states or acting as mechanical vectors. However, these findings highlight the necessity of future work focused on the role of cockroaches in disease transmission.

This work provides new insight into the impact of prolonged cultivation in the laboratory on the gut microbiome of cockroaches. We found that culture in the laboratory consistently decreased hindgut microbiome diversity, and that laboratory-reared and wild-captured cockroaches belonging to the same species had distinct hindgut microbial communities, while long-separated laboratory populations of the same species were more similar in composition overall. Further, laboratory-reared populations showed smaller shifts in hindgut microbial community composition upon transfer to a new laboratory than wild-captured cockroaches did upon transfer to the same laboratory. Interestingly, differences between the hindgut microbial community of laboratory-reared and wild-caught cockroaches were similar in scale to the differences between sympatric populations of wild-captured cockroaches from different species, but while laboratory cultivation resulted in similar losses of microbial diversity between wild-captured populations of different species it did not cause them to become substantially more similar overall. Together, these illustrate strong effects of host biology, early environment, and recent environment on the gut microbiome of cockroaches, and underscores the potential of the cockroach as a model system for untangling the modes of action and interactions between these drivers in shaping host–microbiome interactions.
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Until now, the effects of driving factors on the gut microbiota of amphibians are still mostly confounded. Due to a long-term fasting, hibernating amphibians are ideal experimental materials to explore this question. In this study, we characterized the small intestine microbiota of adult hibernating Asiatic toads (Bufo gargarizans) collected from two geographical populations using 16S rRNA amplicon sequencing technique and evaluated the effects of non-dietary factors (e.g., sex and host genetic background). Proteobacteria (0.9196 ± 0.0892) was characterized as the most dominant phylum in the small gut microbiota of hibernating Asiatic toads, among which five core OTUs were identified and three were classified into Pseudomonas. In view of the coincidence between the dominant KEGG pathways (such as the two-component system) and Pseudomonas, Pseudomonas appeared to be a key adaptor for small gut microbiota during hibernation. Furthermore, we detected a greater discrepancy of gut microbiota between geographical populations than between sexes. Both sex and host genetic background showed a minor effect on the gut microbiota variation. Finally, life stage was determined to be the decisive factor driving the gut microbiota discrepancy between populations. However, a large proportion of the gut microbiota variation (∼70%) could not be explained by the measured deterministic factors (i.e., sex, location, body length, and routine blood indices). Therefore, other factors and/or stochastic processes may play key roles in shaping gut bacterial community of hibernating amphibians.
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INTRODUCTION

Gut microbial community acts as a key regulator in host normal physiological activities and health maintenances (Sommer and Bäckhed, 2013; Feng et al., 2018; Simon et al., 2019). The structure and function of intestinal microbial community depend on both extrinsic factors (e.g., diet and habitat) and intrinsic factors (e.g., life stage and genetic background) (Sommer and Bäckhed, 2013; Jiménez and Sommer, 2017; Feng et al., 2018). The mutualistic symbionts coevolve with hosts at a long-term timescale, thereby they may exhibit a host phylogenetic signal, i.e., phylosymbiosis (McFall-Ngai et al., 2013; Brooks et al., 2016; Amato et al., 2019). As cold-blooded vertebrates, amphibians (such as frogs, toads, or salamanders) have gilled aquatic larvae and air-breathing adults, and they have intermediate characters between fishes and reptiles. The key intrinsic and extrinsic factors of amphibians assemble unique gut microbiota, i.e., gut microbial community. For instance, the gut microbiota of adult amphibians is more similar to that of mammals rather than fishes (Kohl et al., 2013; Colombo et al., 2015). By contrast, the gut bacterial community of amphibian tadpoles is more similar to that of fishes (Kohl et al., 2013; Vences et al., 2016; Chai et al., 2018).

Previous researches mainly focus on the effects of individual factors on the gut microbiota (i.e., bacterial community) of amphibians using culture-independent methods (Kohl et al., 2013; Bletz et al., 2016; Chang et al., 2016; Kohl and Yahn, 2016; Weng et al., 2016; Zhang et al., 2016). In recent years, more efforts were devoted to the compound effects of multiple factors on the gut microbiota of amphibians (Vences et al., 2016; Weng et al., 2016, 2017; Huang et al., 2017; Warne et al., 2017; Knutie et al., 2018; Tong et al., 2019b). For instance, the gut microbiota of amphibian larvae possesses a certain degree of species specificity, but the interspecific variation is probably subdominant (Vences et al., 2016; Warne et al., 2017). At the population scale, nevertheless, the relationship between host genetic background and the gut microbiota of amphibians is still not clear.

Amphibians generally enter a hibernation stage in winter to counteract the energy limitation in adverse circumstances, such as cold temperature and food shortage. The Asiatic toad (Bufo gargarizans), a widely distributed true toad in China, prefers overwintering in subaqueous or subterraneous habitats of ponds, lakes, or rivers (Fei et al., 2012). Since higher-latitude regions generally maintain a longer cold temperature in winter than lower-latitude regions, the hibernation timespan of Asiatic toads shows a remarkable latitude-correlated variation (3–8 months), i.e., longer hibernation stage in higher-latitude regions. The structure of amphibian gut microbiota is significantly remodeled along with dramatic changes in physiological and metabolic activities during hibernation (Banas et al., 1988; Costanzo and Lee, 2013; Weng et al., 2016; Wiebler et al., 2018). Due to a long-term fasting, hibernating amphibians are ideal experimental materials to explore the effects of non-dietary factors (e.g., genetic background) on the gut microbiota (Tong et al., 2019a). In this study, we explored the gut microbiota of adult hibernating Asiatic toads collected from two geographical locations. The aim was to evaluate the relative effects of multiple intrinsic factors (i.e., sex, life stage, health condition, and genetic background) on the gut microbiota of amphibians.



MATERIALS AND METHODS


Preparation of Experimental Specimens

We acquired two wild populations of hibernating Asiatic toads (B. gargarizans) from fishermen, who collected these toads in Ji Canal of Tianjin City (TJ population, n = 22) and Luoma Lake of Xuzhou City (XZ population, n = 23) during the winter in 2014. The two populations located in a similar longitude possessed a geographical distance of about 600 km (Supplementary Figure 1). The ecological systems of Ji Canal and Luoma Lake tend to be similarly affected by human activities, e.g., agriculture (Chen et al., 2000; Liu et al., 2021). These toads were placed into drinking water (5–10°C) before sacrificed by pithing the brain and spinal cord. After double pithing, we immediately sampled the experimental specimens (e.g., cardiac blood and small intestine) of each toad. Specifically, the cardiac blood was collected into anticoagulant tubes by using aseptic injectors. The small intestine cut off by sterile scissors was stored in a −80°C refrigerator until DNA extraction. For this research, we applied 25 sample individuals, among which 14 belonged to the TJ population and 11 belonged to the XZ population (Supplementary Table 1). All procedures used in this study were approved by the Animal Care and Use Committee of Xinyang Normal University.



Measurement of Intrinsic Factors for Hibernating Asiatic Toads

The intrinsic factors measured for hibernating toads consisted of sex, life stage, health condition, and genetic background. Specifically, we identified the sex of toads by checking the sexual characteristics (i.e., nuptial pad and reproductive system). Although the body size of Asiatic toads presents a latitude- and sex-dependent variation, body size is an effective indicator for age (i.e., life stage) (Yu and Lu, 2013). We evaluated the life stage of toads by measuring five morphological traits, i.e., body length (i.e., snout–vent length), body mass, body mass/body length (BM:BL), eye space, and nasal space. Subsequently, the health condition was evaluated through routine blood test (RBT) for lactate dehydrogenase, creatine kinase, alanine aminotransferase, aspartate aminotransferase, total protein, albumin, globulin, and alkaline phosphatase. These RBT factors were measured using the autochemistry analyzer CS-600B and corresponding kits (Dirui Industrial Inc., Changchun, China). Finally, we evaluated the host genetic divergence by using mitochondrial DNA (mtDNA: cytb and D-loop) and microsatellite [i.e., simple sequence repeat (SSR)] markers. The mtDNA and SSR markers were amplified by using the primers designed in previous studies (Supplementary Table 2). The polymerase chain reaction (PCR) products of mtDNA were sequenced by using ABI 3730xl DNA analyzer (Applied Biosystems, Bedford, MA, United States) in a commercial company (GenScript Biotech Corporation, Nanjing, China). The sequences have been deposited into CNGB sequence archive (CNSA) of China National GeneBank DataBase (CNGBdb) with project number CNP0001473 (Guo et al., 2020). We genotyped the PCR samples of SSRs by means of polyacrylamide gel electrophoresis. We deduced the genetic relationship between sample individuals using mtDNA and SSRs, respectively. Steps for the mtDNA process were listed as follows: (i) multiple sequence alignment was executed on cytb and D-loop fragments with ClustalW (version 1.4) embedded in BioEdit (version 7.2.5), respectively (Thompson et al., 1994; Hall, 1999); (ii) haplotype sequences of concatenated cytb and D-loop fragments were generated by DnaSP (version 5.10) with gap consideration (Librado and Rozas, 2009); and (iii) maximum likelihood (ML) and Bayesian phylogenetic trees of these haplotypes were reconstructed by using RAxML (version 8.2.10) and MrBayes (version 3.2), respectively (Ronquist et al., 2012; Stamatakis, 2014). In phylogenetic reconstructions, cytb and D-loop fragments were treated as separate partitions. A GTR + G model was applied to each partition in both ML and Bayesian tree reconstruction. The number of bootstrap runs was set to 1,000 in ML tree reconstruction. Two independent runs and four chains in each run were applied for the Bayesian inference. The posterior probability of Bayesian trees was calculated from tree spaces generated by 0.5 burnin fraction after 10,000,000 generations. As for SSRs, we used R package “vegan” (version 2.5-2) to calculate the between-individual Bray–Curtis dissimilarity.



Metagenomic DNA Extraction, 16S rRNA Gene Amplicon Sequencing, and Operational Taxonomic Unit Clustering

We utilized liquid nitrogen to grind and homogenize the small intestine of each toad, and then applied the phenol–chloroform method (Song et al., 2018) to extract metagenomic DNA from each small intestine (Supplementary Table 1). The DNA quality was determined using agarose gel electrophoresis or NanoVue Plus Spectrophotometer (GE Healthcare Inc., Princeton, NJ, United States). DNA samples were stored in a −20°C refrigerator for 16S rRNA gene amplification. The PCR conditions for 16S rRNA gene (hypervariable regions: V3–V4) and following MiSeq sequencing were performed in a commercial company (Biobit Biotech Inc., Chengdu, China). The detailed procedures were described previously (Xu et al., 2020). The V3–V4 regions of bacterial 16S rRNA genes were amplified using the universal primer pair 341F—CCTACGGGNGGCWGCAG and 805R—GACTACHVGGGTATCTAATCC (Klindworth et al., 2012). The raw reads of 16S rRNA genes can be found in the CNSA of CNGBdb with project number CNP0001644 (Guo et al., 2020). The paired-end reads were merged by FLASH software (version 1.2.11) with a minimum overlap of 20 base pairs (bp) and a maximum overlap of 250 bp (Magoč and Salzberg, 2011). The quality control for primer-filtered reads was achieved using VSEARCH software (version 2.4.4) (Rognes et al., 2016). Specifically, those sequences with more than nine expected errors or zero ambiguous bases were discarded. Sequences with less than 300 bases were also discarded. In addition, the chimeras were detected using uchime_denovo with the parameter “–abskew 1.” Subsequently, we clustered the dereplicated quality-controlled sequences into operational taxonomic units (OTUs) using the VSEARCH software with the identity threshold of 97% (Rognes et al., 2016). The chimeras were detected again with the above same procedure. The OTU table was generated with usearch_global program with parameters “–id 0.97 –maxrejects 0 –maxaccepts 2.”



Structural and Functional Annotation of Gut Microbiota

We profiled gut microbiota structures using the QIIME2 toolbox (version 2018.6) (Bolyen et al., 2019). Specifically, the core OTUs in a group were detected in each individual of this group. Venn diagrams1 were depicted to show the shared OTUs between groups. The MAFFT method in the alignment plugin was used to align OTU representative sequences (Katoh and Standley, 2013), and then the phylogenetic tree of these sequences was reconstructed using the fasttree method in the phylogeny plugin (Price et al., 2010). Taxonomic classification of the OTU representative sequences was achieved using a scikit-learn classifier (confidence threshold = 0.8) in terms of Greengenes (version 13.8) (Pedregosa et al., 2011; McDonald et al., 2012). Stack bars were depicted to show taxonomic compositions of gut microbiota. To annotate the function of gut microbiota, we created a compatible OTU table for PICRUSt in terms of Greengenes (version 13.5) using usearch_global program with parameters “–id 0.97 –maxrejects 0 –maxaccepts 2,” and then predicted KEGG (Kyoto Encyclopedia of Genes and Genomes) orthology (KO) and KEGG pathways by using PICRUSt (online Galaxy version 1.1.12) (Langille et al., 2013).

To statistically analyze α diversity (i.e., observed OTUs, Shannon, Pielou’s evenness, and Faith’s PD) and β diversity indices (i.e., Bray–Curtis, Jaccard, weighted UniFrac, and unweighted UniFrac), we rarefied the OTU table to the lowest sampling depth (i.e., 6,301). Moreover, we tested whether the sampling depth was appropriate by calculating Spearman correlations of α and β diversity indices between 10 iteratively rarefied OTU tables. The α and β diversity indices of the samples showed high Spearman correlation coefficients between iterative rarefied OTU tables at a sampling depth of 6,000 and 6,301, respectively (Supplementary Figure 2). The α diversity and relative abundances of taxa or KEGG pathways in groups were shown as “mean ± SD (standard deviation)” unless otherwise stated.



Statistical Analysis for the Structure and Function of Gut Microbiota

First, we utilized two-way ANOVA (linear model and type III sum of squares) to test the effects of sex and location on α diversity indices and intrinsic factors. Two-way PERMANOVA was carried out to test the effects of sex and location on Bray–Curtis and Jaccard distance matrices of the rarefied OTU table. The permutation number was set to be 9,999. These statistical analyses were executed using R project (version 3.6.1). We identified taxonomic markers of gut microbiota in two sexes or populations using the LEfSe method (online Galaxy version 1.03) (Segata et al., 2011). Per-sample sum was normalized to one million as the algorithm designers recommend. Both α values for the factorial Kruskal–Wallis test among classes and the pairwise Wilcoxon test between subclasses were set to 0.01. The threshold on the logarithmic LDA score for discriminative features was set to 2.0. All-against-all strategy was executed for multiclass analysis. We used the STAMP software (version 2.1.3) to detect different KEGG pathways between populations and between sexes (Parks et al., 2014). Two-sided Welch’s t-test method was utilized for the comparison of two groups. False discovery rate (FDR)-adjusted p-values were filtered at a significance level of 0.05.

To evaluate the effect of host genetic background on the gut microbial structure and function, we utilized the PASSaGE software (version 2.0.11.6) to perform Mantel tests on matrices (Rosenberg and Anderson, 2011), i.e., SSR-based Bray–Curtis distance, distances of ML and Bayesian trees, OTU-based distances (i.e., Bray–Curtis, Jaccard, weighted UniFrac, and unweighted UniFrac), and Bray–Curtis distances of KO and KEGG pathway tables. The R package “corrplot” (version 0.84) was taken to visualize these Mantel correlation values with FDR-adjusted p < 0.05.

To test whether life stage and health condition could produce a marked effect on the structure and function of gut microbiota, furthermore, we calculated Spearman correlations between life stage and RBT factors, α diversity indices, and relative abundances of taxonomic (i.e., sex- or population-biased taxa) and functional markers (i.e., sex or population-biased KEGG pathways) detected above. The R package “corrplot” was taken to visualize these Spearman correlation values with FDR-adjusted p < 0.05.

Subsequently, we utilized the R packages “vegan” and “plspm” (version 0.4.9) to evaluate the explanatory power of intrinsic factors for structural variations of gut microbiota. Specifically, redundancy analysis (RDA) and variation partitioning analysis (VPA) were performed on the rarefied OTU table with Hellinger transformation. Since two sample individuals (i.e., S12 and S36) possessed incomplete RBT factors (i.e., alkaline phosphatase unavailable in S12 and lactate dehydrogenase and creatine kinase unavailable in S36), we removed these two samples in RDA and VPA. The life stage factors except for body length and RBT factor of total protein were excluded in terms of variance inflation factors. After detecting significant constraint axes in RDA by the “anova.cca” function, we applied the “envfit” function to identify the life stage and RBT factors significantly fitting to these axes. The OTUs associated to the significant constraint axes (i.e., RDA1 and RDA2) in RDA were screened in terms of Spearman correlations with FDR-adjusted p < 0.05. We applied partial least squares path modeling (PLSPM) for life stage, location, and α diversity (or population-biased taxonomic compositions) to test whether life stage drove the structural divergence of gut microbiota between populations. As for location factors, we assigned “1” to “TJ” and “0” to “XZ.” The bootstrap method (number = 100) was utilized to evaluate the significance of direct path coefficients in PLSPM.

To test the effect of life stage on the topological properties of co-occurrence networks, we compared network parameters between younger (body length ≤ 8.4 cm, n = 10) and older (body length ≥ 9.8 cm, n = 11) samples. The co-occurrence networks were constructed using R package “igraph” in terms of Spearman correlations for 24 shared OTUs (existed in more than half of the samples in each group). Correlation coefficients were filtered at a minimum threshold of 0.6 with FDR-adjusted p < 0.05. Singleton nodes were removed in co-occurrence networks before calculation of network parameters. The keystone OTUs were predicted by using the criterion of both normalized degree and betweenness centrality > 0.1. To identify target OTUs of life stage in co-occurrence network remodeling, we also constructed a co-occurrence network for body length, Shannon index, and 37 shared OTUs in all samples.



RESULTS


Gut Microbiota Structure and Function of Hibernating Bufo gargarizans

We got 457,632 quality-controlled 16S rRNA gene amplicons in total (Supplementary Table 3). The length of these sequences ranged from 300 to 492 bases (mean = 423 bases). From these sequences, 630 OTUs were picked to annotate 412,647 sequences (i.e., 90.17% of total sequences) (Supplementary Material: raw_otu_table.txt and taxonomy_assignment.tsv). Specifically, the number of sequences matching OTUs ranged from 6,301 to 46,313 in 25 samples (mean = 16506). In total, we screened out an archaeal phylum (i.e., Crenarchaeota) and 18 bacterial phyla. The relative abundance of Proteobacteria (0.9196 ± 0.0892), which was the most dominant phylum in all samples, ranged from 60.78 to 99.60% (Figure 1). Five phyla, namely, Actinobacteria (0.0080 ± 0.0100), Bacteroidetes (0.0244 ± 0.0587), Firmicutes (0.0111 ± 0.0190), Fusobacteria (0.0019 ± 0.0038), and Spirochetes (0.0024 ± 0.0101), possessed a relative abundance more than 1% in at least one sample. The unassigned phylum taxa in gut microbiota occupied 0.16–18.64%. The top two dominant genera were assigned to be Pseudomonadaceae members, i.e., Pseudomonas (0.5023 ± 0.2314) and an unassigned genus (0.2662 ± 0.1147) (Supplementary Figure 3). The number of shared OTUs between populations and between sexes was 431 (68.41%) and 480 (76.19%), respectively (Figure 1). Neither location-specific (i.e., core OTUs unique for one location) nor sex-specific core OTUs (i.e., core OTUs unique for one sex) was detected. The counts of core OTUs in TJ and XZ populations were 8 and 9, but in male and female samples, these were 5 and 11 (Supplementary Table 4). The five core OTUs among all samples were classified into Proteobacteria comprising three families, i.e., Pseudomonadaceae (OTU1, OTU2, and OTU4), Enterobacteriaceae (OTU5), and Aeromonadaceae (OTU7). OTU1 (Pseudomonas), OTU2 (unassigned genus of Pseudomonadaceae), and OTU4 (Pseudomonas) were the three main members of the top two dominant genera among samples. Intriguingly, OTU2 was also classified (identity ≥ 0.97) as Pseudomonas by using SINA (version 1.2.11) in search of SILVA SSU Ref NR database (release 138.14) (Pruesse et al., 2012). In addition, OTU5 and OTU7 without clear genus assignment based on Greengenes were classified by using the SINA tool as Rahnella (Yersiniaceae: a new family in Enterobacterales) and Aeromonas, respectively.
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FIGURE 1. Distribution of OTUs between groups (A) and relative abundance of phyla in 25 gut microbiota samples (B). In the Venn diagrams, each group (i.e., location or sex) with an “all” or “core” suffix represents total OTUs or core OTUs (i.e., 100% individual coverage) of a given group, respectively. The taxa with average relative abundance among individuals < 0.001 were grouped as “Others.”


Due to method limitation, a lot of rare OTUs could not be successfully utilized in the PICRUSt analysis. Specifically, a small fraction of 630 OTUs (i.e., 30.63%) was identified as representative OTUs (based on 97% identity) of Greengenes (version 13.5). However, these dominant OTUs accounted for 83.61% of the quality-controlled sequences (i.e., 457,632). The top five predicted KEGG pathways were transporters (0.0634 ± 0.0046), ABC transporters (0.0409 ± 0.0026), general function prediction only (0.0375 ± 0.0012), two-component system (0.0319 ± 0.0018), and secretion system (0.0261 ± 0.0010) (Supplementary Figure 4).



