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SUMMARY
Shifts in host-associated microbiomes can impact both host and microbes.1–6 It is of interest to understand
how perturbations, like the introduction of exogenous chemicals,7–13 impact microbiomes. In poison frogs
(family Dendrobatidae), the skinmicrobiome is exposed to alkaloids that the frogs sequester for defense.14–19

These alkaloids are antimicrobial20–22; however, their effect on the frogs’ skinmicrobiome is unknown. To test
this, we characterized microbial communities from field-collected dendrobatid frogs. Then, we conducted a
laboratory experiment to monitor the effect of the alkaloid decahydroquinoline (DHQ) on the microbiome of
two frog species with contrasting alkaloid loads in nature. In both datasets, we found that alkaloid-exposed
microbiomes weremore phylogenetically diverse, with an increase in diversity among rare taxa. To better un-
derstand the isolate-specific response to alkaloids, we cultured microbial isolates from poison frog skin and
found that many isolates exhibited enhanced growth or were not impacted by the addition of DHQ. To further
explore the microbial response to alkaloids, we sequenced the metagenomes from high- and low-alkaloid
frogs and observed a greater diversity of genes associated with nitrogen and carbon metabolism in high-
alkaloid frogs. From these data, we hypothesized that some strains may metabolize the alkaloids. We
used stable isotope tracing coupled to nanoSIMS (nanoscale secondary ion mass spectrometry), which sup-
ported the idea that some of these isolates are able to metabolize DHQ. Together, these data suggest that
poison frog alkaloids open new niches for skin-associated microbes with specific adaptations, such as alka-
loid metabolism, that enable survival in this environment.
RESULTS

Alkaloids increased microbial community diversity,
while host species and location correlated with overall
composition
We characterized the bacterial and fungal communities of frog

skins from 11 species of frogs across nine geographic locations

in Ecuador (Figure 1A; Table S1). For some alkaloid comparisons,

the frogs were grouped into three categories of summed alkaloid

load, as defined by the summed area under the curve of all alka-

loids: high, medium, and low alkaloids (Kruskal-Wallis chi-

squared = 127.66, df = 2, p < 0.001, post hoc Dunn Kruskal-

Wallismultiple comparison p < 0.001 for all pairwise comparisons;

Figure 1B). The phylogeny of the host species and the location of

collection were significantly correlated with the bacterial commu-

nity composition, whereas the composition of the alkaloid profiles

was not (Figure 1C, Mantel tests: phylogeny R = 0.12, p = 0.001;
C
All rights are reserved, including those
locationR= 0.07,p=0.04, alkaloidsR= 0.004,p=0.5). The phylo-

genetic correlation persisted in a partial Mantel test to account for

location (R = 0.11, p = 0.003). A PERMANOVA analysis on Bray-

Curtis dissimilarity found that location (R2 = 0.25, F(9, 204) = 7.64,

p = 0.001), host species (R2 = 0.07, F(9, 204) = 2.32, p = 0.001),

and their interaction (R2 = 0.02, F(3, 204) = 2.27, p = 0.001) were sta-

tistically significant.

Unlike taxonomic composition, bacterial diversity from the frog

skin was related to host alkaloid levels. Specifically, high-alkaloid

frogs had a greater number of bacterial amplicon sequence vari-

ants (ASVs) than low-alkaloid frogs (Figure 1D, upper panel,

F(2, 202)=7.2,p=0.0009, highvs. lowalkaloidsp=0.0007).Further-

more, the phylogenetic diversity (Faith’s phylogenetic diversity)

was higher in high-alkaloid frogs than in either medium-alkaloid

or low-alkaloid frogs (Figure 1D, lower panel, F(2, 202) = 7.6,

p = 0.0006, high vs. low p = 0.03, high vs. no p = 0.0006). To char-

acterize the taxadriving these differences,weused theRpackage
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Figure 1. Host species and collection location influence bacterial composition; alkaloids increase diversity

(A) Eleven species of frogs (color) were collected from nine locations (shape) in Ecuador.

(B) Based on summed alkaloid content, frog species can be grouped into those with high, medium, and low alkaloids. Using a Kruskal-Wallace and post hoc

Dunn’s test, pairwise comparisons between groups have p < 0.001, boxplots denote median with interquartile range (IQR) ± 1.5*IQR, dots are outlier points.

(C) Bacterial communities are correlated with host phylogeny (Mantel test R = 0.12, p = 0.001) and geographic location (Mantel test R = 0.07, p = 0.04).

(D) Bacterial communities from high-alkaloid frogs aremore speciose andmore phylogenetically diverse (PD, phylogenetic diversity) than frogswith low alkaloids.

Letters denote statistical differences based on Dunn’s post hoc test with p < 0.05, boxplots denote median with IQR ± 1.5*IQR, dots are outlier points.

(E) The number of unique bacterial genera found in frogs with high or medium alkaloids is greater than those found only in those with low alkaloids, based on

ANCOMBC structural zeroes. Frog species: Ameerega bilinguis, Ameerega parvula, Oophaga sylvatica, Epipedobates tricolor, Epipedobates boulengeri, Epi-

pedobates darwinwallacei, Hyloxalus toachi, Hyloxalus infraguttatus, Allobates zaparo, Allobates talamancae, and Allobates femoralis.

See also Figure S1 and Tables S1 and S2.
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ANCOMBC23 tocreateapresence/absencecomparisonofgenera

across groups. When comparing higher-alkaloid-containing frogs

(high andmedium) to low-alkaloid frogs, 154bacterial generawere

present only in higher alkaloid frogs and 19 bacterial genera were

present only in low-alkaloid frogs (Figure 1E; Table S2). These
2 Current Biology 35, 1–11, January 6, 2025
higher alkaloid taxa comprised 5% of the total bacterial commu-

nities of higher alkaloid frogs, suggesting that someof these differ-

ences in diversity were attributed to the presence of low-abun-

dance taxa. We observed similar patterns of increased diversity

associated with alkaloid presence for fungal communities
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Figure 2. Bacterial communities responded differently to an alkaloid in OS and AF

(A) Feeding experiment overview.

(B) Quantification of DHQ showed accumulation in DHQ-fed frogs, but not in control frogs, in both OS and AF.

(C) Based on weighted UniFrac distance, DHQ treatment elicited a differential response over time compared with control frogs in OS but not in AF.

(D) Indicator ASVs (based on frequency and abundance) grouped samples primarily by frog species and secondarily by experimental time point (pre vs. post).

(E) The number of new ASVs from unique orders in the post-treatment period was greatest for DHQ-fed OS frogs.

See also Figure S2 and Table S3.
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(Figure S1; Table S2). Notably the genus containing the fungal

pathogen Batrachochytrium dendrobatidis was less abundant in

higher-alkaloid-containing frogs (Figure S1E).

