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Introduction

Interactions between the gut microbiome (GM) and the immune system influence host health and fitness. However, few studies have investigated this link and GM dynamics during disease in wild species. Bats (Mammalia: Chiroptera) have an exceptional ability to cope with intracellular pathogens and a unique GM adapted to powered flight. Yet, the contribution of the GM to bat health, especially immunity, or how it is affected by disease, remains unknown.





Methods

Here, we examined the dynamics of the Egyptian fruit bats’ (Rousettus aegyptiacus) GM during health and disease. We provoked an inflammatory response in bats using lipopolysaccharides (LPS), an endotoxin of Gram-negative bacteria. We then measured the inflammatory marker haptoglobin, a major acute phase protein in bats, and analyzed the GM (anal swabs) of control and challenged bats using high-throughput 16S rRNA sequencing, before the challenge, 24h and 48h post challenge.





Results

We revealed that the antigen challenge causes a shift in the composition of the bat GM (e.g., Weissella, Escherichia, Streptococcus). This shift was significantly correlated with haptoglobin concentration, but more strongly with sampling time. Eleven bacterial sequences were correlated with haptoglobin concentration and nine were found to be potential predictors of the strength of the immune response, and implicit of infection severity, notably Weissella and Escherichia. The bat GM showed high resilience, regaining the colony’s group GM composition rapidly, as bats resumed foraging and social activities.





Conclusion

Our results demonstrate a tight link between bat immune response and changes in their GM, and emphasize the importance of integrating microbial ecology in ecoimmunological studies of wild species. The resilience of the GM may provide this species with an adaptive advantage to cope with infections and maintain colony health.
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1 Introduction

All animals host microbial communities (bacteria, viruses, archaea, fungi, protists and their genomes; i.e., microbiome), which significantly affect their biology and evolution (1–4). The microbiome, particularly the gut microbiome (GM), is known to impact host survival by influencing physiology, nutrition and behavior (gut-brain axis (5);). Furthermore, interactions between the GM and the immune system are essential for maintaining host health (5–7). The GM contributes to the development of the host immune system during early life stages, regulates it to maintain gut homeostasis and protects the host from colonization of potential pathogens while enabling the presence of beneficial microbes (6, 7). At the same time, the host immune system can modify GM composition and diversity, ultimately affecting infection dynamics (8–11). However, despite numerous studies on domestic and laboratory animals, only a few studies have investigated GM dynamics during health and disease in wild species, which are constantly exposed to pathogens and environmental changes (12).

Bats (Chiroptera) are a highly diverse order of mammals which are capable of sustained flight, allowing them to inhabit many ecological niches and environments. As such, they are an ideal model system for studying microbiome ecology and evolution (13). The bat microbiome was found to be essential to processes such as food absorption (14), social recognition (15, 16) and pathogen defense (17). However, studies on microbial communities of bats and their role in bat health are scarce compared to studies on the bat virome (5, 13, 18). Recent studies have shown that the bat GM resembles that of birds (i.e., dominated by Proteobacteria), rather than that of mammals (dominated by Bacteroidetes (5, 16)), and that both internal (sex, genetics and physiological state) and external (environment, season and diet) factors influence the bat GM diversity and composition (16, 19–22). Moreover, the bat fur and gut bacterial communities display significant temporal and spatial shifts, which are also synchronized at the colony level (16, 23). Nonetheless, studies on the associations between disease, immunity and GM variability in bats are scarce (11, 24) and the contributions of the GM to bat health remain largely unknown, despite their recognized role as natural reservoirs of several pathogens (5).

In this study, we experimentally investigated the dynamics of the GM of Egyptian fruit bats (Rousettus aegyptiacus) during health and disease, with special focus on its association with innate immunity. Since this frugivorous species lives in large crowded colonies, active transmission of pathogens between individuals is likely common (25, 26), making them good candidates for examining associations between the GM and disease dynamics. We provoked an inflammatory response in bats using lipopolysaccharides (LPS), a component of the outer membrane in Gram-negative bacteria, that induces an acute phase response. LPS has previously been used to induce innate immune responses in R. aegyptiacus and other bat species, with species specific outcomes in term of fever, leukocytosis, body weight loss and elevated levels of the acute-phase proteins, haptoglobin and lysozyme (see (27)). The inflammatory marker haptoglobin was measured and the GM of healthy (control) and immune challenged bats (henceforth, “challenged bats”) was analyzed before the administration of LPS and over a period of 48 hours in order to examine: 1) the diversity and structure of the bat GM following an immune challenge, 2) the associations between the immune response and shifts in the GM, 3) whether GM structure prior to the challenge affects the strength of the immune response and which specific bacterial taxa are responsible for this.




2 Methods



2.1 Study animals

Adult male Egyptian fruit bats (n=26) were captured in June 2020 at a cave colony in Herzliya, Israel. They were examined for ectoparasites and treated topically with carbaryl powder (Opigal, product no. 88000029, Abik, Israel) to reduce parasitic load. After a general health check by an experienced veterinarian, the bats were housed together in an experimental room (245cm × 200cm × 210cm) at 25°C, with a natural dark-light cycle of 12h for four days, in order to acclimate to captivity housing and feeding. Each individual was provided with 150g of diced fruit (banana, apple and melon) daily and uniquely marked for identification using hair bleach on its back.




2.2 Experimental setup



2.2.1 Immune challenge

Individuals were randomly assigned to a control (n=6, hereafter ‘control bats’) and a treatment group (n=20, challenged bats). Challenged bats were injected subcutaneously with LPS from Escherichia coli O111:B4 (L2630, Sigma Aldrich, MO, USA) at a concentration of 2mg/kg bodyweight (0.577 ± 0.144mg) diluted in sterile phosphate-buffered saline (PBS, P5493, Sigma-Aldrich, MO, USA) (28). The experiment (i.e., injection of LPS or PBS) was conducted in two rounds, each consisting of 10 challenged bats and three control bats (total of 13 bats per round). GM and blood samples and body weight measurements were taken for each bat at three time points - pre-injection, 24h and 48h post-injection (Data Sheet S1).




2.2.2 Gut microbiome sampling

The GM was sampled by holding each bat and squeezing the anus to extract a transparent discharge. This discharge was swabbed using sterile culture swab applicators (BD CultureSwab™, BD Biosciences, San Jose, CA) moistened with Ringer’s Solution (AWB2324A, Teva Pharmaceutical Industries Ltd., Israeli). R. aegyptiacus has a relatively short intestine, with no observed cecum or appendix (29, 30), and food transit through the intestine takes about 40 minutes. Thus, the anal discharge is a good representation of the core GM (16). After sampling, the swabs were sealed in their sterile containers and kept at -80°C until DNA extraction.




2.2.3 Blood collection

Approximately 1,000μl of blood was collected via venipuncture with micro container separation gel tubes (BD SST™ Serum Tube with Separating Gel, NJ, USA) from the antebrachial or the wing vein using different locations for each sampling. The blood samples were cooled and centrifuged at 12000×g for three minutes to separate the serum. The serum was then collected and stored at -80°C until further analysis. All individuals were offered mango juice immediately after handling.





