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Probiotic colonization of Xenopus laevis skin causes short-term
changes in skin microbiomes and gene expression

Joseph D. Madison,"** Owen G. Osborne,* Amy Ellison,* Christina N. Garvey Griffith,” Lindsey Gentry," Harald Gross,® Brian

Gratwicke,” Leon Grayfer,® Carly R. Muletz-Wolz'
AUTHOR AFFILIATIONS See affiliation list on p. 21.

ABSTRACT Probiotic therapies have been suggested for amelioration efforts of wildlife
disease such as chytridiomycosis caused by Batrachochytrium spp. in amphibians.
However, there is a lack of information on how probiotic application affects resident
microbial communities and immune responses. To better understand these interactions,
we hypothesized that probiotic application would alter microbial community compo-
sition and host immune expression in Xenopus laevis. Accordingly, we applied three
amphibian-derived and anti-Batrachochytrium bacteria strains (two Pseudomonas spp.
and one Stenotrophomonas sp.) to X. laevis in monoculture and also as a cocktail. We
quantified microbial community structure using 16S rRNA gene sequencing. We also
quantified genes involved in X. laevis immune responses using quantitative reverse
transcriptase polymerase chain reaction (RT-qPCR) and skin transcriptomics over 1
and 3-week periods. All probiotic treatments successfully colonized X. laevis skin for
3 weeks, but with differential amplicon sequence variant (ASV) sequence counts over
time. Bacterial community and immune gene effects were most pronounced at week 1
post-probiotic exposure and decreased thereafter. All probiotic treatments caused initial
changes to bacterial community alpha and beta diversity, including reduction in diversity
from pre-exposure anti-Batrachochytrium bacterial ASV relative abundance. Probiotic
colonization by Pseudomonas probiotic strain RSB5.4 reduced expression of regulatory
T cell marker (FOXP3, measured with RT-gPCR) and caused the greatest gene expres-
sion changes detected by transcriptomics. Single bacterial strains and mixed cultures,
therefore, altered amphibian microbiome-immune interactions. This work will help to
improve our understanding of the role of the microbiome-immune interface underlying
both disease dynamics and emergent eco-evolutionary processes.

IMPORTANCE Amphibian skin microbial communities have an important role in
determining disease outcomes, in part through complex yet poorly understood
interactions with host immune systems. Here we report that probiotic-induced changes
to the Xenopus laevis frog skin microbial communities also result in significant alterations
to these animals’ immune gene expression. These findings underscore the interdepend-
ence of amphibian skin immune-microbiome interactions.

KEYWORDS microbiome, amphibian, immune response, probiotics, microbial ecology,
disease ecology, transcriptomics, metagenomics

robiotics are widely being suggested as treatment options for a variety of diseases in
wildlife, agriculture, and human health (1, 2), albeit with caveats and considerations
for their applicability (3, 4). Yet, the impact of adding probiotic bacteria on host-asso-
ciated microbial communities and host immune responses remains an understudied
frontier in the microbial sciences (5, 6). Explicating these combinative microbial-immune

Month XXXX Volume O Issue 0

Editor Manuela Raffatellu, University of California
San Diego School of Medicine, La Jolla, California,
USA

Address correspondence to Joseph D. Madison,
josephdmadison7@gmail.com, or Carly R. Muletz-
Wolz, craemuletz@gmail.com.

The authors declare no conflict of interest.
See the funding table on p. 21.

Received 6 December 2024
Accepted 5 March 2025
Published 2 April 2025

Copyright © 2025 Madison et al. This is an open-
access article distributed under the terms of the
Creative Commons Attribution 4.0 International

license.

10.1128/iai.00569-24 1

Downloaded from https://journals.asm.org/journal/iai on 03 April 2025 by 147.143.194.47.


https://crossmark.crossref.org/dialog/?doi=10.1128/iai.00569-24&domain=pdf&date_stamp=2025-04-02
https://doi.org/10.1128/iai.00569-24
https://creativecommons.org/licenses/by/4.0/

Full-Length Text

effects has important implications in understanding disease emergence, host-microbial
ecology, and related evolutionary trends (7-9).

Of the various metazoan-microbe systems under study, amphibian-microbiome-dis-
ease systems are of exceptional utility for addressing these questions due to their
ease of manipulation in the laboratory, extensive baseline data on the skin microbiota
of various species, and applicability to disease-mediated population declines (10, 11).
For disease questions, the causative fungal pathogens of amphibian chytridiomycosis,
Batrachochytrium dendrobatidis (Bd) and Batrachochytrium salamandrivorans (Bsal), are
of widespread interest (12-14). However, there remain important questions that are
unaddressed in these systems. Specifically, the mechanisms underpinning cutaneous
probiotic modulation on host innate and adaptive immune responses in amphibians
remain poorly understood (15).

Understanding if probiotics modulate the immune system and promote microbial
community restructuring has important implications for disease amelioration efforts
and the basic understanding of immune-microbiome interaction in metazoan disease
ecology and evolution. Previous work with probiotics or microbiome manipulations in
amphibians has shown differential effects on host immune responses. For example,
application of known anti-Bd probiotics in Rana sierrae resulted in downregulation
of defensive skin anti-microbial peptides (AMPs) and altered microbial community
composition (16), indicating a potential for probiotic-based AMP regulation. In Pletho-
don cinereus, temperature treatments caused shifts in the skin microbiome (17), and
impacted immune gene expression profiles and disease outcome (18). Specifically, lower
temperatures and Bd exposure were linked to decreasing bacterial richness, increased
inflammation, and higher Bd loads. Yet, beyond these examples, there are few stud-
ies examining the microbial-immune interface in amphibians and in vertebrates more
broadly (1, 19).

Previous work with single bacteria strain exposures has indicated varied microbial
community responses in a disease context. In amphibians, some of these experiments
reported beneficial effects for amphibian hosts against Bd infection (20, 21), while others
indicated limited or no significant effects (22-25). Results with variability in beneficial
effects have also been seen in probiotic inoculation of bats to modulate disease
outcomes from the fungal pathogen Pseudogymnoascus destructans (26). Our inability to
successfully alter microbiomes stems, at least in part, from a poor understanding of the
microbial-immune interface that is not unique to amphibian systems. In turn, identifying
the mechanisms of microbiome-immune cross-talk will increase our ability to make
applied use of microbiomes (27). Here, we hypothesized that probiotic exposure with
three previously identified anti-Bd bacteria (28) would result in skin colonization of the
model frog species, Xenopus laevis, and that these bacteria would persist after exposure
ceased as observed in other amphibian systems (23, 25). Second, we hypothesized
that probiotic exposure in X. laevis would alter both the resident microbiome and the
expression profiles of key regulatory genes involved in the X. laevis innate and adaptive
immune response.

