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Host-associated microbial communities are shaped by environmental availability, host filtering, 45 

microbial interactions, and prior pathogen exposure, with connected habitats promoting 46 

greater adaptive microbiome potential. Across the invasive range of cane toads, containing 47 

expansive disconnects between populations, we found strong spatial variation in skin bacterial 48 

communities, including among nearby sites, and high within-site variability in alpha and beta 49 

diversity. Communities were moderately unbalanced, with many low-abundance, highly 50 

transient taxa likely contributing to instability and divergence among individuals. Despite this 51 

variability, we detected persistent core taxa across broad spatial and temporal scales, 52 

suggesting potential functional importance, though their ubiquity in the environment versus 53 

host selection remains unresolved. Network analyses showed that keystone taxa typically had 54 

low abundance and showed little overlap with core members, indicating that core and keystone 55 

concepts may capture distinct facets of microbiome structure. Although taxonomic composition 56 

varied widely, functional profiles were more similar among sites, consistent with functional 57 

redundancy. Neither functional nor taxonomic patterns aligned with climate, invasion history, 58 

or host evolutionary change, emphasising the dominant roles of local environments, microbial 59 

reservoirs, and individual host movement in shaping cane toad skin microbiomes.  60 

 61 

Keywords: Rhinella marina, skin bacteria, spatial patterns, invasion 62 

 63 

INTRODUCTION  64 

Amphibians can have important ties with their skin bacteria, aiding host resilience in 65 

facing environmental stressors and invading pathogens (Woodhams et al. 2014, Rebollar et al. 66 
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2016, 2020, Fontaine and Kohl 2023). Feedback between amphibian hosts and their skin 67 

communities can lead to selection for bacterial community members (Loudon et al. 2016), 68 

which presumably impacts the similarities and shared members found across widespread host 69 

populations (e.g., Christian et al. 2018, Loudon et al. 2020). However, species also exhibit 70 

natural variation in bacterial community membership and composition, including diverging 71 

microbiome diversity across space (Kueneman et al. 2014, Christian et al. 2018, Weitzman et al. 72 

2026). Free-ranging amphibians acquire their skin bacteria from the environment (Loudon et al. 73 

2014, Walke et al. 2014), and consequently, host populations may have differing communities 74 

due to direct environmental inputs. These interactions are likely further impacted by variation 75 

and changes in intrinsic host factors and selective processes that control bacterial colonisation, 76 

growth, and persistence. Widespread species, particularly invasive species inhabiting broad 77 

environments, provide opportunities to parse the relative influences of maintained, 78 

fundamental microbiome characteristics (and characters) and modifications to those 79 

communities over space, time, and habitats. 80 

Among invasive amphibians, few have been studied to the extent of cane toads 81 

(Rhinella marina). Native to Central and South America, cane toads have been introduced into 82 

many habitats worldwide—with varying success—often in attempt to reduce insect pests (Lever 83 

2001, Turvey 2013). The species’ invasion from the Americas across the Pacific Ocean to 84 

Australia occurred from a single translocation to Queensland less than 100 years ago, scattered 85 

in sugar cane fields near the city of Cairns in 1935 (Turvey 2013). Their recent spread between 86 

and across continents has allowed for real-time observations of cane toads’ expansion into 87 

suitable habitats and examinations of evolutionary and plastic morphological and physiological 88 
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changes enabling the toad’s Australia-wide range expansion with respect to immune function 89 

(Brown et al. 2015), morphology (Hudson et al. 2016), reproduction (Hudson et al. 2015), and 90 

dispersal (Shine et al. 2021). Cane toads also provide a model system to address the taxonomic 91 

and functional differences in skin microbiomes across space. Despite high transience of low-92 

abundance taxa in the communities and large temporal shifts in diversity, cane toads 93 

nevertheless harbour core (i.e., present in a high proportion of individuals) communities both 94 

across time and space (Christian et al. 2018, Weitzman et al. 2023, 2025). In an effort to 95 

determine drivers of community diversity, it may be useful to establish whether core 96 

community members are also keystone taxa, i.e., they have a disproportionate influence on 97 

community structure, and thus may impact community function (Lynch and Neufeld 2015, 98 

Banerjee et al. 2018). The overlap between core and keystone taxa is important, as keystone 99 

bacteria may include rare or low-abundance taxa, but would have greater influence when 100 

present in more communities (Lynch and Neufeld 2015, Banerjee et al. 2018). 101 

 Distinct communities across space and time despite core taxa begs the question, to 102 

what degree is community composition seemingly random? Few community similarities on the 103 

level of amplicon sequence variants (ASVs) could be a consequence of differing taxa available 104 

for colonisation. However, previous work relaxing the taxonomic level of inquiry from unique 105 

reads to clusters of similar reads (operational taxonomic units) revealed that the variation 106 

among individuals and locations is not largely explained by microdiversity in available 107 

environmental bacteria (Weitzman et al. 2023). Alternatively, rather than requiring specific 108 

members in microbiomes, functional redundancy may explain taxonomic variation among 109 

communities (Belden et al. 2015; Louca et al. 2018). 110 
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We use cane toads (Rhinella marina) and their vast invaded range as a model system to 111 

study spatial patterns in their skin microbial structural and functional diversity. Introductions of 112 

cane toads to Puerto Rico, Hawaii, and Australia were a failed attempt to control populations of 113 

cane beetles infesting sugarcane plantations. Cane toads were first introduced to Puerto Rico 114 

via two releases in the early 1920s of toads collected from Jamaica and Barbados, which had 115 

been colonised ~100 years prior by toads from Guyana (Lever 2001, Turvey 2013). Introductions 116 

into Puerto Rico were at the Rio Piedras experimental station in San Juan, a site run by the 117 

University of Puerto Rico at the university’s Botanical Garden. From 1932-1934, toads were 118 

introduced to Hawaii via the island of Oahu and distributed from there after given a chance to 119 

produce the 100,000s of offspring required to supply the sugar plantations of the islands 120 

(Turvey 2013). In mid-1935, toads collected in Honolulu, Oahu were transported to 121 

Queensland, Australia, allowed to reproduce in captivity, and released into the wild, beginning 122 

their devastating journey of invasion across Australia. Today, their invaded range in Australia 123 

extends south down the length of Queensland into New South Wales, and west across northern 124 