2.3 Measuring haptoglobin concentration

In previous studies, bats (including R. aegyptiacus) that received LPS exhibited elevated levels of the acute-phase protein, haptoglobin (see (27)), suggesting that this protein plays a major role in antibacterial and antifungal defense in bats (31–33). Haptoglobin concentration was measured using the “PHASE” TM Haptoglobin Assay (Tridelta Development, Maynooth, Ireland) according to the manufacturer’s instructions, as done in other bat species (31, 34). Briefly, plasma samples were diluted (1:2) with PBS and hemoglobin was added. The peroxidase activity of hemoglobin, which is preserved by being bound to haptoglobin, is directly proportional to the amount of haptoglobin in the sample. Thus, haptoglobin concentrations (mg/ml) were estimated based on the peroxidase activity of hemoglobin, according to the standard curve on each plate.




2.4 Analyses of gut microbiome samples



2.4.1 Molecular analysis and library construction

DNA was extracted from the swabs using the PowerSoil© DNA isolation Kit (MoBio Laboratories, Carlsbad, CA), as recommended by the manufacturer, and stored at −20°C. PCR amplification of the 16S rRNA gene was carried out with universal prokaryotic primers containing 5-end common sequences (CS1-341F 5’-ACACTGACGACATGGTTCTACANNNNCCTACGGGAGGCAGCAG and CS2-806R 5’-TACGGTAGCAGAGACTTGGTCTGGACTACHVGGGTWTCTAAT). A total of 28 PCR cycles were conducted (95°C for 15s., 53°C for 15s, 72°C for 15s) using the PCR mastermix KAPA2G Fast™ (KAPA Biosystems, Sigma-Aldrich). Negative controls were carried out for each PCR assay. Products were verified by agarose gel electrophoresis and stored at -20°C. 16S rRNA amplicon sequencing was performed on an Illumina MiSeq instrument at the Sequencing Core (UICSQC), University of Illinois, Chicago, using a two-stage amplification protocol (35). Sequencing results (pair-ends 2x250 bp) were delivered as FASTQ formatted files.




2.4.2 Sequence analysis and taxonomic identification

The FASTQ files were processed using the DADA2 pipeline (36) in R. Briefly, reads were first trimmed and filtered (command: ‘filterAndTrim’) with the parameters truncLen=c (280,220), maxN=0, maxEE=c(2.2), trimLeft=c (23, 26). Error rate estimation (command: ‘learnerror’) was performed using default parameters, with the randomize parameter set as ‘TRUE’ in order to randomly sample nucleotides and reads for the model building process. Sequencing errors were inferred using the DADA2 algorithm, and forward and reverse reads were merged (command: ‘mergePairs’). Following chimera removal (command: ‘removeBimeraDenovo’), an amplicon sequence variants (ASVs) table was constructed containing 2,649,278 high-quality reads binned in 1,426 ASVs and 78 samples. Taxonomy was assigned using the SILVA 16S ribosomal RNA database implemented in DADA2 (command: ‘assignTaxonomy’; release 138.1 (37);). Sequences which could not be classified (no hit), ASVs assigned to archaea, and those assigned to mitochondria or chloroplasts were removed. Two challenged bats lacking sufficient GM and/or blood sample data for all three time points (pre-injection, 24h and 48h post-injection) were also removed from the analysis, retaining 2,438,779 quality reads binned in 1,235 ASVs and 72 samples (18 challenged and six control bats; Data Sheet S2). The raw sequence data is available at the NCBI database under BioProject accession number PRJNA893867.





2.5 Data analysis

All statistical analyses were performed in R version 4.1.1. To begin, the different metadata variables (haptoglobin, body weight and sampling time) were tested for collinearity using the ‘rcorr’ function (type = “spearman”) in the ‘Hmisc’ R package (Figure S1). Haptoglobin concentration and body weight were compared between control and challenged bats over three sampling times using an Aligned Rank Transform (ART) ANOVA in the ‘ARTool’ R package (38). This non-parametric test was chosen since the haptoglobin data showed no homogeneity of variance (verified by F test) or normal distribution (verified by Shapiro Wilk test).

In order to estimate sampling adequacy, a rarefaction analysis was performed using PAST (39), which indicated sufficient depth of sampling (Figure S2). The data was then rarefied to a minimum sequence depth of 20,000 sequences per sample using the command ‘rarefy’ in the VEGAN R package, in order to avoid sequencing depth-relate bias. This resulted in 69 samples (the samples of an additional LPS bat were removed from the analysis as these contained less than 20,000 sequences per sample) clustered in 1,195 ASVs (Data Sheet S3). Following, diversity (Shannon) and richness (Fisher) indices were calculated for the ASV’s using the ‘diversity’ command in the VEGAN R package and compared between the treatment groups and sampling times using the non-parametric ART ANOVA test (see above).

The relationship between the GM composition, sampling time and treatment group (beta diversity) was examined using a canonical correspondence analysis (CCA). For this purpose, the non-rarefied read data were normalized using the cumulative sum of squares method (CSS) in the metagenomSeq R package (Data Sheet S4). CCA was then performed using the command ‘cca’ in the VEGAN R package, with sampling time and treatment group set as constrained variables, and bat ID set as a conditional variable. A permutation test for CCA (‘anova.cca’) was used to check the significance of the CCA model. To examine the contribution of treatment, sampling time and haptoglobin concentration (and their interactions) to variation in the GM composition, a permutational multivariate analysis of variance (PERMANOVA) was run with 999 permutations using the VEGAN function ADONIS, with bat identity set as a nested parameter. Since sampling time and haptoglobin concentration were co-linear (r=0.64, Figure S1), the PERMANOVA test was performed separately, once for treatment and sampling time, and once for treatment and haptoglobin concentration (treatment × sampling time/bat identity; treatment × haptoglobin/bat identity).

To investigate the relationship between the infection and changes in the GM composition, a Spearman correlation test (command ‘corr.test’ in the psych R package) was performed between ASV and haptoglobin concentration of challenged bats. The Benjamini and Yekutieli (“BY”) multiple hypothesis testing correction method was applied to the results.

To examine whether the strength of the immune response (increase in haptoglobin concentration of bats depends on the composition of their GM prior to the infection, we checked which of the ASVs at time 0h (pre-injection of LPS) could be predictive of the haptoglobin concentration 24h after the injection of LPS (when the shift in the GM composition was most evident). To do so, a cutoff level was determined for haptoglobin at time 24h based on the median concentration - low haptoglobin (i.e., mild immune response) = <7mg/ml and high haptoglobin (i.e., strong immune response) = >7mg/ml. The challenged bats (n=18) were then divided into two groups, exhibiting mild or strong immune responses, based on their haptoglobin concentration at time 24h and a linear discriminant analysis (LDA) effect size (LEfSe) was performed. Only prevalent ASVs (>10% in all samples; 241/1,235) were included in this analysis. The LefSE analysis was performed with CSS normalized counts (cumulative sum of squares method, see above) of ASVs before the administration of LPS (time 0h) against the haptoglobin concentration (high or low) 24h after the administration of LPS, using the online tool Galaxy (version 1.0; http://huttenhower.sph.harvard.edu/galaxy/) with default parameters (without the counts per million transformation). The threshold for the logarithmic LDA score for discriminative features chosen was >2.0.