A single alkaloid changed the resident skin microbial
community
To test the hypothesis that alkaloids shift microbial communities

and remove the confounding factors of environment and host
species, we performed controlled lab toxin feeding experiments

with two species from our field data: the high-alkaloid Diablito

poison frog (Oophaga sylvatica, hereafter OS) and the low-alka-

loid brilliant-thighed poison frog (Allobates femoralis, hereafter

AF). Frogs were swabbed for 5 days prior to alkaloid administra-

tion and for the 10 days of administration of the experimental

treatment using either decahydroquinoline (DHQ) or vehicle con-

trol (water) (Figure 2A). DHQ was selected as it is commonly
Current Biology 35, 1–11, January 6, 2025 3
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Figure 3. Bacterial isolates vary in response when grown in DHQ, which may reflect differences in metabolic capabilities

(A–F) (A) Overlap in bacterial taxa found in the lab, field, and cultures from Oophaga sylvatica (OS). Growth patterns of isolates were categorized into those that

exhibit enhanced growth with DHQ (B; 20%), those that were tolerant to all tested concentrations (C; 11%), those that were tolerant up to 0.1% DHQ (D; 11%),

(legend continued on next page)
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found on poison frogs in the wild and is commercially available.

Swabs were used for characterization of the bacterial and fungal

communities. At the end of the feeding experiment, frog skins

were used to quantify alkaloid load. As expected, the OS fed

DHQ sequestered the DHQonto their skin, whereas control frogs

did not (Figure 2B, Wilcoxon rank sum test W = 0, p = 0.004). Un-

expectedly, the AF also sequestered DHQ onto their skin (Figure

2B, Wilcoxon rank sum test W = 1, p = 0.009).

The bacterial compositional changes over time were different

between the treatment groups in OS but not in AF (Figure 2C, OS

time R2 = 0.06, F(1, 122) = 9.02, p = 0.001; time:treatment R2 =

0.03, F(1, 122) = 3.8, p = 0.006, AF time R2 = 0.04, F(1, 75) = 3.05,

p = 0.005; time:treatment R2 = 0.02, F(1, 75) = 1.644, p = 0.12).

Clustering of bacterial communities based on indicator ASVs,

identified based on frequency and abundance within each

group, found that frog species was the primary axis of grouping

and that the experimental time frame (pre vs. post treatment

exposure) was a more significant driver of taxa composition

than treatment (Figure 2D).

Structural zeroes were identified using ANCOMBC to identify

bacterial taxa that arose in the post time period (Figure 2E;

Table S3). Within OS, 132 new ASVs appeared in both treatment

groups, 79 appeared in only DHQ-fed frogs, and 54 appeared in

control frogs.Within AF, 8 newASVs arose in both treatments, 13

in DHQ-fed and 14 in control frogs. Although there was substan-

tial overlap between new ASVs across the frog species, many of

the ASVs that appeared in DHQ-fed OS were not seen in any

other groups, including 10 from bacterial orders not detected

in any of the other groups. Unlike the bacteria, the fungal com-

munity composition did not change within either species. How-

ever, the fungal community diversity did decrease in DHQ-fed

AF (Figure S2; Table S3).

Differential responses to alkaloids suggest increased
metabolic diversity in OS microbes
We next tested how individual bacterial and fungal isolates re-

sponded to the presence of an individual alkaloid, DHQ. We

generated 132 isolates (27 genera and 45 species) from OS. Of

these 27 genera, 21 were found in amplicon-sequencing data

from both the lab frogs and wild frogs (Figure 3A), and, together,

these genera comprise, on average, 66%and30%of total bacte-

rial communities of lab and field frogs, respectively. Using one

isolate per species, based on the closest full-length 16S rRNA

gene BLAST match, we quantified the growth of these isolates

in increasing DHQ concentrations (0%, 0.01%, 0.1%, 0.2%, 1%

w/v). Average area under the curve was calculated across four

replicates per treatment. As was expected, no strains grew at

1% DHQ. Strains were subsequently categorized as having

enhanced growth (20% of isolates; Figure 3B), full tolerance to

DHQ (11%, Figure 3C), some amount of tolerance for DHQ
those that were tolerant to 0.01% DHQ (E; 49%), and those that grew worse with

Table S4.

(G) The adjusted number of genes attributed by DRAM annotation differs between

metabolism, and cellular transporters but does not vary significantly with treatme

(IQR) ± 1.5*IQR, dots are outlier points.

(H) OS frogs from the field have greater metabolic capabilities as compared with

more carbohydrate-active enzymes (CAZymes), and the presence of a greater d

See also Table S4.
(tolerant up to 0.1%: 11%, Figure 3D, tolerant to 0.01%: 49%,

Figure 3E), or total susceptibility to DHQ (7%) (Figure 3F;

Table S4). One strain did not fit into this categorization, as growth

was impeded by 0.1% but not at 0.01% or at 0.2% DHQ. To

explore the responses to alkaloids further, we sequenced meta-

genomes from wild AF and OS and from samples from both spe-

cies in the feeding experiment. Using distilled and refined annota-

tion of metabolism (DRAM) annotations, we categorized the

number of unique genes, adjusted for the total number of genes

identified in each assembly, into the following groups: carbon

metabolism, organic nitrogen metabolism, and transporters.

Metagenomes from OS frogs had a significantly higher number

of genes associated with carbon and nitrogen metabolism, as

well as cellular transport (Figure 3G). This was true when com-

paring all frogs together (nitrogen: F(1, 41) = 31.55, p < 0.001; car-

bon: F(1, 41) = 37.14, p < 0.001; transporters: F(1, 41) = 34.85,

p < 0.001), just the field frogs to each other (nitrogen: F(1, 8) =

7.83, p = 0.02; carbon: F(1, 8) = 11.81, p = 0.009; transporters:

F(1, 8) = 24.67, p = 0.001), or just the lab-reared frogs to each other

(nitrogen: F(1, 31) = 23.6, p < 0.001; carbon: F(1, 31) = 25.18,

p < 0.001; transporters: F(1, 31) = 19.89, p < 0.001). We did not

observe a significant difference in metabolic capabilities across

treatments or time periods within the OS or AF feeding experi-

ments. Assemblies from all wild frogs grouped together addition-

ally showedgreatermetabolic functional diversity inOS than inAF

across a variety of carbon- and nitrogen-based metabolic path-

ways (Figure 3H).

