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opportunity for comparative study as it includes two species that exhibit vastly different modes
of tadpole feeding strategies: R. imitator tadpoles rely on infertile eggs provided by their parents,
while R. variabilis tadpoles feed mainly on detritus. Despite these differences, tadpoles of both
species can survive on alternative diets. We developed an experimental field study to compare
responses to alternative feeding strategies and natural diets. To this end, we analyzed gut
transcriptomes with accompanying microbiomes to investigate changes in bacterial composition
and within the gut itself. Preliminary microbiome analyses revealed gut bacteria previously
unknown from Ranitomeya poison frog tadpoles. Transcriptomic analyses uncovered 17
differentially expressed transcripts in R. imitator treatments, and 2,451 in R. variabilis.
Critically, genes from a known group of symbiotic protists were highly expressed in egg-fed R.
imitator tadpoles compared to those fed detritus. These results provide initial evidence for gut
symbionts in these tadpoles, indicating the possibility that this symbiosis coevolved with egg-

feeding in this species and facilitated the expansion of R. imitator into previously uninhabitable
breeding pools.
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INTRODUCTION
The interactions between an organism and its microbiome—defined as associated
bacterial, protozoal, bacteriophagal, viral, and fungal communities (Amon & Sanderson 2017;
Dethlefsen et al. 2006)—have increasingly been considered an important factor in ecological
adaptation (Alberdi, Aizpurua, Bohmann, Zepeda-Mendoza, & Gilbert 2016; Zilber-Rosenberg
& Rosenberg 2016). Microbial communities play major roles in the morphology, physiology and
development of their hosts (Alberdi et al. 2016; Bletz et al. 2016; Zilber-Rosenberg & Rosenberg
2016), though the full extent of their influence is still under investigation. Such an integrative
relationship introduces the possibility of a “hologenome” mechanism of evolution (ZilberRosenberg & Rosenberg 2016). This hypothesis considers the holobiont—the host organism and
its associated microorganisms—along with their corresponding genomes, as a possible unit of
selection in evolution (Zilber-Rosenberg & Rosenberg 2016). While support for integrated roles
has been linked to well-known microbial influences such as those of Wolbachia on arthropod
reproductive isolation (Bordenstein 2003; Bordenstein, O’Hara & Werren 2001) and wooddigesting gut microbiota on termites (Brune & Dietrich 2015;Hongoh 2011; Ohkuma & Brune
2010), the restrictions necessary for this relationship—partner fidelity, acquisition via parent
(vertical) or otherwise (horizontal), and equal levels of selection—has led some to question
whether the concept applies on a broader scale (Douglas & Werren, 2016).
Alternatively, Douglas and Werren (2016) suggest that the host and microbiome can be
considered as an ecological community. As a community—a group of interacting species cooccurring—units of selection could differ or act on the combined unit. Under specific conditions,
changes in community function for the organism could therefore result in a gradual shift of
community structure.