Finally, we performed a linear decomposition model (LDM) using the LDM package in R (40) to test for the effects of treatment and sampling time on the most prevalent ASVs (>60% of samples). Differences in the relative abundance of the ASVs were detected by the LDM, while controlling false discovery rate (FDR) using the Benjamini and Hochberg method (for results see Data Sheet S5–7).





3 Results



3.1 Bats’ physiological response

Challenged bats (i.e., injected with LPS) showed a significant decrease in body weight and an increase in haptoglobin concentration compared to healthy control bats (ART ANOVA: body weight: time × treatment - F1,44 = 9.827, p<0.001, Figure 1A; haptoglobin: time × treatment - F1,44 = 78.773, p<0.001, Figure 1B; see Table S1), as demonstrated previously (28, 41).




Figure 1 | Physiological responses of bats from the control and treatment (LPS) groups during three sampling times. (A) Body weight. (B) Haptoglobin concentration. Results are presented as mean ± SEM. *p<0.05, ***p<0.001. For full ART ANOVA statistics see Table S1.






3.2 Taxa composition of the fruit bat gut microbiota

Altogether, 1,235 ASVs were identified from 72 anal samples of Egyptian fruit bats (six samples belonging to two bats were lost during the quality control stage, see ‘Sequence analysis and taxonomic identification’ for details). The final reads represented a total of 426 bacterial species, belonging mainly to the phyla Proteobacteria (mean relative abundance of 61% for challenged bats and 59% for control bats) and Firmicutes (mean relative abundance of 34% for challenged bats and 39% for control bats), as observed previously in this bat species (16).




3.3 Gut bacterial community dynamics of challenged bats

The GM composition of challenged bats significantly differed from that of control animals (PERMANOVA: treatment - F=1.733, Df=1, R2 = 0.022, p=0.033, Table 1). This difference was significantly correlated with the haptoglobin concentration (PERMANOVA: haptoglobin - F=2.381, Df=1, R2 = 0.032, p=0.006, treatment × haptoglobin: F=1.030, Df =1, R2 = 0.014, p=0.408; Table 1), but more strongly with sampling time, as revealed by the PERMANOVA test (sampling time - F=2.566, Df =2, R2 = 0.067, p=0.001, treatment × time: F=1.581, Df =2, R2 = 0.041, p=0.031; Table 1).


Table 1 | The effect of treatment (control vs. LPS), sampling time (0h, 24h, 48h) and haptoglobin concentration on the gut bacterial community composition of fruit bats.



To further visualize the relationship between treatment and sampling time on the GM composition of fruit bats, a canonical correspondence analysis (CCA) was performed. The CCA ordination plot showed that the GM samples of challenged bats clearly separated by sampling time (CCA model: F=1.3415, p=0.001; Figure 2). A temporal shift was also evident in the control bats (mostly between the GM samples of times 0h-24h, and the samples of time 48h, Figure 2), in accordance with the previously documented coordinated temporal changes which occur in the gut microbiota of healthy individuals (16). The difference in the GM composition between control and challenged bats was most apparent 24h after the immune challenge (PERMANOVA: 24h - F=3.152, Df=1, R2 = 0.125, p=0.001; Figure 2), whereas the GM was similar between the control and challenged bats prior the LPS injection (0h) and 48h post injection (PERMANOVA: 0h - F=0.732, Df=1, R2 = 0.032, p=0.715, 48h - F=1.178, Df=1, R2 = 0.051, p=0.265; Figure 2). Interestingly, the bats seemed to regain the colony’s group GM composition rapidly, within 48h of the LPS challenge.




Figure 2 | Canonical correspondence analysis (CCA) ordination plot of the relationships between the bat gut bacterial community composition, sampling time (0h, 24h, 48h) and treatment group (control vs. LPS). The CCA revealed that the gut bacterial community composition of bats clustered by sampling time at time points 0h (yellow and green) and 48h (red and purple) and by treatment at time 24h (orange and blue). The first and second canonical correspondence axes are shown. Values in brackets represent the percentage of total variance explained by the axis. Each dot represents a sample (i.e., of an individual at a time point). The average direction of the temporal shift in the bacterial community composition is marked by dashed (control) or full (LPS) arrows with a black star depicting the starting point. LPS, lipopolysaccharides.



In the CCA analysis, treatment and sampling time (constrained variables) accounted for 6.8% of the variance, while bat identity (conditional variable) accounted for 37% of the variance. The first two canonical axes accounted for 52% of the variation observed in the gut bacterial community composition (i.e., 52% of the 6.8% explained variance were due to sampling time and treatment). About 55% of the variance was unexplained by the CCA model (Table S2).

Finally, the diversity (Shannon H’) and richness (Fisher alpha) of the GM composition were relatively similar between control and challenged bats at time 0h (ART ANOVA: Shannon H’ - F1,21 = 0.791, p=0.383, Fisher alpha - F1,21 = 0.521, p=0.478; Tables S3, 4) and showed little change over time, regardless of treatment (ART ANOVA: Shannon H’ - F2,42 = 1.367, p=0.265, Fisher alpha - F2,42 = 1.132, p=0.331; Tables S3, 4).

To investigate the specific changes in the GM composition of bats following the immune challenge, we performed a Spearman correlation test between ASVs and haptoglobin concentration of challenged bats (corrected with BY for multiple hypothesis testing; see Methods section). This test revealed 11 significant correlations (after correcting for multiple comparisons) - nine ASVs that were positively correlated with haptoglobin (i.e., their relative abundance increased with the increase in haptoglobin concentration) and two which were negatively correlated with haptoglobin (i.e., their relative abundance decreased with the increase in haptoglobin concentration; Figure 3). Positively correlated ASVs included the genera Escherichia, Campylobacter, Porphyromonas, Streptococcus, Staphylococcus, Fusobacterium, Veillonella and unclassified Neisseriaceae and Corynebacteriaceae, while negatively correlated ASVs included the genera Weissella and Acetobacter (Figure 3).




Figure 3 | Bacterial ASVs that correlated with the strength of the immune response (haptoglobin concentration) in bats. Matrices show the relative read abundance (RRA) of amplicon sequence variants (ASVs) that correlated with haptoglobin concentrations, at different sampling time points. Only ASVs that presented significant Spearman r values (p adjust value < 0.05) with haptoglobin are presented and their r value is shown on the right. Positive correlations appear at the top of the graph and negative correlations appear at the bottom. The color scale represents the RRA of each ASV. Mean RRA values of ASVs in each time point (line graphs) are presented above each block (control bats – positive and negative correlations, challenged bats – positive and negative correlations). LPS, lipopolysaccharides. Each ASV genus affiliation (where possible) is denoted next to the ASV numbers on the left.



To examine whether the immune response in bats depends on the composition of their GM prior to the exposure to an immune challenge, we checked which ASVs at time 0h were predictive of haptoglobin concentration at time 24h. To do so, an LDA effect size (LEfSe) analysis was performed on data of the challenged bats only, using read counts of ASVs at time 0h (i.e., before the administration of LPS) against the haptoglobin concentration 24h after the administration of LPS (we divided the challenged bats into two groups according to their haptoglobin concentration – above or below the median; see Methods section). A total of nine ASVs were suggested by this analysis as potential predictors of the strength of the immune response (Figures 4, S3). Specifically, bats with high abundances of the genera Enterococcus, Lacticaseibacillus, Acinetobacter, Stenotrophomonas, Gluconobacter, Weissella and unclassified Enterobacteriaceae at time 0h showed reduced immune responses, while bats with a high abundance of the genera Escherichia and unclassified Pasteurellaceae at time 0h exhibited strong immune responses following the injection of LPS (Figure 4).