Some poison frog bacterial isolates can incorporate
carbon from DHQ
To test whether there aremicrobes capable ofmetabolizing DHQ

in the OS community, we swabbed a lab-reared OS and cultured

that swab in liquid M9 minimal media with 13C-labeled DHQ as

the sole carbon source. Using nanoscale secondary ion mass

spectrometry (nanoSIMS), the 13C atom percent enrichment

(APE) was measured to quantify uptake of 13C from the labeled

DHQ. We observed that some cells from the swab had higher

enrichment of 13C compared with the killed control cells or with

natural 13C abundance (Figure 4A). On average, the 13C enrich-

ment of cells from the swab was not higher than the killed con-

trols; however, there was a subset of cells with very high enrich-

ment (Figure 4B), suggesting that some cells cultured from the

swab were able to utilize and incorporate 13C from DHQ. To

follow up on this, we selected two bacterial isolates that were

isolated on media with DHQ as the sole carbon source, one

from the genus Providencia and one from the genus Serratia,

for additional isotope tracing experiments, this time using a

reverse-labeling approach. The isolates were first grown in 13C

glucose to label the bacterial cells as much as possible and

then transferred to media with a natural abundance of DHQ
any DHQ (F; 7%). Areas under the curve for all tested isolates can be found in

the microbial communities of the frog species for carbonmetabolism, nitrogen

nt in the feeding experiment. Boxplots denote median with interquartile range

Allobates femoralis (AF), based on greater metabolic pathway completeness,

iversity of nitrogen metabolic functions.

Current Biology 35, 1–11, January 6, 2025 5
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Figure 4. Isotope tracing suggests bacterial metabolism of an alkaloid
(A) 13C/12C ratio images of bacterial cultures from a skin swab of a poison frog (left) or from fixed bacterial cultures (right) incubated in 13C DHQ.

(B) Many individual regions of interest from the swab exhibited 13C enrichment above the natural abundance of 13C and the amount measured in killed controls,

boxplots denote median with interquartile range (IQR) ± 1.5*IQR, dots are outlier points.

(C) To accomplish reverse labeling, bacterial strains were grown in 13C-glucose to label the cells with 13C and then were assayed for incorporation of natural

abundance DHQ carbon based on subsequent dilution of 13C.

(D) For both Serratia sp. and Providencia sp., 13C/12C ratios as measured with nanoSIMS decreased over a 48-h period.

(E) 13C atom percent enrichment decreased significantly more across time in the DHQ treatment than in the control treatment, with no DHQ for both Serratia

(upper) and Providencia (lower). ***p < 0.001, **p < 0.01, boxplots are IQR ± 1.5*IQR, dots are outlier points.

See also Figure S3.
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(98.93% 12C) (Figure 4C). We again used nanoSIMS to calculate

the 13C APE for samples taken at the beginning and end of the

experiment (Figure 4D). We also included 15N ammonium in the

media as another metric of cell growth, determined by nitrogen

incorporation. The results for Serratia are ambivalent because,

although there was a greater decrease in 13C enrichment in the

DHQ treatment as compared with the methanol (carrier control)

treatment (Figure 4E upper, R2 = 0.18, F3, 1,074 = 81.4, treatment:

time p = 0.007), the 13C enrichment for the DHQ treatment at time

0 was higher than for the no-DHQ treatment. This could inflate

the differences observed across groups, but we do not have

an explanation for why the time 0 isotope enrichments were

different for the two treatments. In addition, the 15N enrichments

from ammonium were similar (Figure S3A, R2 = 0.32, F3, 1,074 =

169.2, treatment * time p = 0.93), suggesting no difference in

growth. Providencia sp. incorporated more new carbon in the

DHQ treatment compared with the no-DHQ treatment (Figure 4E

lower, R2 = 0.36, F3, 2,860 = 535.2, treatment:time p < 0.001). We

observed that Providencia sp. uptake of 15N-ammonium was

below detection in both treatments. Based on the 13C data

(Figures 4E and S3B), Providencia sp. was growing, and, if it

was maintaining stoichiometry, it may have used the nitrogen

from DHQ for growth instead of from the labeled ammonium.

These results suggest that Providencia sp. was able to utilize

DHQ as a carbon source for growth—and potentially as a nitro-

gen source.

DISCUSSION

In this study, we found that alkaloids increased the diversity of

poison frog skin microbial communities, particularly among rare

taxa. A recent survey identified 27 common bacterial genera

across many amphibian taxa.24 Although 17 of these genera

were found across all wild frogs in this study, therewas zero over-

lap between the common genera and the genera found only on

alkaloid-containing frogs, suggesting that the major taxa of poi-

son frogs may be similar to that of non-poison frog species but

that there are rare, specialist taxa whose presencemay bemodi-

fied by the presence of these alkaloids. Rare taxa can play

outsized roles in microbial communities,25 so these rare taxa

may play a significant role in community function that is obscured

by the minor changes in overall community structure.

Within the feeding experiment, where host species and envi-

ronmental factors were removed, the presence of a single alka-

loid did result in microbial community changes that differed

across the tested frog species. In AF, a low-alkaloid species in

the wild, the alkaloids did not change the microbial community

composition, whereas the OS bacterial communities did shift,

again seemingly through the addition of rare taxa. The fact that

the AF communities were not dramatically impacted may be ex-

plained by recent work that has proposed alkaloid accumulation

as an intermediate evolutionary step toward the chemically de-

fendedphenotype. This suggests that ‘‘non-toxic’’ dendrobatids,

including AF, consume some alkaloids and accumulate them

onto the skin.26 This concept may not only explain the unex-

pected presence of DHQ that we observed on the skins of the

DHQ-fed AF butmay also explainwhy themicrobial communities

were not drastically impacted. It could be that infrequent, low

levels of alkaloid exposure have created a selective environment
where taxa that can tolerate this infrequent exposure persist.

However, with the OS communities, not onlymight there be a se-

lection for ability to survive but the high quantity and constant

exposure may also create an environment for microbes with

unique metabolic niches to survive, resulting in the observed

shifts in structure and increase in these rare taxa. In other toxin-

producing taxa, like boreal toads, which produce bufadienolides,

or fire salamanders, which produce alkaloids, toxins also show

evidence of shaping microbial communities.27,28

Together, the growth curves, metagenomic data, and nano-

SIMS data provide some insights into potential mechanisms

that the OS microbes may be using to deal with the alkaloids,

including metabolism. Although alkaloid metabolism is relatively

rare, it would be unsurprising for it to have arisen in the alkaloid-

richenvironmentofpoison frogskin.Similarmicrobial adaptations

to toxic environments exist in other organisms, including herbivo-

rous insects.29–32 This phenomenon also occurs in the gut micro-

biota of the desert woodrat, which is able to metabolize the tan-

nins and oxalates from the creosote plant, reducing the toxic

effect on the host.13,33,34 Similar to our results, exposure to a toxin

that the woodrat host has experienced previously results in an in-

crease in microbial community diversity, suggesting that this

pattern may be generalizable across microbial communities in

hosts that have evolved to consume high quantities of toxins.

Although the metabolic pathways involved in the degradation of

alkaloids are poorly characterized,35 and therefore difficult to

identify in metagenomic data, our metagenomic data do suggest

a broader capacity for utilizing carbon and nitrogen in different

ways, which may facilitate the utilization of alkaloid-derived car-

bon and nitrogen. Additionally, it is possible that another mecha-

nism for survival in an alkaloid-rich environment is the increased

capacity for microbes to remove the alkaloids from their cells.