Australia to the west coast (Broome, Western Australia). 125 

 We explored spatial patterns of skin bacterial communities on cane toads in their 126 

invaded range, representing five geographic regions and the species’ invasion route from the 127 

Caribbean, to Hawaii, and across northern Australia. A combination of amplicon and shotgun 128 

metagenomic sequencing data allowed us to address the overarching goal of assessing 129 

similarities among community structure, community function, and putatively important taxa on 130 

cane toads to discern the extent of bacterial persistence on this host species across its 131 

extensive range. The data and analyses in the present study expand on our previous work 132 
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(Weitzman et al. 2023, 2025) to detect similarities of toad skin communities despite their 133 

expected differences. Here, we evaluate three hypotheses: (H1) In support of previous results 134 

from Australia (Weitzman et al. 2023), cane toads at different sites host bacterial communities 135 

with different structure (taxonomic differences, assessed with amplicon data). (H2) Despite 136 

those differences, toads nevertheless harbour keystone taxa that match core bacteria shared 137 

among the host sites, indicating retention of their functional importance in the communities. 138 

(H3) Toads at different sites host similar functional communities (inferred from metagenomic 139 

data), suggesting conserved functional relationships between the microbes and their host 140 

across space. These data were further used to explore correlations between structural and 141 

functional communities. Alongside these questions, we compare our results with previous cane 142 

toad samples to identify persistent bacteria across space and time. 143 

 144 

METHODS 145 

Study system and sampling 146 

 We studied spatial patterns in skin bacteria on wild toads from nine invaded locations 147 

(sites) in Puerto Rico, Hawaii, and across Australia (Table 1), grouped into five regions: Puerto 148 

Rico (N = 2 sites, 50 km apart), Hawaii (N = 2 sites on different islands, 225 km apart as the crow 149 

flies), Queensland (Australia; N = 2 sites, 32 km apart near the original site of toad release in 150 

1935), Northern Territory (N = 1 site), and Western Australia (N = 2 sites, 408 km apart). 151 

Sampling two sites from most regions allowed us to detect short-range site-level differences in 152 

communities. Due to logistical limitations, we were unable to sample from the region of South 153 

America that was used as a source for toads that invaded the Caribbean. Samples were 154 
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collected from May 2022 to May 2023. 155 

Individuals were hand-captured in the field at night, with swab samples collected the 156 

night of capture before release. Briefly, individuals were rinsed with 100 mL distilled water and 157 

swabbed with a sterile flocked swab (Copan FLOQSwabs, Copan Diagnostics Inc., Murrieta, CA, 158 

USA) with 30 strokes around the body as previously described (Weitzman et al. 2025). During 159 

each evening of sampling, we also collected an environmental control sample for filtering 160 

contaminant reads from the 16S rRNA dataset (see below). A new pair of gloves was used by 161 

the handler for each toad to minimise cross-contamination. Swabs were preserved in 300 µL 162 

Zymo DNA/RNA Shield (Zymo Research, Irvine, CA, USA), stored on ice in the field, and frozen at 163 

–20 ˚C upon return to the lab until DNA extraction. After swabbing, toads were measured 164 

(mass; snout-vent length, SVL) and sexed. DNA from swab samples was extracted with the 165 

Norgen Microbiome Kit (Norgen Biotek Corp., Thorold, ON, Canada). Samples were DNA-166 

extracted in batches, with DNA extraction groups including samples from at least three 167 

separate sites. 168 

 169 

Amplicon sequencing and data processing 170 

Library prep of a portion of the V4 region of bacterial 16S rRNA gene was conducted at 171 

the Ramaciotti Centre for Genomics with the Earth Microbiome Project 515F/806R primers 172 

(Caporaso et al. 2011, Apprill et al. 2015, Parada et al. 2016). Amplicon sequencing was 173 

performed on an Illumina NextSeq-1000 with 2×300bp chemistry alongside additional samples 174 

from other anurans. Due to low reverse read quality, data processing and analyses were 175 

conducted on the forward reads. 176 
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With DADA2 in QIIME 2024.2 (Callahan et al. 2016, Bolyen et al. 2019), reads were 177 

trimmed (36bp) and truncated (290bp), and amplicon sequence variants (ASVs) were identified. 178 

Taxonomy of ASVs was classified with sklearn using the 515/806 classifier based on the Silva 179 

138 database (Pedregosa et al. 2011, Quast et al. 2012, Yilmaz et al. 2014). After removing data 180 

from other studies, we used the decontam package in RStudio (Davis et al. 2018, R Core Team 181 

2023, RStudio Team 2023) to identify potential contaminant reads based on eight control 182 

samples collected and extracted alongside toad samples (swabs exposed to water, air, and 183 

gloves at eight of the sampling locations). Using the prevalence method and default threshold 184 

of 0.1, 0.11% of ASVs were identified as contaminants and removed from the dataset. After 185 

excluding the control samples, further potential spurious taxa were filtered out, including those 186 

that never reached a relative abundance of 0.05% in a single sample, and those present in only 187 

one sample (Reitmeier et al. 2021). Core and keystone taxa were identified based on all 188 

samples beginning with a non-normalised (non-rarefied) dataset. For analyses of diversity, we 189 

evaluated rarefaction curves before removing the sample with lowest reads and normalising to 190 

26,111 reads per sample, removing a sample from Kurrimine Beach that did not reach an 191 

asymptote in rarefaction analysis. 192 

 193 

Amplicons – Patterns in bacterial taxa 194 

With amplicon data, we analysed three diversity metrics—alpha: richness and evenness; 195 

and beta: Bray–Curtis dissimilarity—to evaluate drivers of community diversity on toad skin and 196 

address H1. Variables of interest included four location-based values: site, region, longitude, 197 

and east-to-west site order (1 = Botanical Garden in Puerto Rico, 9 = Fitzroy Crossing in WA; 198 



 10 

Table 1); three toad metrics: snout-vent length (SVL), mass, and sex (male or female, removing 199 

ten toads of unknown sex); and DNA extraction group to account for effects of sample handling. 200 