Figure 4 | Bacterial amplicon sequence variants (ASVs) suggested by the linear discriminant analysis (LDA) effect size (LEfSe) analysis to be potential predictors of the strength of the immune response. ASVs which differed significantly between bats with mild and strong immune responses at time 0h, as confirmed by LEfSe (p<0.05, LDA score>2.0), are presented. The bars are colored according to bat haptoglobin production category 24h after the administration of the LPS challenge, and ASVs predicted to cause a strong immune response are separated from those predicted to cause a mild immune response by a dashed line. Results are presented as mean ± SEM. LPS, lipopolysaccharides.



No overlap was observed at the ASV level between bacteria that correlated with haptoglobin concentration (Figure 3) and those suggested by the LEfSe analysis (Figure 4), yet an overlap was evident at the genus level - Escherichia and Weissella, were shared in both analyses, displaying opposite effects. Escherichia, which in high abundances at time 0h may predict the occurrence of a strong immune response, was positively correlated with haptoglobin. Weissella, which in high abundances at time 0h may predict the occurrence of a mild immune response (following an immune challenge), was negatively correlated with haptoglobin.





4 Discussion

In this study, we sought to explore GM dynamics in healthy and immune challenged Egyptian fruit bats, a frugivorous species that lives in densely populated colonies. We experimentally induced an acute phase response in the bats using LPS, which enabled us to examine the effect of a bacterial-like infection on GM diversity and structure. We revealed that the immune challenge causes a shift in the composition of the bat GM, which was especially evident 24h after the LPS injection. This shift was significantly correlated with haptoglobin concentration implying that physiological changes following immune responses correspond with changes in the GM. The overall GM shift due to the immune challenge was rapid, lasting 48 hours until the bats recovered and resumed foraging and social activities. The resilient nature of their GM may provide fruit bats with an adaptive advantage to cope with disease and maintain colony health.



4.1 Gut bacterial community dynamics of challenged bats

Challenged bats showed clear evidence of an acute phase response, such as body weight loss and an increased haptoglobin concentration (Figure 1). This inflammatory state was also evident in the GM of challenged bats, which was compositionally different from that of healthy control bats (especially 24h after the challenge, Table 1 and Figure 2), suggesting that the challenge caused a shift in the GM. Indeed, several recent studies demonstrated altered GM compositions in diseased and/or immune-challenged animals, including Atlantic salmon (42), tilapia (43), rhesus macaques (44) and barn swallows (45). While some of these studies demonstrated reduced alpha diversity in the GM of sick animals (i.e (43)), others demonstrated no effect on alpha diversity at all (i.e (44, 45)), as observed in this study (alpha diversity was similar between control and challenged bats; Tables S3, 4). This likely occurred due to the fact that some bacterial sequences changed only in abundance, while others were replaced, resulting in a distinct composition, but an overall similar alpha diversity. While Shannon indices of both control and challenged bats were lower compared to the findings of our previous study on the GM of Egyptian fruit bats (16), they were consistent with the values observed generally in the GM of bats (46).

A comparison between the GM of control and challenged bats revealed several ASVs which significantly correlated with haptoglobin concentration (Figure 3). Control bats, displaying a low concentration of haptoglobin, were characterized by higher relative abundances of bacteria of the genera Weissella and Acetobacter (Figure 3). Interestingly, species of these genera are found on various fruits (and nectar), which are the main food source of Egyptian fruit bats (47). Indeed, diet is considered the most important factor shaping the GM of many organisms [e.g (19, 48–50)]. While Weissella and Acetobacter have been previously identified in bats with different diets (18, 51, 52), their importance in host health remains unknown. Weissella belongs to the lactic acid bacteria (family: Lactobacillaceae) which contains many species with probiotic and prebitoic properties, and antimicrobial activity (53). Although rare, some species may be pathogenic (54). The genus Acetobacter belongs to the acetic acid bacteria (family: Acetobacteraceae) which are vastly used in the food production industry. Like Weissella, some species of this genus have probiotic characteristics (55, 56). The fact that both genera were negatively correlated with haptoglobin concentration (Figure 3) and that high abundances of Weissella prior infection may predict the occurrence of a mild immune response (Figure 4) suggests that these genera might be important in providing bats with protection against pathogens. This could be experimentally tested by administering Weissella to bats prior an LPS challenge and examining the effect on the strength of the immune response. Unsurprisingly challenged bats, displaying increased haptoglobin concentrations, were characterized by higher relative abundances of bacteria of the genera Escherichia, Campylobacter, Porphyromonas, Streptococcus, Staphylococcus, Fusobacterium, Veillonella and the families Neisseriaceae and Corynebacteriaceae (Figure 3), all of which include commensal species with the potential to be opportunistic pathogens in humans and other vertebrates (57–62). Similarly, other animals, such as birds, fishes and monkeys, exhibit increased abundances of opportunistic commensal species following infection. Like bats, immune-challenged barn swallows showed increased abundances of Staphylococcus and Streptococcus (but also of Bacillus and Dysgonomonas) in their gut, while healthy individuals had increased abundances of Enterococcus and Lactococcus (45). Atlantic salmon, suffering external bacterial skin infections, exhibited increased abundances of Aliivibrio in their gut, while healthy fish exhibited increased abundances of Mycoplasma (42). Diseased tilapia displayed high abundances of Vibrio in their intestine compared to Cetobacterium in healthy fish (43). The GM of rhesus macaques infected with tuberculosis were enriched with the bacterial families Lachnospiraceae and Clostridiaceae (44). Likewise, the GM of humans suffering from disease (such as diabetes and colon cancer) also exhibits reduced abundances of beneficial bacteria and enrichment of potential pathogens (63). An acute phase response is the costliest part of the immune response, both in term of energy and pathology (e.g., immunopathology). A shift in the GM composition, especially an increase in the abundance of opportunistic bacterial pathogens, might be another cost associated with activation of this immune branch.

The LEfSe analysis revealed that the baseline GM (i.e., prior immune challenge) of bats that developed a strong immune response was distinct from that of bats which developed a mild immune response. Specifically, ASVs belonging to the genera Escherichia and the family Pasteurellaceae were enriched in the GM of bats which developed a strong immune response (Figures 4, S3). Indeed these bacteria include several species known as opportunistic invaders (58, 62) which can make their hosts more susceptible to disease in high abundances (64). The strong immune response in individuals that exhibited increased abundances of Escherichia and unclassified Pasteurellaceae may be related to the fact that these bacteria also contain LPS in their outer membranes. Although these LPS antigens can be different from the one we used, it has been shown that E.coli infections and LPS challenges can prime neutrophils and antibody responses towards both homologous and heterologous antigens (65). However, other Gram-negative bacteria exhibited increased abundances prior to the immune challenge (e.g., Acetobacter and Tatumella) and were not found as predictors of the strength of the immune response, implying that a primed response is not necessarily due to the previous LPS exposure. Nonetheless, LPS can be a stimulant of host immunity (66), and thus future research should consider conducting similar experiments with other bacterial antigens, especially with LPS from other species which are not part of the GM (e.g., Salmonella). Enterococcus, Lacticaseibacillus, and Weissella on the other hand, which were enriched in the GM of bats that developed a mild immune response (Figures 4, S3), belong to the lactic acid bacteria. This group contains many species with probiotic traits (53), which may protect their host against infections. Our findings suggest these baseline microbial communities may be important predictors of the strength of an immune response (and implicit infection severity), determining if the host is more susceptible to infection or not. Whether the severity of infection is due to the GM effect on host resistance via immunity function paths or vice versa, remains to be explored.