From the metagenomics data, OS communities had a greater

number of transport-related genes than AF communities, which

may facilitate the tolerance of high alkaloid loads, analogous to

what has been observed in many microbial communities faced

with environmental toxins.36–39 This may also correspond to the

tolerant phenotypes we observed in many isolates. Additional

strategies that we were unable to explore in this work, including

biofilm formation,40–42 may also contribute to the community

response to alkaloids. Further exploration of the mechanisms of

alkaloid response may elucidate novel microbial functions.

We have demonstrated here that alkaloids play an important

role in structuring the microbial communities of poison frogs,

potentially mediated by the capability of isolates to metabolize

alkaloids. This work broadens our understanding of how long-

term exposure of a microbial community to exogenous com-

pounds, in this case alkaloids, alters microbial community

composition and provides additional avenues for exploration of

microbial metabolism of alkaloids and the impact of alkaloid-

induced microbiome shifts on host health.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to the lead

contact, Lauren O’Connell (loconnel@stanford.edu).

Materials availability

Microbial isolates are available from the lead author upon request.
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Data and code availability
d Field frog gas chromatography-mass spectrometry (GC-MS) data can

be found on DataDryad: https://doi.org/10.5061/dryad.9ghx3ffqn and
are publicly available as of the date of publication.

d Lab frog liquid chromatography-mass spectrometry (LC-MS) data can
be found on DataDryad: https://doi.org/10.5061/dryad.gxd2547t1 and
are publicly available as of the date of publication.

d Field frog 16S rRNA data can be found on DataDryad: https://doi.org/
10.5061/dryad.5qfttdzd5 and are publicly available as of the date of
publication.

d Field frog ITS data can be found on DataDryad: https://doi.org/10.5061/
dryad.9cnp5hqrm and are publicly available as of the date of publication.

d Lab frog 16S rRNA data can be found on DataDryad: https://doi.org/10.
5061/dryad.tdz08kq62 and are publicly available as of the date of
publication.

d Lab frog ITS data can be found on DataDryad: https://doi.org/10.5061/
dryad.4mw6m90hnandare publicly available asof the dateof publication.

d Metagenomic data can be found on DataDryad: https://doi.org/10.
5061/dryad.2ngf1vhzc and are publicly available as of the date of
publication.

d All original code is available in this paper’s supplemental information.
d Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Field frogs
Individuals from 11 species of dendrobatid frogs (Ameerega bilinguis, Ameerega parvula, Oophaga sylvatica, Epipedobates

tricolor, Epipedobates boulengeri, Epipedobates darwinwallacei, Hyloxalus toachi, Hyloxalus infraguttatus, Allobates zaparo, Allo-

bates talamancae, and Allobates femoralis) were collected from 9 locations throughout Ecuador (Figure 1A; Table S1). Since

collection, a new categorization of the Epipedobates genus has been published which may impact some of the species delinea-

tions of our samples, however we do not believe this will impact the overall findings of the paper.47 An effort was made to collect

roughly equal numbers of male and female frogs, however sex was not considered as a variable of analysis due to the limited

sample size and a desire to not collect more frogs than was necessary. Animals were caught during the day and stored individually

in moist plastic bags until the evening when frogs were rinsed with sterile water and swabbed 10 times (up and back is once) with

sterile cotton swabs (Puritan 25-806 2WC). After swabbing, frogs were anesthetized with topical application of benzocaine and

euthanized by cervical transection. Swabs were immediately placed into 100% ethanol and kept at -20 �C for long-term storage.

Half of the dorsal skin from each frog was stored in methanol for alkaloid analyses until shipment to the US, wherein they were

stored at -20 �C. Collections and exportation of specimens were done under permits (No. 0013-18 IC-FAU-DNB/MA; Export

permit: No. 214-2019-EXP-CM-FAU-DNB/MA; CITES export permit No. 19EC000036/VS) issued by the Ministerio de Ambiente

de Ecuador. All procedures were approved by the Administrative Panel on Laboratory Animal Care Committee of Stanford Uni-

versity (Protocol 34153).

Laboratory Frogs
Lab-raised Diablito frogs (Oophaga sylvatica, N=12) and brilliant thighed frogs (Allobates femoralis, N=12) were purchased from

Indoor Ecosystems (Whitehouse, OH, USA). During the experiment, frogs were housed individually in plastic containers (Sterilite

16428012) with moist, autoclaved paper towels and plastic reptile hides (XYZ Reptiles, Palmetto Bay, FL, USA). Paper towels

were replaced daily and sprayed with new sterile water to maintain humidity in the boxes. Frogs were fed � 1/8 teaspoon of fruit

flies dusted with calcium powder (Repashy Calcium Plus) and vitamin powder (RepCal Herptivite) daily during the experiment. All

procedures were approved by Administrative Panel on Laboratory Animal Care Committee of Stanford University (protocol

#33691).
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Bacterial and Fungal Strains
Microbial isolate libraries were made from swabs from laboratory reared, non-toxic Oophaga sylvatica that had not been used in the

feeding experiments.48 Swabs were immediately struck out onto solid media plates. Multiple media types were used to encourage

higher diversity of cultivated isolates. The five media types used included 1% tryptone media (tryptone: Fisher BioReagents, Fisher

Scientific), R2A (BD Difco, Fisher Scientific), LB (BD Difco, Fisher Scientific), tryptic soy agar with sheep’s blood (pre-made plates:

Thermo Scientific; tryptic soy agar: BD Difco, Fisher Scientific; defibrinated sheep’s blood: Thermo Scientific, Fisher Scientific), and

M9 minimal media (BD Difco, Fisher Scientific) with 0.01% w/v decahydroquinoline (Santa Cruz Biotechnology) as the sole carbon

source. Plates were sealed with Parafilm and incubated at 21 �C.

METHOD DETAILS

Alkaloid extraction and quantification
Skins were processed for alkaloid extractions as described in Alvarez-Buylla et al. (2023).49 Briefly, the methanol in which the skin

was stored was filtered and spiked with (-)-nicotine (Sigma Aldrich, N3876-100ML), then stored at -80 �C for 24 hours to precipitate

lipids and proteins. After filtering into new vials, a 100 mL aliquot was added to a gas chromatography / mass spectrometry (GC/MS)

autosampler vial. GC/MS analysis was performed on a Shimadzu GCMS-QP2020 instrument with a Shimadzu 30m x 0.25mmID SH-

Rxi-5Sil MS column closely following the protocol outlined in Saporito et al. (2010).50 In brief, separation of alkaloids was achieved

with helium as the carrier gas (flow rate: 1 mL/min) using a temperature program from 100 to 280 �C at a rate of 10 �C/min. This was

followed by a 2 min hold and additional ramp to 320 �C at a rate of 10 �C/min for column protection reasons, and no alkaloids ap-

peared during this part of the method. Compounds were analyzed with electron impact-mass spectrometry (EI-MS). The GC-MS

data files were exported as CDF files and the Global Natural Products Social Molecular Networking (GNPS) software was used to

perform the deconvolution and library searching against the AMDIS (NIST) database to identify all compounds.51 For deconvolution

(identification of peaks and abundance estimates) the default parameters were used. Through the deconvolution process, molecular

featureswere reported as rows/observations, whilem/z intensities were reported as columns/variables. Automatic library searchwas

obtained from reference libraries of natural products (NIST, Wiley, University of CORSICA, GNPS), and our resulting dataset was

filtered to keep only our nicotine standard and alkaloids previously found in poison frogs from the Daly et al. (2005) database, or com-

pounds with the same base ring structure and R group positions as the classes defined in Daly et al. (2005).16 Once the feature table

from the GNPS deconvolution was filtered to include only poison frog alkaloids and nicotine, the abundance values (ion counts) were

normalized by dividing by the nicotine standard and skin weight, and we included the 10 top database hits in our library search. The

resulting filtered and normalized feature table was used for all further analyses and visualizations. All normalization steps were carried

out with R (version 4.0.4).