In the digestive system, changes in microbial communities and their effects have been
documented extensively, particularly in humans (Broderik, Buchon & Lemaitre 2014; Gilbert et
al. 2015). The vertebrate digestive system is inhabited by a wide array of complex microbial
communities that can differ greatly between species. These communities have been shown to
influence the immune system, cooperate in food breakdown, induce specific gene expression in
intestinal cells (Bosch & McFall-Ngai 2011; Cash et al. 2006; Hooper et al. 2002), and
participate in the structural buildup of blood vessels (Stappenbeck et al. 2002) and fat
accumulation (Bäckhed et al. 2004). Microbial variation may result from phage infection,
temperature change, or nutrient availability (among other factors), mediated by genetic drift or
selection (Dethlefsen et al. 2006). Variation has also been shown to be affected negatively
(reduced) by parasitic infection during specific developmental stages (Knutie, Wilkinson, Kohl,
& Rohr 2017).
External ecological factors strongly influence microbiome composition. Available food
resources, temperature, microbes in the soil, water, and air, and the microbiomes of sympatric
plant and animal species can alter the makeup of different microbial communities, leading to
adaptive changes (Bletz et al. 2016). For example, selection could favor changes in diet based on
the functional ability of gut microbes to degrade specific molecules in novel food sources (Kohl,
Amaya, Passement, Dearing, & Mccue 2014; Brune & Dietrich 2015; Kohl, Stengel & Dearing
2016). Kohl, Weiss, Cox, Dale, & Dearing (2014) showed that animals feeding on tannin-rich
plants contained specific tannin-degrading bacteria in their gut, allowing the consumption of an
otherwise toxic food source. Thus, diet-associated microbes selected based on their tannindegrading abilities represent gut colonists; when introduced to the now tannin-rich environment
in the gut, these microbes provided a selective advantage to their hosts in the form of a new
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dietary niche. Gut colonists provide novel opportunities to influence the physical and
biochemical reactions as well as the genetic composition of the gut itself, potentially manifesting
as changes in patterns of gene expression. Given specific compositions, gut microbes can
influence both energy intake and storage (Backhed et al. 2004; Sommer et al. 2016), greatly
influencing host fitness and adaptive abilities. Therefore, studying both microbial composition
and gene expression can provide unique insights into the interactions influencing biological
adaptation.
Given these unique possible insights made by exploring changes in the microbial
communities, the microbiome is an excellent system for comparative studies examining factors
critical to evolutionary adaptations. Intra- and interspecific comparisons of microbial
composition and diversity can be particularly useful in amphibians, which have independently
evolved a wide array of novel adaptations (Summers et al. 2006). For example, species of
neotropical poison frogs (Dendrobatidae) utilize a variety of reproductive strategies and parental
care including trophic egg-feeding, a strategy in which females deposit unfertilized eggs for their
tadpoles to feed on (Tumulty, Morales, & Summers 2014). However, little research has been
done to understand the physiological adaptations in tadpoles that are associated with this
behavior, or how these adaptations have influenced and were influenced by the host microbiome.
Within dendrobatids, the genus Ranitomeya provides a unique opportunity for a comparative
study as it includes two closely related species, Ranitomeya imitator and Ranitomeya variabilis,
with dramatically different modes of parental care and associated tadpole feeding strategies,
despite sharing similar habitats. Ranitomeya imitator breed in tiny bodies of water inside
terrestrial plants called phytotelmata, and regularly feed their tadpoles protein-rich unfertilized
eggs, as other nutritional sources are lacking in such small pools (Brown, Twomey, Morales, &
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Summers 2008). Ranitomeya variabilis breed in pools of water within comparatively larger
phytotelmata and do not feed their offspring; instead their tadpoles consume mosquito larvae and
other less protein-rich nutrient sources such as available detritus and algae inside these pools
(Brown, Twomey, Morales, & Summers 2008). A key characteristic of this study system is that
tadpoles of both species are able to survive on other foods if available (although detritus is often