Greater Divergence of Gut Microbiota Between Populations Than Between Sexes

After rarefaction to a sampling depth of 6,301, 588 (93.33% of 630) OTUs were retained. The average OTU number of 25 samples was 98 with a standard deviation of 53 (Supplementary Table 5). We detected significant differences in Shannon (p < 0.001) and Pielou’s evenness (p < 0.001) but not in observed OTUs (p = 0.140) and Faith’s PD (p = 0.610) between two populations (Table 1). However, we did not detect any significant differences in α diversity indices between sexes. In addition, a significant interactive effect on Faith’s PD (p = 0.019) appeared to exist in sex and location factors. The location factor had significant effects on Bray–Curtis (p = 0.001) and Jaccard (p = 0.003) distance matrices of rarefied OTU table (Table 1), but no significant effects of sex were observed on these β diversity indices. Furthermore, significant differences in relative abundances were detected in 29 taxa between populations and three taxa between sexes (Supplementary Figure 5). After excluding higher-level taxa with equal relative abundances to their daughter taxa, we got 17 taxa (e.g., Pseudomonas) between two populations and one taxon (i.e., Chlamydiales) between two sexes. However, none of the KEGG pathways showed a significant difference between sexes or between populations. If unadjusted p-values were applied, a significant difference between two populations was detected in 81 KEGG pathways (Supplementary Figure 6). Thus, different populations owned greater divergence in gut microbiota than different sexes did.


TABLE 1. Two-way (sex and location) ANOVA and PERMANOVA on α and β diversity indices (i.e., Bray–Curtis and Jaccard distance matrices of rarefied OTU table, permutation number = 9,999).
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No Detectable Host Genetic Effects on Structural and Functional Variation of Gut Microbiotas

The mtDNA and SSR markers generated an inconsistent genetic divergence pattern among these individuals [r = 0.095 (FDR-adjusted p = 0.309) and r = 0.090 (FDR-adjusted p = 0.309)] (Supplementary Figure 7, Supplementary Material: genetic_divergence.zip). In addition, neither of the host genetic divergence patterns possessed a significant correlation with structural and functional variation of gut microbiotas.



Dominant Effects of Life Stage on the Gut Microbiota Discrepancy Between Populations

Life stage possessed significant Spearman correlations with two α diversity indices (i.e., Shannon and Pielou’s evenness), 16 population-biased taxa, and nine of top 10 (in terms of differences between relative abundances) potential population-biased KEGG pathways (Supplementary Figure 8). Specifically, morphological traits of life stage showed negative correlations with α diversity indices and XZ population-biased taxa and KEGG pathways but positive correlations with TJ population-biased ones. A few significant correlations were detected between population-biased taxa (and KEGG pathways) and five RBT factors (i.e., creatine kinase, aspartate aminotransferase, total protein, globulin, and alkaline phosphatase), though only two of them (i.e., creatine kinase and alkaline phosphatase) manifested a significant correlation with α diversity (Supplementary Figure 8). In addition, between-location difference was detected in creatine kinase and aspartate aminotransferase (Supplementary Tables 1, 6). No significant correlations were detected between RBT factors and life stage factors except creatine kinase (Supplementary Figure 8). Therefore, the gut microbiota discrepancy between populations might mainly result from the significant differences in life stage factors between populations.

In RDA analysis, we detected two significant constraint axes (i.e., RDA1 and RDA2) which interpreted 14.09 and 8.23% of gut microbiota variations (Figure 2). The TJ and XZ populations discriminated from each other in RDA1 and RDA2 dimensions. Body length, globulin, and creatine kinase were significantly associated with the gut microbiota variation based on RDA1 and RDA2. We identified three (i.e., OTU1, OTU3, and OTU4) and two OTUs (i.e., OTU6 and OTU68) significantly correlated with RDA1 and RDA2, respectively. However, the gut microbiota variation explained by constrained axes (i.e., 0.302) was much less than that explained by unconstrained axes. This phenomenon was confirmed by VPA results that sex, location, body length, and RBT accounted for 30.33% of gut microbiota variation (Figure 2). In addition to the dominant effect of body length on the variation associated with location, body length was the only one factor to singly explain the variation significantly.
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FIGURE 2. RDA (A) and VPA (B) on the rarefied OTU table with Hellinger transformation. The significance of each explained variation was tested by the permutation test under the reduced model (permutation number = 999). *p < 0.05.


The PLSPM analyses confirmed the significant difference in life stage between two locations (Figure 3). No significant direct path coefficients were detected from location and life stage to α diversity indices. However, a significant direct coefficient probably existed in paths from life stage to compositions of location-biased taxa.
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FIGURE 3. Partial least squares path modeling (PLSPM) for life stage, location, and α diversity (A) or population-biased taxonomic compositions (B,C). As for location factors, “1” was assigned to TJ and “0” to XZ. TJ_biased and XZ_biased represent taxa with a biased relative abundance to TJ and XZ, respectively. GOF is the goodness of fit index for accounting for the model quality. The original path coefficients and bootstrap values (mean±SE) are shown along paths.




Discrepant Co-occurrence Networks of Gut Microbiota Between Younger and Older Toads

The OTU co-occurrence networks were significantly different between younger and older groups (Figure 4 and Table 2). Specifically, six network parameters (i.e., edge count, node count, diameter, density, average path length, and normalized betweenness centrality) of the younger group were greater than those of the older group. Five keystone OTUs (i.e., OTU15, OTU33, OTU55, OTU63, and OTU70) were identified in the younger group but none in the older group. From the co-occurrence network of all samples (Figure 4), one keystone OTU (i.e., OTU8) was identified. In addition, we identified three target OTUs (i.e., OTU1, OTU4, and OTU8) associated with life stage (i.e., body length) in co-occurrence network remodeling.
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FIGURE 4. Co-occurrence networks in terms of Spearman correlations for 24 shared OTUs in younger (A) and older (B) groups and for 37 shared OTUs in all samples (C). Correlation coefficients were filtered at a minimum threshold of 0.6 with FDR-adjusted p < 0.05. Singleton nodes were removed. Node size is positively correlated with the relative abundance of an OTU.



TABLE 2. Topological properties of the OTU co-occurrence networks in younger (body length ≤ 8.4 cm, n = 10) and older (body length ≥ 9.8 cm, n = 11) groups of hibernating B. gargarizans.
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DISCUSSION

Here, we explored the small intestine microbiota of hibernating Asiatic toads (B. gargarizans) in two wild populations. Similar to the large or whole intestine microbiota in hibernating amphibians (e.g., Rana amurensis, R. dybowskii, R. sylvatica, and Polypedates megacephalus) (Weng et al., 2016; Wiebler et al., 2018; Tong et al., 2019a, 2020), Proteobacteria, Bacteroidetes, and Firmicutes dominate in the small intestine microbiota of hibernating B. gargarizans (Figure 1). However, the relative abundances of these three phyla in this study are dramatically different from those in previous studies on the large or whole intestine microbiota. For instance, Proteobacteria inhabits small intestine microbiota with the highest proportion (0.9196 ± 0.0892). In comparison with active individuals, the relative abundance of Proteobacteria tends to be higher in the large or whole gut microbiota of hibernators (Weng et al., 2016; Tong et al., 2020), which is not applicable for all amphibians (Wiebler et al., 2018). Given the comparable relative abundance of Proteobacteria in the small and large intestine microbiota of active amphibians (Zhang et al., 2018; Zhou et al., 2020), the increase rate of Proteobacteria in the small intestine seems to be greater than that in the large intestine during hibernation. Since we have no data on the small gut microbiota of non-hibernating toads, nevertheless, and the hypothesis remains untested.

The depression of small intestinal performance with fasting (e.g., decreases in intestinal mass and length, enterocyte size, mucosal thickness, and digestive capacities) is evolutionarily prevailing in amphibians and more severe during estivation or hibernation (Cramp et al., 2005; Secor, 2005; Naya et al., 2009; Tamaoki et al., 2016; Wiebler et al., 2018). The dietary shift from external nutrition to intestinal mucus during hibernation is probably a key determinant factor in reshaping the gut microbiota of amphibians (e.g., reduction of bacterial number and increase of the Bacteroidetes/Firmicutes ratio) (Weng et al., 2016; Wiebler et al., 2018; Tong et al., 2020), though no data are about the small intestine microbiota. Pseudomonas is a facultative Gram-negative bacterial genus ubiquitously distributed in nature (e.g., drinking water) and host-associated environments (e.g., intestines) (Vaz-Moreira et al., 2017; de la Maza et al., 2020b). Although Pseudomonas spp. are often treated as opportunistic pathogens for amphibians (Weng et al., 2016; Tong et al., 2019b), moderate accumulation of Pseudomonas in the large intestine appears to be a trade-off between cold adaptation (e.g., urea–nitrogen recycling) and immune costs (Wiebler et al., 2018). Intriguingly, we detected high accumulation of Pseudomonas in the small intestine of hibernating Asiatic toads (Supplementary Figure 3). One candidate reason for the phenomenon is more appropriate conditions (e.g., higher oxygen or easier accessibility for external Pseudomonas) in small intestines than large intestines (Martinez-Guryn et al., 2019). Moreover, the predominant KEGG pathways predicted (e.g., ABC transporters) tend to be involved in environmental information processing (Supplementary Figure 4). According to significant correlations between Pseudomonas and the dominant KEGG pathways (e.g., two-component system), Pseudomonas appears to be a key adaptor for small gut microbiota during hibernation (Supplementary Figure 8). Here, we also identified two subdominant core OTUs (assigned as Rahnella and Aeromonas) widely distributed in aqueous environments (Kämpfer, 2015; de la Maza et al., 2020a), which could be related with the subaqueous hibernation style of Asiatic toads. In addition, the co-occurrence of psychrotolerant Rahnella and pathogenic Aeromonas appears to coincide with the trade-off hypothesis between cold adaptation and immune cost.

To effectively manipulate the gut microbiota and maintain the host health, we need to illuminate the association between driving factors and gut microbiota. However, it is a big challenge in the case that multiple driving factors play synergistic effects on gut microbiota. For instance, the gut microbiota discrepancy between geographical populations has been reported in many amphibian species, e.g., B. gargarizans, Fejervarya limnocharis, Babina adenopleura, and Salamandra salamandra (Bletz et al., 2016; Vences et al., 2016; Huang et al., 2017; Xu et al., 2020). In most cases, the interpopulation gut microbiota discrepancy can be attributed to the divergence of habitats (e.g., dietary structures and bacterial species pools) rather than genetic backgrounds. Even the species effect on the gut microbiota sometimes is subdominant to that of habitats. For instance, the habitat factor rather than the species factor explained significant structural and functional variation in gut microbiota of F. limnocharis and B. adenopleura (Huang et al., 2017). Due to a long-term fasting, hibernating amphibians provide an ideal experimental platform to evaluate the effects of non-dietary factors on the gut microbiota. For example, an interspecific divergence was detected in the gut microbiota of two sympatric frogs (i.e., R. amurensis and R. dybowskii) during hibernation (Tong et al., 2019a).

The present study detected a significant discrepancy of small intestine microbiota between two geographical populations of hibernating Asiatic toads. However, the between-population discrepancy appears not to be decided by population-specific habitats. First, habitats during hibernation tend to be homogeneous between populations, such as long-term fasting and subaqueous hibernation. Second, Tianjian (Ji Canal) and Xuzhou (Luoma Lake) populations are located in similar ecological surroundings affected by human activities. Third, no location-specific core OTUs (i.e., 100% sample occurrence in a population) were identified for the two populations. Due to a geographical distance of about 600 km between two locations (Supplementary Figure 1), nevertheless, incongruent hibernation span in the two populations could be true and contributed to the gut microbiota discrepancy between populations (Fei et al., 2012). In addition, microhabitats of Asiatic toads during the active period might be heterogeneous in dietary structures and bacterial species pools. Location-specific OTUs accounting for 31.59% of total ones suggest a potential divergence of bacterial species pools between populations (Figure 1). However, the sample occurrence of these location-specific OTUs depicts a similar skewed distribution (e.g., 39.20% existence in a single individual) as that of location-shared OTUs. The phenomenon indicates that a high contingency of gut bacterial species exists among individuals and the contingency is similar between location-specific and location-shared OTUs. Since Asiatic toads (even in the same population) have a broad-spectrum diet (e.g., insects and earthworms) (Yu et al., 2009), the high heterogeneity in diet may contribute to the high contingency. Therefore, habitat (e.g., bacterial species pool) appears to play a weak role in the gut microbiota discrepancy between these two populations of hibernating Asiatic toads.

Although sex-specific effects may occur in the ecological adaptation of gut microbiota (Ling et al., 2020), here we did not detect significant between-sex differences in terms of α and β diversity indices (Table 1), except for a female-biased taxon, i.e., pathogenic Chlamydiales (Borel et al., 2018). The VPA result indicates that sex is not an important driving factor for the gut microbiota variation among hibernating Asiatic toads (R2 = 0.003, p = 0.344). As for the significant interactive effect on Faith’s PD (p = 0.019) between sex and location factors, a candidate reason is a by-product from the sampling bias on life stage (Supplementary Table 6). Specifically, life stage factors showed a significant between-location difference. In addition, life stage factors (e.g., body length) also manifested a significant interactive effect between sex and location factors. Anyway, it is just a bold deduction based on the driving effect of life stage on the gut microbiota (see following discussion in detail). The insignificant co-variation between genetic divergence patterns and β diversity of gut microbiota (Supplementary Figure 7) suggests that host genetic background may possess a minor explanatory capacity on the gut microbial variation in hibernating Asiatic toads. Although we utilized two types of markers (nuclear and mitochondrial DNA) to deduce genetic divergence patterns, the kinship and relatedness could be biased. For instance, the inconsistent genetic divergence patterns probably result from the different inheritance rules for nuclear (biparental transmission) and mitochondrial DNA (maternal transmission). To identify the genetic materials filtering gut microbiota of Asiatic toads at the population scale, it is necessary to carry out an in-depth investigation from the genomic level (Lu et al., 2021). The life stage factors of the TJ population were significantly larger than those of the XZ population in this study (Supplementary Tables 1, 6). Although these factors (e.g., body length) cannot give the exact life stage (i.e., age) of Asiatic toads due to latitude- and sex-dependent variation (Yu and Lu, 2013), these two populations sampled are evidently different in life stage. In addition, the life stage factors possessed significant correlations with population-biased taxa and KEGG pathways (Supplementary Figure 8). The life stage has been identified an important determinant for the gut microbiota assembly of amphibians (Kohl et al., 2013; Knutie et al., 2017; Warne et al., 2017; Chai et al., 2018; Zhang et al., 2018). Therefore, it is reasonable to hypothesize that the sampling bias on life stage caused the between-population discrepancy in the gut microbiota. Even though the RBT factors also showed a certain degree of association with population-biased taxa and KEGG pathways, the association might be a by-product generated by the effects of life stage on the gut microbiota. For instance, creatine kinases play an essential role in creatine/phosphocreatine shuttle system to assist ATP hydrolysis and can be applied as an indicator of muscle degradation (Sumien et al., 2018). A positive correlation between creatine kinase and life stage suggests that older toads may possess greater muscle degradation than younger toads during hibernation. Nevertheless, we cannot exclude the possibility that some life stage-irrelevant RBT factors (e.g., aspartate aminotransferase) are able to explain a fraction of gut microbial variation, e.g., through blood metabolites (Wilmanski et al., 2019). The above hypothesis was supported by the subsequent analyses including RDA, VPA, and PLSPM (Figures 2, 3). Although body length and two RBT factors (i.e., creatine kinase and globulin) are significantly associated with the gut microbiota variation, the dominant factor for the gut microbiota variation is body length (R2 = 0.128, p = 0.001) rather than RBT factors (R2 = 0.056, p = 0.255). In addition, the VPA result also revealed that the fraction of variation explained by location (R2 = 0.081, p = 0.005) is closely related with body length (R2 = 0.183). The PLSPM analyses further confirmed that life stage (i.e., body length) is the decisive factor for the gut microbiota discrepancy between two populations (Figure 3). In accordance with a previous study on pig gut microbiome (Ke et al., 2019), a life stage-linked discrepancy of OTU co-occurrence networks was detected in the hibernating Asiatic toads (Figure 4). The microbial network of the older group tends to be simpler than that of the younger group during hibernation. Pseudomonas (i.e., OTU1 and OTU4) and Bacteroides (i.e., OTU8) were identified as the effect targets of life stage in the co-occurrence network analysis. Intriguingly, we also screened out Pseudomonas (i.e., OTU1 and OTU4), Serratia (i.e., OTU3), Citrobacter (i.e., OTU6), and Shewanella (i.e., OTU68) associated with the first two constraint axes in RDA. These opportunistic pathogens and/or cold-stress-related bacteria (e.g., Pseudomonas and Citrobacter) are significantly correlated with life stage (Supplementary Figure 8; Wiebler et al., 2018), suggesting that the responses to hibernation appear to be distinct in the gut microbiota across different adult stages.

To sum, the small intestine microbiota of adult hibernating Asiatic toads from two wild populations is characterized by a highest relative abundance of Proteobacteria, especially Pseudomonas. Sex and genetic background tend to play a minor role in the gut bacterial community of hibernating Asiatic toads. The significant discrepancy of gut microbiota between geographical locations mainly results from the life stage. However, most of the gut microbiota variation (∼70%) in the two wild populations of hibernating Asiatic toads cannot be explained by the deterministic factors measured in this study, such as life stage. According to the significantly skewed distribution of location-specific OTUs, the gut microbiota of hibernating Asiatic toads seems to be driven by not only deterministic processes but also stochastic processes, e.g., historical contingency (Zhou and Ning, 2017). Finally, limitations do exist in our study based on wild populations of hibernating Asiatic toads, such as uncontrolled historical contingency in diets and habitats. Therefore, further studies on gut microbiota of hibernating amphibians need improvements with larger sample size and/or more precise control of untargeted factors.
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Silage is fed to horses in China and other areas in the world, however, knowledge about the impact of feeding silage on horse health is still limited. In the current study, 12 horses were assigned into two groups and fed ryegrass silage and ryegrass hay, respectively, for 8 weeks. High-throughput sequencing was applied to analyze fecal microbiota, while liquid chromatography–tandem mass spectrometry (LC–MS/MS) based metabolomics technique was used for blood metabolite profile to investigate the influence of feeding ryegrass silage (group S) compared to feeding ryegrass hay (group H) on equine intestinal and systemic health. Horses in group S had significantly different fecal microbiota and blood metabolomes from horses in group H. The results showed that Verrucomicrobia was significantly less abundant which plays important role in maintaining the mucus layer of the hindgut. Rikenellaceae and Christensenellaceae were markedly more abundant in group S and Rikenellaceae may be associated with some gut diseases and obesity. The metabolomics analysis demonstrated that ryegrass silage feeding significantly affected lipid metabolism and insulin resistance in horses, which might be associated with metabolic dysfunction. Furthermore, Pearson’s correlation analysis revealed some correlations between bacterial taxa and blood metabolites, which added more evidence to diet-fecal microbiota-health relationship. Overall, ryegrass silage feeding impacted systemic metabolic pathways in horses, especially lipid metabolism. This study provides evidence of effects of feeding ryegrass silage on horses, which may affect fat metabolism and potentially increase risk of insulin resistance. Further investigation will be promoted to provide insight into the relationship of a silage-based diet and equine health.
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INTRODUCTION

As a non-ruminant grazing herbivore, horses have undergone domestication and been adapted to eating forage-based diets with a mixed symbiotic microbiota (De Fombelle et al., 2003). Gut microbial flora plays critical roles in animal health by extracting energy from the diet for growth, guarding the gastrointestinal system as a commensal barrier and modulating gut mucosal immunity (Shulman et al., 2008; Cox et al., 2014). Dietary composition undoubtedly impacts the intestinal ecosystem. Therefore, inappropriate diet management can also be a risk factor for intestinal diseases such as colic (Tinker et al., 1997). There is ever growing knowledge of the impact of different diets and feeding patterns on the microbial signatures of the horse gastrointestinal system (De Fombelle et al., 2001; Daly et al., 2012; Venable et al., 2017). Characterization of gut microbiota in horses fed forage, hay, high-starch diet, as well as different supplements such as cereal and oil have been reported (Dougal et al., 2014; Fernandes et al., 2014; Sorensen et al., 2021). Profound impact of the different diets on horse gut microbiota has been revealed.

