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Abstract
We report preliminary evidence of a symbiotic parabasalian protist in the guts of Peruvian mimic poison frog (Ranitomeya 
imitator) tadpoles. This species has biparental care and egg-feeding of tadpoles, while the related R. variabilis consumes the 
ancestral detritus diet in their nursery pools. Each species’ diet was experimentally switched, in the field and lab. Analyses 
of gut gene expression revealed elevated expression of proteases in the R. imitator field egg-fed treatment. These digestive 
proteins came from parabasalians, a group of protists known to form symbiotic relationships with hosts that enhance diges-
tion. Genes that code for these digestive proteins are not present in the R. imitator genome, and phylogenetic analyses indicate 
that these mRNA sequences are from parabasalians. Bar-coding analyses of the tadpole microbiomes further confirmed this 
discovery. Our findings indicate the presence of parabasalian symbiotes in the intestines of the R. imitator tadpoles, that 
may aid the tadpoles in protein/lipid digestion in the context of an egg diet. This may have enabled the exploitation of a key 
ecological niche, allowing R. imitator to expand into an area with ecologically similar species (e.g., R. variabilis and R. 
summersi). In turn, this may have enabled a Müllerian mimetic radiation, one of only a few examples of this phenomenon 
in vertebrates.
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Introduction

Symbiotic relationships between microorganisms and their 
hosts are common, and have played major roles in the ability 
of certain organisms to expand into new ecological niches 
(Moran et al., 2019). Microbial community compositional 
changes have been documented extensively for their roles 
in the digestive system, particularly in humans (Gilbert 
et al., 2015). The vertebrate digestive system is inhabited 
by a wide array of complex microbial communities that can 
differ greatly between species, populations and individuals 
(Kuziel & Rakoff-Nahoum, 2022; Youngblut et al., 2019). 

We note that the microbiome is not restricted to bacteria, but 
can also include eukaryotic microorganisms, such as protists 
(Čepička et al., 2017). These communities have been shown 
to influence the immune system, cooperate in food break-
down, and induce specific gene expression in intestinal cells 
(Bosch & McFall-Ngai, 2011; Cash et al., 2006; Hooper 
et al., 2002). Their various roles result from strong exposure 
to variation in the gut environment (Yang et al., 2021).

External factors, such as those found in an organism’s 
habitat, also strongly influence composition (Bletz et al., 
2016). Selection may influence diet based on the functional 
ability of gut microbes to degrade specific molecules in the 
food source introduced to the gut (Brune & Dietrich, 2015; 
Kohl et al., 2014). In one study, animals [desert woodrats 
(Neotoma lepida)] feeding on toxic tannin rich plants con-
tained specific tannin degrading bacteria in the gut (Kohl 
et al., 2016). Thus, diet-associated microbes may be selected 
as gut colonists according to their ability to digest or detox-
ify commonly available food items (Alberdi et al., 2016).

Gut colonists can alter the physical and biochemical 
environment in the gut, potentially manifesting as changes 
in patterns of host gene expression. Gut microbes can also 
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express genes themselves (e.g. digestive proteins) that affect 
host digestive capabilities and this can greatly influence host 
fitness, adaptive abilities and the potential to colonize new 
environments (Alberdi et al., 2016). For example, Som-
mer et al., (2016) showed that seasonal differences in the 
microbiota of active (as opposed to hibernating) brown bears 
affected the ability of the hosts to accumulate fat. In another 
study, Chevalier et al. (2015) demonstrated that cold-adapted 
microbiota altered gene expression patterns in the intestines 
of host mice. Therefore, studying both microbial composi-
tion and gene expression can provide unique insights into the 
interactions influencing biological adaptation.

Transitions in the ability to digest specific food types 
mediated by the microbiome have been key drivers of evo-
lutionary innovations in multiple taxa (Moran et al., 2019). 
For example, gut microbiota make difficult to digest food, 
such as plants and algae, available as sources of energy to 
groups with specialized microbiota in their guts, such as 
termites (Brune & Dietrich, 2015) and ruminant mammals 
(Flint et al., 2008). These organisms accomplish this through 
gut modification to accommodate host-restricted bacterial 
communities with enzymatic processes necessary to access 
nutrients.

Studies of such transitions in amphibians are rare, but 
may be particularly fruitful, because amphibians have inde-
pendently evolved a wide array of reproductive strategies 
and associated ecological niches and feeding strategies 
(Furness et al., 2022; Nunes-De-almeida et al., 2021; Sum-
mers et al., 2006). For example, neotropical frogs of the 
family Dendrobatidae have evolved a variety of reproduc-
tive strategies and parental care, including the evolution of 
trophic egg-feeding, a strategy where females deposit unfer-
tilized trophic eggs for their tadpoles (Brown et al., 2008a, 
b; Carvajal-Castro et al., 2021). To date, little research has 
been done on the physiological or microbiological changes 
in tadpoles associated with this behavior.