For each diversity metric, we used a model selection approach to identify the best fit drivers of 201 

diversity in the samples. Analyses were conducted in R on N = 213 samples with complete 202 

metadata. With the AICcPermanova package (Corcoran 2023), we generated all model 203 

possibilities and filtered out models with high multicollinearity among predictors (default 204 

maximum variance inflation factor of 5), resulting in 32 models tested. The selected models 205 

were those with DAICc < 2 from the top model, but we present results of the top five models 206 

for context.  207 

Alpha diversity metrics were analysed with linear models (log-transformed for ASV 208 

evenness), with AICc values calculated in the MuMIn package (Bartoń 2025), partial p-values 209 

calculated with the car package (Fox and Weisberg 2019), and post-hoc pairwise comparisons in 210 

emmeans (Lenth and Piaskowski 2025). Beta-diversity metrics were analysed with 211 

permutational MANOVAs (PERMANOVAs) in AICcPermanova. Due to the importance of toad 212 

site in beta diversity, we further analysed beta dispersion among sites with the vegan package 213 

(Oksanen et al. 2025) and conducted pairwise comparisons between sites in RVAideMemoire 214 

(Hervé 2025). 215 

To identify relatively important, keystone bacteria on cane toads and assess H2, 216 

keystone ASVs were inferred by constructing a SPRING network (Yoon et al. 2019) with the 217 

NetCoMi and phyloseq packages (McMurdie and Holmes 2013, Peschel 2025). Network 218 

construction was conducted on the 500 ASVs with λ = 50 and 50 repeated subsamples. Hubs 219 

(i.e., keystone taxa) were identified based on eigenvector centrality. Distinct from the aim of 220 
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identifying “keystone” taxa with putative importance, we further identified “core” taxa, those 221 

found in high proportions of communities. Here, we define core ASVs for each site as those 222 

present in at least 90% of the samples, and then determine the overlap of keystone and core 223 

bacteria.  224 

 This study focuses on results from bacterial ASVs, while further results from bacterial 225 

genera are available in the supplemental materials. 226 

 227 

Shotgun metagenomics – Sequencing and data processing 228 

A subset of samples representing one site from each region (N = 7 samples from each of 229 

the Botanical Garden, Wailuhu, Innisfail, Middle Point, and Fitzroy Crossing) were subjected to 230 

shotgun metagenomics sequencing at Ramaciotti Centre for Genomics on an Illumina NovaSeq 231 

X Plus with 2×150 bp chemistry. Samples for shotgun metagenomics were chosen prioritising 232 

samples with lower within-site average Bray–Curtis distances, representing at least three males 233 

and three females per sampling site, and removing small (< 80 mm) toads.  234 

 Using trimmomatic (Bolger et al. 2014), adapters were removed from paired-end reads, 235 

a sliding window method removed low-quality sequence segments (average quality threshold 236 

of 20 across 5 bases), low-quality (quality < 3) leading and trailing bases were removed, and 237 

final reads at least 50 bases long were kept. We used bowtie2-build to create a Bowtie index 238 

from a concatenated file of PhiX and cane toad 239 

(https://www.ebi.ac.uk/ena/browser/view/GCA_900303285.2) genomes to utilize Bowtie2 240 

v2.4.3 (Langmead and Salzberg 2012) to remove those non-target reads. Using samtools v1.16.1 241 

(Li et al. 2009), sam files were converted to bam files, unmapped reads were retained, and 242 
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forward and reverse reads were sorted. Sorted reads were converted back to fastq files with 243 

bedtools v2.30.0 (Quinlan and Hall 2010). Compressed fastq.gz files of host-removed reads 244 

were uploaded to Galaxy Australia (The Galaxy Community 2024) for further processing. Reads 245 

for each sample were assembled into contigs using MEGAHIT v1.2.9 (Li et al. 2015) with 246 

minimum length of output contigs of 200 bases, minimum, maximum, and step increment of k-247 

mer sizes of 21, 91, and 12, respectively, and otherwise default parameters. Open reading 248 

frames were predicted in Prodigal v2.6.3 (Hyatt et al. 2010) with the “meta” mode, and CD-HIT 249 

(Li and Godzik 2006, Fu et al. 2012) was used to cluster protein translations based on 95% 250 

sequence identity. EggNOG-mapper v5.0.2 (Huerta-Cepas et al. 2016, 2017) provided functional 251 

annotations of the representative protein sequences, computing seed orthologs with DIAMOND 252 

(Buchfink et al. 2021) and employing Diamond’s “very-sensitive” mode. We kept ortholog 253 

groups matching Bacteria for analysis. 254 

 255 

Shotgun metagenomics – Patterns in bacterial function 256 

 To identify differences in microbial community function among toads (H3), we used the 257 

vegan package in R to create an Aitchison distance matrix of KEGG orthology (counts per 258 

sample with pseudocount of 1, removing unassigned reads) and used a PERMANOVA (adonis2) 259 

to sequentially analyse the effects of toad site and sex with 999 permutations. Data were also 260 

collapsed based on assigned KEGG modules and clusters of orthologous genes (COG) functional 261 

groups, separately, with each analysed with a PERMANOVA of Aitchison distances as with KEGG 262 

orthology above. Pairwise PERMANOVAs assessed pairwise differences between toad sites for 263 

each metric. 264 



 13 

Differential read counts were analysed among the toad sites with the DESeq2 package 265 

(Love et al. 2014) for KEGG orthology, KEGG modules, and COGs, separately, with false-266 

discovery rate (FDR) p-value adjustment. 267 

 268 

Comparing structure and function 269 

 We used Mantel tests to detect correlations between community structure (beta 270 

diversity of ASV data) and the three levels of community function. Beta-diversity data were 271 

subset to include the samples subjected to shotgun metagenomic sequencing. Mantel tests 272 

were performed with the vegan package, comparing the distance matrix of beta diversity with 273 

that of KEGG orthology, KEGG modules, and COGs, separately. These tests were performed with 274 

and without the block strata option to account for site-level differences. 275 

 276 

RESULTS 277 

Bacterial diversity differs among geographical sites  278 

The final amplicon dataset included 5,108 ASVs and an average of 139,966 ± 59,247 279 

(range 16,392–363,178) reads per sample. Normalising the dataset removed one ASV from 280 

analyses. 281 

In support of H1, toad site was a strong predictor of both metrics of alpha diversity 282 

(Table 2, Figure 1). For evenness, other top models also included region, toad size (SVL), and 283 

sex, though toad sex was not statistically significant. Richness varied considerably both within 284 

and between sites (Figure 1a). In contrast, evenness differed less among sites and regions 285 