Traditionally, horses were able to graze fresh pastures. However, nowadays many of them are fed preserved forages, including hay, haylage and silage, due to environmental limits on grazing and modern management systems (Glunk et al., 2015; Harris et al., 2017). Silage is a type of fermented forage preserved moist and airtight with more volatile products compared to hay (Han et al., 2006). In European countries, the use of silage as feed for horses is increasing since this type of diet is easier to store (Vandenput et al., 1997; Muhonen et al., 2008). Silage is also fed to horses in some areas of China, such as Xinjiang province, for economic reasons, convenience of harvesting, and some nutrition components, including volatile fatty acids (VFA) (Guo, 2014; Harris et al., 2017). Ryegrass was widely planted in Asia, Europe and America due to its high nutritional value (Parvin et al., 2010). It has been popular forage crop for large animals in China (Li et al., 2019), therefore, ryegrass was used as silage and hay source in this study. A few studies have reported effects of silage on the equine intestinal ecosystem, and it has been considered a cause of gut microbial flora disturbances, such as soft stools in horses (Holmquist and Müller, 2002). In Muhonen’s study, the disturbance was explained as an abrupt change of diet, instead of silage feeding and only a small decrease in pH and an increase in VFA were observed (Muhonen et al., 2008). In a recent study, no significant impact was found on intestinal health of horses fed silage for 8 weeks, even though significant microbial differences were revealed between horses fed silage, hay and pasture grasses (Zhu et al., 2021). Nonetheless, the marked impact of diet induced gut microbial changes on horse general health remains unclear.

Gut microbiota is not only influenced by many host factors but also can modulate metabolic phenotypes (Armstrong et al., 2017). Microbial candidates strongly associated with host metabolic pathways are likely to be more relevant to host health, for example, Faecalibacterium prausnitzii population is associated with host energy metabolism and mucosal integrity indicating its critical role in host gastrointestinal health (Li et al., 2008). There is an increased effort to study diet-metabolite-health relationships in humans and other species including horses (Sun et al., 2016; Guasch-Ferré et al., 2018; Sanguinetti et al., 2018). Human based studies focusing on the multilevel dimensional complexity of diet-microbiome-host interactions have provided more insights into the impact of gut microbiota on systemic health via the production of metabolites (Marchesi et al., 2016). There is evidence that host gut microbiota is profoundly involved in many metabolic pathways, such as lipid metabolism and amino acid synthesis (Li et al., 2008). Nevertheless, the understanding on the interactions among different dietary patterns, gut microbiota and health via metabolite production is still relatively new even in humans (Tindall et al., 2018).

In this study using high-throughput omics approaches, we investigated the interaction between the horse fecal microbiota and blood metabolite profile, when fed two diets (hay and ryegrass silage). Silage feeding to horses has been a hot topic in Chinese equine industry for years and this is the first study about the effect of silage diet on systemic metabolism and health in horses besides fecal microbiota. It is intended to facilitate understanding on health outcomes of horses fed different diets especially silage.



MATERIALS AND METHODS


Animal and Ethics Statement

All procedures involving animals in this study were carried out with welfare license (No. AW11101202-2-1) issued by Animal Care and Use Committee of the China Agriculture University.



Experimental Design and Sample Collection

Twelve light breed (Guanzhong) horses located in the in Shanxi Province, including eight mares and four stallions with normal body condition scores (BCS 4–6, mean = 4.8), were selected for this study. Body weight of each horse was estimated using body weight formula developed by Carroll and Huntington (1988) and the average weight was 389 kg (SD ± 19 kg). A complete physical exam was performed on each animal before the initiation of the experiment. All were clinically healthy. Horses involved in this study had no history of illness or medical treatments in the 6 months prior to its initiation. The horses varied in age from 3 to 13 years, with a mean age of 6.9 (SD ± 2.7). Prior to this study, all horses were kept in individual stalls and fed with mainly commercial hay and a small amount of home-made corn-based concentrates formulated locally.

The diets involved in this study were either ryegrass hay (local pasture ryegrass, 15% dry matter [DM]) or ryegrass silage (26% DM). Hay used in this study was second cutting ryegrass from local pasture (September–October) and ryegrass silage was soft-dough-high stage cut from the pasture in the area. The nutritional analysis has been performed on both types of forages (Table 1), which was previously described (Zhu et al., 2021). The eight mares and the four stallions were randomly and equally divided into two groups, respectively. One group of mares and one group of stallions were combined in a random way as well with six horses (four mares and two stallions) in each group. One was fed ryegrass silage (group S) and one fed ryegrass hay (group H). Each group fed ryegrass silage or hay, respectively started at 0800 h on the same day, lasting for 8 weeks as previously described (Zhu et al., 2021). To minimize gut disturbances there was a gradual introduction and acclimatization of the new diets which was completed in 1 week. Each horse was fed a daily maintenance ration of 2% of body mass on a DM basis (Dugdale et al., 2010). Body weight estimation and physical exam were performed weekly on each horse. All horses had access to water ad libitum, with no other dietary supplements throughout the experiment.


TABLE 1. Nutritional composition: ryegrass silage, hay (As fed).

[image: Table 1]Fecal samples were collected manually from the rectum of all horses prior to the onset of the feed change and again at the end of the 8-week feeding phase as described previously (Zhu et al., 2021). Each fresh fecal sample was saved in a clean self-sealing bag and immediately placed on ice for transportation (approximately 2 h) to the lab. Upon arrival at the laboratory, the center of each fecal ball was collected sterilely (Stewart et al., 2018) and transferred to a 2 mL sterile cryogenic vial (Corning, Corning, NY, United States). Each vial was marked and stored at –80°C right after center collection for further analysis.

Meanwhile, one set of blood samples were collected from each horse at the end of the trial. Eight milliliter blood was drawn from the horse’s jugular vein into a pro-coagulation tube (Sanli Medical and Technological Development Co., Ltd., Liuyang, China) and immediately placed upright in ice. The serum of each blood sample was centrifuged and stored at −80°C right away until further analysis.



Fecal Sample Processing and 16S rRNA High-Throughput Sequencing

Bacterial DNA from each fecal sample was extracted using a E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, United States) in accordance with manufacturer’s instructions. DNA concentration and purity were assessed after extraction. High-throughput 16S rRNA sequencing was then performed to evaluate the composition and diversity of the bacterial community.

The V4 hypervariable region of the 16S rRNA genes was amplified using 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′ GGACTACHVGGGTWTCTAAT-3′) primer pairs. Positive template and negative control of distilled water were also employed. After PCR amplification, products were electrophoresed and purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) following manufacturer’s recommendations. PCR products were quantified using a Quantus Fluorometer (Promega, Madison, WI, United States). Purified amplicons pooling and paired-end sequencing were performed with Illumina MiSeq PE300 platform and NovaSeq PE250 platform (Illumina, San Diego, CA, United States). Raw 16S gene sequence data was quality-filtered using FASTQ (v 0.20.0.) (Chen et al., 2018). The sequencing reads merge was performed with FLASH (v 1.2.7) (Magoč and Salzberg, 2011). Operational taxonomic units (OTUs) were clustered at a 97% similarity level (Stackebrandt and Goebel, 1994) using UPARSE (v 7.1) (Edgar, 2013). Each OTU taxon was evaluated for the most abundant sequences by QIIME (v 1.9.1) (Caporaso et al., 2010; Brandwein et al., 2019) and analyzed for the representative sequence against the Silva rRNA database (v 138) (Quast et al., 2013) with the Ribosomal Database Projection (RDP) Classifier (v 2.2.0) (Wang et al., 2007).



Serum Sample Processing and Untargeted Metabolic Analysis

Untargeted metabolic analysis was performed on serum samples from each horse using liquid chromatography–tandem mass spectrometry (LC–MS/MS) system (Merware, Wuhan, China). To extract hydrophilic compounds, 50 μL Serum samples were added to 300 μL pure methanol after having been thawed on ice. The mixture was vortexed for 3 min, then centrifuged with 12,000 rpm at 4°C for 3 min. A 150 μL sample of supernatant was taken for LC–MS/MS analysis. Hydrophobic compounds were extracted by homogenizing with 1 mL mixture (including methanol, MTBE and internal standard mixture), centrifuging with 12,000 rpm at 4°C for 10 min and supernatant dissolving with 200 μL mobile phase B. Sample extracts were then analyzed using ultra performance liquid chromatography (UPLC) and tested for ion mode by electrospray ionization (ESI).



Statistical Analysis

Alpha diversity analysis, including Chao index representing richness (number of taxonomic groups; Willis, 2019) and Shannon index illustrating diversity (the variety and abundance of taxonomic groups; Magurran, 2004), were conducted using MOTHUR (v 1.3.0). Subsampling was performed to normalize the dataset and pair-wise comparisons between groups were performed by the Student’s t-test. Principal component analysis (PCA) and Principal coordinates analysis (PCoA) were carried out using QIIME (v 1.9.1). Linear discriminant analysis (LDA) effect size (LEfSe) (Segata et al., 2011) was performed by the Kruskal-Wallis sum-rank test to determine significant differences in abundance of the microbial community between the groups.

Significantly regulated metabolites between groups were detected by variable-importance-projection (VIP) values ≥ 1.0, hypergeometric test’s p-values < 0.05 and absolute Log2FC (fold change) ≥ 1.0. VIP values were extracted from on orthogonal partial least squares discriminate analysis (OPLS-DA) result using MetaboAnalystR (v 1.0.1) (Edmonton, CA, United States). Metabolites set enrichment analysis (MSEA) was performed for pathways with significant regulated metabolites. Heatmaps were generated using Pearson’s correlation coefficients (PCC) with ComplexHeatmap (v 3.5.0) (Gu et al., 2016). Identified metabolites were annotated by Kyoto Encyclopedia of Genes and Genomes (KEGG) compound database and mapped to the KEGG pathway database.



RESULTS

Throughout the 8-week feeding phase the average body condition score and body weight of each horse did not change significantly. Weekly physical exam was unremarkable of each horse and no clinical abnormalities have been noted throughout the feeding trail.


Summary of 16S rRNA Amplicon Sequencing Data

A total of 810,491 sequence reads were detected from all the samples. With 731,179 sequences, ranging from 44,873 to 71,449 per sample, remaining after quality control. After clustering at the 97% threshold level, 3,191 OTUs were retained and classified as bacteria within 25 phyla, 50 classes, 118 orders, 209 families, and 423 genera. The raw data were deposited into the NCBI Sequence Read Archive (SRA) database (Accession Number: PRJNA735708).



Effects of Diet on Microbial Composition

Six phyla and twenty-three families of bacterial taxa had relative abundance > 1%. The six most abundant phyla were Firmicutes, Bacteriodetes, Verrucomicrobia, Spirochaetes, Euryarchaeota, and Actinobacteria (Figure 1A). Only the relative abundance of Verrucomicrobia was significantly different between the two groups (P = 0.03943). The level of Verrucomicrobia was higher in group H than in group S. At the family level among the top 10 most abundant bacterial taxa, Rikenellaceae and Christensenellaceae were notably affected by diet (P < 0.05), with both detected at a higher level in group S (Figure 1B).
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FIGURE 1. Relative abundance of the dominant bacterial taxa (> 1%) at the phylum (A) and family (B) level of two groups. Student’s t-test was used to assess the difference of the relative abundance between the two groups. *P < 0.05, **P < 0.01. Red, group H; Blue, group S.


Alpha diversity analysis including richness (Chao index) and diversity (Shannon index) of microbial species was conducted based on the Student’s t-test. The Chao index showed the microbial composition of group S was significantly richer than that of group H (P < 0.01) (Figure 2A), while the Shannon index revealed no statistical difference in microbial diversity between the two groups (Figure 2B). The PCoA, based on the Bray-Curtis distance, demonstrated two separate clusters, representing group S and group H, respectively (Figure 3A). Additionally, to evaluate the variations of the microbial composition between two groups, LEfSe was performed with LDA score > 2.0. Sixteen taxa were most associated with group H, while forty-two were associated with group S (Figure 3B). In the samples from group S, excluding the undefined taxa, the most distinct bacterial taxa included Oscillospirales, Rikenellaceae, and Eubacterium coprostanoligenes. In group H, the two most associated bacterial taxa were Kiritimatiellae and Verrucomicrobia.
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FIGURE 2. Alpha diversity indices of the fecal microbiota in horses fed silage (S, n = 6) and hay (H, n = 6), **P < 0.01. (A) Bacterial taxa richness or Chao index of each group (B) Bacterial taxa diversity of Shannon index of each group. Red, group H; Blue, group S.
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FIGURE 3. Microbial community analysis of fecal microbiota in group S and group H. (A) Principal coordinates analysis (PCoA) was conducted based on Bray-Curtis distances with P-values of Anosim to emphasize the difference of fecal microbiota community in the two groups. Red dot: PCoA value of individual horse in group H, blue triangle: PCoA value of individual horse in group S. (B) LEfSe illustrates the difference of fecal microbiota between group S and group H at different levels. only taxa with LDA score of 3 or above are shown and ranked by the effect size in LEfSe. Red, group H; blue, group S.




Effects of Diet on Metabolite Profiles

To evaluate the effects of ryegrass silage and hay diets on the horse’s metabolite production, untargeted metabolic analysis by LC-MS/MS was performed. Before differential analysis of the groups of metabolites, PCA analysis was conducted to illustrate the sample variation between groups and within groups (Figure 4A). Samples from group S and group H were well separated. Furthermore, the horses fed ryegrass silage demonstrated larger metabolite composition variation as compared to horses on the hay diet.
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FIGURE 4. Effect of ryegrass silage on horse metabolite profiles. (A) Principal component analysis (PCA) of blood metabolites of group S and group H. Green dot: PCA value of individual horse in group S. Orange rectangle: PCA value of individual horse in group H. (B) Metabolites discriminating between group S and group H with VIP > 1 were listed. Red dots indicate up-regulated metabolites. Green dots indicated down-regulated metabolites. (C) Heatmap of significantly altered metabolites in group S and group H. Individual samples (horizontal axis) and metabolites (vertical axis) are presented using hierarchical cluster analysis. The color scale is noted on the right side of the figure. Red and green color represent up-regulated and down-regulated metabolites, respectively, relative to the median metabolite level. (D) KEGG enrichment of each pathway related to this study was presented using rich factor. P-values and impact values are indicated on the horizontal axis and vertical axis, respectively. The sized and colors of the shapes represent the influence of silage diet on sample pathways relative to hay diet. The larger red shapes indicate greater impact of the diet on the pathway.


Significant changes in metabolites between group S and H were detected according to the following criteria: VIP values > 1.0 based on OPLS-DA, fold change > 2 or < 0.5 or P < 0.05. In total, 206 discriminating metabolites were selected from the two groups. In group H, eighty-two compounds were up-regulated including estrone, γ- and α-Linolenic acid, 7- and 12-ketolithocholic acid (Figure 4B). Whereas 124 metabolites were down-regulated in group H as compared to group S, including 4-Hydroxy-3-methoxyphenylacetic acid, protocatechuic aldehyde, 4-methoxyphenylaceti acid, and most types of triglycerides belonging to glycerolipids (Supplementary Table 1). A heat map was produced to show the great variation in their distribution within each group (Figure 4C). Eighteen metabolites were shown to have significantly different distributions between group S and group H. Glycerolipids (mainly triglycerides) and fatty acids (mainly γ-linolenic acid, palmitoleic acid, stearidonic acid, and carnitine) were the most abundant metabolites in group S, while being notably lower in abundance in group H. Organic acids and derivatives, amino acids and metabolomics, benzene and substituted derivatives, as well as glycerophospholipids, were more abundant in group H than in group S.

To explore the biological functions of the metabolites in the two groups, KEGG enrichment analysis was conducted (Figure 4D). Seven significantly different enriched pathways (P < 0.05) were recognized including cholesterol metabolism, thermogenesis, regulation of lipolysis in adipocytes, insulin resistance, fat digestion and absorption, vitamin digestion and absorption and glycerolipid metabolism.



Correlation Between Microbial Community and Blood Metabolites

To further explore the correlation between blood metabolites and the altered fecal microbiota as induced by the two diets, analyses based on the Pearson’s correlation coefficients were conducted (Figure 5). Discriminating metabolites were selected based on a fold change of > 2 or < 0.5, while altered microbial taxa were identified using the P-value < 0.05. These analyses revealed high correlations between some bacterial taxa and typical metabolites. For instance, Eubacterium coprostanoligenes were positively correlated with triglycerides and fatty acids such as stearidonic acid, α-linolenic acid and γ-linolenic acid, but negatively correlated with organic acids and phenolic acids, such as 4-methoxyphenylacetic acid, 3-hydroxyanthranilic acid and 2,4-dihydroxy benzoic acid. Triglycerides were positively correlated with Sphingobacteriaceae, Eubacterium coprostanoligenes, and Paenibacillaceae, however, negatively correlated with Treponema, Roseburia and Lachnospiraceae.
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FIGURE 5. Heatmap of Pearson’s correlation between the fecal microbiota and blood metabolites significantly different between groups is illustrated. Red represents significantly positive correlation (P < 0.05), green represents significantly negative correlation (P < 0.05) and yellow represents that the correlation is not significant (P > 0.05).




DISCUSSION

Silage is often used as horse feed in China and other countries, especially in Europe (Muhonen et al., 2008; Domingues, 2009; Guo, 2014), however, occasional disturbances, such as soft or loose stool, have been reported when silage has been introduced as a feed stuff (Connysson et al., 2006). The available information about the influence of silage on equine gut and systemic health is limited. Therefore, the objectives of this study were to explore how the two different diets, including ryegrass silage and ryegrass hay, would modulate fecal microbiota and blood metabolomics, indicating the potential association of silage with intestinal and systemic level of health. Characterization of the blood metabolome, associated with fecal microbiota, highlights the effects of diet on systemic biological molecules and provides useful insights into the critical role of the gastrointestinal tract in maintaining general equine health. The results of fecal microbiota and blood metabolites have shown significant differences between horses fed ryegrass silage compared to being fed ryegrass hay. It will be more informative of the silage impact on horse gut and systemic health if larger number of horses and more types of silage or forages are involved in the future.

In horses, gut microbiota has been widely studied by high-throughput sequencing technique, therefore, the complexity of microbial communities can be demonstrated with the high depth of coverage of OTUs (Di Bella et al., 2013). However, since obtaining samples of intestinal ingesta is very difficult, fecal matter is used as a replacement for gut material (Julliand and Grimm, 2017). Fecal microbiota is sensitive to dietary variations and can be representative of the major hindgut sections (Julliand and Grimm, 2016). Therefore, this study used fecal samples to investigate the influence of silage and hay on hindgut microbiota in horses. Silage and hay used in this study were both made out of ryegrass from local pasture which could be a representative of the most commonly used forage in China. Analysis on more types of silages will be helpful to better illustrate the impact of feeding silage on horse health. In the current study, we found that microbial richness in fecal samples from group S were significantly higher than that in group H. However, no difference in the diversity of fecal microbiota was identified. It has been reported that an increase in the concentration of total anaerobic bacteria was observed on day 14 and 22 after the onset of feeding silage to horses. However, this was attributed to variations of sampling time, instead of an impact from the diet (Muhonen et al., 2008). In this study, increased fecal microbial richness induced by silage-feeding is consistent with the previous research (Muhonen et al., 2008). Further investigations on the chemical components in silage which may have contributed to our findings will facilitate a greater understanding of the association between silage diet and gut health in horses.

The relative abundance of Verrucomicrobia was higher in group H than in group S. Besides, it was also identified as the most discriminating phylum of group H based on LEfSe results. In previous studies, it is one of the most common and abundant phyla detected in the equine hindgut microbial ecosystem (Costa et al., 2012; Shepherd et al., 2012; Steelman et al., 2012). Verrucomicrobia is a phylum consisting mainly of strict anaerobes, considered to play an important role in hindgut function, for example, maintaining the mucus layer between the gut lumen and enterocytes (Arnold et al., 2020). Remarkably, a decreased abundance of Verrucomicrobia has been reported in horses with gastrointestinal disturbances after metronidazole administration (Arnold et al., 2020) and in horses with laminitis (Steelman et al., 2012). Therefore, Verrucomicrobia is a good candidate to study for its impact on metabolic function. Further research will be necessary to investigate whether a lower abundance of Verrucomicrobia in ryegrass silage-fed horses is associated with a disruption of the gut ecosystem and associated systemic sequelae. Even though Kiritimatiellae was dominantly associated with horses on hay diet, there is not much information reported on its role or function in equine gut microbiota.

Statistically higher abundance levels of Rikenellaceae and Christensenellaceae were demonstrated in group S. Rikenellaceae has been reported in several studies of the equine microbiota (Biddle et al., 2018; Mach et al., 2020). Rikenellaceae is a mucin-degrading bacteria (Sivaprakasam et al., 2019) and mucin degradation has been shown to be a normal turn-over process of the colon epithelium (Norin et al., 1985). In an investigation of gut flora modulation by the probiotic Lactobacillus in mice, Rikenellaceae was shown to decline along with an increase of Lactobacillus (Xing et al., 2018) and high level of Rikenellaceae further associated with pathologic diseases, such as inflammatory bowel disease (Alkadhi et al., 2014) and obesity in other species (Kim et al., 2012). In accordance with LEfSe analysis, Lactobacillus was more associated with group H whilst Rikenellaceae was highly associated with group S. The relative abundances of Rikenellaceae in group S and group H were 7.0 and 4.2%, respectively, and Lactobacillus levels were 0.2 and 0.8% in group S and group H, which also presented a negative correlation between the two bacterial families in horse fecal microbiota. Even though biological function of Rikenellaceae and its relationship with Lactobacillus in horse gut are still not well defined, it might still be worth studying in silage-fed horses as one of the characteristic bacterial taxa. Christensenellaceae revealed the same trend as Rikenellaceae, however, its role in equine gut health requires more investigation.