minimal in the small pools used by R. imitator), suggesting that ancestral populations likely had
to periodically subsist on alternative sources of nutrition (Brown, Twomey, Morales, & Summers
2008). Based on feeding habits of other closely related species (Brown, Twomey, Morales, &
Summers 2008), the ancestral feeding mode is represented by R. variabilis: tadpoles were
deposited in larger pools with more food available, but with higher levels of competition. The
behavior of egg feeding is hypothesized to be an independently derived adaptation, and the shift
in feeding ability potentially allowed this species to expand its range, rearing tadpoles in smaller
pools in different phytotelma, where external food sources that otherwise would be necessary for
growth and survival (as well as competition from other congenerics) were otherwise lacking
(Yeager & Amorós 2020; Brown et al. 2008).
Taking advantage of each species’ facultative ability to utilize multiple sources of food,
we developed an experimental design for a comparative analysis to answer the following
question: do changes in diet induce molecular (differences in gene expression) or microbial
(differences in gut microbiome composition and diversity) changes in the gut of Ranitomeya
tadpoles? If molecular, we would expect to see upregulation of genes related to the breakdown of
detritus and/or egg protein in the respective diets of both species. Similarly, if microbial, we
would expect to find a microbial community associated with the breakdown of plant or egg
material. Additionally, we might see evidence of both predictions supported by different subsets
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of the data (i.e. a dietary treatment may result in subsequent horizontal transmission of microbes,
as well as the up- or down-regulation of genes in the gut necessary for the breakdown of specific
material). If feeding strategy does not influence gene expression or microbial composition, we
expect to see no differences between feeding groups of different species regardless of diet. If this
is the case, feeding strategies may instead be mediated by comparable changes in the parents
rather than tadpoles, in changes to tadpole gene expression or microbiota composition in areas
other than the gut, or through another mechanism such as hormonal or other physiological
response.
Based on our original question, we propose the following predictions: 1) Specific
microbial communities will consistently characterize individuals based on feeding behavior, and
patterns of gene expression will change with the colonization of new microbes in the gut of the
tadpole. 2) Microbial communities will be consistent across species, but will change functionally
based on feeding behavior, also resulting in gene expression changes based on food type. 3) A
core microbiome will remain constant across intraspecific feeding treatments, and interspecific
differences in certain gene expression patterns will be found that represent long-term adaptation
between the different lineages. In short, altering tadpole feeding strategies will have noticeable
effects on gut microbe communities and the expression of genes associated with the breakdown
of different materials in both species tested, though these changes may not necessarily be
exhibited in the exact same way in each species.
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METHODS
Field Work
Field work was conducted at four field sites around Tarapoto, Peru from May through
August 2017. After identifying field sites, we identified breeding pairs of both R. imitator and R.
variabilis and monitored their breeding behavior following the methods of Tumulty and
Summers (2014). After deposition and before the first egg feeding occurred in R. imitator, each
tadpole was removed from their pool, then weighed and measured with a scale and calipers.
Tadpoles in the control treatments were returned to their original pools. Tadpoles in the crossed
treatment were placed in the opposite pool type: R. imitator tadpoles in large artificial pools to
mimic those used by R. variabilis, and R. variabilis tadpoles in small, artificial pools to mimic
those used by R. imitator. Ranitomeya imitator tadpoles in the larger pools fed on algae, detritus
and mosquito larvae. Ranitomeya variabilis tadpoles in the artificial pools were fed eggs
collected from the field every 3 days. Each pool was monitored on a weekly basis for
development at Gosner stage 30 (Gosner 1960), in order to avoid any changes in the gut brought
on by metamorphosis. After the designated stage was reached, we collected each tadpole in a
sterile falcon tube.