(Figure 1b–c), and it tended to increase in larger toads (Figure S1). 286 
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Similarly, model selection of beta diversity (Table 3, Figure 2) found that toad site alone 287 

was the best predictor, accounting for 38% of the variation. All nine sampling sites differed 288 

from each other in pairwise tests, and the sites also differed in beta dispersion (p = 0.001). 289 

 290 

Little overlap between keystone and core bacteria 291 

 There were 25 keystone ASVs (Figure 3a), of which 12 also appeared as core ASVs in at 292 

least one site, although most of them were present at very low relative abundances. Across all 293 

sites, 344 ASVs were part of the core community in at least one toad site, and most of these 294 

were also low-abundance taxa (Figure 3b). The core communities included 13 ASVs that 295 

occurred in every sample. These belonged to unidentified Micrococcales (five ASVs), Niabella 296 

(four ASVs), and one ASV each from Aestuariimicrobium, Microbacterium, Antricoccus, and an 297 

unidentified Propionibacteriaceae. UpSet plots showing how core taxa are shared among sites 298 

are provided in the supplemental materials (Figures S4, S5). Notably, none of the 17 ASVs that 299 

were core in all nine sites were identified as keystone ASVs. 300 

 301 

Variability in functional profiles across toad sites 302 

Shotgun metagenomics sequencing resulted in 1,222,579,184 total reads. On average, 303 

85% of reads per sample passed quality filtering and removal of host-associated DNA. The 304 

59,452–666,339 contigs per sample were identified as 496,789 bacterial seed orthologs, 305 

including 6,711 KEGG orthologs, 599 KEGG modules, and 23 COG categories (within each 306 

grouping, seed orthologs not identified were removed). 307 
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Although the overall proportions of COG categories were similar across samples (Figure 308 

4), toad site predicted all three measures of bacterial function, explaining about 20–30% of the 309 

variation (Table 4). When comparing sites pairwise, differences were fewer with broader 310 

functional groupings. Finer-scale community function (KEGG orthology) was similar between 311 

Botanical Garden (PR) and Innisfail (QLD), and between Wailuku (HI) and Middle Point (NT); all 312 

other pairs differed (visible in ordinations, Figure 5a). For KEGG modules, half of the pairwise 313 

comparisons were significant: Botanical Garden communities were similar to the three 314 

Australian sites but different from Wailuku; Wailuku matched Middle Point but not the other 315 

two Australian sites; and within Australia, only Fitzroy and Innisfail were similar (Figure 5b). 316 

COG-based functions showed no pairwise differences among sites (Figure 5c). Because some 317 

sites had small sample sizes, we cannot tell whether the higher functional variation seen in 318 

certain sites reflects sampling or is typical in the field.  319 

We found no significant differences in KEGG orthologs, KEGG modules, and COGs among 320 

the toad sites. 321 

 322 

No correlation between ASV communities and function 323 

 There were no significant relationships between ASV-level community structure and 324 

community function (Table 5), however, correlations were found in genus-level analyses (Table 325 

S3). 326 

 327 

DISCUSSION 328 
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 Variability in host microbial communities results from many factors, including 329 

environmental diversity (availability), filtering by the host (skin chemistry), interactions among 330 

the microbes themselves, and previous exposure to pathogens (Doolin and Woodhams 2026, 331 

Medina et al. 2026). In this study, we have explored variation in microbial communities across 332 

vast distances, including continental-scale disconnects between populations, with particular 333 

emphasis on the concepts of core and putative keystone constituents. The lack of overlap 334 

between these two components of the skin microbiome may require a re-evaluation of their 335 

significance. 336 

 337 

Structural and taxonomic communities 338 

As predicted, cane toads at different sites hosted structurally different bacterial 339 

communities on their skin, supporting our previous work from Australia (Weitzman et al. 2023). 340 

Interestingly, even toads from nearby sites had distinct communities, and there was high 341 

variability within and among sites in both alpha and beta diversity. Evenness in these samples 342 

indicated moderately unbalanced communities on these toads. In this case, communities 343 

included many low-relative-abundance taxa and few high-abundance taxa. Previously, we 344 

learned that taxa on cane toads with low relative abundance were extremely transient, 345 

meaning they were less likely to remain on a host over time (Weitzman et al. 2025). These 346 

bacteria with high transience will affect the differences we find between individuals within and 347 

between populations. Indeed, high diversity can impede community stability (Ellison et al. 348 

2021). Importantly, cane toads are highly mobile (Shine et al. 2021), picking up diverse bacteria 349 

from the bacterial reservoirs in the broad habitats they encounter (Loudon et al. 2014, Walke et 350 



 17 

al. 2014, Weitzman et al. 2025), enabling regular colonisation of both transient and more 351 

persistent bacteria. Even while sharing the same environment, stochastic colonisation and 352 

extinction can lead to multiple possible community states and markedly different skin 353 

communities on individuals in the same population (Chase and Myers 2011). Consequently, 354 

very localised patterns in bacterial availability and host-specific effects should play a role in 355 

spatial differences and variability among individuals. 356 

Fine-scale environmental drivers likely impacted the data we collected and may explain 357 

some of our results, but our focus on long-distance community similarities on cane toads did 358 

not allow for this type of analysis. Bioclimate has been found to correlate with skin community 359 

richness across broad amphibian taxa and sites (Kueneman et al. 2019), however, the 360 

differences we found in richness between nearby sites do not support that pattern. 361 

Nevertheless, our data may very well fit within the high level of noise (i.e., variability) in the 362 

previous study (Kueneman et al. 2019). Within single host species, others have also detected 363 

environmental drivers of diversity by sampling in more localised areas (e.g., Becker et al. 2017, 364 

Albecker et al. 2019, Lucia et al. 2024). Beyond these differences among hosts, their transient 365 

taxa, and environmental influences on diversity, we did indeed find persistence in community 366 

members in this widespread sampling, but our data suggest that while persistent, the more 367 

influential keystone community members are some of the less abundant, less persistent 368 

bacteria. 369 

Although we predicted a correspondence between keystone and core bacteria, we 370 

found little overlap on cane toads, and keystone taxa generally had low abundance. These 371 

analyses provide direction for bacteria to further investigate regarding their community 372 
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importance, such as Nocardioides and Variovorax spp. (Figure 3, S3). While low abundance and 373 

rarity do not negate their impact, keystone bacteria would have greater influence when present 374 

in more communities (Lynch and Neufeld 2015, Banerjee et al. 2018). Our analysis identified 375 

keystone taxa as those strongly affecting network structure. Consequently, whether less 376 

volatile, persistent bacteria present on most or all individuals are also keystone community 377 

members may not be detected with this method, as there are no representative communities 378 

where they are missing. 379 

Alongside core bacteria in this spatial sampling scheme, we compared data from these 380 

samples with those from temporal sampling at our Middle Point, Australia site (Weitzman et al. 381 