The results of this work show that all probiotics applied in our experiment can persist
for at least 3 weeks and cause shifts in the microbial community and immune gene
expression. Notably, we identified conserved immune changes caused by all probiotic
treatments. This includes multiple genes identified through transcriptomics that indicate
both T cell regulation/differentiation and also activation of the X. laevis complement
cascade. Moreover, we found that one Pseudomonas probiotic caused downregulation
of expression of transcription factor forkhead box P3 (FOXP3), a conserved marker
of regulatory T cells (Tregs; 29) and caused the largest shifts to host immune gene
expression compared to other probiotic treatments. We thus document an important
association between amphibian skin-associated bacteria and immune responses, giving
impetus for future research directions examining constraints on the amphibian adaptive
response by their microbial communities.
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MATERIALS AND METHODS
Probiotic selection and genome sequencing

We used three bacterial strains and a combination of the three strains as probiotic
treatments for this study. These strains were selected from a collection of 119 bacterial
isolates that were previously isolated from Plethodon salamanders in Maryland and
Virginia, USA (28). The three strains were selected because they had >90% inhibition
strength against Bd strain JEL404 (28), and also matched at 100% sequence similarity to
bacterial amplicon sequence variants (ASVs) detected in DNA skin microbiome samples
from multiple amphibian species including: Appalachian salamanders (30, 31), the
Panamanian golden frog Atelopus zeteki (25), and Xenopus laevis (32). Each of the three
strains was sequenced on Oxford Nanopore GridlION machines. Their genomes were
assembled using Flye 2.9 (33) and polished with Medaka 1.4.3. We used the web-based
tools Type Strain Genome Server (TYGS) (34) and autoMLST (35) for automated whole
genome-based analyses in order to determine their taxonomic identity. Pseudomonas
RSB5.4 (Probiotic 1 [P1], ASV18) was isolated from Plethodon cinereus in Shenandoah
National Park (NP), Virginia, and also has been shown to be inhibitory against multiple Bd
strains and Bsal across temperatures (36). Genome-based taxonomic analyses employing
TYGS revealed that Pseudomonas koreensis LMG 21318" represents the closest related
type strain of RSB5.4. In pairwise comparisons, independent of the applied Genome
BLAST Distance Phylogeny formula, a digital DNA-DNA hybridization (dDDH) value d4
of 43.4% was calculated. Since these values are well below the species threshold of
70%, strain RSB 5.4 possibly represents a new candidate Pseudomonas species. This
tentative finding was complemented by an analysis of the average nucleotide identity
(ANI) using autoMLST, which identified Pseudomonas granadensis™ with 89.4% ANI as
the most similar type strain. Since this value is also well below the one for species
delineation and since values between 88% and 90% indicate a new subspecies (37),
the ANI-based analysis also supported the TYGS results, and RSB 5.4 truly represents a
new subspecies. Stenotrophomonas THA2.2 (Probiotic 2 [P2], ASV9) was isolated from
Plethodon cylindraceus in Shenandoah NP and was found to be a common bacterial
symbiont of Xenopus laevis (32) and is, according to ANI analysis, most closely related
to Stenotrophomonas rhizophilia DSM 14405". Between THA 2.2 and DSM 14405, an
ANI value of 96.6% was determined, which clearly classifies THA2.2 as S. rhizophila.
Pseudomonas tolaasii RSB5.11 (Probiotic 3 [P3], ASV10) was isolated from the same P.
cinereus as RSB5.4. RSB5.11 was unambiguously identified as P. tolaasii given a dDDH-dy
value of 94.2% in pairwise comparison with P. tolaasii NCPPB 2192". RSB5.11 has also
been found to produce pseudodesmin A; a lipodepsipeptide shown to have inhibitory
action against Bd and Bsal (38). Our final probiotic treatment was a cocktail of the three
previous probiotics (probiotic 4: P4).

Bacterial growth and inoculation

Each bacterial isolate was removed from long-term cryopreservation and passaged in 1%
tryptone broth. To prepare the bacteria for use in the experiment, 5 mL of each bacterial
strain was taken from a stock and added to 150 mL of 1% tryptone broth, followed
by growth at 17°C for 68 h. The bacteria were then washed twice by centrifugation
(4,500 rpm, 10 min) to remove detrimental metabolites and re-suspended in sterilized
reverse osmosis (RO) water (21). Bacteria used to inoculate in the experiment were kept
at 4°C until used each day.

Animal sourcing and husbandry

Outbred 1-year-old (1.5”-2"), mixed sex X. laevis were purchased from Xenopus 1 (Dexter,
MI). All animals were housed and handled under strict laboratory regulations as per GWU
IACUC (approval number 15-024). For experimental probiotic application, animals were
housed in individual 6” x 6” containers. During the course of the experiment, animals
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TABLE 1 Number of X. laevis used by treatment group (Pseudomonas RSB5.4 [P1], Stenotrophomonas THA2.2 [P2], Pseudomonas tolaasii RSB5.11 [P3], and cocktail
[P4]), time point (initial cohort size, week 1, week 2, and week 3), and sample type (microbiome [M] or tissue [T])?

RSB5.4 (P1) THA2.2 (P2) RSB5.11 (P3) Cocktail (P4) Controls
Initial cohort size M=18(16) M=18(15) M=18(16) M=18(17) M=18(16)
Week 1 M=18(16);T=12 M=18(17);T=12 M=18(18);T=12 M=18(18);T=12 M=18(18);T=12
Week 2 M=6(5) M =6 (6) M =6 (6) M =6 (6) M =6 (6)
Week 3 M=6(6);T=6 M=6(6);,T=6 M=6(6);T=6 M=6(6);T=6 M=6(6);T=6

“A total of 90 X. laevis were used for the experiment. The number of individuals included in statistical analysis after data preprocessing is given in parentheses.

were kept on a 12 h day-night cycle in individual aquaria containing 200 mL of water and
fed bi-weekly.

Experimental design

The experimental setup entailed a 5 x 1 design, with the five treatment groups
consisting of four experimental groups and one control group (Table 1). The experiment
lasted 22 days. Each treatment group started the experiment with 18 individuals, with
the experiment having a total of 90 individuals. Based on prior experiments (21, 25), we
used 1 mL from a 6 x 107 cells/mL bacterial stock of either each probiotic in monoculture
(Pseudomonas RSB5.4 [P1], Stenotrophomonas THA2.2 [P2], Pseudomonas tolaasii RSB5.11
[P3]) or the probiotics combined as a cocktail (P4) to inoculate an aquarium containing
200 mL of water. This resulted in an exposure of 300,000 cells/mL for probiotic-treated
frogs in the aquaria. Control (C) aquaria were inoculated with 1 mL of sterilized RO water.
Frogs were then inoculated with their respective probiotics (experimental groups) or
sterilized RO water (control group) on days 0O, 2, 4, and 6 as per previous work (25). On
day 6, all frogs remained treated in the probiotic solution (or water for controls) for 8 h.
Then after 8 h of final treatment exposure on day 6, all aquaria water was discarded, and
new water was added.

At specific time points, individual frogs were swabbed for microbiome quantification
(days 0, 8, 15, and 22) and tissues were collected for quantitative reverse transcriptase
polymerase chain reaction (RT-gPCR) (days 8 and 22). At days 0 (day 0) and 8 (week 1),
all frogs were swabbed with 20 strokes on their entire ventral side after being rinsed
with sterile RO water. This method follows previous studies using a similar swabbing
procedure (39, 40). After swabbing on day 8 (week 1), 12 individuals per treatment were
humanely euthanized for tissue collection. For tissue collection, a large piece of skin
was excised with RNase AWAY (ThermoFisher, Waltham, MA) sterilized scissors and put
in RNAlater (ThermoFisher, Waltham, MA), stored at 4°C for 24 h and then at —20°C until
RNA extraction was performed. At day 15 (week 2) and 22 (week 3), all remaining frogs
(n = 6/treatment) were swabbed. After swabbing at day 22 (week 3), the remaining
individuals (n = 6/treatment) were humanely euthanized for tissue collection.

Nucleic acid isolation

Microbiome swabs had DNA extracted using a Qiagen DNeasy PowerSoil Pro kit
(Qiagen, Germantown, MD). Minor modifications to the manufacturer’s protocol included
incubation of the swab in C1 buffer at 65°C for 10 min at 40 rpm, bead-beating for 90 s
on a Mini-Beadbeater-96 (Biospec, Bartlesville, OK), and prior to the final elution having
C6 warmed to 60°C and added to samples to incubate for 5 min.