Gut Transcriptome Analysis
After collection, tadpoles were weighed and measured, anesthetized using 250g/l tricaine
methanesulfonate (MS-222) buffered by sodium bicarbonate to maintain neutral pH, then
euthanized by pithing. We then rinsed the bodies with 25 mL of sterile water to remove the
anesthetizing agent and to prevent other sources of microbial contamination, and dissected out
the stomach and intestines (collectively, the gut). Before storing, the gut samples were rinsed
again with 25 mL of sterile water. Samples were stored in RNA later for preservation until

extraction. RNA was extracted from the half of the tissue samples using a standardized Trizol
protocol, cleaned with DNAse and RNAsin, and purified using Qiagen RNEasy mini kit.
Libraries were prepared using standard poly-A tail purification with Illumina primers, and
barcoded using a New England Biolabs Ultra Directional kit as per manufacturers protocol.
Samples were pooled and sequenced using paired end reads at Novogene on the Illumina
platform. We used the Oyster River Protocol v2.2.7 (MacManes 2018) to assemble the dataset.
Error correction was done using RCorrector 1.01 (Song & Florea 2015), followed by adapter
removal and quality trimming by trimmomatic v0.36 at a Phred score of ≤ 3 (Bolger et al. 2014).
We constructed assemblies using Trinity 2.4.0 (Grabherr et al. 2011) SPAdes assembler v3.11
using 55 and 75 kmers (Bankevich et al. 2012), and Shannon version 0.0.2 (Kannan et al. 2016).
We merged assemblies using Orthofuser (MacManes 2018). Using BUSCO version 3.0.1 (Simão
et al. 2015) and TransRate 1.0.3 (Smith-Unna et al. 2016). We used Diamond version 0.9.10
(Buchfink et al. 2015) to annotate the transcriptome with peptide databases for Xenopus
tropicalis. We then pseudo-quantified alignments for each library and technical replicate using
Kallisto version 0.43.0 (Bray et al. 2016) and tested for differential gene expression in R version
3.4.2 (R Development Core Team 2017) using Sleuth version 0.29.0 (Pimentel et al. 2017).
Figure 1 shows the design of the comparisons. Differentially expressed genes were searched
against known sequences using a translated nucleotide database (tblastx). Lastly, we conducted
gene ontology analyses using GOrilla (Eden et al. 2009).
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Gut Microbiome Analysis
We characterized tadpole gut microbiome composition via amplicon sequencing of the
16S rRNA gene. To this end, we extracted genomic DNA from the remaining half of the tissue
samples using the DNeasy PowerLyzer Powersoil Kit (Qiagen), and standardized DNA
concentrations to a maximum of 10 ng/µL prior to PCR. We used primers 515F and 806RB
barcoded primer set designed by the Earth Microbiome Project to amplify the V4-V5 region of
the 16S subunit of the ribosomal RNA gene in bacteria archaea (Caporaso et al. 2012). For each
sample, we prepared libraries by combining 38.35 µL molecular grade water, 5 µL Amplitaq
Gold 360 10x buffer, 2.4 µL MgCL2 (25mM), 1 µL dNTPs (40mM total, 10mM individual),
0.25 µL Amplitaq Gold 360 polymerase, 1 µL forward barcoded primer (10M), 1µL 806 reverse
primer (10M), and 1 µL DNA template (10 ng/µL). Thermocycler conditions for reactions were
as follows: initial denaturation (94˚C, 3 minutes); 30 cycles of denaturing at 94˚C for 45 seconds,
annealing at 50˚C for 30 seconds, and extending at 72˚C for 90 seconds; final elongation (72˚C,
10 minutes). For each sample, triplicate PCR products were combined then cleaned using the
Agencourt AMPure XP magnetic bead cleanup kit (Axygen) and quantified using Quant-iT
dsDNA BR (broad-range) assay (Thermo Scientific, Waltham, MA, USA). PCR products were
mixed in equimolar concentrations and 250bp paired-end sequenced on an Illumina MiSeq
platform (Illumina Reagent Kit v2, 500 reaction kit) at Indiana University’s Center for Genomics
and Bioinformatics. Sequences were assembled and analyzed using a standard mothur pipeline
(v1.40.1) (Schloss et al. 2009, Kozich et al. 2013). Briefly, we assembled contigs from paired
end reads, trimmed low quality bases, aligned sequences to the Silva Database (Quast et al. 2013;
SSURef v132), and removed chimeric sequences using the VSEARCH algorithm (Rognes et al.
2016). Operational taxonomic units (OTUs) were binned at 97% sequence identity, and
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taxonomic classifications were carried out for the resulting bacterial gene sequences using the
Silva database.
We ran all statistical analyses in the R Environment (R v3.6.3, R Core Development Core
Team 2020). Intraspecific comparisons were made between egg-fed and detritus-fed samples of
both R. imitator and R. variabilis. To visualize patterns of microbial community composition
among the two treatments and species, we used principal coordinate analysis of the bacterial
community composition based on the Bray-Curtis dissimilarity coefficient. The adonis function
in the vegan package (Oksanen 2015) was used to run permuted analysis of variance
(PERMANOVA) to test for clustering significance. We rarefied sequences prior to calculating
bacterial richness, evenness, and diversity metrics. We conducted indicator species analysis to
identify taxa representative of each diet for each species using the labdsv package (Roberts
2016).
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RESULTS
Gene Expression
Figure 1 shows the experimental design of the differential expression experiments
analyzed for this thesis, including the number of genes found to be differentially expressed in
each comparison. Controlling for multiple comparisons, between egg-fed, natural pool and
detritus-fed, large pool treatments of R. imitator, 17 transcripts were significantly differentially
expressed. While half of these transcripts did not yield any significant hits using BLAST
searches of the GenBank databases, the majority of those that did return significant hits were
protein digesting enzymes (e.g. cysteine peptidases) most closely related to peptidases from a
group of protists known as parabasalians (Table 1). For example, transcript 69809 (Table 1) is
most closely related to a cathepsin L-like cysteine peptidase from the parabasalian protist
Tritichomonas foetus. This transcript was highly expressed in the egg-fed treatment, but not in
the detritus-fed treatment (Fig 8).
Four other transcripts (108710, 25604, 70345, 68184) also matched proteases
(peptidases) closely related to proteases previously identified in parabasalian protists. The
protein-digesting function of these enzymes is of obvious significance given the high protein
content of an egg-based diet (see discussion). We also found increased expression of common
gene products (actin, elongation factor 1-alpha 2) in the egg-fed treatment that also are most
similar to sequences of parabasalian protist proteins. Taken together, these results suggest a
symbiotic relationship wherein related protists inhabit the guts of R. imitator tadpoles, assisting
in the breakdown of the unfertilized eggs and reaching higher population densities in the egg-fed
treatment.