2025). These shared core taxa comprised many of the reads among the samples (Tables S4-S7). 382 

The robust, shared taxa across space and time on cane toads suggests a retention of their 383 

functional importance. If the bacterial microbiome is a definitive characteristic of toads (think 384 

enzymes in the toad endocrine system), then we might expect even more persistence. On the 385 

other hand, given the huge sampling distances and presumably different environmental 386 

microbial communities, coupled with the possibility of different microbes performing the same 387 

function (Louca et al. 2018), maybe it’s a wonder that there are any persistent bacteria at all. 388 

Here, we cannot tease apart whether these taxa reflect some level of importance in the 389 

microbiome and selection by the host (Loudon et al. 2016) or simply the ubiquity of these 390 

microbes. 391 

 392 

Where structure meets function 393 
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Thus far, we have discussed the variable taxonomic communities on cane toads across 394 

their invaded range, which is found regardless of some persistent taxa that may play a 395 

stabilising functional role. If we predict that cane toads interact with their skin microbiomes, 396 

and those microbes play a function for the host (beyond simply their physical presence), then 397 

we could expect that the functional community itself is stable among hosts and populations 398 

despite divergent community structures. Certainly, there is functional redundancy in bacterial 399 

communities (Louca et al. 2018). Cane toads did harbour more similar functional diversity than 400 

taxonomic diversity, with fewer differences between sites, but there was no discernable 401 

pattern among our results. Deeper exploration found no correlation between ASV diversity and 402 

functional diversity, suggesting that variable structural communities can result in similar 403 

functional communities. At the genus level, however, there was a relationship between 404 

community structure and function, which could be influenced by microdiversity and ASVs in the 405 

same genus performing the same function, as widespread lineages can have strain-level 406 

turnover among sites or hosts (Larkin and Martiny 2017, García-García et al. 2019). Importantly, 407 

our methods identified the broad bacterial functional diversity, though many of these functions 408 

we may not expect to align among communities if they are not important to the host. Just as 409 

core taxa persist despite differing community structure and composition, important 410 

functionality may persist despite differing functional diversity, as is the case for gene functions 411 

with protective effects against disease in other amphibians (Martínez-Ugalde et al. 2024).  412 

Frequent exposure to challenges such as pathogens facilitates the retention of 413 

pathogen-inhibiting components of the microbiome and promotes stability of the community. 414 

The expansive range of cane toads across northern Australia spans the range of chytrid fungus 415 
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(due to thermal constraints in some parts of the toads’ range), where there are fewer 416 

pathogen-inhibiting microbes in the absence of chytrid compared to the microbiome of toads 417 

inhabiting parts of their range where chytrid is found (Weitzman et al. 2019). Thus, site-specific 418 

pathogen pressures, whether due to habitat fragmentation or clinal climatic factors, can 419 

influence variability in host microbial communities. 420 

Where there were similarities in functional diversity between cane toad sites, those 421 

sites did not represent any obvious pattern in environment, including climate and weather (e.g., 422 

similarities between Wailuku, Hawaii and Middle Point, Australia). The pattern of functional 423 

communities further did not indicate a signal of evolutionary changes to the toads themselves, 424 

which could drive selection for particular community functions (parallel to other changes 425 

observed in toad morphology and physiology), which would have been observed through 426 

increased dissimilarities between more distant sites from Puerto Rico to Fitzroy Crossing. As 427 

there were also no structural, taxonomic patterns that would support an invasion-route series 428 

of changes, these results highlight the importance of local environment, bacterial reservoirs, 429 

and individual host factors (such as movement across the landscape) in this system. 430 

 431 

Conclusions 432 

Cane toads have invaded tropical and temperate regions across multiple continents. In 433 

their spread from east to west across Australia, multiple phenotypical changes have supported 434 

their incursion into new territory, such as behavior (Gruber et al. 2017), locomotor 435 

performance (Kosmala et al. 2017), and morphology (Hudson et al. 2021). However, when it 436 

comes to their skin bacteria, rather than exhibiting geographical patterns, communities are 437 
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comprised of taxa filtered from their environment, including some persistent bacteria found on 438 

toads regardless of where they are in the world. These abundant, recurring taxa point to where 439 

future microbial ecology studies should focus to discern the extent of importance and 440 

interaction cane toads have with their skin communities. As higher taxonomic levels of bacteria 441 

correlate with functional profiles, this may suggest prevailing function of toad skin microbes. 442 

Indeed, functional communities were more similar among toads than the taxonomic 443 

communities that shape them.  444 

This partial decoupling of structure and function highlights the likely role of functional 445 

redundancy in maintaining microbiome-mediated services across heterogeneous environments. 446 

In addition, the weak correspondence between core and keystone members, and the low 447 

abundance of many keystone taxa, suggest that ecological influence within these communities 448 

is not simply a function of prevalence or persistence, and that network-based “importance” 449 

may overlook ubiquitous, host-selected bacteria. Together, these findings emphasise that 450 

predictions about host–microbiome interactions, adaptive microbiome potential, and disease 451 

mitigation in invasive species must account for both the dynamic, stochastic nature of 452 

community assembly and the possibility that critical functions can be maintained by different 453 

taxa in different places. Future work integrating experimental manipulations, finer-resolution 454 

environmental data, and host trait measurements will be essential for determining when 455 

persistent or keystone taxa, versus emergent community-level properties, are the primary 456 

drivers of microbiome function and host health. 457 

 458 
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Tables 683 

Table 1 Sites of cane toad sampling in the USA and Australia. Site order is approximately in the 684 

order of toad introduction, from east to west. N = 25 toads sampled from each site. Diversity N 685 

= sample sizes for diversity analyses, removing samples with too few reads and samples from 686 

toads with missing data. Introduction year is estimated based on Phillips et al. 2007, Turvey 687 