16S rRNA gene sequencing

Extracted DNA from samples, positive microbiome controls (Zymo Research, Irvine, CA,
USA: Cat No: 6300, 6305), and negative controls (extraction and PCR controls) were
prepared for 16S rRNA gene sequencing using barcoded 515F-Y and 939R (V3-V5 region)
primers and sequenced on an lllumina MiSeq with v3 2 x 300 chemistry following
methods as fully described in Bornbusch et al. (41).
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TABLE 2 List of primer sequences for RT-qPCR

Gene name Primer sequences (5'—3’; Fwd, Rev)

FOXP3 F)-ATGGCACGGTTGTCTGGAGA
R)-CAAGCTGTTCTTCTAGTTTGTG

(
(
IL10 (F)-CAGTCCGTGTCTGAAACAATTC
(R)-CAGCAACTTGTCCTTGAGAAAG
CSF1 (F)-GCCTCATATCATGCATCGTGGGAA
(R)-TGTGTTCCGTGAAGCTGTCTCCTA
IL34 (F)-TGATAAGCGATTGACCTACCTGGG
(R)-AGCTCTTCTACGGTGATTCCTTGG
TNFA (F)-TGTCAGGCAGGAAAGAAGCA
(R)-CAGCAGAGCAAAGAGGATGGT
TLR2 (F)-GCCATGGAGAAGAGCTACAA
(R)-CAAAGAGACGGAAGTGAGAGAA
TLR6 (F)-CAGTCAGGAAGACTCAGAATGG
(R)-CAATGATTGCTTTGCCAGGAATA
TGFB (F)-CCTTACATCTGGAGCACAGATAC
(R)-GGAACACAGCAGGGAGAAAT
GAPDH (F)-ATGTGTCCGTTGTGGATCTG
(R)-GATTCCTTTCATTGGTCCCTCT
RT-qPCR

RT-qPCR was used to quantify gene expression profiles of eight genes (Table 2) involved
in immune system function. Skin tissues were homogenized in TRIzol reagent (Thermo-
Fisher, Waltham, MA), flash frozen on dry ice, and stored at —80°C until RNA isolation.
RNA isolation was performed using TRIzol according to the manufacturer’s directions.
For RT-qPCR gene expression analysis, RNA (500 ng/sample) was reverse transcribed into
cDNA using gScript cDNA supermix (QuantaBio, Beverly, MA).

Quantitative gene expression analysis on cDNA was performed using the CFX96
Real-Time System (Bio-Rad Laboratories, Hercules, CA) and iTaq Universal SYBR Green
Supermix (Bio-Rad Laboratories). The Bio-Rad CFX Manager software (SDS) was
employed for initial gene expression data capture. All downstream expression analyses
were conducted using the AACt method relative to the GAPDH endogenous control gene
for X. laevis (42). The primers used are listed in Table 2.

Transcriptomics

Skin samples from weeks 1 and 3 timepoints were used for transcriptome sequenc-
ing. Total RNA was purified with the EZ2 Connect instrument (Qiagen) using the EZ2
RNA/miRNA Tissue/Cells Kit (Qiagen). RNA extracts were sent to Azenta Life Sciences
for rRNA depletion, library construction, and sequencing. Dual depletion of bacterial
and animal rRNA was conducted using the NEBNext rRNA (bacteria and human/mouse/
rat) Depletion Kits (New England Biolabs), respectively. TruSeq 2 x 150 bp libraries
were prepared and sequenced on a NovaSeq sequencing instrument (lllumina) to
produce ~40 M read pairs per sample.

Data analysis and statistics: 16S rRNA gene sequencing

Raw sequencing data in fastq.gz format was first preprocessed with dada2 (43, Jupyter
Notebook, dada2). This was followed by an additional cleanup step for the removal of
contaminants with the decontam package (44) and also a manual inspection of raw
data for contaminants, subject to removal where appropriate (13 ASVs composing ~1%
of taxa identified and removed as contaminants; Jupyter Notebook, Preprocessing).
Singletons and non-target organelle reads from chloroplasts were also removed during
preprocessing. These cleanup steps resulted in a total of 3,840,280 reads (2,676 unique
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taxa and 262 samples) being reduced to 3,502,980 reads (1,190 unique taxa and 240
samples; Jupyter Notebook, Preprocessing). All remaining samples were then rarefied to
an even depth of 2,575 reads/sample using the rarefy_even_depth function in phylo-
seq and following results from rarefaction richness curve analysis (Fig. S1). Rarefaction
resulted in a final total of 581,950 reads (1,138 unique taxa with 226 samples). This
preprocessed, contaminant removed, and rarefied data were then subject to statistical
analysis and visualization with a variety of packages including phyloseq (45), vegan (46),
and ggplot2 (47). An a = 0.05 was used for all analyses. A feature table containing
ASV counts, corresponding DNA sequence file, and the taxonomy file are available
as supplementary files (Supplementary Files 1A, B, and 2). A metadata file containing
treatment types and corresponding diversity data is also available (Supplementary File
10).

We first examined probiotic persistence. This was done using post-rarefaction ASV
counts to visualize the amount and presence of the probiotic ASVs in each treatment
and control group over time. To identify the ASVs that corresponded to the probiotic
used in exposure, we used Geneious 10.2.2 with a custom Blast to return the ASVs that
matched at 100% sequence similarity to their respective 16S rRNA gene sequence (28).
Only one ASV matched at 100% sequence similarity for each probiotic and is hereafter
considered the same taxon as the probiotic applied bacteria. Significance of changes in
probiotic persistence over time was examined using linear mixed-effects models, with
the probiotic ASV sequence count as a response variable, day as a linear fixed effect,
and frog ID as a random effect (Jupyter Notebook, Analyses/Statistics). In the case of the
model used for the probiotic cocktail, the parameters approached the boundary of the
parameter space (i.e., singularity) but functioned as expected, indicating overall stability.

Next, we examined microbial community alpha diversity over time and between
treatments. All alpha diversity examinations were completed using ASV richness. ASV
richness was also examined for a community subset of known bacterial taxa with anti-Bd
inhibitory properties (48; an updated version of the Woodhams database with only
strongly inhibitory bacteria was used, Strict_June15.2020 update, personal communica-
tion from reference [31]) with a correction made to examine the community minus
the probiotics for a corresponding ASV relative abundance analysis (total anti-Bd ASV
read counts divided by total reads) and richness analysis. For both analyses, we first
determined if there were any baseline differences in ASV richness at day 0, prior to
probiotic exposure. This was done using analysis of variance (ANOVA) and Tukey’s post
hoc tests, where applicable. To compare alpha diversity changes over time after the
probiotic treatment, we used linear mixed effects models with bacterial ASV richness as
the response variable, treatment and day as linear fixed effects, and frog ID as a random
effect. These models allowed us to determine if probiotic exposure changed the bacterial
community structure among treatments at week 1 (n = 16-18 individuals/treatment;
Table 2), week 2 (n = 6 resampled individuals/treatment; Table 2), and week 3 (n =
6 resampled individuals/treatment; Table 2). Richness was logyg transformed to meet
assumptions of normality. To determine the significance of the day and treatment fixed
effects, Wald’s test was used. This was followed by an examination of pairwise differences
between treatment groups using estimated marginal means.