Another gene differentially expressed between R. imitator treatments is keratin 8 (Fig 9).
Keratin 8 is a filament protein that stabilizes and protects intestinal tissues and has been
implicated in lipid metabolism (see discussion). The results of our BLAST search reveal that the
differentially expressed R. imitator transcript identified in this study is closely related to the
protein from Rana catesbiana, implying that it is likely produced by Ranitomeya imitator itself,
rather than by a symbiont.
Conversely, comparison of egg-fed and detritus-fed treatments of R. variabilis tadpoles
yielded a substantial number of differentially expressed genes. Of the 2,451 differentially
expressed transcripts, a number of those up-regulated in the egg-fed treatment closely match (in
BLAST searches) the sequences of genes are associated with lipid processing. These include
apolipoprotein A1, a major component of high-density lipoproteins intimately involved in
cholesterol metabolism and well-known in the context of human cardiovascular disease. Another
exemplar gene is CYP51A1, a member of the cytochrome P450 group of enzymes. These
enzymes are also heavily involved in the metabolism of cholesterol, steroids and other lipids.
Up-regulation of these genes in the guts of the R. variabilis tadpoles fed on an egg-diet appears
to be a response to the high lipid levels associated with that diet.
Of all differentially expressed genes across the four treatments, only one was shared by
both R. variabilis and R. imitator. This gene was a hydrolase, and may have been upregulated in
response to the need to process plant cell wall components associated with a detritus diet. We did
not see differential expression of any of the parabasalian genes seen for the R. imitator
comparisons. These results suggest the perceived novel symbiotic relationship between R.
imitator tadpoles and an unknown parabasalian likely does not extend to R. variabilis,
representing a novel, derived “trait” in R. imitator.
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Gene ontology analyses of the differentially expressed gene in R. variabilis revealed
several categories of genes associated with lipid processing were upregulated, including sterol
metabolic processes, steroid metabolic processes, and lipid transport (Fig. 2). It is noteworthy
that R. imitator tadpoles did not up-regulate lipid processing genes similar to R. variabilis
tadpoles. One possible explanation is that some or all of these genes are constitutively upregulated in R. imitator, given that eggs are the normal diet for tadpoles in this species. Tadpoles
of R. variabilis, conversely, would have access to eggs less frequently (although egg cannibalism
by tadpoles can occur in this species). Hence, the up-regulation of lipid processing enzymes in
these tadpoles might occur through a facultative physiological response, rather than being a
constitutive property of the species.
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Microbiome
Indicator species analysis identified one Operational Taxonomic Unit (OTU) from R.
variabilis treatments (Table 3) in the family Rikenellaceae (detritus fed), and three in R. imitator
treatments (Table 2), from one unclassified bacteria (egg-fed), one Bacteroidaceae (detritus-fed),
and one Desulfovibrionaceae (egg-fed). Results for diversity showed no significant differences,
but some patterns were seen in the data. Bacterial diversity measured using Shannon Diversity
Index (H) trended towards being higher in the egg-fed vs detritus-fed treatment in R. imitator (p
< 0.167), but the opposite relationship was observed between R. variabilis (p<0.079) detritus-fed
and egg-fed treatment tadpoles. Bacterial species richness trended toward higher variability in
the egg-fed R. imitator (p < 0.767) treatment, but lower than the detritus-fed treatment, a pattern
similarly seen in R. variabilis (p<0.100). Simpson’s Evenness trended higher in the egg-fed
R.imitator (p<0.175), but lower in egg-fed R. variabilis (p<0.364)(Fig 7).
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DISCUSSION
Due to the major role of microbial communities in ecological adaptations, we developed
a study to look at changes in microbial composition, as well as associated influences on
physiological and behavioral adaptations in poison frog tadpoles fed on ancestral and derived
diets. By investigating these influences on molecular and microbial composition in poison frog
tadpoles, we uncovered what could be an important factor in the ecological adaptation of eggfeeding in Ranitomeya.
Analyses of microbial community composition of R. variabilis and R. imitator uncovered
bacteria aiding in digestion commonly found in the gut microbiome of many animals
(Rikenellaceae in R. variabilis, Bacteroidaceae in R. imitator). The single family found in R.
variabilis was identified to genus level (Mucinivorans), which is known from one isolation from
the digestive tract of a leech (Nelson, Bomar, Maltz, & Graf 2015), and could be associated with
organisms digested by the tadpoles. Desulfovibrionaceae, found in egg-fed R. imitator, are
composed of sulfate-reducing bacteria commonly found in aquatic environments often with high
amounts of organic material. Some bacteria from this group have also been isolated from animal
and human intestines, although their role in digestion is unknown. It is unclear why
Desulfovibrionaceae were more abundant in the microbiome of R. imitator, where tadpoles are
found in pools with very little organic material to feed on, rather than R. variabilis tadpoles
which are exposed to larger pools where a variety of organic material can be found. It is possible
that these sulfate-reducing bacteria play a role in the digestion of eggs specifically, which would
account for their absence in R. variabilis. Bacterial diversity metrics showed no significant
differences between diet treatments, which was likely a result of low sample sizes. Although
sample sizes were low, overall the natural diet of R. imitator trended toward more stability than