Eubacterium coprostanoligenes is another bacterial family demonstrated significantly different relative abundance between two groups and more associated with group S according to LEfSe analysis. As a member of butyrate-producing bacteria, Eubacterium coprostanoligenes has been linked to mitochondrial gene expression involved in energy metabolism pathways including fatty acids (Mach et al., 2021) which was one of the most prominent metabolites in group S. Additionally, Eubacterium coprostanoligenes and fatty acids showed positive correlation in correlation analysis between fecal microbiota and blood metabolites. Even though not much investigation has been carried out on its specific role in equine gut microbiota, results in this study indicated that silage feeding could impact level of Eubacterium coprostanoligenes and fatty acids. Further study on the influence of silage feeding on gut microbial changes may help understand better about fat metabolism-silage relationship. According to LEfSe, Oscillospiraceae was shown associated with horses fed silage, however, further investigation will be necessary to learn more about its relationship with diet and gut health (Zhu et al., 2021).

Plasma and urine samples are considered the most appropriate biofluids for metabonomic analysis in horses due to lower variability in metabolomic results, compared to fecal samples (Escalona et al., 2015). In the current study, serum collected from each horse was used for metabolic analysis. There was a dramatic separation of metabolites between the two groups (Figure 4A), indicating a great influence of diet on systemic responses in horses. Triglycerides (belonging to group glycerolipids) and fatty acids were highly upregulated by ryegrass silage feeding (Figure 4C and Supplementary Table 1). As a critical diagnosis for hyperlipemia in horses, concentration of triglycerides is also used to predict metabolic dysregulation (Jacob et al., 2018). Increased concentrations of circulating fatty acids and triglycerides have been associated with insulin resistance in horses (Carter et al., 2009). In addition, the KEGG enrichment analysis (Figure 4D) identified that insulin resistance was one of the most differentiating pathways between the two groups, which further highlights the potential association of a silage diet and metabolic dysfunction. Fatty acids are also known to activate proinflammatory pathways leading to an increase of proinflammatory cytokines, including tumor necrosis factor alpha and interferon gamma, which interfere with the insulin signaling cascade resulting in a negative impact on insulin sensitivity (Manning, 2004). One study also showed that high levels stearic acid and palmitoleic acid, which were also the two main fatty acids found significantly higher in group S, have been associated with high insulin resistance in humans (Kurotani et al., 2012). Therefore, silage may have negative impacts on metabolic function in the long term. More extensive research studying levels of inflammatory cytokines, inflammation-associated fatty acids, blood insulin as well as lipid level are warranted to provide more evidence on association of silage and equine metabolic disorders. There was another interesting finding in this study that the crude fat (CF) content in group S and group H was 1.34 DM and 1.83% DM, respectively, yet not positively correlated with the lipid-metabolism related metabolites. It could indicate that the impact of silage on lipid metabolism is not associated with the amount of dietary fat but metabolic pathways in the body.

By observing the VIP score plot (Figure 4B) bile acids, such as 7-ketolithocholic acid and 12-ketolithocholic acid, were significantly upregulated in group S horses as well. Bile acids are critical components of lipid metabolism, especially cholesterol, and function mainly in gut (Breuer et al., 1985). Higher bile acids may be a consequence of higher lipid biochemical matrices in horses fed ryegrass silage. It is characteristic in horses that bile acids are secreted continuously, therefore, interpretation of plasma concentrations requires additional relevant information (Toth et al., 2018), for example, a history of being on a silage-based diet, as highlighted by this study. The metabolites most associated with group H horses were relatively more diverse, including organic acids, amino acids and oxidized lipids, which were involved in different metabolic pathways. The biological significance of the many metabolite changes, including 4-Hydroxy-3-methoxyphenylacetic acid, protocatechuic aldehyde and 4-methoxyphenylaceti acid, were beyond the scope of this study. As a result, further controlled studies on the role of silage in horse health may provide deeper understanding of these metabolite functions.

We also investigated the correlation between fecal microbiota and blood metabolomes. Notably, triglycerides and some fatty acids, were positively correlated with the prevalence of the bacterial taxa which were statistically different between the two groups (Figure 5). Most of these bacteria were not very abundant in the horses within this study and only the Eubacterium_coprostanoligenes group had a relative abundance of > 1%. It has been positively correlated with triglycerides and fatty acids such as stearidonic acid indicating its potential impact on these metabolites. There were also a few bacterial taxa negatively correlated with triglycerides and fatty acids, such as Treponema and Roseburia. Therefore, the lower levels of fatty acids and triglycerides were likely attributed to the presence of many bacterial floras at lower relative abundance, instead of just few influential bacterial taxa. The microbiome-metabolome correlation analysis can help recognize relationships between specific types of bacteria and metabolites, which in-turn may indicate a potential mechanism of a disease and their relative impacts on health (Zhao, 2013). However, this type of study alone is not able to determine the origin of the metabolite, as well as the causality between the bacteria and metabolites. As a result, in vitro digestion models may be necessary to investigate the relationship between metabolites, diet, and health in horses.

In conclusion, 16S rRNA high-throughput sequencing and untargeted metabolomics helped reveal the fecal microbiota, blood metabolite profile and their correlation with ryegrass silage and hay diets. The major findings of this study are as follows: (a) ryegrass silage and hay lead to significant changes on fecal microbiota. (b) ryegrass silage and hay showed significant impact on blood metabolites composition. (c) ryegrass silage intake revealed association with lipid metabolism and might increase risk of insulin resistance; (d) some specific gut bacterial taxa-related metabolites were strongly correlated with altered gut microbes which indicated great impact of diet on gut and the body system of horses. These results suggest that silage could cause significant changes in the horse fecal microbiota and might be associated with metabolic dysfunctions, such as insulin resistance and lipid metabolic abnormality. Studies measuring level of blood insulin and lipid in horses fed silage will provide more evidence to the association. These findings may promote understanding on the impact of silage feeding on horse health and facilitate making more scientific diet plan for horses especially those with metabolic disorders such as insulin resistance and hypertriglyceridemia.
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The profound impact of the gut microbiome on host health has led to a revolution in biomedical research, motivating researchers from disparate fields to define the specific molecular mechanisms that mediate host-beneficial effects. The advent of genomic technologies allied to the use of model microbiomes in gnotobiotic mouse models has transformed our understanding of intestinal microbial ecology and the impact of the microbiome on the host. However, despite incredible advances, our understanding of the host-microbiome dialogue that shapes host physiology is still in its infancy. Progress has been limited by challenges associated with developing model systems that are both tractable enough to provide key mechanistic insights while also reflecting the enormous complexity of the gut ecosystem. Simplified model microbiomes have facilitated detailed interrogation of transcriptional and metabolic functions of the microbiome but do not recapitulate the interactions seen in complex communities. Conversely, intact complex communities from mice or humans provide a more physiologically relevant community type, but can limit our ability to uncover high-resolution insights into microbiome function. Moreover, complex microbiomes from lab-derived mice or humans often do not readily imprint human-like phenotypes. Therefore, improved model microbiomes that are highly defined and tractable, but that more accurately recapitulate human microbiome-induced phenotypic variation are required to improve understanding of fundamental processes governing host-microbiome mutualism. This improved understanding will enhance the translational relevance of studies that address how the microbiome promotes host health and influences disease states. Microbial exposures in wild mice, both symbiotic and infectious in nature, have recently been established to more readily recapitulate human-like phenotypes. The development of synthetic model communities from such “wild mice” therefore represents an attractive strategy to overcome the limitations of current approaches. Advances in microbial culturing approaches that allow for the generation of large and diverse libraries of isolates, coupled to ever more affordable large-scale genomic sequencing, mean that we are now ideally positioned to develop such systems. Furthermore, the development of sophisticated in vitro systems is allowing for detailed insights into host-microbiome interactions to be obtained. Here we discuss the need to leverage such approaches and highlight key challenges that remain to be addressed.
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INTRODUCTION

As a species, humans are surrounded by and inhabited by trillions of microorganisms, encompassing bacteria, fungi, archaea, other eukaryotic organisms such as parasites and protists, as well as viruses (Gill et al., 2006; Parfrey et al., 2011; Hallen-Adams and Suhr, 2017; Koskinen et al., 2017; Nkamga et al., 2017; Gregory et al., 2020) that are collectively referred to as the microbiome. Decades of work have established the profound role of the microbiome in shaping host physiology and its capacity to regulate a wide variety of health and disease states. The rapid growth of microbiome research, spurred by technological innovations, has resulted in remarkable discoveries that have altered our conceptualization of the role played by this complex ecosystem in host health. Furthermore, these efforts have uncovered several features that highlight the therapeutic potential of the microbiome. First, dysfunction of the microbiome or host responses to the microbiome have been implicated in the pathogenesis of myriad human diseases, including, undernutrition and its associated maladies (Smith M. I. et al., 2013; Kau et al., 2015; Blanton et al., 2016; Charbonneau et al., 2016; Wagner et al., 2016; Cowardin et al., 2019), metabolic diseases such as obesity (Ley et al., 2005; Turnbaugh et al., 2006, 2008, 2009b; Hildebrandt et al., 2009; Ridaura et al., 2013), cardiovascular disease (Kelly et al., 2016), cancer and its susceptibility to treatment (Arthur et al., 2012; Buc et al., 2013; Sivan et al., 2015; Vétizou et al., 2015), food allergy (Feehley et al., 2019), multiple sclerosis (Berer et al., 2017; Cekanaviciute et al., 2017), and inflammatory bowel disease (IBD) (Manichanh et al., 2006; Frank et al., 2007; Gevers et al., 2014; Britton et al., 2019). Second, there is significant inter-personal variation in microbiome composition and/or function across individuals (Turnbaugh et al., 2009a; Qin et al., 2010; Schloissnig et al., 2013) that can impact host phenotypes, and thus, microbiome composition represents a personalized risk factor for the development of disease (Smith M. I. et al., 2013; Subramanian et al., 2014; Alavi et al., 2020). Third, microbiota repair, where specific microbial taxa or microbial consortia are introduced to communities lacking these microbes, has proven effective in restoration of beneficial microbiome-mediated effects (van Nood et al., 2013; Buffie et al., 2015; Blanton et al., 2016; Caballero et al., 2017; Di Luccia et al., 2020), underscoring the potential of microbiome manipulation for therapy.

This has prompted a flurry of exploration from researchers across a wide-array of disciplines to provide a systematic understanding of the microbiome and its interaction with the host, especially in defining the features that shape microbiome composition and function, as well as uncovering how the microbiome imparts its beneficial or deleterious effects on host physiology. Investigation of these processes has typically followed a trajectory beginning with identifying disruptions to microbiome composition, commonly referred to as dysbiosis, followed by in vivo animal studies whereby transplantation of microbiomes from donors exhibiting a phenotype of interest is used to assess how much, if any, of the donor phenotype can be transmitted by the microbiome. These studies are essential to establish a causal role for the microbiome and microbe(s) in question. This process is exemplified by studies of malnutrition (obesity and undernutrition) and IBD. Obesity is associated with an altered gut microbiome composition (Ley et al., 2005; Turnbaugh et al., 2008, 2009b; Hildebrandt et al., 2009), and the gut microbiome from these individuals or obese mice promotes increased adiposity and metabolic dysfunction upon transplantation to germ-free recipient mice relative to healthy donor controls (Turnbaugh et al., 2006; Ridaura et al., 2013). Likewise, individuals suffering from undernutrition have disrupted gut microbiomes, and transplantation of fecal microbiomes from such donors recapitulates features of weight loss/cachexia in recipient mice relative to control donors (Smith M. I. et al., 2013; Kau et al., 2015; Blanton et al., 2016; Wagner et al., 2016). Although there remains some debate about whether or not IBD patients have distinct microbiome compositions, gut microbiomes from IBD patients elicit more severe intestinal inflammation in gnotobiotic IBD models than those from healthy controls (Gevers et al., 2014; Britton et al., 2019; Lloyd-Price et al., 2019). In addition to establishing a causal role for the microbiome in such diseases, model systems have also been leveraged to elucidate how specific microbiome members impact the progression or prevention of diseases. These efforts have yielded detailed insights that would have been likely impossible without a tractable model system. For example, particular strains of E. coli containing the pathogenicity island pks have been identified as being enriched in patients with colorectal cancer, and gnotobiotic mouse models have been utilized to demonstrate causality for these specific strains in the disease (Arthur et al., 2012; Buc et al., 2013). Enterotoxigenic strains of B. fragilis have also been linked to colorectal cancer development (Toprak et al., 2006; Wu et al., 2009), as well as aspects of undernutrition (Wagner et al., 2016). Species of Clostridium and the Bacteroides have also been implicated in limiting the severity of food allergy (Atarashi et al., 2011; Stefka et al., 2014; Abdel-Gadir et al., 2019). Animal model systems have thus proven essential in determining causal roles for the microbiome in shaping disease susceptibility and facilitating the precise delineation of host-microbiome interactions that mediate these effects on host physiology. As such, they remain an irreplaceable component of the microbiome researcher’s toolkit.

While the advances to date have been captivating, there is still a dearth of information regarding the specific gut microbes that mediate the effects of the microbiome on the host. Moreover, despite the enormous progress that they have facilitated, current models have deficiencies that limit their translational relevance. As targeted and rational microbiome manipulation becomes an increasingly attractive approach for therapy, tractable and physiologically relevant model systems to interrogate host-microbiome interactions are needed. Here we will discuss current challenges and describe a path to addressing this need in microbiome research through the creation of new and improved model systems to interrogate host-microbiome interactions. We will focus our attention primarily on the effects of gut bacteria on host physiology. However, it is increasingly clear that intestinal fungi, viruses, archaea, and other eukaryotic species can profoundly impact host phenotypes, such as promoting intestinal immune system maturation and regulating disease susceptibility, often able to imprint phenotypic responses equivalent to gut bacteria (Kernbauer et al., 2014; Chudnovskiy et al., 2016; Escalante et al., 2016; Lin et al., 2020; Yeung et al., 2020; Dallari et al., 2021). Moreover, these agents do not act in isolation, and their direct or indirect interactions may regulate host health as has been demonstrated in murine models of inflammatory bowel disease (IBD) and parasitic infection (Cadwell et al., 2010; Hayes et al., 2010). It would therefore be remiss to ignore the contributions of these oft-overlooked microbiome members in our conceptualization of the gut ecosystem and its effects on the host, as highlighted by others (Norman et al., 2014; Reynolds et al., 2015; Runge and Rosshart, 2021).


Mouse Models for the Study of Host-Microbiome Interactions

Model systems have been widely employed by researchers going all the way back to the days of Gregor Mendel’s use of pea plants to study inherited traits (Ellis et al., 2011). In order to define paradigms of host-microbiome mutualism, researchers have utilized a variety of organisms (Reyniers and Sacksteder, 1958; Smith et al., 2007; Ericsson, 2019), ranging from Drosophila (Lee and Brey, 2013), Hydra (Augustin et al., 2012), zebrafish (Kanther and Rawls, 2010; Stagaman et al., 2020) and squid (Nyholm and McFall-Ngai, 2004; McFall-Ngai, 2014) to mice and rats (Reyniers and Sacksteder, 1958; Smith et al., 2007), and pigs (Vlasova et al., 2018; Gehrig et al., 2019). This has enabled fundamental insights into the relationship between the host and the resident microbiome and the identification of features that typify these interactions, akin to Koch’s postulates that describe the paradigm that defines microbial pathogenesis (Neville et al., 2018). Systems like Drosophila, Hydra, squid, and zebrafish offer numerous advantages including the relative ease of husbandry, the ability to study large numbers of offspring, less complex and more readily cultivated microbiomes for study than higher organisms, the availability of whole-organism imaging, etc. Pioneering studies in these systems have uncovered principles that govern host-microbiome interactions, including (but not limited to): (i) a role for gut symbionts in the coordination of tissue developmental programs and the microbial components responsible for these effects (particularly microbial cell wall products such as peptidoglycan and LPS, as well as microbial metabolites like acetate) (Koropatnick et al., 2004; Buchon et al., 2009; Shin et al., 2011; Troll et al., 2018), (ii) host adaptations to the microbiome that limit the inflammatory potential of microbiota-derived factors (Bates et al., 2007; Lhocine et al., 2008; Rader et al., 2012), (iii) host regulation of microbiome composition (Rawls et al., 2006; Ryu et al., 2008; Fraune et al., 2009), (iv) gut symbiont factors driving host adaptation (Rawls et al., 2007; Koehler et al., 2018), and (v) microbiome contributions to growth and nutrient acquisition (Storelli et al., 2011; Semova et al., 2012; Schwarzer et al., 2016). Gnotobiotic pigs have now become more widely utilized, which has allowed the study of these processes in an animal system with physiology more similar to that of humans than provided by commonly used murine models. While pig models present many challenges due to their size, they offer several advantages over more commonly used model systems, including more human-like physiology, susceptibility to many human-relevant infectious agents, greater microbiome complexity, and therefore they offer important insights of more translational relevance (Vlasova et al., 2018; Ericsson, 2019; Gehrig et al., 2019). Although less commonly employed due to the more challenging and expensive nature of their husbandry, gnotobiotic pig models are proving to be a highly valuable component of microbiome research.

Despite the utility of these other model systems, the mouse has reigned supreme in biomedical research, especially for microbiome studies. The emergence of the mouse as a model organism can be traced to the early 1900s with the house mouse, Mus musculus being used to study Mendelian genetics (Castle and Little, 1910), followed shortly thereafter by the development of the first inbred Mus musculus strain in 1929 by C.C. Little at what is now known as Jackson labs (Phifer-Rixey and Nachman, 2015). Although models in other small animals have been widely used, including rats (Modlinska and Pisula, 2020), hamsters (Miao et al., 2019), and gerbils (Bleich et al., 2010), none are quite as adapted for the breadth of study possible with mice. Mice offer several advantages that include their relatively quick gestation period, their size, which allows for easier housing and manipulation, the plethora of tools for phenotypic assessment of the mouse, the availability of sophisticated tools for genetic modification to interrogate the role played by distinct genes and cell types, and most importantly the availability of approaches to raise mice in germ-free settings. Furthermore, the availability of inbred strains of mice and standardized, albeit imperfect, housing and husbandry that helps to minimize unwanted variation, allows for easier comparison of data from different researchers.

However, mirroring the interpersonal variation in human microbiomes, model organisms display significant variation in the composition of their microbiomes, which in turn contributes to phenotypic variation reported in mouse models, especially in studies associated with immune activation. Several notable examples highlight how microbiome variation can impact phenotypes in murine models: (i) microbiome mediated spontaneous colitis and metabolic dysfunction has been reported in TLR5-/- mice by some, but not by others (Vijay-Kumar et al., 2007, 2010; Letran et al., 2011); (ii) the aggravation of colitis and development of communicable disease in NLRP6-/- mice is critically dependent on the microbiome context in which it is studied (Elinav et al., 2011; Lemire et al., 2017; Mamantopoulos et al., 2017); (iii) IL-10-/- mice develop a spontaneous colitis in some animal facilities, yet they remain largely free of disease in others depending on the presence or absence of select microbes (Kuhn et al., 1993; Nagalingam et al., 2013; Seregin et al., 2017); (iv) DSS-induced colitis models display significantly varied kinetics and severity depending on microbiome composition (Forster et al., 2021); (v) diabetes in the Non-Obese Diabetic (NOD) type 1 diabetes model is regulated by various parameters, including the presence of specific gut microbes or infectious agents (Wilberz et al., 1991; Takei et al., 1992; Pozzilli et al., 1993; Kriegel et al., 2011; Markle et al., 2013; Yurkovetskiy et al., 2013). Although not an exhaustive list, these examples demonstrate that variation in the gut microbiome can lead to disparate phenotypic outcomes in mice. Experimental variation, whether it be technical or biological in origin, has long been seen as a thorn in the side of researchers, contributing in part to issues of reproducibility in science (von Kortzfleisch et al., 2020). To limit the impact of overt pathogens, and the large-scale microbiome variation across different animal facilities, efforts were made to create a more standardized murine system that would limit issues of reproducibility. Thus, the concept of Specific Pathogen Free (SPF) mice was born. SPF mice are free of certain (but not all) pathogenic organisms or microorganisms capable of interfering with experimental outcomes (Lane-Petter, 1962). These mice provide the advantage of controlling the health status of the animal and allowing for better standardization between experiments, labs, and institutions. While the SPF mouse was adopted with the intention of allowing for more reproducible results, it has been shown that microbiome and phenotypic variability also exists between SPF mouse colonies from commercial vendors, as SPF only determines what is excluded, but not what should be present (Smith et al., 2007; Ivanov et al., 2009; Denning et al., 2011; Rosshart et al., 2017).


BOX 1. Common terminology used to describe the colonization status/microbiome communities commonly found in murine model systems.

Germ-free (GF)-Mice that are raised devoid of all known microbes.

Gnotobiotic-Term used to denote GF mice that are now colonized with a defined community of microbes where all members are known such as the Altered Schaedler Flora and the use of synthetic bacterial communities.