Following alpha diversity analysis, beta diversity was examined. Rarefied ASVs were
also used in beta-diversity calculations. Between treatment community differences were
examined at each time point using both the Bray-Curtis and Jaccard dissimilarity metrics
for beta-diversity using permutational analysis of variance (PERMANOVA). Differences
for both metrics were visualized using principal coordinate analysis (PCoA). In addition
to the PERMANOVAs and PCoAs, beta dispersions (Jaccard and Bray-Curtis) between
treatment groups by time point were also examined using the betadisper function in
vegan.
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Data analysis and statistics: targeted RT-qPCR

Immunity gene expression analysis utilized the 27 method for normalization and
statistical comparison (42). A correlation analysis on this data were first completed
to better understand sample independence (Table S8). This was followed by visual
inspection of the normalized expression data, which indicated data that violated
assumptions of normality (Jupyter Notebook, Analyses/Statistics). This was ameliorated
by using non-parametric Kruskal-Wallis tests and Dunn’s post hoc tests to compare
non-correlated genes and genes of interest at both week 1 and week 3. Time groups
were analyzed separately as the different time groups were composed of different
individuals (i.e., no repeat sampling due to animal euthanasia for tissue collection).

Lastly, probiotic ASV sequence count per respective treatment group was examined
as a function of immune expression data for FOXP3, colony stimulating factor-1 (CSF7),
and interleukin-10 (/L70) using linear models. Each individual probiotic ASV sequence
count was the response variable, and the explanatory variables were the three non-
correlated genes of interest (CSF1, FOXP3, and IL10). Models were analyzed for each
probiotic treatment separately. For the cocktail, each unique probiotic ASV was isolated
and compared in separate analyses (e.g., Pseudomonas RSB5.4 [P1] in cocktail [P4] was
subset and analyzed separately from Stenotrophomonas THA2.2 [P2] in cocktail [P4]).
Both logqq transformation and no transformation were utilized. Other genes of interest
were excluded from this analysis due to issues with collinearity. QQ plots were examined
to verify model fit.

Data analysis and statistics: transcriptomics

Read mapping and transcript quantification were conducted using the nf-core/rnaseq
pipeline (v. 3.14.0-gb89fac3) in the Nextflow (v. 24.04.4) workflow manager (49, 50). The
STAR-Salmon sub-workflow was used (51, 52), the X. laevis genome assembly (v. 10.1)
and annotations (v. 10.17) were used as a mapping reference (53) and default values
were used for all other settings. Protein sequences were extracted from the genome with
gffread (v.0.12.7; 54) and annotated with eggNOG-mapper (v.2.1.5; 55) to derive gene
names and gene ontology (GO) terms.

Differentially expressed genes (DEGs) were identified using the DESeq2 (v. 1.34.0)
R package (56). Samples from each timepoint (weeks 1 and 3) were separated prior
to DESeq2 analysis because intra-group variation was markedly different between
timepoints (as recommended by the DESeq?2 vignette). Genes with fewer than 10 reads
for at least 12 or 6 samples for weeks 1 and 3, respectively (representing the respective
group sizes), were removed from further analysis. DEGs were identified between each
treatment and the control for each time point (with corrected P-values < 0.05 considered
significant). Overlap between each set of DEGs was visualized using UpSet plots with
the UpSetR (v.1.4.0) R package (57). Significantly enriched biological process GO terms
were identified for each set of DEGs (including both significantly up and down-regulated
genes) using the topGO (v. 2 46.0) R package (58).

Associations between gene expression and bacterial ASV sequence count were
investigated using a weighted gene co-expression network analysis (WGCNA) approach
(59). Since large numbers of samples and variation in associations are required for
network inference, samples across all treatments, including controls, were used in a
single analysis. The final network represents the variation of gene expression-bacterial
ASV sequence count associations that is possible for X. laevis skin. Gene-level expression
data were first transformed using the variance-stabilizing transformation in DESeq2, and
only genes with 10 or more reads for at least 6 samples were retained. Genes were
then clustered into co-expression modules using the WGCNA (60) package (v. 1.72-5)
in R using a soft power threshold of 3, a maximum block size of 15,000, and a signed
topological overlap matrix. Modules were functionally annotated by calculating the
proportion of their genes containing each of the level one biological process GO terms.
Bacterial ASV sequence count was agglomerated to the genus level, filtered to retain
only genera present in 50% of samples, and converted to relative abundance using
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the R package phyloseq (v.1.41.1; 45). Gene module expression and bacterial relative
abundance were then combined, and Spearman’s correlation tests were performed
between all gene modules and bacteria, with only correlations with a (FDR-corrected)
P-value < 0.05 being retained. These were input into Gephi (v.0.10.1; 61) for network
visualization.

RESULTS
Probiotic persistence

In all probiotic exposure treatments, the probiotics generally persisted over the 22-day
experiment (Fig. 1). For frogs exposed to Pseudomonas RSB5.4 (P1), Stenotrophomonas
THA2.2 (P2), and Pseudomonas tolaasii RSB5.11 (P3), all treatment groups maintained
detectable amounts of the probiotic until the end of the experiment. Stenotrophomonas
THA2.2 (P2) was detected as a common symbiont on X. laevis in all treatment groups
including controls, and with probiotic exposure, Stenotrophomonas THA2.2 (P2). ASV
sequence count increased in the P2 (monoculture exposure) and P4 (cocktail exposure)
treatments.

Different outcomes of probiotic persistence occurred over 22 days depending on the
strain and monoculture versus cocktail application. Pseudomonas RSB5.4 (P1; Fig. 1B) and
Pseudomonas tolaasii RSB5.11 (P3; Fig. 1D) significantly declined over time in sequence
count (LMM: P < 0.001), whereas Stenotrophomonas THA2.2 (P2; Fig. 1C) remained
stable over time (LMM: P = 0.6). However, in the three-probiotic cocktail (P4; Fig. 1E),
Pseudomonas RSB5.4 (P1; Fig. 1E; LMM: P = 0.7) remained stable over time, whereas
Stenotrophomonas THA2.2 (P2; Fig. 1E; P = 0.04) and Pseudomonas tolaasii RSB5.11 (P3;
Fig. 1E; P =0.002) significantly declined in sequence count.

Probiotic inoculation effect on bacterial ASV richness and relative abundance

Prior to any probiotic exposure, day 0 ASV richness was similar among treatments
(ANOVA: F475 = 1.56; P = 0.194). Following probiotic exposure, ASV richness remained
similar among treatments (Wald: W = 4.26; df = 4, P = 0.37) but changed over time, with a
slight but significant increase with time (Wald: W = 21.07; df = 1, P < 0.001) (Fig. S2).
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FIG 1 Probiotic persistence. (A) Heatmap abundances of ASV sequence counts per sample by week 0 (day 0; prior to probiotic inoculation), week 1 (day 8), week

2 (day 15), and week 3 (day 22). Sample range by color shade is given in the corresponding legend. Scatterplot of probiotic sequence counts for each probiotic
treatment and corresponding linear mixed-effects model equation for (B) ASV18 (Pseudomonas RSB5.4 [P1]), (C) ASV9 (Stenotrophomonas THA2.2 [P2]), (D)
ASV10 (Pseudomonas tolaasii RSB5.11, P3), and (E) the three-probiotic cocktail.
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FIG 2 Line plots of anti-Bd bacterial ASV richness, by treatment and timepoint. All treatment groups at the beginning of the experiment pre-inoculation,
were similar at day 0 (D0). All treatments at week 1 post-inoculation (W1), week 2 post-inoculation (W2), and week 3 post-inoculation (W3) also had similar
or slightly decreasing anti-Bd bacterial ASV richness over time, with P4 having slightly higher richness (data shown is excluding observed probiotics by
respective individuals at each timepoint). Treatments are matched by color and are coded as follows: C = no-probiotic control, P1 = Pseudomonas RSB5.4, P2 =
Stenotrophomonas THA2.2, P3 = Pseudomonas RSB5.11, and P4 = cocktail. Error bars at each point represent plus or minus one standard deviation.