that of the natural detritus diet of R. variabilis. This is most likely due to the variable nature of
food composition/availability in pools where R. variabilis tadpoles are found.
Our transcriptomic analyses of the guts of R. imitator tadpoles that were fed a natural diet
of eggs (a derived diet shared with only one closely related species, R. vanzolinii), or detritus,
algae and insect larvae (the ancestral diet for this genus) identified differences in expression in
genes from a group of single-celled eukaryotes known as the Parabasalia. Parabasalians are
anaerobic flagellate protists, most of which are symbionts found in the intestinal tracts of many
vertebrate and insect hosts (Cepicka et al. 2017). They are perhaps most well known as gut
mutualists of termites (Kirby 1931), which contribute to the digestion of wood as part of the
termite gut microbiome. The most well-studied parabasalians are those found in humans, such as
Trichomonas vaginalis (a urogenitotract parasite), or in domesticated animals, such as
Tritrichomonas foetus (a venereal parasite of cattle, but a harmless commensal in pigs)
(BonDurant & Honigberg 1994). The prevalence of studies on these two taxa (and subsequent
availability of sequence data) likely explains why these species provided the closest matches to
the differentially expressed sequences in our BLAST searches. Parabasalians have been
identified in amphibians (e.g. Trichomitus batrachorum (Dobell 1909)), but there is
comparatively little sequence data available for these species. As the gut microbiomes of
Amazonian poison frogs were virtually unstudied until now, it is likely that the sequences we
identified are from an as-yet-undescribed species of symbiotic parabasalian inhabiting the guts of
R. imitator tadpoles. Given that these sequences are from gut microfauna rather than from genes
in the R. imitator gut transcriptome, it is likely that the differential expression observed results
from different population densities of the parabasalian microfauna, suggesting that these
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microorganisms are responding to the gut microenvironment as affected by the differential
dietary treatments.
While some of the parabasalian genes were common genes not associated with nutrient
digestion (e.g. actin), most were protein digestion enzymes (cathepsins and legumains). These
genes are known to be key mediators of protein catabolism. In fact, they are key enzymes
involved in the processing of high protein substrates, such as blood meals in ticks and other
blood feeding animals (e.g. Alim et al. 2009; Santiago et al. 2017). Cathepsins are also involved
in lipid processing (Thibeaux et al. 2017). These enzymes likely play key roles in the digestion
of proteins and lipids, which would likely be useful in processing the concentrated proteins and
lipids associated with an egg diet.
Our results provide initial evidence for gut symbionts in the tadpoles of Ranitomeya
imitator, indicating the possibility that symbionts coevolved with egg-feeding in this species.
These preliminary results are an important first step in understanding the evolution of this novel
strategy and have opened the door for further research. Importantly, future studies examining and
better characterizing these symbionts, as well as whether said symbionts are transmitted
vertically from parents or acquired independently from the environment, are needed. Studies
examining growth rate and other physiological responses in tadpoles to alternate feeding
strategies could also provide new insight into the evolution of this group. Finally, examining
gene expression and microbial composition in parental frogs, as well as adult frogs
metamorphosed from tadpoles raised on alternative diets, may uncover additional mechanisms
shaping the unique adaptations facilitating the diversification of these frogs.
In summary, the evidence for differential expression of parabasalian genes in the guts of
R. imitator tadpoles feeding on an egg diet (compared to the ancestral detritus diet) implicates
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these protists as gut symbionts in these tadpoles. The high expression of proteolytic enzymes
associated with the breakdown of proteins and lipids in other taxa further suggests that these
protists are symbionts that specifically aid in the digestion of large quantities of proteins and
lipids associated with an egg-based diet. We believe this is evidence of a new form of symbiosis
that provided a novel mechanism for a “key innovation” in the life history of R. imitator: the
evolution of egg-feeding. This trait likely allowed R. imitator to greatly expand its geographic
range into those of the northern species that it is currently sympatric with by allowing this
species to use tiny pools that provided insufficient nutrients to other species, resulting in the
formation of large mimicry complex (Symula et al. 2003; Twomey et al. 2013). Future research
will focus on characterizing these putative symbionts (and their functional role) in more detail.
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TABLES
Table 1. Transcripts, associated proteins, and most closely related organisms from BLAST
searches (based on amino acid sequence) of transcripts showing significant differential
expression between egg-fed and detritus-fed treatments for R. imitator
Transcript
69809
108710
25604
68484
39181
67755
70345
68184
169742
22062