Specific Pathogen Free (SPF)-Conventional mice that are devoid of particular known pathogens such as bacterial, viral, fungal, and parasitic inhabitants that could affect the health of the mouse colony and the validity of experimental outcomes.

Conventional mice-Laboratory mice that are raised in the presence of a gut microbiome, and are not necessarily considered free of pathogens (they may have inhabitants such as murine norovirus and Helicobacter hepaticus) but are generally considered healthy.

Wild mice-These are mice that have been captured in a non-lab environment (in the wild) and then transferred to a lab for study. Such mice can be mated with other wild-caught mice for study over several generations. Inbred lines of mice harboring wild-mouse microbiomes, often referred to as “WildR mice” (Rosshart et al., 2017), can be generated through microbial transfer from wild mice to inbred strains of lab mice to limit the effects of genetic variation.

Synthetic communities-Communities constructed from cultured isolates from naturally occurring complex microbiomes. These communities may represent isolates from a single donor, or isolates obtained from many different donors. Moreover, they may be constructed from subsets of all cultured isolates.





Model Gut Microbiomes

To counteract the effects of microbiome variation researchers have turned to the use of defined reference communities. Beginning in the 1960s, Dubos et al. (1965), Schaedler et al. (1965), and Dewhirst et al. (1999) developed small model communities that were used to standardize the microbiome of animal models, mostly to be used in conventionally raised mice (Box 1). In an effort to move toward systems with greater control over community composition an ever-increasing number of researchers have begun to adopt germ-free/gnotobiotic models first established more than 60 years ago (Trexler and Reynolds, 1957; Gordon and Pesti, 1971). Such models allow the study of communities of interest without unwanted invasion by microbes present in the environment. Pioneering studies using small communities, ranging from mono-associations (colonization with a single microbe) that establish the roles of individual genes and metabolic pathways in bacteria (Rey et al., 2010; Koppel et al., 2018; Glowacki et al., 2020) to more complex communities with up to 20 members (Mahowald et al., 2009; Faith et al., 2011, 2014; Geuking et al., 2011; Cahenzli et al., 2013; McNulty et al., 2013; Sefik et al., 2015; Brugiroux et al., 2016; Geva-Zatorsky et al., 2017; Becattini et al., 2021), reduced the complexity of the system (Figure 1). These simplified models have provided high-resolution insights into the ecological, transcriptional, and metabolic responses of microbes to environmental variations (e.g., diet, inflammation) (McNulty et al., 2013; Ridaura et al., 2013; Becattini et al., 2021), uncovered microbe-microbe interactions that shape community function (Mahowald et al., 2009; Caballero et al., 2017), and highlighted a role for microbiome members in host growth (Blanton et al., 2016; Charbonneau et al., 2016; Schwarzer et al., 2016), weight gain and metabolic health (Fei and Zhao, 2013; Ridaura et al., 2013), pathogen resistance (Fukuda et al., 2011; Hsiao et al., 2014; Alavi et al., 2020), as well as specific enzymatic functions that directly impact host health (Skye et al., 2018; Song et al., 2020). Thus, model communities studied in germ-free/gnotobiotic mice have provided key insights into the several facets of microbiome function and host-microbiome interactions.
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FIGURE 1. Current and emerging systems to study host-gut microbiome interactions. Prevalent model systems in use to study physiological effects of gut microbiome-host interactions and representative community complexity within each model are shown (teal shaded area). The general usefulness of these systems based on physiologically relevant outcomes, increases left to right. At the same time, the ability to manipulate or define the community structure of these models decreases along the gradient, driving the need for a medium where physiologic relevance and tractability reach an optimum. Current technologies striving toward this desired model include the use of germ free mice where synthetic communities of known microorganisms are used for colonization, as well as the use of emerging lab-on-chip approaches (pink shaded area) (FMT, fecal microbiome transplant; Mono, monocolonization; Abx, antibiotics).


The power of the germ-free mouse as a model system may be best exemplified by the advances they have facilitated in understanding immune-microbiome mutualism (reviewed extensively in Honda and Littman, 2016; Ost and Round, 2018; McCoy et al., 2019; Ahern and Maloy, 2020; Ansaldo et al., 2021). These studies have revealed the profound impact of the gut microbiome on immune function and provided detailed insights into the mechanisms that underlie these interactions. The absence of a microbiome leads to the development of a drastically altered intestinal immune system with striking defects in adaptive immune function including reductions in lymphocyte numbers and activation within the intestine and mesenteric lymph nodes, and an enhanced susceptibility to infection by certain pathogens (Abrams and Bishop, 1966; Thompson and Trexler, 1971; Imaoka et al., 1996; Macpherson and Harris, 2004). Notably, the microbiome has also been implicated in the shaping of the innate immune compartment, including aspects of trained immunity (reviewed in McCoy et al., 2019; Negi et al., 2019). Intensive efforts have subsequently identified specific microbial taxa/microbial consortia, and their derived molecules that influence the intestinal immune system of gnotobiotic mice, especially the intestinal T cell compartment. Colonizing germ-free mice with microbial consortia like the Altered Schaedler flora (ASF) and select Clostridium species, or mono-colonization with specific members of the Bacteroides genus (Bacteroides thetaiotaomicron, Bacteroides caccae, and Bacteroides fragilis) or Bifidobacteria (B. bifidum), coordinates the development of colonic regulatory T cells, an anti-inflammatory population of CD4+ T cells that maintain intestinal homeostasis (Round and Mazmanian, 2010; Atarashi et al., 2011, 2013; Geuking et al., 2011; Faith et al., 2014; Sefik et al., 2015; Verma et al., 2018; Wegorzewska et al., 2019). Furthermore, cellular products derived from these microbes, like polysaccharide A (PSA) (Round and Mazmanian, 2010) or β-glucan/galactan polysaccharides (Verma et al., 2018), short-chain fatty acids (SCFA; gut microbial fermentation products) (Arpaia et al., 2013; Furusawa et al., 2013; Smith P. M. et al., 2013) or microbially-transformed bile acids (Song et al., 2020) also regulate the size and function of colonic regulatory T cell pools. Likewise, Th17 cell differentiation can be coordinated by distinct microbes, most notably segmented filamentous bacteria (SFB) (Gaboriau-Routhiau et al., 2009; Ivanov et al., 2009) in addition to Bifidobacterium adolescentis (Tan et al., 2016) or particular strains of E. coli (Britton et al., 2020), which in turn can improve protective immunity against pathogens (Ivanov et al., 2009). Intraepithelial T cell populations are also impacted by gut microbes, with SFB able to shape the activation status of this immune compartment (Umesaki et al., 1999), while Lactobacillus reuteri promotes the development of CD4+ CD8αα + intraepithelial lymphocytes (IELs) by agonizing the aryl hydrocarbon pathway (Cervantes-Barragan et al., 2017).

Despite the enormous power of these systems, they have several limitations. First, the physiologic relevance of model communities can be hard to decipher. Second, due to their low diversity, they may fail to identify redundancy in effector functions that exist in larger communities, inappropriately attributing essential roles to particular microbes. Third, most groups study a limited number of strains of each species, which ignores the enormous strain-level variation present in the gut microbiome. To overcome these limitations, models where mice are colonized with human gut microbiomes from healthy or diseased individuals (“humanized” mice) that could transmit features of their donor’s health status (Raibaud et al., 1980; Turnbaugh et al., 2009b; Ridaura et al., 2013; Smith M. I. et al., 2013; Kau et al., 2015; Berer et al., 2017; Cekanaviciute et al., 2017; Britton et al., 2019; Feehley et al., 2019) have been widely adopted. The microbiomes of such humanized mice are typically more diverse than model communities and comprising distinct strains depending on the individual donor. Moreover, they represent a system with clear translational relevance, albeit with less defined community membership. For example, microbiome transplantation from individuals suffering from IBD (Britton et al., 2019), food allergy (Feehley et al., 2019), undernutrition (Smith M. I. et al., 2013; Kau et al., 2015; Wagner et al., 2016), obesity (Ridaura et al., 2013), and multiple sclerosis (Berer et al., 2017; Cekanaviciute et al., 2017), among other conditions, could enhance the susceptibility to such diseases in recipient gnotobiotic mice. However, despite all their advantages, significant caveats to the use of human-derived microbiomes exist that suggest a need for new and improved approaches. First, these communities are typically neither defined nor cultured (with exceptions; Wagner et al., 2016; Britton et al., 2019, 2020), limiting the establishment of causality for specific microbes and/or microbial products. Second, while it is clear that microbes derived from humans can modulate particular facets of the murine immune system, host-specificity in such interactions (Atarashi et al., 2015) means that human-derived microbiota may not shape immune responses equivalent to murine-derived microbes (Gaboriau-Routhiau et al., 2009; Chung et al., 2012; Lundberg et al., 2020). Third, human-derived microbiomes are not as well adapted to the murine intestine as mouse-derived communities. Elegant studies using gnotobiotic mice colonized with either human or murine-derived microbiomes demonstrated that the murine microbiome exhibited superior fitness in the mouse intestine, and could displace many members of a human microbiome from a stably colonized mouse upon co-housing (Seedorf et al., 2014). Finally, the overall community composition and structure in the recipient mouse may vary significantly from the donor, both in terms of membership and microbial abundance, potentially over or understating the contributions of particular microbes (Turnbaugh et al., 2009b; Chung et al., 2012; Krych et al., 2013; Xiao et al., 2015; Lundberg et al., 2020). While there is obvious value to these approaches, and a wealth of information has been obtained from their use, it is important to consider that key elements of host-microbiome interactions may be missed by studying microbes outside of their natural environment (i.e., human microbes in the mouse).

While no single system is perfectly suited to address all goals, an optimized model to study host-microbiome interactions should encompass as many of the following features as possible: (i) Completely defined microbiome with high-quality reference genomes for each organism. Such systems allow high-resolution strain quantification and gene expression profiling with strain-level gene expression assessment; (ii) culturable and genetically manipulable strains. If all strains have been captured in culture in a clonally arrayed format, it allows for the construction of consortia of defined membership to determine how specific members impact the phenotype being studied (Goodman et al., 2011; Ahern et al., 2014; Faith et al., 2014), commonly referred to as synthetic communities. Moreover, the availability of tools for genetic modification allows for unambiguous assessment of the role for genes of interest, which has contributed to the significant insights afforded by members of the Bacteroides, for which sophisticated tools are available (Anderson and Salyers, 1989; Koropatkin et al., 2008; Goodman et al., 2009; Mimee et al., 2015; Wu et al., 2015; Lim et al., 2017); (iii) a genetically tractable host that allows for the interrogation of host pathways that mediate the effects of specific microbes/microbial products; (iv) a germ-free host that allows for high-level control over the composition of the community. The utility of germ-free mice for advancing microbiome studies is hard to overstate, and coupled with the ability to generate host mutants to dissect pathways of host-microbiome interactions is invaluable; and (v) microbiome whose members and imprinted host responses mirror the human population being modeled. Such a system would allow a high-resolution examination of complex communities that imprint human-like phenotypic variation, overcoming the shortcomings of the systems currently in vogue. An idealized system will capture all the advantages of the systems described above and is represented in Figure 1. While a model that captures all these parameters remains aspirational, advances in microbial culturing and isolation, allied to genomic approaches that continue to decrease in cost while increasing in output mean that large libraries of cultured isolates can now be generated and characterized in wild-type and genetically modified gnotobiotic mice.

One of the primary challenges has been the identification of murine microbiomes that promote human-like phenotypes. Recent ground-breaking studies from a small number of labs have revealed that the microbial inhabitants of mice in the wild (or in pet stores) promote the acquisition of a human-like immune system in lab mice (Figure 1), recapitulating the activated and antigen-experienced phenotype found in humans (Beura et al., 2016; Rosshart et al., 2017, 2019; Lin et al., 2020; Yeung et al., 2020) by contrast with the typical immune system of lab mice that has a phenotype more akin to that of neonates (Beura et al., 2016). Wild mouse microbiomes lead to a profound reshaping of the host immune system, promoting a more human-like phenotype, most potently with respect to boosting T cells with effector/memory phenotypes. These alterations in immune phenotype are characterized by an expansion in systemic and tissue-resident memory CD8+ T cell populations, increases in effector CD4+ T cells (Th1, Th2, Th17, and Tregs), and innate immune populations such as innate-lymphoid cells and neutrophils (Beura et al., 2016; Lin et al., 2020; Yeung et al., 2020). Moreover, the levels of serum immunoglobulins and select cytokines are also increased (Beura et al., 2016). Consistent with this, these animals were found to be more resistant to viral infections (Influenza A), bacterial infections (Listeria monocytogenes), and colon cancer (DSS plus azoxymethane model) (Beura et al., 2016; Rosshart et al., 2017). Conversely, they are more susceptible to surgery-associated sepsis, likely due to increased inflammatory tone and/or increased reactivity to microbial products (Huggins et al., 2019). Thus, wild microbiome-driven enhancement of host immunity is associated with improved immune-mediated resistance to a variety of infectious diseases and cancer, and enhanced susceptibility to other inflammatory diseases, linking microbiome-mediated immunomodulation to organismal health.

Notably, the transcriptional responses that distinguish neonates and adults are reminiscent of those that differentiate SPF mice and those harboring a wild/pet store microbiome. These features are communicable to lab mice following co-housing, suggesting they are microbially-driven (Beura et al., 2016; Rosshart et al., 2017), although whether this is attributable to pathobionts, or the distinct strain composition of these communities is unknown. Moreover, the genomic diversity of wild mice, and its impact on host immune responses and disease susceptibility, may additionally contribute to distinct phenotypic features of wild mice, representing an area ripe for further exploration. Some of these features are likely attributable to infectious agents like pathogenic viruses (Reese et al., 2016), but notably, may also be due to specific endogenous bacterial or fungal members of the gut microbiome (Lin et al., 2020; Yeung et al., 2020). Indeed, wild mice that retained SPF status (i.e., free of all pathogens excluded under SPF guidelines) also induced distinct phenotypic variation relative to lab-raised SPF counterparts, and this could be transmitted to lab mice through gut microbiome transplantation (Rosshart et al., 2017). These data suggest that differences in the specific strain composition of the gut microbiome of wild mice, rather than pathogen exposure, are responsible. More recently, a study revealed that wild mice more faithfully recapitulate the outcome of clinical trials targeting the immune system (Rosshart et al., 2019), by contrast with their conventional lab animals, reinforcing the notion that such models are of greater translational relevance. Thus, wild mice microbiomes provide an opportunity to improve the utility of mouse model systems.

However, while we and others (Hamilton et al., 2020; Graham, 2021; Kuypers et al., 2021) posit that wild microbiome-elicited phenotypes create a murine system with a more human-like phenotype, different approaches to wilding the microbiome including the specific donor material used, or the creation of environments that more accurately mimic the natural environment of the mouse (Arnesen et al., 2020; Lin et al., 2020; Yeung et al., 2020) vs. co-housing under controlled laboratory conditions (Beura et al., 2016; Rosshart et al., 2017), may lead to disparate phenotypic outcomes in recipients. The use of wild microbiomes thus may not fully humanize the murine response or be fully representative of human phenomena. For example, in the case of allergy development and the hygiene hypothesis, one study (Ottman et al., 2019) suggests that lack of microbe diversity drives such allergic states, while (Ma et al., 2021) contradicts these claims. Undoubtedly, the approach of using wild mice and/or their derived microbiomes does not fully address the nuances of in vivo mouse models vs. humans as discussed in depth elsewhere (Hamilton et al., 2020; Graham, 2021; Kuypers et al., 2021). To address these limitations, more studies are needed with comparative phenotyping of adult human and wild microbiome-exposed murine immune systems to determine whether these responses truly reflect the development of a more human-like response, as opposed to a response that is simply distinct from lab mice. With the advent of approaches that allow for detailed assessment of the non-lymphoid immune compartment in humans (Szabo et al., 2019), such studies are now possible. Moreover, as we discuss below, detailed knowledge of the microorganisms that coordinate the phenotypic features shared between mice harboring wild microbiomes and humans will advance efforts to generate improved murine model systems.



Synthetic Wild Communities, an Optimized System to Study Immune-Microbiome Interactions

While wild microbiomes offer the potential to shed new light on host-microbiome interactions, currently there is limited information regarding the effector microbes within these communities. There is therefore a need to determine which microbes are responsible for mediating the human-like phenotypic variation that they induce. These efforts need not focus solely on non-pathogenic members of the microbiome but should include controlled pathogen as well as non-pathogen exposures. While defining these effector microbes is a daunting challenge, we and others have described effective strategies to do so in a systematic and efficient manner (Goodman et al., 2011; Ahern et al., 2014; Faith et al., 2014; Palm et al., 2014; Kau et al., 2015; Surana and Kasper, 2017). The generation of culture libraries in arrayed format (i.e., where individual wells of multi-well plates contain distinct microbiome members) from human donor microbiomes that retain the effector functions of the donor community has allowed mechanistic insight into host-microbiome interactions of biological relevance (Ridaura et al., 2013; Faith et al., 2014; Wagner et al., 2016). Such strategies allow the precise delineation of the effects of individual community members, whether they operate in concert with other members or in isolation (Ahern et al., 2014; Faith et al., 2014). Similarly, the isolation in pure culture of the constituents of the wild mouse microbiome represents a key first step toward the generation of more complete synthetic communities that recapitulate wild microbiome imprinted functions and allow for greater manipulability. Likewise, in defining these wild microbiomes, it is important to appreciate that for the past several decades, non-bacterial residents of the gut (fungi, archaea, viruses, parasites, and other non-fungal eukaryotic members) have received scant attention, mostly attributable to technical challenges. Such impediments include the variability of internal transcribed spacer regions (ITS) within fungal ribosomal genes and a general lack of reference genomes to compare species prevalence in metagenomic samples (Paterson et al., 2017). Sequencing challenges have also dampened the ability to get a fully representative picture of the gut virome. Most techniques for nucleic acid isolation and sequencing are biased toward DNA viruses, largely missing RNA viruses, while isolation and propagation of gut viruses is also a challenge that needs to be overcome (Wang, 2020; Khan Mirzaei et al., 2021). This lack of cultivation methods extends to archaeal members as well, with archaea often requiring specific culture conditions (Borrel et al., 2020) which can hamper in vivo studies. The genesis of libraries of isolates of all microbiome-member types in arrayed format from wild-microbiomes that are known to impact host phenotypes, such that consortia of individual library members can be compiled to study their effects on the host will form an essential component moving forward in defining complex host-microbiome interactions (Goodman et al., 2011; Ahern et al., 2014; Faith et al., 2014; Palm et al., 2014). Moreover, this will facilitate the dissemination to other researchers for implementation in their studies. The use of a common library of microorganisms freely available to all researchers that can be leveraged to understand host-microbiome interactions at multiple scales will advance efforts to uncover mechanistic insights into the operations of large diverse communities that reflect the breadth of microbial taxa and viruses that characterize humans and their associated phenotypic effects.

Despite our call for more standardized gut microbiomes, it would be foolish to demand complete homogenization across institutions, or even within an institution. Microbiome variation can itself represent a form of “natural experiment” that can present a challenge to researchers, but that has also proved a rich source of information regarding how the microbiome can mediate interpersonal variation among a population. For example, the varied presence of Th17 cells in the small intestinal lamina propria in C57BL/6 mice from different commercial vendors led to the identification of a single microbe, SFB, which was differentially represented in the microbiomes of these animals and was both required and sufficient for the development of intestinal Th17 cells (Ivanov et al., 2008, 2009; Gaboriau-Routhiau et al., 2009). Similarly, the varying presence of Lactobacillus reuteri in different animal facilities within the same institution led to its identification as a potent modulator of CD4+ CD8αα+ IEL development (Cervantes-Barragan et al., 2017). More recently, the fungus Debaryomyces hansenii was highlighted as a mediator of impaired intestinal healing, which again was differentially represented among different colonies of lab mice at the same institution and directly regulated the intestinal healing potential of mice (Jain et al., 2021). Others have also linked different microbiome composition to the phenotype of various animal models of infectious and autoimmune disease (Wu et al., 2010; Lee et al., 2014; Hilbert et al., 2017; Moskowitz et al., 2019; Velazquez et al., 2019). What these studies highlight is that phenotypic variance can be leveraged, even embraced (Ivanov et al., 2008, 2009; Cervantes-Barragan et al., 2017; Jain et al., 2021), to uncover novel host-microbiome interactions that shape host responses. Consequently, although variation poses challenges for microbiome research, total standardization is itself not without issue. Instead, the utility of such variance is linked to an ability to measure and define the causes of the variation, and the reporting of the microbiome composition that is associated with a phenotype will be of enormous value in linking specific microbes to phenotypes of interest. Such an approach will reveal contextualized roles for host phenotypes that may manifest only in the presence of particular community types. Thus, there remains a prominent place for non-standardized models in illuminating fundamentally important host-microbiome interactions.



Alternatives to in vivo Mouse Models

In spite of all the advantages of the in vivo mouse models we describe, it is ultimately a system with limitations that demands alternative approaches that augment our understanding. Fundamental differences between mice and humans mean that key aspects of host-microbiome interactions may not be modeled in a murine system. Indeed, the specificity in molecular aspects of host-microbe interactions (Lecuit et al., 1999; Atarashi et al., 2015) demands systems to study human-derived microbes in the context of human cells. The advent of sophisticated in vitro/ex vivo approaches that use human-derived cells that can themselves be genetically manipulated represent attractive alternatives that can be used in parallel to murine models. In addition to overcoming shortfalls in murine systems, these approaches help with the continued efforts to replace, reduce, and refine animals in research.