Probiotic effects on the ASV richness of known anti-Bd bacteria were also examined
(Fig. 2). Prior to probiotic exposure, a significant difference was observed between
treatments (ANOVA: F4 75 = 2.761; P = 0.0337). Specifically, Pseudomonas RSB5.4 (P1) and
Pseudomonas tolaasii RSB5.11 (P3) treatments differed initially, with treatment Pseudo-
monas RSB5.4 (P1) having a significantly higher anti-Bd bacterial ASV richness pre-pro-
biotic exposure than treatment Pseudomonas RSB5.11 (P3) (P = 0.0241) by chance.
Following probiotic exposure, anti-Bd bacterial richness (inclusive of the probiotics) had
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a significant treatment effect (Wald: W = 18.56; P < 0.001), but no significant time
effect (Wald: W = 2.25; P = 0.13). The probiotic cocktail (P4) had significantly higher
anti-Bd bacteria richness (inclusive of probiotics) compared to treatments Stenotropho-
monas THA2.2 (P2) (marginal means pairwise comparison Stenotrophomonas THA2.2
(P2)-cocktail (P4): P = 0.0037) and Pseudomonas RSB5.11 (P3) (marginal means pairwise
comparison Pseudomonas tolaasii RSB5.11 (P3)-cocktail (P4): P = 0.0093) (Table S1).
Anti-Bd bacteria richness was then corrected for the added probiotics (subtracting 0-3
for each individual frog and time point depending on presence/absence of Pseudomo-
nas RSB5.4 [P1], Stenotrophomonas THA2.2 [P2], and Pseudomonas tolaasii RSB5.11 [P3])
and still showed a significant treatment effect post-exposure (Wald: W = 16.558; P =
0.002) but did not show a significant overall time effect (Wald: W = 2.933; P = 0.0868).
When compared to the control group, the control (C)-Stenotrophomonas THA2.2 (P2)
and control (C)-Pseudomonas tolaasii RSB5.11 (P3) marginal means pairwise treatment
comparisons indicated that probiotic treatment caused anti-Bd bacteria richness to be
significantly reduced (P < 0.05) (Table S2).

We then tested for any treatment and time effects on the relative abundance of
anti-Bd bacteria ASVs (after removing probiotic applied sequences from analyses; Fig. 3).
Prior to probiotic exposure, anti-Bd bacterial ASV relative abundance was similar among
treatments (ANOVA: F475 = 2.452; P = 0.0532). Following probiotic exposure, anti-Bd
bacterial ASV relative abundance differed among treatments (Wald: W = 38.79; df = 4, P
< 0.001), but not time (Wald: W = 0.278; df = 1, P = 0.598). Probiotic treatment caused a
significant reduction in anti-Bd bacteria ASV relative abundance for all treatment groups
when compared to the control group (C) with no probiotics (Table S3).

Probiotic inoculation effect on microbial community beta-diversity

The bacterial community beta-diversity differed among time points (Fig. S3 and S4) and
among treatments within a given time point (Fig. 4). We observed large compositional
shifts in all treatments at week 1 compared to day 0, followed by continual but more
gradual shifts in the bacterial community composition at weeks 2 and 3. All treatments,
including controls, experienced these shifts, suggesting a continually changing state of
the X. laevis skin microbiome. Prior to probiotic exposure, differences in skin bacterial
community composition among treatments using the Bray-Curtis (PERMANOVA: F4 75 =
2.56; P < 0.05; Table S4) and Jaccard dissimilarity metrics (PERMANOVA: F4 75 = 1.49; P <
0.05; Table S6) were observed by chance. However, in post hoc comparisons, no treat-
ments were found to differ with the Bray-Curtis metric (post hoc: F(model) = 1.24-3.52; df
= 1; P > 0.05; Table S5). With the Jaccard metric, Stenotrophomonas THA2.2 (P2) and
Pseudomonas RSB5.4 (P1) treatments differed from control (C) and cocktail (P4), and
Pseudomonas RSB5.4 (P1) also differed from Pseudomonas tolaasii RSB5.11 (P3) (P < 0.05;
Table S7), indicating that unintentional treatment effects were present but subtle prior to
exposure. At week 1 following probiotic exposure, most treatments differed from one
another using the Bray-Curtis metric (PERMANOVA: F4 g5 = 4.50; P < 0.05; post hoc: P <
0.05; Tables S4 and S5) except Stenotrophomonas THA2.2 (P2) and Pseudomonas tolaasii
RSB5.11 (P3) did not differ from cocktail (P4), and all treatments differed in pairwise
comparisons in Jaccard (PERMANOVA: F4 g5 = 2.02; P < 0.05; post hoc: P < 0.05; Tables 56
and S7). By week 2, treatment effects were still detected for Bray-Curtis (PERMANOVA:
Fa,24 = 1.62; P = 0.009; Table 54) and Jaccard metrics (PERMANOVA: F4 54 = 1.37; P < 0.05;
Table S6). In post hoc comparisons, no pairwise treatments were found to differ with the
Bray-Curtis metric (P > 0.05; Table S5), and with the Jaccard metric, cocktail (P4) differed
from control (C), and Stenotrophomonas THA2.2 (P2) differed from Pseudomonas tolaasii
RSB5.11 (P3) (P < 0.05; Table S7). Finally, in week 3, significant treatment effects were no
longer present for the Bray-Curtis metric (PERMANOVA: F4 55 = 1.17; P = 0.154; Table S4)
but were observed for the Jaccard metric (PERMANOVA: F4 55 = 1.29; P < 0.05; Table S6).
In post hoc comparisons for the Jaccard metric, significant differences between treat-
ments were observed between control (C) and both Stenotrophomonas THA2.2 (P2) and
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FIG 3 Line plots of corrected ASV relative abundance of anti-Bd bacteria, by treatment and timepoint. All treatment groups exhibited a lower relative abundance
of anti-Bd bacteria over time as compared to the control (data shown is excluding observed probiotics by respective individuals at each timepoint). Treatments
are matched by color and are coded as follows: C = no-probiotic control, P1 = Pseudomonas RSB5.4, P2 = Stenotrophomonas THA2.2, P3 = Pseudomonas tolaasii
RSB5.11, and P4 = cocktail. Time points are given for each treatment and are coded as follows: DO = day 0, W1 = week 1, W2 = week 2, and W3 = week 3. Error bars
at each point represent plus or minus one standard deviation.

cocktail (P4). Significant differences were also seen between Pseudomonas RSB5.4 (P1)
and Stenotrophomonas THA2.2 (P2) (P < 0.05; Table S7).

Beta dispersion for the Jaccard metric was also examined between treatment groups
by timepoint. Significant differences in beta dispersion were not seen in week 1, week 2,
and week 3 (F424-g2 = 1.28-2.10; P > 0.05). Significant differences were observed in beta
dispersion prior to probiotic exposure (DO; F475 = 5.49; P < 0.05). Follow-up pairwise
testing indicates that these significant differences (P < 0.05) were present between
Pseudomonas RSB5.4 (P1) and the following: control (C), Stenotrophomonas THA2.2 (P2),
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FIG 4 Principal coordinate analyses (axes 2 and 3; shown to visualize treatment effects) of microbial community beta diversity using the Bray-Curtis dissimilarity

metric, by time point. Data ellipses show an 80% confidence and assume a multivariate t-distribution. The treatment group is given by color and shape in the

legend. (A) All treatment groups at the beginning of the experiment, pre-inoculation. (B) All treatments at week 1 post-inoculation. (C) All treatments at week 2

post-inoculation. (D) All treatments at week 3 post-inoculation. Treatments are matched by color across panels and are coded as follows: C = no-probiotic control,
P1 = Pseudomonas RSB5.4, P2 = Stenotrophomonas THA2.2, P3 = Pseudomonas tolaasii RSB5.11, and P4 = cocktail.

and Pseudomonas tolaasii RSB5.11 (P3). For beta dispersion analyses using the Bray-Curtis
metric, no significant differences were observed between treatments for all four

timepoints (F4,24-g2 = 0.71-1.78; P > 0.05).