2013, and more recently by direct observation. 688 

 689 
Site Region (abbreviation) Latitude, 

Longitude 
Introduction 
Year 

Sampling 
Month 

Diversity 
N 

1 – San Juan Botanical 
Garden (Jardín 
Botánico de la UPR) 

Puerto Rico, USA (PR) 18°23'33.42"N, 
66° 3'20.27"W 

1920-1925 Nov 2022 25 

2 - Hacienda la 
Esperanza 

Puerto Rico, USA (PR) 18°28'8.39"N, 
66°31'28.03"W 

1920-1925 Nov 2022 25 

3 - Pahoa Hawaii, USA (HI) 19°32'55.23"N, 
154°54'11.22"W 

1930-1935 Nov–Dec 
2022 

24 

4 - Wailuku Hawaii, USA (HI) 20°55'26.18"N, 
156°29'36.64"W 

1930-1935 Nov 2022 25 

5 - Kurrimine Beach Queensland, 
Australia (QLD) 

17°47'4.87"S, 
146° 5'56.15"E 

~1935 May 2023 23 

6 - Innisfail Queensland, 
Australia (QLD) 

17°29'36.53"S, 
146° 4'36.39"E 

~1935 May 2023 25 

7 - Middle Point Northern Territory, 
Australia (NT) 

12°34'42.95"S, 
131°18'51.91"E 

2004-2005 May 2023 19 

8 - Marlgu Billabong Western Australia, 
Australia (WA) 

15°32'58.16"S, 
128°15'33.44"E 

~2010-2015 May 2022 22 

9 - Fitzroy Crossing Western Australia, 
Australia (WA) 

18°11'7.35"S, 
125°35'2.13"E 

2019 May 2022 25 

 690 
 691 
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Table 2 Top five models identifying drivers of alpha diversity of bacterial ASVs on cane toad skin from linear models. P-value is 692 

provided for each predictor. Bold denotes best model(s) for each metric based on ΔAICc < 2. 693 

 694 
 Models AICc ΔAICc Model P Site Region Longitude SVL Sex 
ASVs, Richness         
 Site 2728.04 0 < 0.0001 <0.0001; 

F(8,204) = 31.78 
    

 Region + SVL 2832.08 104.0 < 0.0001  < 0.0001; 
F(4,207) = 17.01 

 0.06; 
F(1,207) = 3.48 

 

 Region + SVL + Sex 2832.91 104.9 < 0.0001  < 0.0001; 
F(4,206) = 16.17 

 0.07; 
F(1,206) = 3.36 

0.3; 
F(1,206) = 1.29 

 Region 2833.49 105.4 < 0.0001  < 0.0001; 
F(4,208) = 16.35 

   

 Region + Sex 2834.19 106.2 < 0.0001  < 0.0001; 
F(4,207) = 15.40 

  0.2; 
F(1,207) = 1.40 

ASVs, Evenness         
 Site -305.33 0 0.004 0.004; 

F(8,204) = 2.98 
    

 Region + SVL -304.56 0.8 0.007  0.03; 
F(4,207) = 2.74 

 0.002; 
F(1,207) = 9.75 

 

 Region + SVL + Sex -304.36 1.0 0.007  0.02; 
F(4,206) = 3.07 

 0.002; 
F(1,206) = 9.54 

0.2; 
F(1,206) = 1.91 

 SVL -302.00 3.3 0.02    0.02; 
F(1,211) = 5.22 

 

 SVL + Longitude -300.86 4.5 0.048   0.3; 
F(1,210) = 0.92 

0.02; 
F(1,210) = 5.18 

 

 695 
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Table 3 Beta diversity of bacteria on cane toad skin is strongly explained by host site. Top five 696 

permutational MANOVA models and R2 for relevant predictors. Bold denotes best model based 697 

on ΔAICc < 2. 698 

 699 
Models AICc ΔAICc Site Region SVL Mass Sex 
Site -451.57 0.0 0.379     
Region + SVL + Sex -417.82 33.8  0.206 0.021  0.014 
Region + Mass + Sex -416.40 35.2  0.205  0.016 0.015 
Region + SVL -416.04 35.5  0.219 0.021   
Region + Mass -414.43 37.1  0.218  0.015  

 700 
 701 

Table 4 Shotgun metagenomics data were analysed with PERMANOVAs to determine the 702 

influences of toad site and sex on functional variation. For each data type, site and sex were 703 

analysed sequentially, with effects of sex assessed after accounting for site. 704 

 705 
 Predictor F (df) R2 P 
KEGG orthology    
 Site 3.02 (4,29) 0.288 0.001 
 Sex 0.88 (1,29) 0.021 0.4 
KEGG modules    
 Site 3.29 (4,29) 0.306 0.001 
 Sex 0.86 (1,29) 0.020 0.4 
COG categories    
 Site 1.73 (4,29) 0.190 0.04 
 Sex 0.41 (1,29) 0.011 0.8 

 706 
 707 

 708 

 709 
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Table 5 Results of Mantel tests comparing community structure based on bacterial ASVs and 710 

three levels of community function. Significance values are provided with and without block 711 

strata to account for site-level differences. 712 

 713 

Comparison r Significance 
(without strata) 

Significance 
(with strata) 

ASVs v KEGG orthology 0.125 0.1 0.2 
ASVs v KEGG modules 0.105 0.2 0.2 
ASVs v COGs –0.078 0.7 0.8 

 714 
 715 

 716 

Figure Captions 717 

Figure 1 Richness (a) and evenness (b,c) of bacterial ASVs on cane toad skin by host location. 718 

Points provide raw data and are colour-coded by region for context. Bars are estimated 719 

marginal means and 95% confidence intervals. Differing letters above values in (a) denote toad 720 

sites with significantly different richness in pairwise tests. Asterisks indicate pairs of locations 721 

with significantly different evenness in pairwise tests. 722 

 723 

Figure 2 Beta diversity (Bray–Curtis distances) of skin bacterial communities on cane toads 724 

differed by site. NMDS stress = 0.202. Points are average values per site, with rays ending at 725 

individual bacterial community values. Sites are colour-coded by region. Puerto Rico = pink. 726 

Hawaii = yellow. Queensland = green. Northern Territory = blue. Western Australia = purple. 727 

 728 

Figure 3 Keystone and core bacteria in cane toad skin communities. Both were identified based 729 

on the full dataset, with n = 25 toad samples per site. (a) Keystone bacteria identified by 730 
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eigenvectors in a SPRING network. Colours denote the average relative abundance in the site. 731 