DNA extraction from field swabs
Swabs in ethanol were stored at -20�C until DNA extraction. DNA was extracted from swabs using the Qiagen PowerSoil Pro Kit,

adapted for usewith swabs stored in ethanol. Briefly, swabswere quickly (2-3 s) vortexed in ethanol and dried at 37 �C (approximately

2 hours). The remaining ethanol was centrifuged at 15294 rcf for 15 min. The ethanol was discarded, and the pellet was washed once

with 200 mL PBS, then centrifuged at 15294 rcf for 5min. After removal of PBS, 800 mL of lysis buffer (CD1) was added to the pellet and

allowed to incubate at room temperature for 10 min, after which the solution was transferred, along with the dried swab, to the

PowerBead Pro Tube. Swabs were included through the addition of solution CD2, at which point swabs were removed and the pro-

tocol continued per manufacturer instructions. Solution C6 was allowed to incubate for 10 min prior to centrifugation. Extracted DNA

was stored at -20 �C for prolonged storage, and 4 �C when in use. A DNA extraction control was generated by completing the entire

process on a sterile swab.

Library preparation and sequencing of field swabs
Frog skin microbial community composition was described through amplification and sequencing of the taxonomy-inferring 16S

rRNA gene for bacteria (V4 region) and internally transcribed spacer (ITS) gene for fungi (ITS1-2 region). Samples were randomly

distributed across 96 well plates, with one well on each plate reserved as a PCR1 no DNA control and another well reserved as a

PCR2 no DNA control to identify contaminants. In each well, 4.2 mL of extracted DNA was combined with 5 mL of MyTaq Red poly-

merase (Bioline, Meridian Bioscience), 0.4 mL of 10 mM forward primer (nexF-N3-6-515f 5’-GTGYCAGCMGCCGCGGTAA-3’ for 16S

rRNA or nexF-N3-6-ITS1f-KYO1 5’-CTHGGTCATTTAGAGGAASTAA-3’ for ITS), and 0.4 mL of 10 mM reverse primer (nexF-N3-6-806r

5’-GGACTACNVGGGTWTCTAAT-3’ for 16S rRNA or nexF-N3-6-ITS2-KYO2 5’-TTYRCTRCGTTCTTCATC-3’ for ITS).43 16S rRNA

PCR parameters were as follows: denaturation at 95 �C for 2 min followed by 35 cycles of denaturation at 95 �C for 20 s, annealing

at 52.5 �C for 20 s, and extension at 72 �C for 50 s with a final extension of 10 min at 72 �C. The same protocol was used for ITS

amplification with 50 �C used as the annealing temperature. Amplification of PCR 1 product and lack of amplification of PCR1 no

DNA controls was confirmed from 12 randomly selected samples per 96 well plate using the Lonza FlashGel� system (Lonza,

57067) with the FlashGel� DNA Marker Ladder (Lonza, 50473) for size confirmation. Samples were subsequently barcoded in the

second PCR using unique combinations of P5-Hamady-nexF and P7-Hamady-nexR primers.52 For this PCR, 1 mL of template

DNA from PCR 1was added to 5 mL of MyTaq Red, 3.2 mL of water, and 0.8 mL of 10 mMprimer (combination of forward and reverse).

Samples were amplified with the following protocol: denaturation at 95 �C for 2 min followed by 8 cycles of denaturation at 95 �C for
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20 s, annealing at 50 �C for 20 s, and extension at 72 �C for 50 s, followed by a final extension of 10 min at 72 �C. PCR products were

cleaned and size selected with AMPure Beads in a ratio of sample to beads of 1:1.2. All 16S libraries were pooled in equal volumes

and all ITS libraries were separately pooled in equal volumes. Pooled libraries were run on an Agilent TapeStation to confirm adequate

size distribution (a peak around 450 bp) and quantified with a Qubit Fluorometer (Thermo Fisher Scientific). Samples were sequenced

by Azenta Life Sciences (Burlington, MA, USA) with a 2x250 Illumina MiSeq configuration with an estimated coverage of �50,000

reads per sample, with a 20% PhiX spike-in.

Feeding experiment
Within each species, frogs were split into two groups: those fed the alkaloid decahydroquinoline (DHQ, Santa Cruz Biotechnology,

Santa Cruz CA, USA, N=6) and those fed a water vehicle control (N=6). Frogs from the same group housing tanks were split between

two treatment groups, and sex was roughly evenly distributed across the two groups. Frogs were allowed to acclimate to their new

housing for one week, after which (Day 8 and on) they were swabbed daily for the remainder of the experiment using Puritan Sterile

Tipped Polyester Applicators (Puritan Medical Products, 25-206 1PD BT). Alkaloid feeding began 5 days after the onset of swabbing

(Day 13) and continued for the duration of the experiment, for a total of 10 days. Prior alkaloid feeding experiments have been con-

ducted with A. femoralis,53 however, we observed signs of illness in two of the A. femoralis in the toxin feeding group on Day 19, and

the experiment was immediately terminated for all A. femoralis at this point. Frogs fed decahydroquinoline (DHQ) were fed 10 mL of a

0.01% DHQ in water solution daily via pipetting directly into the mouth. Control frogs were fed 10 mL of water in the same manner

daily. Swabbing occurred prior to alkaloid feeding on days when both occurred. Swabs were immediately placed on ice after collec-

tion and subsequently stored at -20 �C until DNA extraction. All procedures were approved by Administrative Panel on Laboratory

Animal Care Committee of Stanford University (protocol #33691).