Targeted RT-qPCR expression analysis

Gene expression analysis of eight hallmark immune-related genes was conducted at
key times post-probiotic treatment (Fig. 5). We first tested the correlational structure
of the eight examined immune genes, with low correlation genes having independ-
ent and analyzable expression patterns. We found high correlations (Pearson Correla-
tion >0.9; Table S8) for interleukin-10 (/L70; immune suppression [62]), interleukin-34
(IL34; macrophage growth factor [63]), transforming growth factor-beta (TGFB; immune
suppression and fibrosis [64]), toll-like receptors 2 and 6 (TLR; pathogen recognition [65]),
and tumor necrosis factor-alpha (TNFA; proinflammatory [66]). The low correlation genes
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were identified as colony stimulating factor-1 (CSF1; macrophage growth factor [63])
and forkhead box P3 (FOXP3: marker of T regulatory cells [67]). Two genes of biological
interest were also included in our analysis, IL10 and TNFA. These were included in the
individual analyses because TNFA is a pro-inflammatory cytokine while IL70 is typically
involved in immune suppression, thus the two are not expected to exhibit co-expression
or overlapping biological function, even though they exhibited correlated expression
patterns in our analysis.

Probiotic treatment effects were examined on CSF1, IL10, FOXP3, and TNFA gene
expression. At week 1, no significant differences were observed among treatments for
CSF1 expression (H = 5.72; df = 4; P = 0.22) and a near significant effect of IL710 expression
was observed (Kruskal-Wallis: H = 9.28; P = 0.054; df = 4). Conversely, FOXP3 expression (H
=11.98; df = 4; P = 0.018) and TNFA expression differed among treatments (H = 12.82; df
=4, P=0.012). Specifically, the exposure of frogs to Pseudomonas RSB5.4 (P1) resulted in
lowered FOXP3 expression compared to control (C) frogs (P = 0.0288; Table S9) and to
frogs treated with the cocktail (P4; post hoc: P = 0.0463; Table S9). Distinct probiotic
treatments exhibited disparate effects on TNFA expression. Specifically, the cocktail (P4)
caused a significant reduction in TNFA expression compared to expression levels seen in
Pseudomonas RSB5.4 (P1) and Stenotrophomonas THA2.2 (P2) (post hoc: P < 0.05; Table
S10). At week 3, no significant differences were observed among treatment groups for
CSF1,1L10, FOXP3, or TNFA expression (Kruskal-Wallis rank sum test: H=2.71, P=0.61; H=
3.93,P=0.42; H=4.99, P=0.29; H=4.57, P = 0.33; respectively; df = 4 for all tests).

Finally, gene expression was examined in relation to the counts of each probiotic ASV
in their respective treatments. We found no linear relationship between probiotic ASV
sequence counts and FOXP3, IL10, and CSF1 gene expression for both the logqg trans-
formed and untransformed data (P > 0.05; Jupyter Notebook, Analyses/Statistics).

Transcriptomic analysis

To expand on our immune gene expression analysis, we performed RNA-seq of control
and probiotic-exposed frog skins. This analysis produced between 38 and 75 million read
pairs per sample, which were mapped to the X. laevis genome at a rate of 81.5% to 86.3%
(Supplementary File 1D). We tested 22,080 genes (post-filtering) for differential expres-
sion across all treatments with 288 identified as DEGs in at least one treatment compared
to controls (Supplementary File 1E). The majority of DEGs were probiotic treatment-
specific for all DEGs (Fig. S5) and for immune-related DEGs specifically (Fig. 6). We then
determined if DEGs were enriched for specific GO terms, including immune-related GO
terms (Fig. S6; Supplementary File 1F).

At both week 1 and week 3, probiotic application caused changes to the expression of
relatively few subsets of immune-related genes, with limited overlap between probiotic
sets (Fig. 6; Fig. S7; Supplementary File 1G). The treatments Pseudomonas RSB5.4 (P1) and
cocktail (P4), which both contained Pseudomonas RSB5.4, elicited higher immune-related
gene expression changes at week 1 (Pseudomonas RSB5.4 [P1] = 21 DEGs; cocktail [P4] =
16) compared to the other treatments (Stenotrophomonas THA2.2 [P2] = 5; Pseudomonas
tolaasii RSB5.11 [P3] = 6). After 1 week of treatment, both Pseudomonas RSB5.4 (P1) and
cocktail (P4) treatments resulted in increased expression of the antiviral gene encoding
interferon-induced transmembrane protein 3 (IFITM3). After 1 week of treatment,
Pseudomonas RSB5.4 (P1) but not cocktail (P4) also resulted in increased expression of
the antiviral gene encoding an interferon-induced protein with tetratricopeptide repeats
5 (IFIT5). Additionally, Pseudomonas RSB5.4 (P1) treatment resulted in elevated expres-
sion of a handful of genes associated with innate (C3, SEPINET) and adaptive (LCK, CD7,
PRF1) arms of the immune response. Cocktail (P4) was also the only treatment to exhibit
a significant reduction in immunoglobulin J (/GJ) expression compared to control (C) at
week 1. Also, Pseudomonas tolaasii RSB5.11 (P3) was the only treatment to display
increased interleukin-17 (IL17C) expression at week 1. Interestingly, animals treated for 3
weeks with Pseudomonas RSB5.4 (P1), Stenotrophomonas THA2.2 (P2), or the cocktail (P4)
probiotics all possessed elevated expression of the ficolin-2 (FCN2) gene, which is
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associated with the lectin pathway of complement activation (68). Notably, 3 weeks of
treatment with Stenotrophomonas THA2.2 (P2) and Pseudomonas tolaasii RSB5.11 (P3)
resulted in elevated expression of the gene encoding complement factor B, while
Pseudomonas tolaasii RSB5.11 (P3) resulted in decreased interleukin-12 (IL12B) expres-

sion, and cocktail (P4) resulted in increased C2 complement gene expression.
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For GO terms, only a few were consistently enriched within each probiotic treatment
over time (Fig. S6; Supplementary File 1F). It is unclear to what extent, if any, these terms
are involved in X. lgevis immune responses. However, we did observe signatures of
probiotic application in a small number of GO terms. At week 1, the GO terms “negative
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regulation of monocyte differentiation,” “negative regulation of myeloid cell differentia-
tion,” and “definitive hemopoiesis” were enriched for all four treatment-control compari-
sons at week 1 and the term “opsonization” was enriched at week 3 (Supplementary File
1F). The only significant GO term found in probiotic treatments containing Pseudomonas
(Pseudomonas RSB5.4 [P1], Pseudomonas tolaasii RSB5.11 [P3], and cocktail [P4]) and not
in the Stenotrophomonas THA2.2 (P2) treatment was the GO term “negative regulation of
hemopoiesis” at week 1.
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FIG 7 An association network of proportional abundance of bacterial genera and gene expression modules across all

treatments (A). Nodes are colored by data type (bacterial genus/expression module) and their size is scaled by betweenness

centrality. Edge color indicates direction of association (red = negative, blue = positive). The heatmap shows correlations (red

= negative, blue = positive) between gene expression modules (B) and bacterial genera. Matrix color shows direction (as

in panel A) and strength of correlation; non-significant correlations are set to zero (white). Bacteria are ordered by phylum.