White indicates the taxon was absent from that toad site. (b) Core bacterial ASVs (>90% 732 

prevalence) subset to those representing on average > 2% relative abundance in at least one 733 

relevant community. Colours denote average relative abundances per sampling site that the 734 

taxon was present in the core community. White indicates the taxon was not core in the site 735 

(i.e., it may have been present on some toads, but not in the site’s core community). Asterisks 736 

denote (a) keystone taxa in the core community of one or more sites, or (b) core taxa that were 737 

also keystone. Note the differing colour scales. Labels provide the lowest taxonomic level 738 

identified for the ASV. 739 

 740 

Figure 4 Barplot of clusters of orthologous genes (COGs) on cane toad skin. Each vertical bar is a 741 

single toad sample, grouped by site. 742 

 743 

Figure 5 Cane toad skin bacterial functional communities from five geographic regions with 744 

increasing functional grouping from (a) KEGG orthology to (b) KEGG modules to (c) COGs. One 745 

toad site per region (colour-coded) was examined for functional differences. Points are average 746 

values per site, with rays ending at individual bacterial community values. 747 

 748 

 749 

 750 

 751 

 752 
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Figure 1 753 

 754 

 755 

Figure 2 756 

 757 

 758 
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Figure 3 760 
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Figure 4 762 

 763 

 764 

Figure 5 765 
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Summary 

 To complement the alpha diversity results, Figure S1 provides the relationship between 

ASV evenness and toad size (SVL). 

In addition to ASV diversity, each diversity metric was evaluated on the level of bacterial 

genus. Fewer community differences on the genus level would suggest that the maintenance of 

community function is a result of, at least in part, microdiversity within genera (García-García et 

al. 2019). Results of analyses of diversity based on bacterial genera are available in Figure S2 

and Tables S1 and S2. Figure S3 provides information on keystone and core genera. Table S3 

provides statistical results of Mantel tests comparing beta diversity based on bacterial genera 

and the three levels of functional diversity. 

Because many ASVs and genera were found to be in the core communities among the 

sampling sites, we provide UpSet plots of core ASVs (Figure S4) and genera (Figure S5) to 

visualise the frequency of overlapping taxa among the sites. 

Lastly, we used these data, alongside a dataset of wild cane toad samples collected over 

a period of two years (Weitzman et al. 2025), to detect taxa persistent over space and time. 

Further information on these taxa and their relative abundance in the communities is available 

in Tables S4–S7. 
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Figure S1 Evenness increases with toad size. Predicted values are colour-coded by toad region 
based on the linear model (log(evenness) ~ Region + SVL). 
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Table S1 Top five models identifying drivers of alpha diversity of bacterial genera on cane toad skin from linear models. P-value is 
provided for each predictor. Bold denotes best model for each metric based on ΔAICc < 2. 
 

 Models AICc ΔAICc Model P Site Region SVL Mass Sex 
Genus, Richness         
 Site 2191.59 0 < 0.0001 < 0.0001;  

F(8,204) = 
33.68 

    

 Region + SVL + Sex 2320.13 128.5 < 0.0001  < 0.0001; 
F(4,206) = 
10.01 

0.006;  
F(1,206) = 7.82 

 0.04;  
F(1,206) = 4.12 

 Region + SVL 2322.19 130.6 < 0.0001  < 0.0001; 
F(4,207) = 
10.27 

0.005;  
F(1,207) = 8.02 

  

 Region + Sex 2325.90 134.3 < 0.0001  < 0.0001; 
F(4,207) = 8.54 

  0.04;  
F(1,207) = 4.31 

 Region + Mass + Sex 2327.06 135.5 < 0.0001  < 0.0001; 
F(4,206) = 8.74 

 0.3;  
F(1,206) = 0.97 

0.03;  
F(1,206) = 4.58 

Genus, Evenness         
 Site -421.15 0 < 0.0001 < 0.0001;  

F(8,204) = 4.76 
    

 Region + SVL + Sex -412.63 8.5 0.0008  
0.009;  

F(4,206) = 3.50 

0.0005;  
F(1,206) = 
12.56 

 
0.06;  

F(1,206) = 3.67 
 Region + SVL -411.03 10.1 0.002  

0.02;  
F(4,207) = 3.02 

0.0004;  
F(1,207) = 
12.79 

 

  
 SVL -407.39 13.8 0.006   0.006;  

F(1,211) = 7.82 
 

  
 SVL + Sex -407.13 14.0 0.009   0.01;  

F(1,210) = 6.77 
 0.2;  

F(1,210) = 1.80 
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Table S2 Beta diversity of bacterial genera on cane toad skin is strongly explained by host 
site. Top five permutational MANOVA models and R2 for relevant predictors. Bold denotes 
best model based on ΔAICc < 2. 
 

Models AICc ΔAICc Site Region SVL Mass Sex 
Site -509.31 0.0 0.383     
Region + SVL + Sex -474.69 34.6  0.204 0.025  0.014 
Region + Mass + Sex -473.32 36.0  0.203  0.020 0.014 
Region + SVL -472.93 36.4  0.218 0.025   
Region + Mass -471.40 37.9  0.217  0.020  

 
 
 
 
 

 
 
Figure S2 Richness (a) and evenness (b,c) of bacterial genera on cane toad skin by host site. 
Points provide raw data and are colour-coded by region for context. Bars are estimated 
marginal means and 95% confidence intervals. Differing letters above values in (a) and 
asterisks in (b) denote toad sites with significantly different diversity in pairwise tests. 
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Figure S3 Keystone and core bacterial genera in cane toad skin communities. Both were 
identified with the full dataset, with n = 25 toad samples per site. (a) Keystone bacterial 
genera identified by eigenvectors in a SPRING network constructed from the 300 genera 
with the highest frequencies. Colours denote the average relative abundance in the site. 
White indicates the genus was absent from that toad site. (b) Core genera (or lowest 
taxonomic level identified; >90% prevalence) subset to those representing on average > 1% 
relative abundance in a relevant community. Colours denote average relative abundances 
per toad site that the taxon was present in the core community. White indicates the taxon 
was not core in the site (i.e., it may have been present, but not in the site’s core 
community). Asterisks denote (a) keystone taxa in the core community of one or more sites, 
or (b) core taxa that were also keystone. Note the differing colour scales. None of the 19 
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genera that were core in all nine sites was also a keystone genus. Of the nine keystone 
genera that were also core, most were only core/prevalent in one to three sites, except for 
Variovorax. 
 