The composition of the GM of both control and challenged bats changed significantly over time (Table 1, Figure 2), as previously observed in this species (16) and others (67). Such a temporal shift in the GM may be explained by external factors, such as food availability and seasonal changes (although we controlled for these changes in the experiment), and internal factors, such as physiological state and ecological succession. Different physiological states, such as reproduction and stress, are also known to affect the GM composition (22, 68). Since the bats in our study (males only) were acclimated to captivity conditions and handling, we assume that stress and reproduction state are not the reasons for the compositional changes in the GM of bats. Rather this temporal shift may be an adaptive trait, enabling bats, as a colony, to rapidly adjust to varying food sources and environmental changes.




4.2 The gut microbiota of fruit bats shows high resilience to an immune challenge

Despite exhibiting compositional changes following the immune challenge, the bat GM showed high resilience, regaining the colony’s group GM composition within 48h of the challenge. Furthermore, both diversity and richness (alpha diversity) of the GM remained unchanged following the immune challenge, highlighting the resilience of the bat GM. These findings correspond with our recent study in which we demonstrated that challenged bats choose to remain isolated for two days, resuming foraging trips (i.e., feeding) and social interactions 48-72h post-recovery from an immune response provoked by a bacterial endotoxin, even though haptoglobin concentration is still high (28). Resuming these activities likely facilitates stabilizing the GM – bats suffering from anorexia and extreme lethargy resume feeding and with it the supply of carbohydrates and beneficial bacteria (Weissella and Acetobacter originating in fruit) to the GM. Moreover, self-isolated bats return to their densely populated, high-contact groups, resuming social interactions such as licking themselves and one another, possibly re-introducing bacteria into the gut (16). Indeed, examining the trends of the 11 ASVs that correlated with the haptoglobin concentration (Figure 3) suggests that after 48h the GM of control bats (n=6) became more similar to that of the challenged bats (n=18). This is reasonable in light of the well documented microbiota sharing in this species (16, 69). In other words, we suggest that the GM of challenged bats (which changed due to the LPS challenge) influenced that of control bats, likely via social interactions. In nature the shift in the gut bacterial community due to microbiota sharing will probably be in the direction of the healthy colony GM (i.e., majority of individuals) rather than the GM of sick individuals, as seen in this study. The bats adaptation to physiological changes during flight may also partially explain the GM resilience - their body temperature increases in flight within minutes by 3-5°C (70), thus bats are used to dealing with elevated body temperatures as those which occur during infection. Lack of stability in the GM (dysbiosis) is often associated with disease (71). Thus, resuming the balance of the GM following infection (i.e., high resilience) is likely critical for bat health (72), especially since it is essential to food absorption (14), social recognition (15, 16), and pathogen defense (17). Living in dense groups may facilitate the stabilization of the GM in infected bats, and possibly in other social species roosting in close proximity, providing them with an adaptive advantage to cope with disease and maintain colony health.




4.3 Conclusion

In this study we show that an immune challenge associated with a bacterial endotoxin causes a shift in the composition of the fruit bat GM, which is correlated with the concentration of the acute phase protein haptoglobin, highlighting the association between immune responses and GM structure. Despite these compositional changes, the bat GM showed high resilience, restabilizing within 48h of the immune challenge, as bats resumed foraging and social interactions. Not all bats responded equally to the immune challenge – some developed a strong immune response while others developed a mild response – which changed according to their baseline GM (prior to the LPS injection). This finding suggests that baseline microbial communities may be important predictors for the strength of an immune response, and implicit of infection severity. Our findings emphasize the importance of integrating microbial ecology in ecoimmunological studies of wild populations.






Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Ethics statement

The animal study was reviewed and approved by Animal care and experimental procedures were approved by Tel AvivUniversity IACUC under approval form ID 04-19-002.





Author contributions

Conceived and designed the experiments: MW, KM, GC and YY. Performed the experiments: MW and KM. Analyzed the data (including bioinformatic analysis of RAW data) and prepared the figures: TB. Wrote the first draft: TB. All authors contributed to the article and approved the submitted version.





Funding

This research was supported by the European Research Council: Behaviour-Island-1010019933. GC was supported by internal funds from the Leibniz Institute for Zoo and Wildlife Research, Germany.




Acknowledgments

We wish to thank Rotem Ben-Ari (Tel-Aviv University) for her help in collecting the blood and microbial samples and Katja Pohle (Leibniz-IZW) for her help with the haptoglobin analysis. Many thanks to Dr. Maya Lalzar (University of Haifa Bioinformatics Service Unit) for her bioinformatic assistance and Prof. Malka Halpern (University of Haifa - Oranim) for her fruitful discussions.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1152107/full#supplementary-material




References

1. McFall-Ngai, M, Hadfield, MG, Bosch, TCG, Carey, HV, Domazet-Lošo, T, Douglas, AE, et al. Animals in a bacterial world, a new imperative for the life sciences. Proc Natl Acad Sci (2013) 110:3229–36. doi: 10.1073/pnas.1218525110

2. Carthey, AJR, Blumstein, DT, Gallagher, RV, Tetu, SG, and Gillings, MR. Conserving the holobiont. Funct Ecol (2019) 34:764–76. doi: 10.1111/1365-2435.13504/SUPPINFO

3. Flint, HJ, Scott, KP, Louis, P, and Duncan, SH. The role of the gut microbiota in nutrition and health. Nat Rev Gastroenterol Hepatol (2012) 9(10):577–89. doi: 10.1038/nrgastro.2012.156

4. Lewin-Epstein, O, Aharonov, R, and Hadany, L. Microbes can help explain the evolution of host altruism. Nat Commun (2017) 8:1–7. doi: 10.1038/ncomms14040

5. Jones, DN, Ravelomanantsoa, NAF, Yeoman, CJ, Plowright, RK, and Brook, CE. Do gastrointestinal microbiomes play a role in bats’ unique viral hosting capacity? Trends Microbiol (2022) 30:632–42. doi: 10.1016/J.TIM.2021.12.009

6. Lo, BC, Chen, GY, Núñez, G, and Caruso, R. Gut microbiota and systemic immunity in health and disease. Int Immunol (2021) 33:197–209. doi: 10.1093/INTIMM/DXAA079

7. Gerardo, NM, Hoang, KL, and Stoy, KS. Evolution of animal immunity in the light of beneficial symbioses. Philos Trans R Soc B (2020) 375(1808):20190601. doi: 10.1098/RSTB.2019.0601