Sequencing for feeding experiment samples
DNA was extracted from swabs using the Qiagen PowerSoil Pro Kit, adapted for use with dry swabs. Swabs were included through

the addition of solution CD2, at which point swabs were removed and the protocol continued per manufacturer instructions. Ex-

tracted DNA was sent to the University of Oregon Genomics and Cell Characterization Core Facility for library preparation and

sequencing. The 16S rRNA samples were prepared using the LabCyte liquid handler in 384 well plates by combining 5 mL 2x Q5

Hot Start, 4.4 mL nuclease free water, 100 nL of forward (515F 5’-GTGYCAGCMGCCGCGGTAA-3’) and reverse (806R 5’-GGAC

TACNVGGGTWTCTAAT-3’) primers with unique barcodes for demultiplexing, and 400 nL of sample or blank.54 PCR conditions

were as follows: 98 �C for 30 s, 35 cycles of 98 �C for 10 s, 61 �C for 20s, 72 �C for 20 s, followed by a final elongation period of 2 mi-

nutes at 72 �C. ITS samples were prepared by combining 12.5 mL master mix, 6.2 mL forward primer (ITS1F-kabir 5’-CTTGGTCATT

TAGAGGAAGTAA-3’) at 2.5 uM, 1.25 mL reverse primer (ITS2R-kabir 5’-GCTGCGTTCTTCATCGATGC-3’) at 10 mM and 5 mL tem-

plate or blank. PCR parameters were as follows: 30 s at 98 �C, followed by 35 cycles of 30s at 98 �C, 30 s at 60 �C, 30 s at 68 �C,
and a final elongation step of 7 min at 68 �C. For both 16S rRNA and ITS, samples were bead cleaned twice with 0.8x beads and

were eluted in Buffer EB (Qiagen). Libraries were measured with Qubit and pooled in equimolar amounts. Pooled libraries were quan-

tified by qPCR and sequenced on two lanes (380 samples per lane) in a 2x300 configuration on Illumina MiSeq v3 with 25% PhiX.

Feeding experiment alkaloid quantification
At the conclusion of the laboratory feeding experiment, frogs were anesthetized with benzocaine application to the ventral side and

euthanized via cervical transections. Dorsal skins were removed and placed in Trizol (Invitrogen) and immediately homogenized in

BeadBug tubes for 6 cycles of 30s at speed 5 with a 1 min delay between cycles, then stored at -80 �C until used for alkaloid extrac-

tions. Homogenized samples were thawed and weighed to account for size of skin used for analysis. The liquid (�1mL) was removed

from the BeadBug tubes and transferred to new tubes with 150 mL of chloroform. Tubes were shaken for 15 s, then left at room tem-

perature for 3 min. Samples were then spun down at 15682 rcf for 15 min at 4 �C. The top layer was removed and 300 mL of 100%

ethanol was added to the remaining organic phase, then mixed by inverting 10 times and allowed to settle for 3 min at room temper-

ature. The samples were centrifuged at 2000 rcf for 5min at 4 �C to pellet the DNA, then 300 mL of the supernatant was transferred to a

new tube along with 900 mL of acetone. The samples were mixed by inversion for 10-15 s, then incubated for 10 min at room tem-

perature. The samples were then centrifuged for 10 min at top speed at 4 �C to pellet the protein precipitate, then 1 mL of the super-

natant was removed and placed into glass vials. The supernatant was filtered through a 0.1 mM filter, then dried down under N2 gas

and reconstituted in 270 mL methanol with 30 mL of a 700 mM nicotine solution to be used as an internal standard. The samples were

centrifuged at 5000 rcf for 5 min to pellet any remaining particulate, and 100 mL was removed and placed into autosampler vials for

LC/MS analysis. Sampleswere diluted 1:5 to fit within the dynamic range of the instrument. The samples were analyzed by ESI-MS on

the Waters Acquity UPLC and Thermo Exploris 240 BioPharma orbitrap mass spectrometer. A Sequant zic-HILIC 3.5u 100 x 2.1 mm

LC columnwas usedwith a flow rate of 0.2mL/min with an injection volume of 5 mL. The solvents usedwere 5mMammonium acetate

and 0.1% formic acid in water (Solvent A) and 0.1% formic acid in acetonitrile (Solvent B). The solvents were used with the following

gradient: 10% A, 90% B for 0.5 min, ramped to 20% B in 14 min and held for 2 min. Full Scan MS and targeted Full Scan MS2 data

were acquired: FullMS mass range 100-1000 with resolution 120,000; FullMS2 of m/z 140.1434 (DHQ) and FullMS2 of m/z 163.123

(nicotine ISTD) isolation window=2, microscans=1, with fixed absolute HCD collision energy of 20 and resolution 15,000. To calculate

the adjusted DHQ amounts, the area under the curve (AUC) for DHQwas divided by the AUC for nicotine, then by the calculated skin

weight for each sample.
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Metagenomics
Extracted DNA from the feeding experiment and the field samples were used to generate metagenomic libraries. Five samples each

from wild Allobates femoralis and Oophaga sylvatica were used, as well as 5 samples from the pre (day 12) and post (day 19) of the

feeding experiments were used to generate metagenomic libraries with the NexteraXT library prep kit (Illumina). Metagenomic li-

braries with concentrations above 5 ng/uL were submitted for sequencing, which included samples from wild A. femoralis (N=5),

wild O. sylvatica (N=5), O. sylvatica DHQ pre (N= 4), O. sylvatica DHQ post (N=5), O. sylvatica control pre (N=3), O. sylvatica control

post (N=2), A. femoralisDHQ pre (N=5), A. femoralisDHQ post (N=4), A. femoralis control pre (N=5), and A. femoralis control post (N=

5). These libraries were pooled into two groups at equimolar concentrations and run on two 2x150 HiSeq lanes with 5%PhiX spike in.

Microbial isolate library characterization
When colonies were large enough to be picked (ranging from about 12–168 hours), they were isolated three times by re-streaking

onto newplates of the samemedia type. A single colony from the third plate was used for both isolate identification and glycerol stock

production. To identify colonies, samples were prepared for full length 16S rRNA sequencing or ITS region 1 Sanger sequencing as

follows. Individual colonies were placed into 10 mL of sterile water and 1 mL of this input was used in a PCR reaction with 1 mL each of

forward primer 27F (5’-AGAGTTTGATCMTGGCTCAG-3’) and reverse primer 1492R (5’-TACGGYTACCTTGTTAYGACTT-3’)44 for

16S rRNA or forward primer ITS4 (5’-TCCTCCGCTTATTGATATGC-3’) and reverse primer gITS7 (5’-GTGARTATCGARTCTTTG-3)

for ITS,45,46 12.5 mL of OneTaq polymerase (New England Biolabs) and 9 mL water. Bacterial PCR parameters were as follows: dena-

turation for 30 s at 94 �C followed by 30 cycles of denaturation for 15 s at 94 �C, annealing for 30 s at 55 �C and extension for 2 min at

65 �C, then a final extension period of 5 min at 65 �C. Fungal PCR parameters were as follows: denaturation for 30 s at 94 �C followed

by 30 cycles of denaturation for 15 s at 94 �C, annealing for 30 s at 55 �C and extension for 2min at 68 �C, then a final extension period
of 5 min at 68 �C. Colony amplification was confirmed with gel electrophoresis, after which samples were cleaned with the E.Z.N.A

Cycle Pure Kit (Omega). If no amplification occurred, DNA was extracted from colonies using the Qiagen Blood and Tissue Kit adapt-

ed for samples from gram positive bacteria. Fungal samples that could not be lysed with either of the abovemethodswere regrown in

liquid media, pelleted, and treated with 20 mL of water and 4 mL of a 1:5 dilution of the stock solution of zymolyase (Zymo Research)

prior to the first step of the Blood and Tissue Extraction. Cleaned DNA samples were submitted to Azenta for Sanger sequencing.