Organoids

Human intestinal organoids (HIOs) or enteroids (HIEs) remove the need for a live model organism, and instead rely on primary cells derived from human biopsies or stem cells. This technique was originally pioneered from the use of ex vivo tissue explants of human intestines (Browning and Trier, 1969). Growth factors are used to drive differentiation of Lgr5+ intestinal stem cells into intestinal cell types that mimic the 3D spatial and functional environment of the intestine, allowing for simultaneous differentiation into discrete cell types (Ootani et al., 2009; Sato et al., 2009). HIOs have some advantages over other in vitro systems as they maintain the crypt-villus architecture and allow for multiple columnar cell types to be generated (Hill and Spence, 2017). HIOs permit the study of phenomena that have proved challenging in other in vivo systems, including tight junctions of non-enterocyte cells of the small intestine (Pearce et al., 2018); IBD models of infection and inflammatory processes (Angus et al., 2019; Sarvestani et al., 2021); and models of infection such as human norovirus (Ettayebi et al., 2016) and rotavirus (Finkbeiner et al., 2012), for which no in vivo model organism exists, and in vitro culture efforts had not been successful at the time. Additionally, microinjection of bacterial and parasitic pathogens including C. difficile (Leslie et al., 2015), S. enterica Typhimurium (Forbester et al., 2015; Wilson et al., 2015), E. coli (In et al., 2016; Karve et al., 2017; Rajan et al., 2018), and Cryptosporidium (Heo et al., 2018) have all been performed. This platform has allowed for controlled studies into the interactions these pathogens have with the intestine, however, there are several key challenges that remain. Although bacteria can be injected into these structures, the process has drawbacks such that the specialized technique of microinjection is required to avoid compromising the organoid structure and the lumen within the organoid contains a growth-limiting concentration of nutrients that generally can only support the growth of bacteria for less than 24 h. This nutrient limitation also significantly hinders the diversity of microorganisms that can be cultured together in poly-microbial communities. Other constraints involve the physical structure of organoids, and the lack of immune cells, calling into question how well the system recapitulates in vivo biology with the absence of such features (Blutt et al., 2018). Despite the advantages that organoids provide, the noted limitations suggest that the organoid model is not yet advanced to the point of being able to replicate all aspects found in vivo. Instead, these systems are likely more useful as tools to study parameters such as the permeability of the mucosa, drug kinetics, and bacterial interactions in disease states using tissue derived from patients with IBD or related conditions.



Gut-on-Chip Technologies

A relatively new approach to studying microbe-microbe and intestinal cell-microbe interactions are “lab-on-chip” technologies. Although systems such as Transwell plates (two-dimensional technology) and Ussing chambers (three-dimensional) have been used for decades (Ussing and Zerahn, 1951; Hidalgo et al., 1989) and have been used to study bacterial-host epithelium interactions and diseases of the intestine (Kurkchubasche et al., 1998; Thomson et al., 2019), both have known limitations. With respect to the microbiome, these technologies are not well-suited for maintenance of both aerobic and anaerobic compartments except in limited circumstances (Ulluwishewa et al., 2015; Jafari et al., 2016). This makes studying gut microbiome-host interactions with obligate anaerobes a challenge. Additional limitations involve the duration in which bacteria can be co-cultured before either they or the epithelial cells die, with most ranging from hours to a few days due to the non-peristaltic nature of these devices (Sadaghian Sadabad et al., 2015). Although other devices, such as the mucosal simulator of the human intestinal microbial ecosystem (M-SHIME), or its derivative, the Host-Microbiota Interaction (HMI)-module, have shown promise in incorporating peristalsis-like flow; they suffer from similar problems of short co-culture incubation times and rely on artificial mucus layers (Van den Abbeele et al., 2012; Marzorati et al., 2014). The SHIME reactors are also large, expensive to produce, and not easily scalable.

Using technology pioneered by lithography of computer chip manufacturing (Bhatia and Ingber, 2014), microfluidic devices may be a happy medium that yields more information on bacterial-gut epithelial-immune system interactions. These devices allow for a 3-D spatial reconstruction of the in vivo environment. Specifically for bacteria, these platforms have been used to study bacterial quorum sensing (Osmekhina et al., 2018), the response to antibiotics, and other chemicals in a complex community (Hsu et al., 2019), and taxis and motility (Gurung et al., 2020). Adoption of these devices has led to the generation of new platforms that are being used to study the human gut ecosystem and the human gut microbiota (von Martels et al., 2017; Tan and Toh, 2020). These devices overcome a substantial amount of the need for using in vivo models and tissue explants to maintain an environment necessary to study long-duration, complex, multi-species, and multiple cell type interactions. Although there are at least 12 different microfluidic devices in use, the vast majority rely on the colorectal carcinoma cell line, Caco-2 cells, to establish an epithelium, and have only managed to culture one species of bacteria at a time; several of these devices have previously been reviewed for benefits and drawbacks (Bein et al., 2018; Tan and Toh, 2020). Recent advancements include the nBioChip which supports the co-culture of both bacteria (Staphylococcus aureus and Pseudomonas aeruginosa) together with the fungus, Candida albicans (Srinivasan et al., 2017). Perhaps the largest advancement is the Intestine Chip, with the ability to maintain over 200 operational taxonomic units (OTUs) of bacteria directly from human feces with both obligate anaerobes and aerobic bacteria established along a hypoxia gradient (Jalili-Firoozinezhad et al., 2019). The Intestine Chip can also support stable colonization periods of up to or beyond 1 week due to its peristalsis-like flow of media. However, like the platform of the two previous iterations of this specific device (Kim et al., 2012, 2016), Caco-2 cells are used to develop the epithelial compartment rather than primary cells, which limits some downstream applications due to these cells not being representative of the primary cells of the intestinal tract.

Recent advancements have merged organoid and gut-on-chip technologies. First described as an early version of the Intestine Chip, the use of matured organoids containing villus structures and multiple cell types were enzymatically broken down and used to seed extracellular matrix (ECM)-coated membranes of a microfluidic chip (Kasendra et al., 2018). The other half of the chip was then seeded with human intestinal microvascular endothelial cells to examine cell-cell interactions, thus creating a multi-system organ on a chip. Through RNA-sequencing, confocal microscopy, and tissue staining it was shown that the Intestine Chip recapitulates key features of the signaling pathways, cellular differentiation, mucus production, and epithelial-endothelial interactions seen in the human duodenum. A similar platform termed the gut microbiome physiome (GuMI) has been developed, specifically for the culture of extremely oxygen-sensitive microbes such as Faecalibacterium prausnitzii (Zhang et al., 2021). Similar to the Intestine Chip, the gut microbiome (GuMI) ECM is impregnated with cells derived from organoids and the device has inlets for sampling and injection of bacteria. While many other chip-based devices are fabricated using polydimethylsiloxane (PMDS), the GuMI uses polysulfone, which can be autoclaved for sterility and is less permeable to oxygen, allowing for more strict control of oxygen gradients (Shin et al., 2019). Lastly, this chip allows for the independent culture of six different bacteria within the luminal portion. Using organoid-derived cells, this three-layer-chip contains an ECM seeded with both intestinal cells and monocyte-derived macrophages and recapitulates features observed in IBD patients (Beaurivage et al., 2020). While the presence of immune cells is an important advancement, the generation of systems that can maintain interaction with a complex immune system is essential to boost the translational relevance of these systems. Nevertheless, the combination of gut-on-chip and organoids is a promising step forward toward the goal of having a tunable system to interrogate complex interactions that are difficult to perform in vivo (Figure 1).





DISCUSSION/PROSPECTUS

A wealth of knowledge about gut microbiome-host interactions has been gained through the use of the model systems discussed in this review. Conventionally raised mice (both SPF and non-SPF), and gnotobiotic mice, have been and continue to be essential tools to study interactions between the gut microbiome in host health and disease. While there is a continued use for these models, their limitations hinder efforts to gain the mechanistic insights required to target the microbiome for therapeutic purposes. Development of synthetic, wild mouse gut microbiome communities comprising cultured and genome-sequenced microbiome members derived from wild mice provides an opportunity to gain mechanistic understanding of specific microbe-host phenotypes that recapitulate the interactions of humans with their microbiomes and the associated microbiome imprinted phenotypes. Used in conjunction with ever-improving in vitro/ex vivo model systems that facilitate high-resolution studies of complex host-microbiome interactions, these technologies will advance our understanding of the range of microbiome members that shape host physiology and help define the nature of the interactions that underlie these phenomena.



CONCLUSION

In conclusion, model systems to study gut microbiome-host interactions continue to evolve. The incorporation of synthetic, wild microbiomes into the suite of model systems provides an opportunity to increase mechanistic insight and translatability. The use of these advanced mouse models and ever-improving alternative model systems to study gut microbiome-host interactions will increase our understanding of the functionality of specific microbes in human physiology and disease, advancing efforts to target the microbiome for therapeutic purposes.
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Microbiomes are involved in most vital processes, such as immune response, detoxification, and digestion and are thereby elementary to organismal functioning and ultimately the host’s fitness. In turn, the microbiome may be influenced by the host and by the host’s environment. To understand microbiome dynamics during the process of adaptation to new resources, we performed an evolutionary experiment with the two-spotted spider mite, Tetranychus urticae. We generated genetically depleted strains of the two-spotted spider mite and reared them on their ancestral host plant and two novel host plants for approximately 12 generations. The use of genetically depleted strains reduced the magnitude of genetic adaptation of the spider mite host to the new resource and, hence, allowed for better detection of signals of adaptation via the microbiome. During the course of adaptation, we tested spider mite performance (number of eggs laid and longevity) and characterized the bacterial component of its microbiome (16S rRNA gene sequencing) to determine: (1) whether the bacterial communities were shaped by mite ancestry or plant environment and (2) whether the spider mites’ performance and microbiome composition were related. We found that spider mite performance on the novel host plants was clearly correlated with microbiome composition. Because our results show that only little of the total variation in the microbiome can be explained by the properties of the host (spider mite) and the environment (plant species) we studied, we argue that the bacterial community within hosts could be valuable for understanding a species’ performance on multiple resources.

Keywords: local adaptation, bacterial communities, endosymbionts, spider mites, Tetranychus urticae


INTRODUCTION

Microbiomes are communities of microorganisms and their associated gene expression in a particular environment (Berg et al., 2020). Hence, the microbiome of a certain host species includes all microorganisms on the inside and outside of an organism with no distinction between microbes with beneficial, neutral, or detrimental effects on their host. Over the last decade, research on host-microbiome interactions has revealed that microbial communities can influence host immunity, digestion and detoxification (Stecher and Hardt, 2008; Berendsen et al., 2012; Huttenhower et al., 2012; David et al., 2014; Kohl et al., 2014; Kohl and Dearing, 2016). These complex, often beneficial host-microbiome interactions illustrate the importance of microbiota in their ability to affect the performance of their hosts. For instance, Zhu et al. (2019) showed that lower fecundity was associated with lower bacterial diversity in the cassava mite, Tetranychus truncatus. The importance of the microbiome for host phenotype has led some to suggest the concept of the “holobiont” (i.e., the host with its microorganisms) as a unit of selection (Zilber-Rosenberg and Rosenberg, 2008; Theis et al., 2016). A single unit of selection implies, however, one interconnected fate of the host and his microbiome which has led to a lot of criticism as microbiomes are rarely entirely inherited (Moran and Sloan, 2015; Henry et al., 2021). The transmission occurs via vertical transfer from parent to offspring, horizontal transfer from the environment, or both (Ebert, 2013; Henry et al., 2021). Therefore, some prefer the “extended genotype” where the microorganisms are having extended effects on the host phenotype and may shift the mean host phenotype or change the phenotypic variance in a population (Henry et al., 2021).

Because microbiomes are usually diverse, the versatility of different bacteria may help for better functioning of the host and assist in optimal adaptation to changing conditions (Zilber-Rosenberg and Rosenberg, 2008). It has been found that the bacterial communities need to be specialized to improve the adaptive fitness of the host, the influence of more homogeneous communities is often negligible (Huitzil et al., 2018). For herbivores adapting to novel resources, the microbiome may assist in the digestion of cellulose or lignin and the detoxification of potential poisonous substances (David et al., 2014; Franchini et al., 2014; Kohl et al., 2014; Kohl and Dearing, 2016; Staudacher et al., 2017). Microbial symbionts may even contribute to the synthesis of essential nutrients as seen in aphids where the obligate symbiont Buchnera aphidicola provides missing amino acids (Baumann, 2005; Oliver et al., 2010). Novel resources often cause other challenges such as parasitoids or fungi, however, a diverse community of facultative symbionts may provide protection against those challenges (Oliver et al., 2010; Vorburger and Perlman, 2018; Hafer and Vorburger, 2019). For instance, some aphid populations showed improved fecundity when feeding on clover if they were infected with Regiella insecticola (Leonardo and Muiru, 2003; Oliver et al., 2010; Zélé et al., 2018a). Besides beneficial host-microbiome interactions, some facultative symbionts are also known to interfere with reproduction, such as Wolbachia, Cardinium, and Spiroplasma spp. (Breeuwer and Jacobs, 1996; Gotoh et al., 2003, 2007; Enigl and Schausberger, 2007; Xie et al., 2016). These endosymbionts use cytoplasmic incompatibility, feminization, parthenogenesis or male killing to secure their persistence (Staudacher et al., 2017). However, it remains unclear whether only these endosymbionts rather than the microbiome as a whole are responsible for these effects (Brinker et al., 2019).

Host-microbiome interactions are not unidirectional and microbiomes themselves are known to be affected by host diet, host taxonomy and host genetics (Santo Domingo et al., 1998; Broderick et al., 2004; Spor et al., 2011; Colman et al., 2012; Jandhyala et al., 2015). A study on whiteflies suggested that the host’s genome influences the potential fitness benefits of Rickettsia (Cass et al., 2016), as Rickettsia decreased the developmental time and increased the fecundity in one but not another genetic line of whiteflies. Another example was provided by Chaplinska et al., 2016 who showed the importance of the population background (i.e., genotype, geographic origin, and founder effects) of the host. They discovered differences in microbiome composition between different Drosophila melanogaster populations that had been maintained on the same food source and laboratory conditions for several years. However, because these populations had never been mixed, it was difficult to disentangle founder effects and drift from selection. Nonetheless, the fact that different microbiomes could persist and were transgenerationally transmitted shows that some components of the microbiome are heritable (Chaplinska et al., 2016).

The host-microbiome concepts (Bourtzis et al., 1996; Bordenstein et al., 2001; Shin et al., 2011; Sommer and Bäckhed, 2013; Lizé et al., 2014; Chaplinska et al., 2016) developed for insects can be extended to other arthropods such as the two-spotted spider mite or Tetranychus urticae, the focal species in this study. It has, for instance, been found in aphids that endosymbionts can offer protection against fungi or parasitoids (Oliver et al., 2005, 2010; Scarborough et al., 2005; Łukasik et al., 2013; Weldon et al., 2013; Guidolin et al., 2018; King, 2019), suggesting that endosymbionts may play a role in host immunity for other arthropods as well. So far, mainly behavioral adaptation such as avoidance of contaminated food has been found in the two-spotted spider mite, but no resistance or tolerance mechanisms against pathogenic bacteria (Santos-Matos et al., 2017; Zélé et al., 2019), although the latter may be due to the fact that the most common endosymbionts in spider mites (Wolbachia, Rickettsia, Cardinium, and Arsenophonus) were not present in the studied spider mite populations (Santos-Matos et al., 2017). Additionally, many microbial genes have been discovered within the T. urticae genome. These genes have different biochemical functions, such as the potential biosynthesis of pantothenate or vitamin B5 (Wybouw et al., 2018). Given that this vitamin is essential for the biosynthesis of for instance fatty acids and peptides (Kleinkauf, 2000), this hints at a deep evolutionary significance of endosymbionts in T. urticae adaptation.

We here aimed to elucidate the role of the bacterial component of the microbiome of T. urticae in the host’s adaptation to novel resources (i.e., host plants) using experimental evolution. More precisely, we (1) investigate the heritability of the spider mite-associated bacterial communities by looking at the relative effects of host plant and spider mite line on the bacterial communities and (2) study the relationship between the performance of the spider mite host on the different plant species and the bacterial composition. Adaptation of the spider mite host in our study does not refer to genetic adaptation, but to an overall improvement in host performance, which could be explained by the host-associated bacterial communities as well. The use of the microbiome as a fast-response mechanisms to changes in the environment has also recently been suggested (Voolstra and Ziegler, 2020).

From a single ancestral population, we created genetically depleted lines of T. urticae. These lines originated from one generation of mother-son mating and were therefore not homozygous inbred lines. We also created mixed lines by placing individuals from different genetically depleted lines together. On the one hand, the use of genetically depleted lines minimizes the chance for genetic adaptation (due to lower genetic variation) and increases the possibility to detect signals of adaptation via the microbiome, while on the other hand, the increase in genetic variation in the mixed lines will enhance the opportunity for genetic adaptation. These lines were transferred onto their initial host plant and two challenging novel resources for 150 days (about 12 mite generations). Performance on the host plants was recorded at several time points and the bacterial component of the mite microbiome was assessed after 150 days via high throughput sequencing of the V3-V4 region of the 16S rRNA gene.

While we only found a minor role for spider mite ancestry and host plant in determining the bacterial component of the mite microbiome, we report a substantial correlation between the total performance (i.e., fecundity and longevity) of the spider mite lines on the novel resources and the composition of bacterial communities associated with these lines.



MATERIALS AND METHODS


Model System: Spider Mites and Plants

The two-spotted spider mite Tetranychus urticae Koch, 1836, is a model organism that is widely used in evolutionary experiments due to its well-known biology, small body size, high fecundity and short generation time (Bitume et al., 2013; Magalhães et al., 2014; Rodrigues et al., 2016; Alzate et al., 2017, 2019; Bisschop et al., 2019). Here, we used a stock population that was created by assembling different inbred lines that were created by Bitume et al. (2013) in August 2015. The initial collection of the stock population dates back to October 2000 when mites were collected from roses near Ghent, Belgium. The stock population has always been maintained on bean plants, Phaseolus vulgaris Prelude, at 18:6 L:D (light dark cycle) and 25°C. We here tested adaptation to novel host plants, cucumber Cucumis sativus Marketmaker, and tomato Solanum lycopersicum Moneymaker. We used two-week-old bean plants, four-week-old cucumber plants and six-week-old tomato plants. The ages of the host plants were chosen based on a previously performed pilot study to provide similar amounts of resource per plant species to the spider mite populations. Plants were grown in controlled greenhouse conditions at 28°C under 12:12 L:D and watered three times a week.



Creating Genetically Depleted Lines to Allow for Testing the Effect of Host Ancestry

We sampled 20 deutonymph females from the stock population in January 2017 and created genetically depleted spider mite lines by placing each deutonymph female separately on bean leaf cuts and fertilizing her with her own sons resulting in one mother-son mating (T. urticae only produced haploid male offspring as they did not mate before; Figure 1.1). We want to emphasize that this procedure was followed to reduce the impact of genetic variation on adaptation, and not to create entirely homozygous inbred lines. Out of these 20 lines, we selected the nine lines that were best growing after two generations and maintained them on bean plants at 25°C and 18:6 L:D. These nine lines were subjected to microsatellite analysis and bacterial community analysis using denaturing gradient gel electrophoresis (DGGE, Pereira Silva et al., 2012). The six most different lines, both in terms of their genome and bacterial community composition (see Supplementary Materials and Methods S1) were then selected to ensure sufficient genetic and microbial variation across lines (from here-on the different genetically depleted lines are numbered as lines 1 to 6).
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FIGURE 1. Overview figure of the performed experiment. The experiment started from a stock population of Tetranychus urticae on bean plants of which 20 deutonymph females were sampled to create genetically depleted lines. (1) The genetically depleted lines were derived from one mother-son mating from each of the 20 unfertilized female; the six most diverse lines were chosen for the experimental evolution (based on microsatellites and DGGE); three lines were combined for two mixed lines. (2) Each of the eight lines was subjected to experimental evolution on their initial host plants (two bean islands consisting of six plants each) and two novel host plants (two cucumber and two tomato islands consisting of six plants each) for 150 days. (3) Performance tests were performed after 0 and 150 days by transferring one deutonymph female and one male together to a leaf cut (six replicates) and counting the number of eggs after 6 days (i.e., fecundity) and the survival (i.e., longevity). (4) The bacterial component of the microbiome was measured via 16S rRNA sequencing after 150 days of experimental evolution.