8. Davies, CS, Worsley, SF, Maher, KH, Komdeur, J, Burke, T, Dugdale, HL, et al. Immunogenetic variation shapes the gut microbiome in a natural vertebrate population. Microbiome (2022) 10:41. doi: 10.1186/S40168-022-01233-Y/FIGURES/5

9. Wadud Khan, MA, Zac Stephens, W, Mohammed, AD, Round, JL, and Kubinak, JL. Does MHC heterozygosity influence microbiota form and function? PloS One (2019) 14:e0215946. doi: 10.1371/JOURNAL.PONE.0215946

10. Bolnick, DI, Snowberg, LK, Caporaso, JG, Lauber, C, Knight, R, and Stutz, WE. Major histocompatibility complex class IIb polymorphism influences gut microbiota composition and diversity. Mol Ecol (2014) 23:4831–45. doi: 10.1111/MEC.12846

11. Fleischer, R, Schmid, DW, Wasimuddin,, Brändel, SD, Rasche, A, Corman, VM, et al. Interaction between MHC diversity and constitution, gut microbiota and astrovirus infections in a neotropical bat. Mol Ecol (2022) 31:3342–59. doi: 10.1111/MEC.16491

12. McKenzie, VJ, Song, SJ, Delsuc, F, Prest, TL, Oliverio, AM, Korpita, TM, et al. The effects of captivity on the mammalian gut microbiome. Integr Comp Biol (2017) 57:690–704. doi: 10.1093/ICB/ICX090

13. Ingala, MR, Simmons, NB, and Perkins, SL. Bats are an untapped system for understanding microbiome evolution in mammals. mSphere (2018) 3:e00397–18. doi: 10.1128/msphere.00397-18

14. Prem Anand, AA, and Sripathi, K. Digestion of cellulose and xylan by symbiotic bacteria in the intestine of the Indian flying fox (Pteropus giganteus). Comp Biochem Physiol - A Mol Integr Physiol (2004) 139:65–9. doi: 10.1016/j.cbpb.2004.07.006

15. Voigt, CC, Caspers, B, and Speck, S. Bats, bacteria, and bat smell: sex-specific diversity of microbes in a sexually selected scent organ. J Mammal (2005) 86:745–9. doi: 10.1644/1545-1542(2005)086[0745:BBABSS]2.0.CO;2

16. Kolodny, O, Weinberg, M, Reshef, L, Harten, L, Hefetz, A, Gophna, U, et al. Coordinated change at the colony level in fruit bat fur microbiomes through time. Nat Ecol Evol (2019) 3:116–24. doi: 10.1038/s41559-018-0731-z

17. Hoyt, JR, Cheng, TL, Langwig, KE, Hee, MM, Frick, WF, and Kilpatrick, AM. Bacteria isolated from bats inhibit the growth of Pseudogymnoascus destructans, the causative agent of white-nose syndrome. PloS One (2015) 10:e0121329. doi: 10.1371/journal.pone.0121329

18. Dimkić, I, Fira, D, Janakiev, T, Kabić, J, Stupar, M, Nenadić, M, et al. The microbiome of bat guano: For what is this knowledge important? Appl Microbiol Biotechnol (2021) 105:1407–19. doi: 10.1007/S00253-021-11143-Y

19. Ingala, MR, Becker, DJ, Bak Holm, J, Kristiansen, K, and Simmons, NB. Habitat fragmentation is associated with dietary shifts and microbiota variability in common vampire bats. Ecol Evol (2019) 9:6508–23. doi: 10.1002/ECE3.5228

20. Xiao, G, Liu, S, Xiao, Y, Zhu, Y, Zhao, H, Li, A, et al. Seasonal changes in gut microbiota diversity and composition in the greater horseshoe bat. Front Microbiol (2019) 10:2247/BIBTEX. doi: 10.3389/FMICB.2019.02247/BIBTEX

21. Yin, Z, Sun, K, Li, A, Sun, D, Li, Z, Xiao, G, et al. Changes in the gut microbiota during Asian particolored bat (Vespertilio sinensis) development. PeerJ (2020) 2020:e9003. doi: 10.7717/PEERJ.9003/SUPP-1

22. Dietrich, M, Kearney, T, Seamark, ECJ, Paweska, JT, and Markotter, W. Synchronized shift of oral, faecal and urinary microbiotas in bats and natural infection dynamics during seasonal reproduction. R Soc Open Sci (2018) 5:180041. doi: 10.1098/RSOS.180041

23. Li, A, Li, Z, Dai, W, Parise, KL, Leng, H, Jin, L, et al. Bacterial community dynamics on bats and the implications for pathogen resistance. Environ Microbiol (2022) 24:1484–98. doi: 10.1111/1462-2920.15754

24. Wasimuddin,, Brändel, SD, Tschapka, M, Page, R, Rasche, A, Corman, VM, et al. Astrovirus infections induce age-dependent dysbiosis in gut microbiomes of bats. ISME J (2018) 12:2883–93. doi: 10.1038/s41396-018-0239-1

25. Dietrich, M, Wilkinson, DA, Benlali, A, Lagadec, E, Ramasindrazana, B, Dellagi, K, et al. Leptospira and paramyxovirus infection dynamics in a bat maternity enlightens pathogen maintenance in wildlife. Environ Microbiol (2015) 17:4280–9. doi: 10.1111/1462-2920.12766

26. Drexler, JF, Corman, VM, Wegner, T, Tateno, AF, Zerbinati, RM, Gloza-Rausch, F, et al. Amplification of emerging viruses in a bat colony. Emerg Infect Dis (2011) 17:449–56. doi: 10.3201/EID1703.100526

27. Seltmann, A, Troxell, SA, Schad, J, Fritze, M, Bailey, LD, Voigt, CC, et al. Differences in acute phase response to bacterial, fungal and viral antigens in greater mouse-eared bats (Myotis myotis). Sci Rep (2022) 12:15259. doi: 10.1038/s41598-022-18240-6

28. Moreno, KR, Weinberg, M, Harten, L, Salinas Ramos, VB, Herrera, MLG, Czirják, GÁ, et al. Sick bats stay home alone: Fruit bats practice social distancing when faced with an immunological challenge. Ann NY Acad Sci (2021) 1505:178–90. doi: 10.1111/nyas.14600

29. Tedman, RA, and Hall, LS. The morphology of the gastrointestinal tract and food transit time in the fruit bats Pteropus alecto and p. poliocephalus (Megachiroptera). Aust J Zool (1985) 33:625–40. doi: 10.1071/ZO9850625

30. Utzurrum, RCB, and Heideman, P. Differential ingestion of viable vs nonviable ficus seeds by fruit bats. Biotropica (1991) 23:311–2. doi: 10.3759/TROPICS.17.43

31. Fritze, M, Costantini, D, Fickel, J, Wehner, D, Czirják, GÁ, and Voigt, CC. Immune response of hibernating European bats to a fungal challenge. Biol Open (2019) 8:bio046078. doi: 10.1242/BIO.046078/266152/AM/IMMUNE-RESPONSE-OF-HIBERNATING-EUROPEAN-BATS-TO-A

32. Fritze, M, Puechmaille, SJ, Costantini, D, Fickel, J, Voigt, CC, and Czirják, GÁ. Determinants of defence strategies of a hibernating European bat species towards the fungal pathogen pseudogymnoascus destructans. Dev Comp Immunol (2021) 119:104017. doi: 10.1016/J.DCI.2021.104017