 
Table S3 Results of Mantel tests comparing community structure based on bacterial genera 
and three levels of community function. Bold denotes significant correlations. 
 

Comparison r 
Significance 

(without 
strata) 

Significance 
(with strata) 

Genera v KEGG orthology 0.277 0.005 0.004 
Genera v KEGG modules 0.257 0.006 0.011 
Genera v COGs 0.057 0.06 0.2 
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Figure S4 UpSet plot of core ASVs 
in cane toad skin bacterial 
communities in nine sampled 
sites. Core taxa were identified as 
those present in 90% of samples 
per site (N = 25 toads sampled 
per site). Vertical bars indicate 
the total number of core ASVs for 
the communities at each site. 
Horizontal bars indicate the 
number of core taxa unique to a 
site (when one site is highlighted) 
or shared in the core 
communities of multiple sites 
(identified by highlighted site 
indicators). 
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Figure S5 UpSet plot of core 
genera (or lowest taxonomic 
level) in cane toad skin bacterial 
communities in nine sampled 
sites. Core taxa were identified 
as those present in 90% of 
samples per site (N = 25 toads 
sampled per site). Horizontal 
bars indicate the number of core 
taxa unique to a site (when one 
site is highlighted) or shared in 
the core communities of 
multiple sites (identified by 
highlighted site indicators). 
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Table S4 Bacterial genera present in 90% of the samples in the present, spatial study of cane 
toads, and also present in 90% of samples collected from wild toads from Middle Point, 
Australia during a temporal study (N = 82 toads; Weitzman et al. 2025). Cores for each are 
based off of unrarefied data. Genera are in alphabetical order. 
 

Bacterial genus 
Acinetobacter 
Aeromonas 
Antricoccus 
Bacillus 
Bacteroides 
Chryseobacterium 
Flavobacterium 
Luteimonas 
Methylobacterium-Methylorubrum 
Niabella 
Nocardioides 
Paracoccus 
Pseudactinotalea 
Pseudomonas 
Sphingobacterium 
Sphingomonas 

 
 
Table S5 Mean proportions of reads per cane toad sample assigned to core genera. Core 
genera are those present in 90% of samples from the present spatial experiment and also 
present in 90% of wild samples from a temporal experiment (Weitzman et al. 2025). Mean 
proportions presented for all of the samples in each experiment, as well as for each site 
(spatial experiment) or sampling time point (temporal experiment). Samples from the 
temporal experiment were collected from Middle Point, NT, Australia. Warmer colours 
indicate larger mean proportions, from yellow (20%s) to red-orange (50%s). 
  

 Mean Proportion Core ± SD  
Spatial 0.373 ± 0.1183 (all)  
   San Juan Botanical Garden    0.306 ± 0.0919  
   Hacienda la Esperanza    0.335 ± 0.0633  
   Pahoa    0.326 ± 0.1007  
   Wailuku    0.380 ± 0.0889  
   Kurrimine Beach    0.543 ± 0.1009  
   Innisfail    0.417 ± 0.1067  
   Middle Point    0.421 ± 0.0797  
   Marlgu Billabong    0.286 ± 0.1051  
   Fitzroy Crossing    0.341 ± 0.0950  
Temporal 0.469 ± 0.1309 (all)  
   10-May-2021    0.491 ± 0.1214  
   20-Jul-2021    0.398 ± 0.0942  
   23-Feb-2022    0.462 ± 0.1440  
   6-Jun-2022    0.509 ± 0.1213  
   9-Feb-2023    0.425 ± 0.1425  
   23-May-2023    0.489 ± 0.1323  
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Table S6 Bacterial families present in 90% of the samples in the present, spatial study of 
cane toads, and also present in 90% of samples collected from wild toads from Middle Point, 
Australia during a temporal study (N = 82 toads; Weitzman et al. 2025). Cores for each are 
based off of unrarefied data. Families are in alphabetical order. 
 

Bacterial family  Bacterial family (cont.) 
Aeromonadaceae  Lachnospiraceae 
Bacillaceae  Microbacteriaceae 
Bacteroidaceae  Moraxellaceae 
Beijerinckiaceae  Nocardioidaceae 
Cellulomonadaceae  Pseudomonadaceae 
Chitinophagaceae  Rhizobiaceae 
Comamonadaceae  Rhodobacteraceae 
Enterobacteriaceae  Sphingobacteriaceae 
Erysipelotrichaceae  Sphingomonadaceae 
Flavobacteriaceae  Spirosomaceae 
Geodermatophilaceae  Weeksellaceae 
Intrasporangiaceae  Xanthomonadaceae 

 
 
Table S7 Mean proportions of reads per cane toad sample assigned to core families. Core 
families are those present in 90% of samples from the present spatial experiment and also 
present in 90% of wild samples from a temporal experiment (Weitzman et al. 2025). Mean 
proportions presented for all of the samples in each experiment, as well as for each site 
(spatial experiment) or sampling time point (temporal experiment). Samples from the 
temporal experiment were collected from Middle Point, NT, Australia. Warmer colours 
indicate larger mean proportions, from orange (40%s) to red (70%s). 
 

 Mean Proportion Core ± SD 
Spatial 0.576 ± 0.1308 (all)  
   San Juan Botanical Garden    0.515 ± 0.0976  
   Hacienda la Esperanza    0.472 ± 0.0880  
   Pahoa    0.635 ± 0.1399  
   Wailuku    0.551 ± 0.0818  
   Kurrimine Beach    0.690 ± 0.0992  
   Innisfail    0.608 ± 0.1202  
   Middle Point    0.687 ± 0.1062  
   Marlgu Billabong    0.550 ± 0.1069  
   Fitzroy Crossing    0.477 ± 0.1077  
Temporal 0.689 ± 0.1342 (all)  
   10-May-2021    0.668 ± 0.1351  
   20-Jul-2021    0.549 ± 0.1233  
   23-Feb-2022    0.734 ± 0.1332  
   6-Jun-2022    0.754 ± 0.0937  
   9-Feb-2023    0.690 ± 0.1254  
   23-May-2023    0.665 ± 0.1402  
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