Design of Experiment: A Scenario for Local Adaptation

Each genetically depleted spider mite line was transferred to two bean “islands,” two cucumber “islands” and two tomato “islands” with an initial population size of 60 adult females on each island (Figure 1.2). These islands were groups of six plants maintained in separate open boxes with sticky paper at the bottom and Vaseline at the sides to prevent contamination between the populations. Besides the six original lines, two additional lines were created by mixing 20 adult females from lines 1, 2 and 3, and lines 4, 5 and 6, respectively (hereafter referred to as lines 7 and 8). This allowed us to study the effect of the level of standing genetic variation, because these mixed lines were genetically more diverse. For logistical reasons, the experiment was divided into two batches that were run 1 month apart from each other. The first batch contained lines 1, 2 and 3 and its mixed line 7; the second contained lines 4, 5 and 6 and its mixed line 8. This resulted in a total of 48 islands or 24 islands per batch (six islands per spider mite line and another six islands per mixed line) that were divided among three climate rooms under the same conditions (25°C under an 18:6 l:D photoperiod). Every week, two fresh plants were placed in the middle of the island, while the two oldest plants were removed. We chose this refreshment method to minimize selection for dispersive phenotypes and make sure that all older plants were touching the fresh ones.



Testing Performance on Different Hosts Plants

The performance tests (measurement of the two fitness proxies: fecundity and longevity) were at the start (day 0) and at the end of the experiment (day 150; Figure 1.3). At the start, 18 quiescent female deutonymphs and 18 adult males per genetically depleted line were sampled from bean plants. Pairs consisting of one quiescent female deutonymph and one adult male were separately placed on six leaf cuts (2 × 3 cm; within a Petri dish with wet cotton and bordered by paper strips) from each of the three different plant species (bean, cucumber, and tomato plants). At the end of the experiment, the same procedure was followed, but pairs of quiescent female deutonymphs and adult males were only placed on leaf cuts from the same plant species as the experimental island they were collected from. These Petri dishes were kept under the same climatic conditions as the experimental islands (25°C and 18:6 L:D).

Fecundity was measured by counting the total number of eggs and larvae 6 days after maturation of the female (Alzate et al., 2017, 2019). In case the quiescent deutonymph female did not reach maturity, she was replaced by another quiescent deutonymph with a maximum of three replacements. Longevity was counted as the number of days the female was alive with a maximum of 12 days. This maximum was imposed because after 12 days the influence of the decay of the leaves on longevity might be too large. The adult females were checked daily and, when possible, saved from unnatural deaths such as drowning in the cotton. In the case of an unnatural death or the individual was still alive after 12 days, it was censored from the survival data: when this happened before the sixth day, the data points were excluded from the fecundity data (because fecundity was measured on the sixth day, later drowning did not affect the outcome). Due to the possibility of unnatural deaths or quiescent deutonymph females not reaching maturation, the number of replicates per time point and plant species was not equal among all genetically depleted lines. The largest discrepancy in number of replicates for performance was between plant species, for instance less replicates on tomato plants than on bean plants, which matched the difficulties of the novel host plants (overview in Supplementary Figure S1).

In many studies investigating genetic adaptation juvenile and maternal effects are standardized by placing the individuals for two generations under common garden (Magalhães et al., 2011; Kawecki et al., 2012). We deliberately did not do this, because two additional mite generations on a benign host plant (as is usually done, see Alzate et al., 2017, 2019; Bisschop et al., 2019) might disrupt the signal of the microbiome due to the very short microbial generation times. This makes it impossible, however, to distinguish maternal effects from microbiome effects.



Investigating the Internal Microbiome (Sampling, DNA Extraction, Sequencing, and Data Processing)

At the end of the experiment (after 150 days), we sampled 80 adult females per replicate for the microbiome (which was necessary to get sufficient DNA), and we aimed to take five replicates per island (Figure 1.4). Sampling was done by sucking adult females from the plants onto a filter using a small vacuum pump. The mites were then transferred into an Eppendorf tube. The samples were directly frozen at −25°C. We intended to also collect samples at the start, but only have data from four genetically depleted lines, due to failed sampling (i.e., too small population sizes), DNA extractions, or low numbers of sequencing reads. A comparison between the initial and final samples for those four lines can be found in Supplementary Figure S2.

After sampling, the mites were surface-sterilized with ethanol: we submerged the mites in 0.5 ml 90% ethanol for 20 min, removed the ethanol, washed four times with 0.2 ml sterile distilled water (centrifuge in between washes for 1 min at 1,000 g). Then, the mites were crushed in the 0.1 ml of sterile distilled water leftover from the last washing step. The crushing was performed using sterile pestles, powered with a cordless pellet mixing motor. The crushed mites were then transferred into powerbead tubes from the DNeasy PowerSoil kit (Qiagen). DNA was extracted according to the manufacturer’s protocol with two additional steps: (1) to enhance crushing of bacterial cell walls, 0.25 gr of 0.1 mm glass beads were added to the powerbead tubes, and (2) the bead beating face was elongated to two times 10 min instead of two times 5 min.

The resulting DNA was quantified using the Quant-iT™ PicoGreen™ dsDNA Assay kit following the manufacturer’s protocol, in order to standardize the amount of DNA used in the following PCR protocol. From each sample, bacterial community composition was determined by using 2.5 ng DNA as the template in a PCR reaction targeting the V3-V4 region of the 16S rRNA gene; PCR protocol and primer sequences for the first PCR are given in Supplementary Materials and Methods S2. After the first PCR, the quantity of the DNA was estimated using the Eurogentec SmartLadder MW-1700-10 during gel electrophoresis (1% agarose gel at 100 V for 40 min); it was necessary to keep track of the quantity to ensure enough DNA for sequencing (35 μl of 30 ng/μl). In most cases, the requirements were not met after a first PCR and hence additional PCRs from the same initial sample were performed starting with the same initial amount of DNA (average was three PCRs per sample). We did not start the second PCR from the previous PCR product as that would amplify errors introduced by PCR. The samples of the different PCRs were pooled per sample and purified using the QIAquick PCR Purification kit (QIAGEN). Library preparation, Illumina MiSeq (2x250bp) sequencing and demultiplexing were performed by INRA Science and Impact (GeT-PlaGe platform of GenoToul, INRA Auzeville).

After demultiplexing, the data were preprocessed using QIIME2 version 2017.12, denoised, amplicon sequence variants (ASVs) determined with DADA2 (Callahan et al., 2016) and primers were trimmed (max. sequence lengths for forward and reverse reads were set at 300 bp). A MAFFT alignment (Katoh et al., 2017) of the ASV sequences was made, which was used for constructing a phylogenetic tree using FastTree (Price et al., 2009, 2010). We used the 97% identity GreenGenes 13_8 reference database (DeSantis et al., 2006) for 16S rRNA for a taxonomy table. The resulting sequence table, phylogenetic tree, and taxonomy table were merged into a phyloseq object in R. Singletons were removed from the samples and all datasets were rarefied before analyzing to an even depth of minimum 24,712 (based on the number of reads per sample and the rarefaction curves; Supplementary Figure S3). We used five different random seeds for the rarefaction to limit influences from sampling bias. This was especially necessary as many of the reads were absorbed by a single family, which created a long tail of rare diversity in our microbial community, and hence a potential sampling bias during rarefaction. At this point, 148 samples were present with ASV numbers between 1,126 and 1,148. More microbiome samples were available in the rarefied datasets for bean, than for cucumber and tomato, the numbers were 73, 46, and 29, respectively (an overview of the number of samples per line and plant species is given in Supplementary Table S1). The main reason for this discrepancy is the smaller population sizes on cucumber and tomato as well as the fact that certain lines did not survive on cucumber (line 1) and tomato (lines 1 and 3).



Data Analysis

The analyses below are divided in three sections: (1) the exploration of the bacterial communities within the spider mites, i.e., host-associated bacterial communities (the influence of the spider mite line and plant species on the alpha and beta diversity of the bacterial communities), (2) the investigation of the performance tests which include fecundity and longevity of the spider mites themselves, and (3) the relation between the bacterial communities (both alpha and beta diversity) and the performance of the spider mites.


Host-Associated Bacterial Communities


Alpha Diversity of Bacterial Communities

To investigate whether alpha diversity of the bacterial communities differed per host spider mite line and plant species, we first calculated three different metrics of alpha diversity for each community: Faith’s phylogenetic diversity, Shannon diversity index, and species richness. We used GLMMs with a lognormal distribution for Faith’s phylogenetic diversity and the Shannon diversity index, and with a negative binomial distribution for species richness. The distribution was chosen based on a goodness-of-fit test using Akaike’s Information Criterion (AIC). The metric for alpha diversity was used as the dependent variable, while the host plant species, host spider mite line, and their interaction were the explanatory variables. The different islands nested within their respective batches were treated as a random variable for the Shannon diversity index and species richness. For Faith’s phylogenetic diversity, the nested random variable induced an overfitting of the model, as the variance was estimated to be zero (Magnusson et al., 2018). Hence, we only considered the island as a random variable for phylogenetic diversity. We performed model selection with stepwise removal of the non-significant variables. The pairwise comparisons were corrected for multiple comparisons with the Tukey method.



Bacterial Community Composition

We used permutational analysis of variance (PERMANOVA; Anderson, 2017; Anderson et al., 2017) to investigate which variable had the largest influence on the beta diversity of the bacterial communities; the host ancestry (different spider mite lines) or the environment (different host plants). To comply with the requirement of homogeneity of multivariate dispersions for each potential grouping variable (tested with betadisper), we were not able to use the abundance-weighted statistics (weighted UniFrac and Bray-Curtis distance) and we only used the unweighted UniFrac distance metric as input in the PERMANOVAs (Bray and Curtis, 1957; Lozupone et al., 2011).

The independent variables were the different spider mite lines, the host plants, and their interaction. The different islands were added as groups within which permutations were constrained (total of 1,000 permutations). We used PCoA plots to visualize the ordination. We furthermore calculated average microbiome dissimilarity values from this ordination by taking the average of the values in the distance matrix.

Furthermore, we investigated the similarities in community structure between the separate and mixed spider mite lines on the different plant species with the Cramer-von Mises test statistic using the libshuff method in mothur v. 1.45.0 (Schloss et al., 2009). This test statistic explores the likelihood of randomly obtaining the same structure. The distance matrices were constructed per batch and per island using the unweighted UniFrac distance metric. We used Bonferroni’s correction for multiple pairwise comparisons.




Performance, i.e., Fecundity and Longevity of the Spider Mites

To investigate differences in fitness proxies per host plant species and host spider mite line, the fecundity and longevity were analyzed with GLMMs (with Gaussian distribution) and Mixed Effects Cox Models, respectively. In both cases, the maximal model consisted of all combinations with the host plant species and host spider mite line. The random variables were the different islands nested within the batches. We selected the model via stepwise removal of non-significant variables. Pairwise comparisons were adjusted for multiple comparisons by using the Tukey method for fecundity and the Benjamini and Hochberg method for longevity.



Relation Between Performance and Microbiome Composition

The link between the performance and bacterial community composition was tested using a Procrustes and a Mantel test (with Pearson correlation method and 9,999 permutations). Distances between mite performance and the distance matrix generated for the bacterial communities per spider mite line (using the unweighted UniFrac metric) were used. This was done for each host plant species separately (i.e., bean, cucumber, and tomato) to rule out major differences based on host plant species. Two different distance metrics were used for the Procrustes and Mantel test: Euclidean distance and Manhattan distance. We performed the tests for the effect on fecundity and longevity simultaneously and for each of them separately (only fecundity or only longevity). For the performance, the mean fecundity and/or longevity was taken per spider mite line. For the matrix based on the bacterial component of the microbiome, the data was merged per line and rarefied based on the number of reads per sample and host plant species; in this way each sample received equal weight in the analyses. We additionally performed the analyses on island level (see results in Supplementary Table S2), but for seven islands we only had one or two samples from the bacterial community (six out of seven on tomato islands) which could create a bias in the results. Hence, we only present results on the level of spider mite line.

We also tested whether the different alpha diversity metrics were related to fecundity and longevity (no direct measurements were possible from the same individuals for bacterial communities and performance measurements). We used GLMMs with Gaussian distribution after transforming the data to obtain a normal distribution (an arc-sine, logarithmic, and Box-Cox transformation on the mean Faith’s phylogenetic diversity, Shannon diversity index, and species richness, respectively). The alpha metric was the dependent variable and the plant species, fecundity/longevity and their interaction as independent variables. The different spider mite lines were used as a random variable.

Statistical analyses were performed in R version 4.1.2 (2021-05-18) and the following R packages: phyloseq version 1.36.0 (Mcmurdie and Holmes, 2013), vegan version 2.5–7 (Oksanen et al., 2020), glmmTMB 1.1.1 (Brooks et al., 2017), emmeans 1.6.1 (Lenth, 2021), fitdistrplus 1.1-5 (Delignette-Muller, 2015), coxme 2.2–16 (Therneau, 2020), bestNormalize 1.8.0 (Peterson, 2019). The R code is made available as Supplementary Material.





RESULTS


Host-Associated Bacterial Communities


General Overview

Out of the six spider mite lines created for this study, one line did not survive on tomato, and another line did not survive on both cucumber and tomato. For the surviving lines, we found between 1,126 and 1,148 ASVs with an average of 1,141 ASVs depending on the seed used during rarefaction. Most of this microbial diversity was found exclusively in the spider mite lines that had been put on bean plants, the ancestral host plant of the spider mite stock population. After correcting for the sampling bias (the number of samples from spider mite populations on bean, cucumber, and tomato were 73, 46, and 29, respectively; Supplementary Table S1) by selecting 29 samples per host plant species at random (and repeating this for 2,000 times), the average percentage of ASVs unique to bean, cucumber, and tomato were 41.7%, 27.2%, and 17.2%, respectively, while the average standardized percentage of ASVs common to all host plants was 6.0%. We provide an overview of the different host plants and their unique and shared ASVs in absolute and standardized numbers in Figure 2 (a complete overview of all ASVs per line and plant species is provided in Supplementary Table S3).
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FIGURE 2. Distribution of the amplicon sequence variants (ASVs) over host plant species after rarefaction. The three different host plant species (bean, cucumber, and tomato) are represented with their unique and shared ASVs. Sample sizes per host plant were 73, 46, and 29 (for bean, cucumber, and tomato, respectively); the large, bold numbers are standardized for this sampling bias by selecting at random 29 samples (repeated 2,000 times) for each plant species. The smaller numbers are the absolute numbers of ASVs. All numbers are averaged over the seeds.




Alpha Diversity of Bacterial Communities

We used three diversity indices to quantify the alpha microbial diversity: Faith’s phylogenetic diversity, Shannon diversity, and species richness (Supplementary Figure S4; Supplementary Tables S4–S9). The results were consistent across the different random seeds used in rarefaction for microbial diversity. In general, spider mite line 5 had a higher alpha diversity than spider mite lines 1, 2, and 7 for Faith’s phylogenetic diversity and species richness. The spider mites’ host plant species could not explain the microbial variance found in alpha diversity and was not included in the most parsimonious model. Although the number of ASVs varied strongly between host plants, as reported above, we did not observe significant differences in the bacterial diversity between the samples from the different host plant species. We visualized this in Figure 3; where a large difference in species richness was found between host plant species when reads from all samples were pooled together, but, if individual samples were compared, the diversity did not differ among plant species. The mixed lines (line 7 and line 8) did not show a higher or lower microbial diversity than the genetically depleted lines, except for the significantly lower alpha diversity of line 7 compared to spider mite line 5 (Supplementary Figure S4).
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FIGURE 3. Alpha diversity among the different host plant species. The colored violin plots present the phylogenetic diversity, Shannon diversity, and species richness found per sample on the different host plant species. The black dots show the diversity from the total number of ASVs found in all the samples together (from 73, 46, and 29 samples for bean, cucumber, and tomato, respectively), while the white violin plots are standardized for the number of samples to prevent sampling bias (selection of 29 samples for each plant species, repeated 2,000 times). The black dots and white violin plots correspond to the absolute and standardized number of ASVs in Figure 1, respectively.




Bacterial Community Composition

Analyses of bacterial community composition revealed a high abundance of Rickettsiales, mostly those belonging to genera Wolbachia and Rickettsia (Supplementary Figure S5). The significantly lower abundant orders that followed were the Xanthomonadales, Saprospirales, Enterobacteriales, Burkholderiales, and Actinomycetales (Figure 4). Despite the vast abundance of the Rickettsiales, they only comprised between 86 and 89 ASVs or between 7.6 and 7.8% (depending on the seed) of the total number of ASVs after rarefaction, indicating low genetic variability among Rickettsiales.
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FIGURE 4. Taxonomy of the microbiome at the order level (the Rickettsiales are excluded from the figure for better visualization) per spider mite line and plant species. The most abundant taxonomic orders are Actinomycetales, Burkholderiales, Enterobacteriales, Saprospirales, and Xanthomonadales. A figure including Rickettsiales is provided in Supplementary Figure S5.


The relatively low R-squared values from the PERMANOVA analyses indicated that a large amount of variation in the microbiomes of the spider mites remains unexplained by the tested variables (on average only 7.8%, 1.9%, and 6.7% for host ancestry, plant species, and their interaction, respectively, was explained, Table 1), which may explain the absence of clustering in the PCoA plot (Figure 5; Supplementary Figure S6). While for all data sets the host-associated bacterial communities were significantly determined by host ancestry, only one out of five seeds revealed significant results for plant species (Table 1).



TABLE 1. PERMANOVA output for the unweighted UniFrac.
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[image: Figure 5]

FIGURE 5. (A) PCoA plots based on the unweighted UniFrac, colored by plant species. The different plots represent the different spider mite lines under the same ordination. The PERMANOVA showed that only little of the variation is explained by the ancestral line and the host plant. Here, the result for one rarefied dataset is presented, but the plots from the other seeds used in rarefaction are in Supplementary Figure S6. (B) Average microbiome dissimilarity values per spider mite line based on the ordination of the PCoA plots. The results show the overall dissimilarity per spider mite line, the dissimilarity within a certain spider mite line and plant species, and the overall dissimilarity per host plant species. The interval includes all values for the different random seeds used in rarefaction.


The average community dissimilarities showed the largest variation in composition across plant species for spider mite line 3, followed by lines 8 and 5 (on average 0.691, 0.634, and 0.628, respectively), whereas the lowest variation was found for spider mite line 1, followed by lines 4 and 6 (average microbiome dissimilarity of 0.548, 0.572, and 0.572, respectively). Although the average microbiome dissimilarity for the samples from the mixed line 8 was rather large, we did not see strong differences between the genetically depleted lines and the mixed lines. In general, the variation in bacterial communities associated with the spider mites living on cucumber plants was smaller (average microbiome dissimilarity of 0.598) than with those living on the other two plant species (0.609 and 0.640 for tomato and bean, respectively; Figure 5).

The Cramer-von Mises statistic revealed no consistent significant results (Supplementary Table S10) among the different rarefied datasets, indicating that none of the microbial communities were more similar to each other than could be explained by chance. Hence, the mixed lines were not more similar to a single spider mite line.




Spider Mite Performance

The fecundity assessed on bean plants was initially significantly higher than the fecundity on tomato plants for all the different spider mite lines (Figure 6; Supplementary Figures S7, S8; Supplementary Table S11). This changed at day 150 when mites living on bean and those living on tomato for lines 2, 3, and 4 showed a similar performance (Supplementary Figure S7). These particular spider mite lines thus achieved the same fecundity on tomato plants as on the ancestral bean plants. Fecundity on cucumber was initially intermediate between bean and tomato; only individuals from line 1 (t = 3.861 and p = 0.0233) had a significantly lower fecundity on cucumber than on bean plants. After 150 days lower fecundity on cucumber than on bean was observed for line 4 (t = 4.285 and p = 0.0054), line 5 (t = 8.133 and p < 0.0001), and line 6 (t = 3.951 and p = 0.0182). Different replicates from the same spider mite line obtained similar fecundity after 150 days (Supplementary Figure S8). Regarding longevity, the longest living individuals were from the populations living on cucumber, while the shortest survival probabilities were observed in the tomato populations (Figure 6; Supplementary Figure S9; Supplementary Table S12). Individuals from lines 2 and 7 had a low survival probability overall. Different replicates for the same lines showed the same trend for longevity (Supplementary Figure S8). The mixed lines did not perform better than the genetically depleted lines in terms of longevity or fecundity.
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FIGURE 6. Spider plots from different lines with all measured fitness proxies (day 150). Different circles represent different spider mite lines. Line 7 is shown after line 1, 2, and 3 as it is their mixed line and the same holds for line 8 that is shown after line 4, 5, and 6. Within each circle the dots are the relative fecundity (fec) or longevity (long) on the different host plants (B is bean, C is cucumber, and T is tomato) that is scaled against the maximum value found for that trait. The larger the colored surface within the circle, the larger the adaptive potential of that line.




Relation Between Performance and Microbiome Composition

All results were consistent across the different random seeds used in rarefaction, except the results where the performance matrix was created only from longevity; only for some seeds significant correlations were found on tomato. We found a strong correlation between the difference in performance of the spider mite lines and the difference in their microbiome on the two novel host plants (cucumber and tomato) based on the fecundity and longevity data combined (Table 2). This relation was not found on their initial host plant (bean) alone. A significant relation on both novel host plants was also found if only fecundity was considered. However, if only longevity was considered, the relation with the microbiome composition on cucumber plants disappeared. The significance for longevity on tomato plants depended on the ASVs that were sampled during rarefaction (i.e., the used seed).