Forward and reverse readswere aligned using theGeneious Alignment in Geneious Primewith the following parameters: global align-

ment with free end gaps, 65% similarity (5.0/-4.0) cost matrix, gap open penalty 12, gap extension penalty 3. The aligned sequences

were BLASTed withMegablast on Geneious Prime to either the 16S ribosomal RNA database for bacteria or the nucleotide collection

nr/nt for fungi. Glycerol stocks were made by combining equal parts of a sterile-filtered 50% glycerol and water solution with cultures

grown overnight in liquid media matching the initial isolation media. Glycerol stocks were maintained in duplicate at -80 �C for down-

stream use.

Isotope labeling nanoSIMS experiments
We performed two isotope tracing experiments with nanoSIMS to test whether any microbes on the skins ofO. sylvaticamay be able

tometabolize the alkaloid DHQ. In the first experiment, we swabbed the skin ofO. sylvatica and incubated those swabs inM9minimal

media with 0.2% w/v of a custom 13C labeled version of DHQ (Cambridge Isotope Laboratories) for 48 hours to determine whether

microbial cells incorporated with 13C into their biomass. At the end of 48 hours, paraformaldehyde (PFA) was added to a final con-

centration of 4% to fix the cells. The number of cells collected from a swab was too low to use as a killed control, so instead we grew

two bacterial isolates (Providencia sp. and Serratia sp.) in M9minimal media with glucose, fixed those cells with PFA for 2 hours, then

rinsed and resuspended the cells in PBS and incubated those cells with the same DHQmedia to account for the stickiness of DHQ to

fixed cells. For the second experiment, we used the same two isolates, which were cultured from Oophaga sylvatica skins using M9

media with DHQ as the sole carbon source, for a reverse labeling isotope tracing analysis with nanoSIMS to test for metabolism of

DHQ. The idea was to incubate 13C-labeled cells in unlabeled DHQ and examine the dilution of isotope over time, which would be

consistent with utilization of DHQ carbon. Isolates were grown from glycerol stocks in M9 minimal media with glucose overnight.

In an attempt to fully label the cells with 13C, 100 mL of each isolate was transferred from the unlabeled glucose M9 media to

5mL ofM9media with 50% 13C glucose (99% 13C, Cambridge Isotope Laboratory) and 50%natural abundance glucose and allowed

to grow overnight at room temperature, shaking at 210 rpm. Then 100 mL of each isolate was transferred to 5 mL of 99% 13C glucose

twice. After the second round of growth in 99% 13C glucose, the isolates were spun down for 15min at 3000 rcf to pellet the cells, then

washed twice with PBS to remove residual glucose. After the second wash, the isolates were resuspended in PBS and divided

amongst one of three treatments: experimental, methanol control, or kill control. In the experimental condition, 100 mL of resus-

pended cells were added to M9 media with decahydroquinoline (DHQ; C9H17N; natural carbon abundance: 99.93% 12C, 1.07%
13C) dissolved in methanol and 15NH4Cl. In the methanol control, the isolates were added to M9 media with an equivalent amount

of methanol and 15NH4Cl as used in the experimental treatment, but with no DHQ. For the kill control, 100 mL of the resuspended

cells were fixed in paraformaldehyde (PFA) at a final concentration of 4% for two hours, then washed once with PBS and added

to M9media with DHQ and 15NH4Cl, as in the experimental treatment (Figure 4C). In addition to these treatments, a no-addition con-

trol was generated to determine the 13C baseline for the isolates prepared in natural abundance glucose and subsequently trans-

ferred to M9 media with DHQ dissolved in methanol with unlabeled NH4Cl. Initial time point (t0) samples were collected immediately

after inoculation. At 48 hours (t48), the unfixed samples (experimental, methanol control and no addition control) were fixed with PFA
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at a final concentration of 4% for two hours, then washed once and resuspended in 1 mL of PBS. The kill control was spun down at

3000 rcf for 15 min to pellet the cells, then the supernatant was removed and the pellet was resuspended in PBS.

Samples from both experiments were prepared for nanoSIMS following previously established protocols.55 Briefly, the samples

were filtered onto 0.2 mMpore white polycarbonate membrane filters (Whatman Nucleopore, GE Healthcare Life Sciences, Pittsburg,

PA). Samples from swabs and the initial time points (t0) were undiluted while t48 samples were diluted 1:10 to adjust for higher cell

concentration. Filters were rinsed with milliQ water, then left to dry completely. After drying, sterile scissors were used to cut slices of

each filter and adhered to an analysis bullet using conductive tabs and sputter coated with�5 nm of gold. Isotope imaging was per-

formed with a Cameca NanoSIMS 50 at Lawrence Livermore National Laboratory. A primary 133 CS + ion beam (2 pA, 150 nm diam-

eter, 16 keV) was rastered over a 25 x 25 um analysis area with 256 x 256 pixels and a dwell time of 1 ms/pixel for 25–30 cycles. Prior

to the analysis, areas were sputtered with 90 pA of Cs+ current to reach sputter equilibrium. Secondary ion images were simulta-

neously collected for 12C2
-, 12C13C-, 12C14N-, 12C15N- and 32S- on individual electron multipliers in pulse counting mode, as described

by Pett-Ridge and Weber.56

QUANTIFICATION AND STATISTICAL ANALYSIS

16S rRNA and ITS amplicon sequencing analysis
Both the field sample and feeding experiment 16S rRNA and ITS datasets were cleaned and processed with the R package dada2

(version 1.26.0).57 The 16S rRNA sequences from the field were filtered and trimmed based on quality and to remove primers (trim-

Left=c(20,20), maxN=0,maxEE=c(2,2), trunQ=2). Since ITS reads aremore variable in length and there is a higher likelihood of reverse

primers being sequenced in a forward read, all orientations of all primers were trimmed from sequences using cutadapt (version 4.2,

Python version 3.7),58 then samples were filtered and trimmed further based on quality and length using dada2 (maxN= 0, max-

EE=c(4,4), truncQ=2,minLen=75). The 16S rRNA sequences from the feeding experiment were filtered and trimmedwith the following

parameters: truncLen=c(260, 200), maxN=0, trimLeft=c(6,0), maxEE=c(3,4), truncQ=2). The ITS sequences from the feeding experi-

ment were filtered and trimmedwith the following parameters: maxN=0, maxEE=c(2,2), truncQ=2,minLen=75. After filtering and trim-

ming, 16S rRNA and ITS sequences were error corrected, denoised, dereplicated, merged with forward and reverse reads, and

cleaned of chimeras, all using dada2. Taxonomy was assigned to 16S rRNA reads with the Silva NR99 version 138.1 dataset, and

to ITS reads with the UNITE version 29.11.2022 database. Phylogenies were constructed using phangorn (version 2.11.1).59 The am-

plicon sequence variants (ASVs) generated fromdada2were incorporated into phyloseq objects for additional data analysis (phyloseq

version1.42.0,Biostrings version2.72.1).60 As aconservativemeasure, anyASVs found in control sequencing reactionswere removed

from thedatasets. For the 16S rRNAdatasets, anyASVswith a phylumdesignation thatwas uncharacterized, ‘‘NA’’, or Eukaryotic, or a

family designation ofMitochondriawere removed from the datasets. For the ITSdata, uncharacterized and ‘‘NA’’ phylawere removed.