Vertical lines highlight the modules with the highest proportion of genes annotated with the “immune system process” GO

term.
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We assessed overall associations between gene expression and bacterial sequence
counts in X. laevis using network analysis (WGCNA; all treatments combined to build
robust networks). The genes were partitioned into 32 modules in the WGCNA analysis.
The majority of modules were significantly associated with sequence counts represent-
ing at least one bacterial genus (Fig. 7). Three modules contained a particularly high
proportion of immune-related genes (Fig. S5) and two of these (ME7 and ME16) had both
positive and negative associations with multiple bacterial taxa. Notably, ME7 and ME16
had generally positive associations with Proteobacteria taxa and ME7 with Pseudomonas
specifically. Interestingly, while Pseudomonas (introduced in treatments Pseudomonas
RSB5.4 [P1], Pseudomonas tolaasii RSB5.11 [P3], and cocktail [P4]) was significantly
associated with multiple gene expression modules, Stenotrophomonas (introduced in
treatments Stenotrophomonas THA2.2 [P2] and cocktail [P4]) was not significantly
associated with any gene modules (Fig. 7B). The lack of host-bacterial correlation for
Stenotrophomonas may be reflected in the low number of differentially expressed genes
for the Stenotrophomonas THA2.2 (P2) contrast (Fig. 6) and may relate to this probiotic
being a common commensal on X. laevis used in the experiment (Fig. 1).

DISCUSSION

Here, we hypothesized that probiotic exposure with three previously identified Bd
inhibitory bacteria would result in skin colonization and post-exposure persistence on
the model frog species, X. laevis. We demonstrated that probiotic exposure results
in colonization and persistence of applied probiotics for at least three weeks, with
probiotic strains showing different persistence patterns in monoculture versus mixed
cocktail application. We also hypothesized that probiotic exposure in X. laevis would
alter both the resident bacterial community and expression profiles of genes involved
in the X. laevis innate and adaptive immune response. We showed alterations of both
the bacterial community and immune gene expression patterns. Bacterial community
changes at week 1 and differences in immune gene expression at week 1 and week 3
were signatures of all probiotic applications.

Probiotic persistence was observed for all probiotic treatments over the course of
the experiment, albeit with a decline in ASV sequence count for Pseudomonas RSB5.4
(P1) and Pseudomonas tolaasii RSB5.11 (P3) when applied independently. In the probiotic
cocktail treatment, a decline in ASV sequence count was seen for Stenotrophomonas
THA2.2 (P2) and Pseudomonas tolaasii RSB5.11 (P3), indicating differential persistence
effects of probiotics when introduced independently as opposed to a mixture. This
is an important in vivo finding in X. laevis and corroborates findings in vitro (69) and
in vivo in A. zeteki (25) of anti-Bd cultures used in multi-species probiotic treatments
enhancing or reducing the effects of other members. The differential effects seen in
the probiotic cocktail treatment also have important similarities to results of probiotic
studies in Rana sierrae, where an experimental anti-Bd multi-species bacteria consor-
tium mediated host peptide reduction (16). The effects of single versus multi-species
probiotics should therefore be considered in future treatment designs. Whether one
probiotic is deterministically selected over the other through a host sorting mechanism
via host factors such as immune selection (70) and open ecological niches in the
microbial community (71) or is favored through random assembly effects (72) remains
unclear. Priority effects encompassing the timing of microbial community assembly in
tadpoles have also recently been shown to influence probiotic prevalence (73). Such
timing may have important causal interactions with amphibian immune responses and
should therefore be explored in future work. Additionally, the mathematical prediction of
probiotic sorting may follow theoretical approaches. Specifically, results presented here
might be explained by a complex interaction of ecological and evolutionary processes, to
include host-orchestrated species sorting via the host-immune system and microbiome
(74).

We found that the two Pseudomonas spp. (RSB5.4 [P1] and RSB5.11 [P3]) persisted,
but declined over time, whereas the Stenotrophomonas THA2.2 strain that was already
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commonly found on X. laevis (P2) remained stable. The tendency for some probiotics
to persist but decrease in ASV sequence count in this experiment generally agrees
with results in other amphibian multi-week probiotic experiments where the probiot-
ics similarly declined over time (21, 23). Other work using longer-term multi-month
probiotic experiments have also shown overall persistence with a gradual decrease
of the probiotic (20), indicating a possible general phenomenon associated with skin
probiotic application.

The probiotics used in this study significantly impacted the ASV sequence count
and relative abundance of anti-Bd bacterial ASVs on X. laevis skin. We found that the
Stenotrophomonas THA2.2 (P2) and Pseudomonas RSB5.11 (P3) treatments produced a
significant reduction in anti-Bd bacteria ASV richness over time when excluding these
added probiotics. This suggests that these probiotics were replacing at least one of the
pre-treatment anti-Bd bacteria, perhaps through some form of competitive exclusion.
Interestingly, relative abundance of anti-Bd bacteria ASVs (with the probiotics’ excluded)
indicated a significant decline in the anti-Bd bacterial ASV relative abundance already
present prior to probiotic inoculation. Together, this indicates that adding anti-Bd
probiotics can reduce the richness and relative abundance of some anti-Bd bacteria
ASVs present. This may be due to an anti-Bd bacterial niche in the community that
constrains the total number and relative abundance of individuals in that niche. This
would be in agreement with previous work that found the diversity of anti-Bd bacteria
on amphibian skin to be constrained evolutionarily by the host species (75), suggesting
that each host species hosts a particular niche for inhibitory taxa. One limitation of this
finding is that there may be additional anti-Bd bacteria present that were not contained
in the strict Bd-inhibitory database (76). However, the strict database used was sourced
from a larger initial database representing >7,300 bacterial isolates from >180 frog
and salamander species from diverse geographies, which we believe is useful to make
reasonable estimates on the number of anti-Bd bacteria and their relative abundances
(76).

Probiotic application caused significant shifts to bacterial community composition
(i.e., beta diversity) across all treatments (Fig. 4). While there were subtle differen-
ces between some treatments pre-probiotic exposure for presence-absence measure
of composition (Jaccard), no differences were observed in the abundance-weighted
measure (Bray-Curtis). These differences were dramatically increased after probiotic
exposure at week 1, with the presence-absence measure exhibiting significant pair-
wise comparisons between all treatments, and most treatments differing in abundance-
weighted beta diversity. These differences declined at week 2, with some differences
still detected through week 3 for presence-absence beta diversity, but not abundance-
weighted diversity nor beta dispersion. These results indicate that even with subtle
differences in beta-diversity pre-exposure, probiotic applications induced significant, but
temporary shifts in the community. Significant treatment differences were dramatically
increased at week 1 and then returned to a similar stability state at weeks 2 and 3,
with some minimal, persisting effects. When examined, other studies have similarly
observed large shifts in community composition following initial probiotic application
that dissipate relatively quickly (20, 25). However, most probiotic studies in wildlife
have not examined how probiotic application impacts the resident microbiome (1),
and we suggest that this should be studied when possible. Such findings will provide
critical information about symbiotic microbial community stability and the likelihood for
alternative stable states (76).

All of the immune genes examined in this work using RT-qPCR, with the exception of
FOXP3, are expressed not only by leukocytes but also by other cell types, keratinocytes
notably amongst them. Of all examined genes, only FOXP3 and CSF1 were seen to have
robust independence in their expression profiles. By contrast, the gene expression of
all other RT-qPCR examined immune genes was all highly correlated. We selected TNFA
and IL10 as hallmark pro- and anti-inflammatory cytokines, respectively (62, 66). Possibly,
the observed strong correlation between these two genes may reflect a compensatory
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mechanism whereby the expression of one of these cytokines is meant to counteract the
effects of the other. Furthermore, we observed that Pseudomonas RSB5.4 (P1) mediated
higher TNFA expression compared to the cocktail in RT-qPCR data. Future work will
discern whether the gene expression profiles reported here represent skin-resident
leukocyte and/or keratinocyte gene expression and the mechanisms by which these
gene products participate in frog skin-microbiome interactions.