TABLE 2. Relationship between spider mite fitness proxies and microbiome community structure, using Procrustes and Mantel tests.
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On the one hand, we discovered a significant positive correlation between mean fecundity and Faith’s phylogenetic diversity (trend = 0.1370 ± 0.0485, t ratio = 2.826, and p = 0.0083) and between fecundity and species richness (trend = 0.1289 ± 0.0484, t ratio = 2.665, and p = 0.0123) on bean. On the other hand, we found a significant negative correlation on cucumber for Shannon diversity index (trend = −0.1242 ± 0.0572, t ratio = −2.172, and p = 0.0379) and species richness (trend = −0.1166 ± 0.0559, t ratio = −2.084, and p = 0.0457). No significant interactions were found between alpha diversity and longevity (Supplementary Figure S10).




DISCUSSION

We used experimental evolution to gain insights into the role of the microbiome in adaptation of the host to new resources. We here studied adaptation to host plants from the perspective of fitness maximization, including genetics and plasticity through interaction with microbiomes. Our results show a potential importance of the microbiome for adaptation of spider mites to novel food sources, and suggest that while both host ancestry and plant host environment may contribute to shaping the microbiome, these factors only explain a small part of the variation in the microbiome composition. In general, we did not discover large discrepancies between the mixed and genetically depleted lines. On the one hand, this might be because the genetic diversity provided in the mixed lines was still rather low for a good comparison: the genetically depleted lines were made from a population that had been maintained for many generations in the lab, meaning that the genetic diversity among spider mite lines was potentially low. On the other hand, this could be due to outbreeding depression. The genetically depleted lines were preselected to obtain the most different lines based on the bacterial part of their microbiome and genome. Mating these lines could potentially lead to heterozygote disadvantage and the break-up of coadapted gene complexes and epistatic interactions (Price andPrice and Waser, 1979; Peer and Taborsky, 2005).


Influence of Experimental Evolution on Performance

Before the evolutionary experiment, the fecundity of the spider mites on tomato leaves was significantly lower for all genetically depleted lines compared to their fecundity on bean leaves (Supplementary Figure S7). After 150 days of evolution, some lines (lines 2, 3, and 4) managed to obtain an equal fecundity on tomato and on bean, even though all lines were genetically depleted. Interestingly, this was not found for the mixed lines; the performance on tomato was still significantly lower than on bean. We expected that mixing or outbreeding of lines would lead to an increase in fitness. However, under certain conditions, an outbreeding depression resulting in lower fecundity, is likely (Price and Waser, 1979; Peer and Taborsky, 2005). Indeed, the two-spotted spider mite is a haplodiploid species with fast exponential growth followed by population collapses, indicating higher chances for sibling mating and prolonged inbreeding. It is therefore probable that the species is better protected against inbreeding depression than outbreeding depression (e.g., via purifying selection on recessive deleterious alleles). In fact, a study of Tien et al. (2015) found no negative effect of inbreeding on oviposition rate in T. urticae anymore at an inbreeding coefficient, F, of 0.5 (i.e., selfing).

Adaptation of T. urticae, which was maintained on a single host plant for many generations in the lab, to tomato plants has been observed in previous research as well (Magalhães et al., 2007; Alzate et al., 2017). We expected tomato plants to be challenging host plants due to their induced responses and glandular trichomes (Lucini et al., 2015; Godinho et al., 2016). The differences among lines was not surprising as intraspecific variation within T. urticae has been found to result in different responses to plant defenses; some lines may induce defenses to which they are susceptible, others induce but are not susceptible, while certain lines may suppress defenses (Kant et al., 2008). The fecundity on cucumber plants was initially intermediate between the fecundity on bean and tomato, but not significantly different from the bean leaves. Only line 1 had a significant lower fecundity on both novel host plants and did not survive the evolutionary experiment on the novel host plants.

Longevity was highest on cucumber plants, followed by bean and tomato (Fig. S9). The higher mortality on the hostile tomato plants was expected, but longer lifetimes on cucumber were unanticipated. Also, no interaction effects between spider mite line and host plant species were found, which indicates that certain spider mite lines survived longer but independently of their host plant species.



Effect of Host Ancestry on the Bacterial Communities

The bacterial communities associated with our focal species are partly horizontally transmitted from the plant environment, but also inherited from parents to offspring, given the significant effect of the spider mite line on microbiome composition in the PERMANOVA. Heritability of microbiomes ranges from entirely faithful as seen in intracellular infection of oocytes to completely unfaithful in for instance marine sponges (Bruijning et al., 2022). This flexibility could be beneficial to create variable microbiomes for rapidly changing environments or for different life stages (Henry et al., 2021; Bruijning et al., 2022).

Many microorganisms, such as Wolbachia spp. and Rickettsia spp., are intracellularly transmitted in the egg cytoplasm (Hong et al., 2002; Veneti et al., 2005; Zilber-Rosenberg and Rosenberg, 2008). We found a high abundance of these commonly found bacteria in our populations of T. urticae, which could explain the importance of host ancestry to microbiome composition. It is, however, possible that also other ASVs were vertically transmitted, particularly because the distance metric we used (unweighted UniFrac) does not take abundance into account and only on average 7.7% of all ASVs belonged to the Rickettsiales family. While spider mites reproduce by laying eggs, it is unknown whether the surface of the eggs is a transgenerational carrier of bacteria. This is known for some, yet unsupported for other species (Romero and Navarrete, 2006; van Veelen et al., 2018).

Although the contribution of host ancestry to microbiome composition was significant, it was very small, which may be due to the fact that individual lines were created from the same population. The used mite strains already persisted for more than 40 generations and had been feeding on the same host plant species for more than 400 generations. Such co-feeding does not necessarily lead to transfection or homogenization of the microbiome (Oliver et al., 2010). The (albeit small) contribution of ancestry indicates that certain microorganisms may have been vertically transmitted, but another option is a strong filter of the genetically depleted spider mite line creating microbial differences between individuals.

We aimed to provide results from the initial bacterial communities of the different lines, but only have data from four spider mite lines due to low population sizes and failed DNA extractions. On the one hand, two spider mite lines (lines 1 and 6) seem to be less affected by the host plant species or the measured time point (Supplementary Figure S2), which could indicate a more stable bacterial community. On the other hand, the other two lines show a small shift due to host plant species (line 2) or both time and host plant species (line 4; Supplementary Figure S2). Interestingly, these latter two lines obtained a similar fecundity on tomato compared to their initial host plant after the experimental evolution, while this did not happen in lines 1 and 6 (Supplementary Figure S7).



Effect of Host Environment (Host Plant Species) on the Bacterial Communities

The standardized number of ASVs found in bean plants was higher than the ASVs in the novel host plants, cucumber and tomato (Figure 3). Especially the small number of shared ASVs may indicate a strong environmental filter for each host plant (Diamond, 1975; Takeuchi et al., 2015). Besides, an indirect influence of the host plant species on the microbiome variation is likely due to differences in spider mite population sizes and inbreeding. Indeed, lower numbers of ASVs on tomato plants could be linked to the smaller population sizes on these host plant species.

In our study, the plant species plays a minor role in shaping the microbiome: as, on average, only 2% of the total variation was explained by host plant species in the PERMANOVA. Acquiring bacteria through the environment from other members in the community is known to occur frequently (Oliver et al., 2010; Henry et al., 2013) and is a potential advantage for adaptation. In contrast to genetic adaptation, acquiring microorganisms might even happen throughout an individual’s life (Zilber-Rosenberg and Rosenberg, 2008). An example of such horizontal transmission can be found in aphids, where horizontally transmission occurred by feeding on a diet including symbionts, potentially aided by the sugar-rich liquid or honeydew (Darby and Douglas, 2003). A similar horizontal transmission is possible in spider mites through foraging close to fecal pellets or co-feeding from plant tissues (Chrostek et al., 2017). An example of this plant-mediated transfer has for instance been found for Cardinium in aphids (Gonella et al., 2015).



Bacterial Communities Correlate With Spider Mite Performance

The difference in bacterial diversity between lines was clearly associated with the difference in mite fecundity and their overall performance (fecundity and longevity) on the two novel host plants. Fecundity and alpha bacterial diversity also showed to be related. We therefore dare to suggest that the microbial community is not just transient, but that it could play a role in the life history traits of the host. More importantly, as there was no correlation between the genetic distances and differences in performance between spider mite lines (Supplementary Table S13), this result may be independent of the genetic background of the mites. Alternatively, it is also possible that both the microbiome and the performance of the mites respond to parts of the host genome that were not screened with the microsatellites. More research is necessary to further unravel the influence of the genetic background and microbiome on spider mite adaptation. Despite the fact that we obtained similar results for fecundity and longevity for the different replicates within the same spider mite line (see Supplementary Figure S8), we cannot rule out drift effects. However, drift may lead to evolution, but rarely to adaptation. We therefore believe that the correlation between the microbial composition and performance is not the result of drift.

The large abundance of Rickettsiales in our samples may partly explain the relation between performance and the microbiome composition. Endosymbionts such as Wolbachia (belonging to the Rickettsiales), Cardinium, and Spiroplasma have been found to inconsistently alter mite performance and plant resistance (Staudacher et al., 2017). Also, Wolbachia might help or hinder mite performance which strongly depends on the host plant (Zélé et al., 2018b). Interestingly, Wolbachia has been observed to be most prevalent on bean and to hamper performance on Solanaceous plants (Zélé et al., 2018b). This could explain why we found such high Wolbachia abundances in our populations, which had been maintained on bean for more than 400 generations, and also why two spider mite lines failed to survive on the tomato plants. To further determine the role of the Rickettsiales, we redid the analysis including only the reads from this specific order. We found no consistent correlation between performance and this subset of the bacterial composition (Supplementary Table S14), which shows the potential importance of the other orders in the microbiome. Identifying which specific genera or species play a role in spider mite performance on novel host plants will be a fascinating area of exploration, and future studies should investigate this research topic.

Besides Rickettsiales, Enterobacteriales might also affect the performance of the host. This was the fourth most abundant order in our samples. In aphids some bacteria from this order seem to be important for defense against fungi (e.g., Regiella insecticola) or parasitoids (e.g., Hamiltonella defensa; Oliver et al., 2005, 2010; Scarborough et al., 2005; Łukasik et al., 2013; Weldon et al., 2013; Dykstra et al., 2014; Oliver and Higashi, 2019). Facultative symbionts are known to both interfere with and promote reproduction, and boost survival (Oliver et al., 2010). For instance, some Wolbachia strains have been reported to decrease fecundity in T. urticae (Vala et al., 2003), but in the same study no influence on longevity was found. However, we did find some influence of the microbiome on longevity of T. urticae, what leads to three potential alternatives for this discrepancy: (i) Wolbachia may not be causing the described effect, (ii) the influence of the host plant species as we mainly saw an effect on tomato plants and the former study was conducted on cucumber plants, or (iii) the tetracycline and heat treatments used (Vala et al., 2003) for clearing the mites of Wolbachia infection might have partly affected other components of the microbiome.

It is interesting that we find relationships between difference in performance (fecundity and longevity) between lines and difference in microbiome composition on the novel host plants, but not on the ancestral plant species. Because these spider mite populations have been reared on bean plants for over 400 generations, the most drastic improvements to their fitness and performance on bean plants have likely already occurred. This can explain why no relationship between performance and microbial composition was found on bean plants. Also, the amount of variation in performance found between the lines on bean plants was rather minor compared to the differences in fecundity and longevity found on the other host plants, which makes it difficult to reveal clear signals. Although the overall variation in the bacterial community was larger in bean compared to the novel host plants (as seen in the average microbiome dissimilarities), slight differences in the microbiome may have been beneficial for the adaptation to novel host plants. This suggests that the microbiome could be mainly of importance when adapting to a new environment. Adaptation through the microbiome could potentially provide a rapid response to novel environments when genetic adaptation would be too slow, similarly to how phenotypic plasticity can aid adaptation through “plastic rescue” (Snell-Rood et al., 2018; Fox et al., 2019).

The microbial variation is only partly explained by host genetics and diet, but is to a large extent influenced by other unknown factors. Environmental factors such as temperature and altitude are for instance known to be crucial for the prevalence of endosymbionts in Tetranychus spp. (tested in T. truncates, Zhu et al., 2018), to standardize many factors, we performed our experiments under the same climate-controlled conditions. However, we cannot control for random processes such as drift that may influence assembly processes (Vellend, 2010).

We decreased potential biases in contaminants from host plant species (e.g., phyllosphere microbial communities) by only comparing bacterial communities of spider mite lines reared on the same host plant species. We neither compared the fecundity and longevity of spider mite populations reared on novel host plant species with their performance on the ancestral host plant species. Such a comparison would likely lead to an overestimation of the performance on the novel host plant species, because juvenile and maternal effects could not be standardized in our experiments (i.e., we did not have a two generations common garden given that this would indicate many bacterial generations). Moreover, maternal effects may be stronger in certain populations compared to others which would complicate the interpretation of the results. Hence, we only compare spider mite lines on the same host plants at the same time points.

In conclusion, although the evolutionary interests of the microorganisms might not be entirely in line with those from their host, our results suggest that the microbiome could play a role in the performance of spider mites on novel host plants. The potential effect of the microbiome on its host phenotype linked with the significant influence of host genetics on the bacterial community composition, implies a possible advantage of including microbiome data in heritability studies (Douglas et al., 2020). Furthermore, we found that the composition of the spider mite bacterial communities depends partly on host genetics and on the host’s environment (i.e., the plant it feeds on), but mostly on other, yet unknown, factors. We speculate that founder and priority effects may be important, where the specific bacterial species or even the order of uptake of the bacterial community members influences the final community (Fukami, 2015; Debray et al., 2022); future studies using axenic lines could provide insights. Multiple bacteria could perform similar functions or work together forming functional groups or guilds, hence, guild-based analyses could be meaningful (Wu et al., 2021). Another possibility is the existence of a core group while the other members of the bacterial communities are the result of stochastic or neutral sampling processes. As our study is only correlative, we do not want to take strong conclusions, but advocate that the microbiome should be considered when studying adaptation. Adaptation through the microbiome could be a fast solution under rapidly changing conditions (Snell-Rood et al., 2018).
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Ryegrass silage Ryegrass hay

DM (%NM?2) 25.78 91.50
CP3 (%DM) 8.54 9.36
CF* (%DM) 1.34 1.82
Ash (%DM) 9.91 5.04
NDF® (%DM) 66.62 59.89
ADF® (%DM) 46.94 34.71
Ca’ (%DM) 0.28 0.16
P8 (%DM) 0.22 0.06

1 dry matter; 2 natural matter; 3 crude protein; 4 crude fat; 5 neutral detergent
fiber; 6 acid detergent fiber; 7 calcium; 8 phosphorus.
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Parameters Younger Older P

Edge count 34 11 -
Node count 23 14 -
Diameter 8 2 -
Density 0.134 0.121 -
Average path length 3.590 1.312 =
Normalized degree 0.134 £ 0.072 0.121 £0.072 0.475

centrality (mean £ SD)
Normalized betweenness 0.084 +£0.128 0.004 £0.012 0.016
centrality (mean + SD)

p shows the significance level of Mann-Whitney test on parameters between the
younger and older groups. The p value in bold means <0.05.
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Model: unweighted UniFrac ~ spider mite line * plant species (strata=batch)

of Sum of sqs Fmodel R Pr(>F)
Seed 1 Line 7 2.260 1.655 0077 0.001 wex
Plant Species 2 0571 1.465 0019 0063
Line: Plant 11 1.905 0888 0065 0822
Species
Residuals 127 24.765 0839
Total 147 29.501 1.000
Seed 2 Line 7 2370 1.719 0079 0.001 e
Plant Species 2 0597 1513 0020 0045 *
Line: Plant 11 2,058 0949 0068 0650
Species
Residuals 127 25,025 0833
Total 147 30.050 1.000
Seed 3 Line 7 2345 1.723 0079 0.001 e
Plant Species 2 0540 1.388 0018 0077
Line: Plant 11 2,006 0938 0068 0679
Species
Residuals 127 24.701 0835
Total 147 20,593 1.000
Seed 4 Line 7 2416 1774 0081 0.001 e
Plant Species 2 0550 1.413 0019 0073
Line: Plant " 1.981 0.925 0.067 0.747
Species
Residuals 127 24713 0833
Total 147 20,660 1.000
Seed 5 Line 7 2.251 1,652 0076 0.001 e
Plant Species 2 0553 1.419 0019 0076
Line: Plant 11 1.980 0925 0067 0.765
Species
Residuals 127 24.729 0838
Total 147 20513 1.000

A-E: the different results are from the five different random seeds for rarefaction to prevent sampling bias of the ASVs. Depending on the selected ASVS, ancestral line and host plant
significantl influence the microbiome. Overall only a small amount of the total variation is explained (R ~ 0.17) and most of each s explained by the ancesitral spicer mite line

(R = 0.08). Values in bold are considered significant as they are lower than the conventional p-value of 0.05. The asterisks indicate the level of significance (. p-value < 0.10 and >
p-value < 0.05 and > 0.01, “*": p-value < 0.01 and > 0.001, and ***': p-value < 0.001).
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The distance matrices used for both the Procrustes and the Mantel test measure the diiferences between the microbiome composition of the different spider mite lines on their host plant (bean, cucumber, or tomato) and the
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Fecundity and longevity
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differences between the fecundity, longevity, or both fecundity and longeviy at the last time point (150days). The significant resuts (p-value lower than 0.05) are visualized in bold. For the microbiome distance table, the unweighted

Unifrac was chosen, while for the performance table two different distance measures were used (i.e., Euclidean and Manhattan). The Mantel test was done with 9,999 permutations based on the Pearson method.
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Experiment 1

Farm environment vs. SPF conditions.

Adult B6 mice feralized (Fzd) in pens equipped
with farmyard elements and the presence of
feral mice.

One pen: Male ferals with female B6 (Fzd™)
One pen: Female ferals with female B6 (Fzd")
Duration: 9 weeks

B6 feralized with feral males in pen,

Experiment 2

Farm environment vs. SPF conditions.
Juvenile female B6 mice feralized (Fzd) in
pens equipped with farmyard elements and
the presence of female feral mice.

Duration: 14 weeks

Experiment 3

Seed vs. chow diet in SPF conditions.
Juvenile female B6 mice housed in SPF
cages with either of the two diets:

Chow diet = Rm1 pellets

Seed diet = Wild bird mix plus Rm1 pellets

Duration: 14 weeks

W) seed diet
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> ; ; ; Q I gene expression analyses

cooocooao '

Symbiodinium microadriaticum &%& %&& " physiological validation:
(symbiont) photochemical efficiency (F/Fm’) measurements
aquaria supplied with Mediterranean seawater
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Centre Scientifique de Monaco
genet 1 TR ——— gﬁ! 3 éEE
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Source of variation  df F p

Observed OTUs Sex 1 0.195 0.663
Location 1 2.350 0.140
Sex x location 1 3.879 0.062
Faith's PD Sex 1 0.055 0.817
Location 1 0.268 0.610
Sex x location 1 6.503 0.019
Shannon Sex 1 0.375 0.546
Location 1 14.611 <0.001
Sex x location 1 0.084 0.775
Pielou’s evenness Sex 1 0.326 0.574
Location 1 19.359 <0.001
Sex x location 1 0.892 0.356
Bray—Curtis distance ~ Sex 1 0.648 0.701
Location 1 4177 0.001
Sex x location 1 2.056 0.070
Jaccard distance Sex 1 0.722 0.661
Location 1 3.548 0.003
Sex x location 1 1.576 0.132

The p value in bold means <0.05.
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Food-seeking: Numbers of foraging flies in response to time, sex, and microbiome status (Figure 1).

Fixed effects Chisq Df Pr(>Chisq)
Time 76.37586 2 2.60E-17
Microbiome 11.45179 1 0.000714
Sex 3.554124 1 0.059398
Time:microbiome 2.400064 2 0.301185
Time:sex 9.377775 2 0.009197
Microbiome:sex 5.724997 1 0.016725
Time:microbiome:sex 0.771933 2 0.679793
Oviposition preference: The number of eggs (log-transformed) in response to fruits and microbiome status (Figure 4).

Fixed effects Chisq Df Pr(>Chisq)
Fruit 56.42379 4 1.63E-11
Microbiome 17.29838 1 3.19E-05
Fruit:microbiome 6.531558 4 0.162813
Fruit preference: Fruit choice in response to time, fruits, sex, and microbiome status (Figure 4).

Fixed effects Chisq Df Pr(>Chisq)
Time 28.43574 2 6.69E-07
Fruits 210.3089 4 2.28E-44
Microbiome 8.975631 1 0.002736
Sex 3.605242 1 0.057598
Time:fruits 9.749983 8 0.283014
Time:microbiome 2.03618 2 0.361284
Fruits:microbiome 2.610014 4 0.62505
Time:sex 2.87031 2 0.238078
Fruits:sex 5.548641 4 0.235487
Microbiome:sex 4.322436 1 0.037613
Time:fruits:microbiome 24.03812 8 0.002258
Time:fruits:sex 9.106219 8 0.333415
Time:microbiome:sex 0.268544 2 0.874352
Fruits:microbiome:sex 2.778305 4 0.595583
Time:fruits:microbiome:sex 7.6383 8 0.469575
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