To account for differences in sampling depth, alpha diversity analyses were conducted with rarefied datasets. For 16S rRNA alpha di-

versity comparisons in the field samples, sampleswith fewer than 10,000 readswere excluded (average read depth=32,039), and then

all samples were rarefied to the read number of the sample with the fewest reads. Because the number of reads were lower from the

feeding experiment samples, samples from the feeding experiment with fewer than 5,000 reads were excluded (average read

depth=32,625), and then all samples were rarefied down to the read number of the sample with the fewest reads to maintain as

many samples as possible. For beta diversity-based analyses in all datasets, the samples were not rarefied, but any ASVs found in

only one frog were removed and counts were converted into relative abundance. For beta diversity analyses in the field data, ASVs

were agglomerated at the genus level to facilitate comparison across the disparate ASVs found across the poison frog species. All sta-

tistical analyses were performed in R (version 4.2.1). Faith’s phylogenetic distance was calculated using picante (version 1.8.2).61

Faith’sphylogenetic distance is commonly used in other fungal studies, however it should benoted that thereare limitations in its appli-

cation to fungal data.62 Bray-curtis dissimilarity andweighted unifrac distancewere used for PERMANOVA analyses in vegan (version

2.6.4)63 and posthoc pairwise testing withmetagMisc (version 0.5.0). A phylogenetic tree containing each of the species from the field

analyses was imported fromGrant et al.64 and parsed down to contain only the species of interest using the R packages ape (version

5.8)65 and phylobase (version 0.8.12).66 Geographic location data was imported as latitude and longitude coordinates for each collec-

tion site and converted to a distancematrix using theRpackagegeosphere (version 1.5.18).67Mantel tests betweendistancematrices

were performed with vegan (version 2.6.4) using ecodist (version 2.1.3),68 as in Weinstein et al.69 Dendrograms were generated with

dendextend (version 1.17.1).70 Differential abundance analyses were conducted with ANCOMBC (version 2.0.3)23 and the associated

packages TreeSummarizedExperiment (version 2.12.0),71mia (version 1.12.0),72 andDT (version 0.33).73 ANCOMBC is designed spe-

cifically for microbiome data to account for the unequal sample depths of individual samples and the biases inherent in sequencing

efficiency across differentmicrobial taxa. ANCOMBCuses Aitchison’smethodology for false discovery rate correction, which enables

higher power with fewer false positives than other differential abundance packages.23 Identification of indicator taxa was performed

with labdsv (version 2.1.0).74 Associated heatmaps were generated with gplots (version 3.1.3.1).75 The R packages tidyr (version

1.3.1),76 dplyr (version 1.1.4),77 and ggplot2 (version 3.5.1)78 were used for data cleaning, manipulation, and visualization.

Metagenomics analysis
All data processing and analysis was performed in KBase.79 Adapter sequences were removed using Cutadapt (v1.18),58 then reads

were trimmed and quality filtered using trimmomatic (v0.36)80 with the following parameters: sliding window size=4, sliding window

minimum quality=15, head crop length=10, leading and trailing minimum quality=3, minimum read length=36. Read quality was
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confirmed with FastQC (v0.11.9).81 Metagenomes were assembled both at the individual sample level and at the group level

(A. femoralis field, O. sylvatica DHQ pre, etc.) using metaSPAdes (v3.15.3).82 Metagenomes were annotated and summarized with

DRAM (v0.1.2).83 DRAM annotation categorizes genes into carbon utilization, transporters, energy, organic nitrogen, and miscella-

neous. Given our interest in potential DHQ metabolism and processing, we focused on carbon and nitrogen metabolism, as well as

transporters. Gene counts were adjusted for assembly quality by dividing gene counts by the total number of genes in an assembly.

Individual frog level assemblies were used for statistical comparisons.

Quantification of microbial growth with an alkaloid
To measure the effect of the alkaloid DHQ on the growth of microbes isolated fromO. sylvatica, individual isolates were grown in five

concentrations of DHQ: 0%, 0.01% w/v, 0.1% w/v, 0.2% w/v and 1% w/v in 1% tryptone media. DHQ stocks were maintained in

methanol, so methanol volumes were kept consistent across treatments and were below 1% of the total solution volume. Isolates

were grown from glycerol stocks overnight at room temperature, shaking at 200 rpm in 1% tryptone then diluted to approximately

106 cells/mL as determined from OD600 readings. Then, 180 uL of media and 20 uL of the diluted isolate were added to each well.

Plates were sealed with Breathe Easy (Sigma-Aldrich) membranes. Data was generated by measuring OD600 for four replicates of

each condition at 5 min intervals until the strains reached stationary phase (48 hours for most strains; 96 hours with 8 min reads for

slower growing strains) on a BioTek Epoch2 plate reader. Control wells were included for each DHQ concentration, and the average

value for each control time point was subtracted from the experimental measurements for the respective treatments and time points.

Growth curves were plotted using the plater package (version 1.0.4)84 and growthcurver (version 0.3.1)85 was used to fit curves and

calculate the area under the curve. Areas under the curvewere compared using ANOVAwith a TukeyHSDpost-hoc test. All statistical

analyses were conducted in R (version 4.2.1). Isolates with at least one treatment with statistically higher AUC than the control (no

DHQ) were characterized as enhanced. Otherwise, isolates were categorized as described.

NanoSIMS quantification
All images were processed using l’image (version 11-1-2021, Larry Nittler, Carnegie Institution of Washington). Ion image data were

corrected for deadtime and image shift across cycles before producing 13C12C/12C2 and
12C15N/12C14N ratio images. Regions of in-

terest (ROIs) were autodetected in L’image using the 12C14N images. Ratios were averaged across cycles. Background corrections

were performed for carbon ratios to adjust for differences across runs, and both carbon ratios and nitrogen ratios were converted to

atom percent enrichment (APE) values based on the initial, pre-labeling (Ri) and final, post-labeling (Rf) ratios: APE=[Rf/( Rf + 1) – Ri/

(Ri + 1)] , 100%86. Difference-in-differences analyses were performed in R (version 4.2.1) to compare the change in isotope enrich-

ment between time 0 and 48 across the DHQ and methanol control treatments.
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