Protein
Cathepsin L-like cysteine
peptidase
Cathepsin L-like cysteine
proteinase precursor
Cathepsin L-like cysteine
proteinase precursor
Actin
Actin
Elongation factor 1-alpha 2
Cysteine protease 8
Asparaginyl endopeptidase-like
cysteine peptidase
Cell-wall associated hydrolase
Keratin 8

Organism
Tritrichomonas foetus
Trichomonas vaginalis
Trichomonas vaginalis
Tritrichomonas foetus
Tritichomitus batrachorum
Tritrichomonas foetus
Tritrichomonas foetus
Trichomonas vaginalis
Trichuris trichiura
Rana catesbiana

Table 2. Indicator species OTU groups for R. imitator diet comparisons. Cluster 1 represents
detritus-fed individuals, while Cluster 2 represents egg-fed.
OTU
Otu0008
Otu0011
Otu0014

Cluster IndVal
Prob
1 0.916426 0.045
2
0.94979 0.023
2 0.855155
0.05

Domain
Bacteria
Bacteria
Bacteria

Family
Bacteroidaceae
Bacteria_unclass.
Desulfovibrionaceae

Genus
Bacteroides
Bacteria_unclass.
Desulfovibrio

Table 3. Indicator species OTU groups for R. variabilis diet comparisons. Cluster 1 represents
detritus-fed individuals.
OTU
Otu0005

Cluster IndVal
Prob Domain
1 0.749395 0.009 Bacteria

Family
Genus
Rikenellaceae Mucinivorans
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FIGURES

Fig. 1. This figure shows the differential gene expression comparisons made for A) R. imitator
tadpole treatments (egg-fed versus detritus fed in the field) and for B) R. variabilis treatments
(egg-fed in the lab versus detritus-fed in the field).
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Fig. 2. Gene categories over-represented in the set of differentially expressed genes between eggfed and detritus-fed R. variabilis tadpoles.
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Figure 3. Relative abundance of Indicator Species OTU’s in R. imitator treatments
(green=detritus-fed, yellow=egg-fed).
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Figure 4. Relative abundance of Indicator Species OTU’s in R. variabilis treatments
(green=detritus-fed, yellow=egg-fed).
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Figure 5. Ordination plot based on Principal Coordinate Analysis community composition
(R2:0.1564, p<0.015) for each diet for R. imitator.
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Figure 6. Ordination plot based on Principal Coordinate Analysis community composition
(R2:0.15314, p<0.115) for each diet for R. variabilis.
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Figure 7. Box plots representing total bacterial diversity (Shannon Diversity Index H), richness,
and evenness (Simpson’s Evenness) between feeding groups in each species.
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Figure 8. Differential expression of Cathepsin L-like Cysteine Peptidase in R. imitator.
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Figure 9. Differential expression of Keratin 8 in R. imitator.
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APPENDIX A: AUP APPROVAL
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