33. Field, KA, Johnson, JS, Lilley, TM, Reeder, SM, Rogers, EJ, Behr, MJ, et al. The white-nose syndrome transcriptome: Activation of anti-fungal host responses in wing tissue of hibernating little brown myotis. PloS Pathog (2015) 11:e1005168. doi: 10.1371/JOURNAL.PPAT.1005168

34. Costantini, D, Czirják, GÁ, Bustamante, P, Bumrungsri, S, and Voigt, CC. Impacts of land use on an insectivorous tropical bat: the importance of mercury, physio-immunology and trophic position. Sci Total Environ (2019) 671:1077–85. doi: 10.1016/J.SCITOTENV.2019.03.398

35. Naqib, A, Poggi, S, Wang, W, Hyde, M, Kunstman, K, and Green, SJ. Making and sequencing heavily multiplexed, high-throughput 16S ribosomal RNA gene amplicon libraries using a flexible, two-stage PCR protocol. In: Gene expression analysis. New York: NY: Humana Press (2018). p. 149–69. doi: 10.1007/978-1-4939-7834-2_7

36. Callahan, BJ, McMurdie, PJ, Rosen, MJ, Han, AW, Johnson, AJA, and Holmes, SP. DADA2: High-resolution sample inference from illumina amplicon data. Nat Methods (2016) 13:581–3. doi: 10.1038/nmeth.3869

37. Quast, C, Pruesse, E, Yilmaz, P, Gerken, J, Schweer, T, Yarza, P, et al. The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res (2013) 41:590–6. doi: 10.1093/nar/gks1219

38. Kay, M, Elkin, LA, Higgins, JJ, and Wobbrock, JO. An aligned rank transform procedure for multifactor contrast tests. Association for computing machinery. In The 34th annual ACM symposium on user interface software and technology. (2021). pp. 754–68. doi: 10.1145/3472749.3474784.

39. Hammer, Ø, Harper, DAT, and Ryan, PD. Paleontological statistics software: Package for education and data analysis. Palaeontol Electron (2001) 4:1–9.

40. Hu, YJ, and Satten, GA. Testing hypotheses about the microbiome using the linear decomposition model (LDM). Bioinformatics (2020) 36:4106–15. doi: 10.1093/BIOINFORMATICS/BTAA260

41. Costantini, D, Weinberg, M, Jordán, L, Moreno, KR, Yovel, Y, and Czirják, GÁ. Induced bacterial sickness causes inflammation but not blood oxidative stress in Egyptian fruit bats (Rousettus aegyptiacus). Conserv Physiol (2022) 10:coac028. doi: 10.1093/CONPHYS/COAC028

42. Bozzi, D, Rasmussen, JA, Carøe, C, Sveier, H, Nordøy, K, Thomas, M, et al. Salmon gut microbiota correlates with disease infection status: potential for monitoring health in farmed animals. Anim Microbiome (2021) 3:30. doi: 10.1186/S42523-021-00096-2

43. Ofek, T, Lalzar, M, Izhaki, I, and Halpern, M. Intestine and spleen microbiota composition in healthy and diseased tilapia. Anim Microbiome (2022) 4:50. doi: 10.1186/S42523-022-00201-Z

44. Namasivayam, S, Kauffman, KD, McCulloch, JA, Yuan, W, Thovarai, V, Mittereder, LR, et al. Correlation between disease severity and the intestinal microbiome in mycobacterium tuberculosis-infected rhesus macaques. MBio (2019) 10:e01018–19. doi: 10.1128/MBIO.01018-19/SUPPL_FILE/MBIO.01018-19-SF005.PDF

45. Kreisinger, J, Schmiedová, L, Petrželková, A, Tomášek, O, Adámková, M, Michálková, R, et al. Fecal microbiota associated with phytohaemagglutinin-induced immune response in nestlings of a passerine bird. Ecol Evol (2018) 8:9793–802. doi: 10.1002/ECE3.4454

46. Lutz, HL, Jackson, EW, Webala, PW, Babyesiza, WS, Kerbis Peterhans, JC, Demos, TC, et al. Ecology and host identity outweigh evolutionary history in shaping the bat microbiome. mSystems (2019) 4:e00511–19. doi: 10.1128/msystems.00511-19

47. Korine, C, Izhaki, I, and Arad, Z. Is the Egyptian fruit-bat Rousettus aegyptiacus a pest in Israel? an analysis of the bat’s diet and implications for its conservation. Biol Conserv (1999) 88:301–6. doi: 10.1016/S0006-3207(98)00126-8

48. Matheen, MIA, Gillings, MR, and Dudaniec, RY. Dominant factors shaping the gut microbiota of wild birds. Emu-Austral Ornithol (2022) 122:255–68. doi: 10.1080/01584197.2022.2114088

49. Flint, HJ, Duncan, SH, Scott, KP, and Louis, P. Links between diet, gut microbiota composition and gut metabolism. Proc Nutr Soc (2015) 74:13–22. doi: 10.1017/S0029665114001463

50. Li, J, Chu, Y, Yao, W, Wu, H, and Feng, J. Differences in diet and gut microbiota between lactating and non-lactating Asian particolored bats (Vespertilio sinensis): implication for a connection between diet and gut microbiota. Front Microbiol (2021) 12:735122/BIBTEX. doi: 10.3389/FMICB.2021.735122/BIBTEX

51. Newman, MM, Kloepper, LN, Duncan, M, McInroy, JA, and Kloepper, JW. Variation in bat guano bacterial community composition with depth. Front Microbiol (2018) 9:914/BIBTEX. doi: 10.3389/FMICB.2018.00914/BIBTEX

52. Sun, Y, Yuan, Z, Guo, Y, Qin, Y, Ban, Y, Niu, H, et al. Bacterial diversity in the gastrointestinal tracts of Rhinolophus luctus and Murina leucogaster in henan province, China. Ann Microbiol (2019) 69:1407–14. doi: 10.1007/S13213-019-01524-0/FIGURES/6

53. Pabari, K, Pithva, S, Kothari, C, Purama, RK, Kondepudi, KK, Vyas, BRM, et al. Evaluation of probiotic properties and prebiotic utilization potential of Weissella paramesenteroides isolated from fruits. Probiotics Antimicrob Proteins (2020) 12:1126–38. doi: 10.1007/s12602-019-09630-w

54. Fusco, V, Quero, GM, Cho, GS, Kabisch, J, Meske, D, Neve, H, et al. The genus weissella: Taxonomy, ecology and biotechnological potential. Front Microbiol (2015) 6:155/BIBTEX. doi: 10.3389/FMICB.2015.00155/BIBTEX

55. Haghshenas, B, Nami, Y, Abdullah, N, Radiah, D, Rosli, R, and Khosroushahi, AY. Anticancer impacts of potentially probiotic acetic acid bacteria isolated from traditional dairy microbiota. LWT - Food Sci Technol (2015) 60:690–7. doi: 10.1016/J.LWT.2014.09.058