FOXP3 is a key regulatory transcription factor and marker of T regulatory cells (67),
which are critical to immune suppression and tolerogenic responses. We found that
probiotic application with Pseudomonas RSB5.4 (P1) caused downregulation of FOXP3
expression. This is akin to the effect of Pseudomonas aeruginosa in murine probiotic
studies, where a P. aeruginosa only treatment caused downregulation of FOXP3 as
compared to a combined P. aeruginosa and Lactobacillus rhamnosus GG treatment (77).
Application of this bacterium may thus have disrupted tolerogenic (Treg) responses in
favor of immune activation. This is reflected in the elevated immune gene expression
seen in this treatment group by RNAseq analysis. Pseudomonas RSB5.4 (P1) is likely a new
species that has high 16S ribosomal RNA gene sequence identity (99.77%; NCBI BLAST)
to Pseudomonas baetica; a Pseudomonas species with known pathogenic phenotypes
(78), while the whole genome has high homology to Pseudomonas koreensis, known for
its anti-fungal properties (79). Possibly, either through some pathogenic determinants
and/or by alarming the skin immune system, Pseudomonas RSB5.4 (P1) could have
elicited the frog skin immune response away from Treg-mediated tolerance. Interest-
ingly, host transcriptomic analysis revealed that the Pseudomonas RSB5.4 (P1) had a
relatively larger number of DEGs than the other treatments, highlighting potentially
larger effects of Pseudomonas RSB5.4 (P1) on X. laevis physiology. The skin expression of
FOXP3 as well as the other immune genes examined here could also reflect changes in
the gene expression within the same cell subsets, changes in the skin cell composition,
such as numbers of Tregs and other leukocytes, or some combination of both.

We were surprised to find differentially expressed antiviral genes following Pseudomo-
nas RSB5.4 (P1) treatments, as seen in the RNAseq data. These changes may reflect
changes in the skin leukocyte composition or some effort on the part of the microbe
to shift the skin-resident immunity away from antimicrobial. Conversely, the observed
increase in expression of genes associated with complement pathways and recognition
of bacterial components is intuitive.

It is notable that the RNA-seq analysis did not confirm significant differential
expression of those genes that we examined by RT-qPCR, although some RT-gPCR
examined genes had constitutive expression in the RNA-seq analysis. Complete overlap
of the same expression results between RT-gPCR and RNA-seq is not generally expected
(80). In the case of FOXP3, low abundance levels due to its initiation/activation role in
signal cascades and cell differentiation likely explain the lack of significant differential
expression seen in the RNA-seq data, as changes in expression of high-abundance
transcripts are more detectable and less error-prone. Nevertheless, detectable up-reg-
ulation of genes like IL17C (Pseudomonas tolaasii RSB5.11 [P3] vs control [C] at week
1; Supplementary File 5, Sheet D), which may be induced by FOXP3* Tregs (81), are
likely amplified indicators of initial subtle changes in FOXP3 expression as detected by
RT-qPCR.

In our transcriptomics, we also identified GO terms that appear to be hallmarks of
probiotic colonization, at least for the bacteria we studied here. These include definitive
hemopoiesis (generation of cells that develop into all mature blood and immune cells)
and differentiation of monocytes and myeloid cells (a group of immune cells having
major roles in innate immunity) at week 1 and opsonization (a process of coating cells or
pathogens for the immune system to destroy) at week 3. As GO terms are generated from
multi-species databases, it remains unclear if these terms are truly indicative of alteration
in X. laevis immune responses, or more general associations of probiotic colonization.

It has generally been hypothesized that Bd inhibition by bacterial commensals may
at least in part be due to their modulation of skin-resident immunity, among other
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hypotheses such as direct competition (11, 20, 21, 23, 24). Our study is the first to have
systematically quantified the impact of probiotic application on the immune system in
amphibians, showing that indeed the immune system is affected by probiotic applica-
tion. Our findings are in line with observations in probiotic research in aquaculture,
where immune genes affected by probiotic application are also observed (82). Host
responses to microbial colonization that maintain symbiotic homeostasis, expectantly,
appear to be more subtle than those responses caused by Bd infection (18, 32, 83).

Most immune responses in this study, as measured by skin transcriptomics and
RT-qPCR, were probiotic treatment specific, providing a starting point to ask important
questions about immune gene variability in the context of Bd infection. For future
experiments with Bd, we speculate that Pseudomonas RSB5.4 (P1) and Stenotrophomonas
THA2.2 (P2) would be the most informative candidates since they showed contrasting
patterns of probiotic persistence and immune system cross-talk. Stenotrophomonas
persisted longest in monoculture, was commonly detected on these frogs without
probiotic application, and had no significant association with the top 32 differential
gene expression modules, and thus had limited impacts on immune changes. This would
be important as a potential probiotic that could persist with anti-Bd activity without
eliciting a strong immune response. Inversely, Pseudomonas RSB5.4 showed a gradual
decrease in abundance, effects on FOXP3 expression, and elicited a higher number of
DEGs. Pseudomonas more broadly showed positive correlations with gene expression
module ME7, a module with a high proportion of host immune system process GO
terms. This probiotic may therefore have anti-Bd potential indirectly by modulation
of the host immune response. In contexts such as anti-Bd microbial prophylaxis, it is
important to consider that an alteration of the host amphibian skin microbiome may
alter those animals’ capacity to mount an appropriate and controlled immune response
(17, 84). Alteration to the microbiome by probiotic application may instead augment
the pathogenic effects of Bd, such as inflammation-associated pathology, thus increasing
the likelihood of host mortality (18, 25, 83). How probiotic application with bacteria
known to also interact with the immune system would affect chytridiomycosis outcomes
is presently unknown. Better understanding of the absolute abundance of bacteria
present in the skin microbiome would also be important in future work examining host
immune responses and chytridiomycosis outcomes (85). This might be accomplished
using new and developing spike-in control procedures for 16S rRNA gene sequencing
(86, 87). Having a clearer understanding of these mechanisms through future work with
probiotics having contrasting mechanisms of action such as these will result in predictive
and exploitable strategies for probiotic therapies of disease modulation generally, and
better inform risks associated with such therapies.

Our study is the first in amphibians to systematically demonstrate the impact of
probiotic application on overall immune system function, supplementing ongoing
investigation on the amphibian immune-microbiome interface (16, 31, 32, 71) and
amphibian evolutionary ecology more broadly (88). While many aspects of microbial
community structure and innate immunity mechanisms are phylogenetically conserved
(75, 89), understanding mechanisms in amphibian microbial-immune cross-talk is in its
infancy with important implications for disease ecology and organismal evolutionary
ecology including speciation and extinction. A recent theory proposed by Woodhams
et al. (7) coined as the “adaptive microbiome hypothesis” posits that microbial-immune
interactions are a process of disease resilience, whereby competitive microbial interac-
tions interact with differential host immunity to select for functions that increase host
fitness. An alternative explanation to this adaptive-microbiome hypothesis is a “con-
strained” microbiome hypothesis, where specific intrinsic factors such as evolutionarily
constrained host-associated microbial composition differentially restrict the possibility
space of immune responses in a manner that is causally independent from adaptive-
selective mechanisms (90). While our study provides support for both hypotheses,
context dependency (91) and future amphibian immune-microbiome studies will help
resolve their potential role in wildlife disease outcomes and eco-evolutionary processes.
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