56. Haghshenas, B, Nami, Y, Abdullah, N, Radiah, D, Rosli, R, Barzegari, A, et al. Potentially probiotic acetic acid bacteria isolation and identification from traditional dairies microbiota. Int J Food Sci Technol (2015) 50:1056–64. doi: 10.1111/IJFS.12718

57. Wallen, ZD, Appah, M, Dean, MN, Sesler, CL, Factor, SA, Molho, E, et al. Characterizing dysbiosis of gut microbiome in PD: evidence for overabundance of opportunistic pathogens. NPJ Park Dis (2020) 6:11. doi: 10.1038/S41531-020-0112-6

58. Benskin, CMWH, Wilson, K, Jones, K, and Hartley, IR. Bacterial pathogens in wild birds: A review of the frequency and effects of infection. Biol Rev (2009) 84:349–73. doi: 10.1111/J.1469-185X.2008.00076.X

59. Brennan, CA, and Garrett, WS. Fusobacterium nucleatum — symbiont, opportunist and oncobacterium. Nat Rev Microbiol (2018) 17:156–66. doi: 10.1038/S41579-018-0129-6

60. Poppleton, DI, Duchateau, M, Hourdel, V, Matondo, M, Flechsler, J, Klingl, A, et al. Outer membrane proteome of Veillonella parvula: A diderm firmicute of the human microbiome. Front Microbiol (2017) 8:1215/BIBTEX. doi: 10.3389/FMICB.2017.01215/BIBTEX

61. Humbert, MV, and Christodoulides, M. Atypical, yet not infrequent, infections with neisseria species. Pathogens (2019) 9:10. doi: 10.3390/PATHOGENS9010010

62. Dousse, F, Thomann, A, Brodard, I, Korczak, BM, Schlatter, Y, Kuhnert, P, et al. Routine phenotypic identification of bacterial species of the family pasteurellaceae isolated from animals. J Vet Diagn Investig (2008) 20:716–24. doi: 10.1177/104063870802000602/ASSET/IMAGES/LARGE/10.1177_104063870802000602-FIG1.JPEG

63. Duvallet, C, Gibbons, SM, Gurry, T, Irizarry, RA, and Alm, EJ. Meta-analysis of gut microbiome studies identifies disease-specific and shared responses. Nat Commun 2017 81 (2017) 8:1–10. doi: 10.1038/s41467-017-01973-8

64. Zheng, D, Liwinski, T, and Elinav, E. Interaction between microbiota and immunity in health and disease. Cell Res (2020) 30:492–506. doi: 10.1038/s41422-020-0332-7

65. Guthrie, LA, McPhail, LC, Henson, PM, and Johnston, RB. Priming of neutrophils for enhanced release of oxygen metabolites by bacterial lipopolysaccharide. evidence for increased activity of the superoxide-producing enzyme. J Exp Med (1984) 160:1656–71. doi: 10.1084/JEM.160.6.1656

66. Mohr, AE, Crawford, M, Jasbi, P, Fessler, S, and Sweazea, KL. Lipopolysaccharide and the gut microbiota: considering structural variation. FEBS Lett (2022) 596:849–75. doi: 10.1002/1873-3468.14328

67. Víquez, --L, Speer, K, Wilhelm, K, Simmons, N, Medellín, RA, Sommer, S, et al. A faithful gut: core features of gastrointestinal microbiota of long-distance migratory bats remain stable despite dietary shifts driving differences in specific bacterial taxa. Microbiol Spectr (2021) 9:e01525–21. doi: 10.1128/spectrum.01525-21

68. Madden, AA, Oliverio, AM, Kearns, PJ, Henley, JB, Fierer, N, Starks, PTB, et al. Chronic stress and captivity alter the cloacal microbiome of a wild songbird. J Exp Biol (2022) 225(7):jeb243176. doi: 10.1242/jeb.243176

69. Archie, EA. Bat microbiomes are socially synchronized. Nat Ecol Evol 2018 31 (2018) 3:18–9. doi: 10.1038/s41559-018-0749-2

70. Luo, J, Greif, S, Ye, H, Bumrungsri, S, Eitan, O, and Yovel, Y. Flight rapidly modulates body temperature in freely behaving bats. Anim Biotelemetry (2021) 9:45. doi: 10.1186/S40317-021-00268-6/FIGURES/5

71. Degruttola, AK, Low, D, Mizoguchi, A, and Mizoguchi, E. Current understanding of dysbiosis in disease in human and animal models. Inflamm Bowel Dis (2016) 22:1137–50. doi: 10.1097/MIB.0000000000000750

72. Sommer, F, Anderson, JM, Bharti, R, Raes, J, and Rosenstiel, P. The resilience of the intestinal microbiota influences health and disease. Nat Rev Microbiol (2017) 15(10):630–8. doi: 10.1038/nrmicro.2017.58




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Berman, Weinberg, Moreno, Czirják and Yovel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1152107-g001.jpg
Weight (9)

Weight Haptoglobin
1801 "7 20] e o
oo ] 5 ‘Sampling time
** & o
104 & 24h
] * + & aon
40
RN
o “ | Femmn =

Control 3 Cortrol s
Tk o





OEBPS/Images/fimmu-14-1152107-g004.jpg





OEBPS/Images/fimmu.2023.1152107_cover.jpg
& frontiers | Frontiers in Immunology

In sickness and in health: the dynamics of
the fruit bat gut microbiota under a bacterial
antigen challenge and its association with
the immune response





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        In sickness and in health: the dynamics of the fruit bat gut microbiota under a bacterial antigen challenge and its association with the immune response

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Methods

        

          		

            2.1 Study animals

          



          		

            2.2 Experimental setup

          

            		

              2.2.1 Immune challenge

            



            		

              2.2.2 Gut microbiome sampling

            



            		

              2.2.3 Blood collection

            



          



          



          		

            2.3 Measuring haptoglobin concentration

          



          		

            2.4 Analyses of gut microbiome samples

          

            		

              2.4.1 Molecular analysis and library construction

            



            		

              2.4.2 Sequence analysis and taxonomic identification

            



          



          



          		

            2.5 Data analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Bats’ physiological response

          



          		

            3.2 Taxa composition of the fruit bat gut microbiota

          



          		

            3.3 Gut bacterial community dynamics of challenged bats

          



        



        



        		

          4 Discussion

        

          		

            4.1 Gut bacterial community dynamics of challenged bats

          



          		

            4.2 The gut microbiota of fruit bats shows high resilience to an immune challenge

          



          		

            4.3 Conclusion

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1152107-g003.jpg





OEBPS/Images/fimmu-14-1152107-g002.jpg





OEBPS/Images/table1.jpg
Treatment and sampling time

Treament ' 173
Time 2 2566
Trcament x Time 2 181
Residusls o
Tout 2

Treatment and Haptoglobin

Treament ' 1666
Haptoglobin ' 238
Trstment x Haptoglobin ' ™
Residuals o
Tout n

Thepermotaions nsysis ofvariance (PERMANOVA, . ADONIS, i asd o  Brey-Curis disiy s
164) weve tested sepurately. Bat idemity wis used 5 & nested fucor, LPS, Npopelysaccharides, *pe005, ped01,

oo

o067

oon

os6s

ooz

oo

oo

0930

1

oos

o001

oosr®

ooss:

006"

008

ADONIS i snste o calcsiy. smpling

e and baplogoin