Within the dendrobatids, the genus Ranitomeya provides 
unique opportunities for comparative studies, because it 
includes several closely related and sympatric species. Nota-
bly, Ranitomeya imitator and Ranitomeya variabilis possess 
dramatically different modes of parental care and associated 
tadpole feeding strategies, despite sharing similar habitats. 
Ranitomeya variabilis have the ancestral trait of breeding in 
large phytotelmata (pools of water within terrestrial plants) 
with mosquito larvae, and less protein-rich nutrient sources 
inside pools such as available detritus and algae which tad-
poles consume (Brown et al., 2008a, b). Ranitomeya imitator 
have evolved the ability to breed in tiny phytotelmata, and 
regularly feed their tadpoles protein and lipid rich unferti-
lized eggs, as other nutritional sources are lacking in such 
small pools (Brown et al., 2008a, b). The behavior of egg 
feeding is hypothesized to be more recently evolved, and 
the shift in feeding strategy likely allowed R. imitator to 

colonize its current range in spite of prior occupancy by 
other similar species (e.g. R. variabilis, R. fantastica and 
R. summersi) (Brown et al., 2008a, b; Symula et al., 2001; 
Yeager et al., 2012). With the evolution of egg feeding, R. 
imitator was able to utilize much smaller pools in different 
plants, without the resources required for tadpole growth 
and survival.

A key characteristic of this study system is that tadpoles 
of both species are able to survive on other foods, if avail-
able, although detritus in the small pools used by R. imitator 
is minimal and generally insufficient for tadpole growth and 
development (Brown et al., 2008b). Fundamental questions 
about the evolution of this novel behavior in R. imitator 
concern how it affected genetic, behavioral, microbial char-
acteristics of tadpoles consuming this dramatically differ-
ent diet, and vice-versa. There are several mechanisms that 
could have enabled or enhanced the ability to process this 
novel diet, including (1) enhanced facultative or constitutive 
increases in the expression of digestive enzymes in the guts 
of R. imitator tadpoles, or (2) an altered gut microbiome in 
R. imitator, with gut microbes that allow better digestion of 
eggs. We note that these are not mutually exclusive possibili-
ties, and both could be acting in concert.

To investigate the potential mechanisms underlying the 
evolution of egg feeding in this genus of frogs we used each 
species’ facultative ability to utilize multiple sources of food 
and developed a comparative experiment (Fig. 1). We used 
a factorial design in which both R. imitator and R. variabi-
lis were fed a detritus or egg diet. We then examined gene 
expression in the guts of these tadpoles, and conducted a 
thorough microbial screening using bar-coding. Our results 
suggest the presence of an unanticipated evolutionary 
mechanism.

Fig. 1   Experimental design of field and lab tadpole feeding experi-
ments, showing species, treatments and sample sizes (see text for fur-
ther explanation)
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Results

Gene Expression

Figure 1 shows the experimental design of the differential 
expression experiments analyzed for this study. Control-
ling for multiple comparisons, between egg-fed, natural 
pool and detritus-fed, large pool treatments of R. imitator, 
15 transcripts were significantly differentially expressed 
(Table 1).

BLAST (Camacho et al., 2009) searches (blastn) of the 
NCBI nucleotide database using these sequences matched 
sequences of protein digesting enzymes (e.g. cysteine 
peptidases) from a group of protists known as paraba-
salians (Čepička et al., 2017) for seven out of the fifteen 
sequences. For example, one transcript is most closely 
related to a cysteine peptidase from the parabasalian pro-
tists Trichomonas vaginalis (a well-known parasite of the 
human reproductive tract). Placing this sequence in a phy-
logenetic context using SHOOT (Emms & Kelly, 2022): 
(S1 Appendix, Materials and Methods) showed (Fig. 2) 
that this sequence falls within a clade of Trichomonas 
vaginalis sequences (sequence data for this species is 
abundantly available in the GenBank database). Six other 
transcripts also matched proteases (peptidases) closely 
related to proteases previously identified in parabasalian 

Table 1   Transcriptome contig transcript IDs, associated genes and 
organisms from BLAST searches (blastn) of transcripts (and match-
ing statistics), for transcripts showing significant differential expres-

sion between egg-fed and detritus-fed treatments from field experi-
ments with R. imitator tadpoles

Transcript IDs are from the R. imitator transcriptome (see text) and denote contigs from specific assemblers (Trinity, SPAdes, Shannon). 
Match = query cover, Evalue and percent identity from BLAST top hit

Transcript ID (GenBank accession number) Gene Organism Match

TRINITY_DN50141 (AF202181.1) 28S Ribosomal RNA gene Trichomonas vaginalis 96%, 4e−116, 83.05%
NODE_26921 (XM_001314400.1) Cathepsin L-like cysteine proteinase precursor Trichomonas vaginalis 92%, 3e−26, 64.52%
TRINITY_DN45830 (HE797915.1) Cathepsin L-like cysteine proteinase Trichomonas gallinae 64%, 2e−28, 67.89%
NODE_10111 (AF202181.1) 28S Ribosomal RNA gene Trichomonas vaginalis 8%, 2e−07, 75.58%
TRINITY_DN48890 (XM_001303266.1) Asparaginyl endopeptidase-like cysteine 

peptidase
Trichomonas vaginalis 68%, 2e−46, 67.09%

NODE_48752 (MK172847.1) 18S rRNA (partial sequence) Trichomonas gallinae 99%, 0.0, 87.92%
NODE_20939 (M81842.1) 18S, 5.8S, 28S rRNA Tritrichomonas foetus 84%, 0.0, 97.73%
NODE_29403 (KX669666.1) Cathepsin L-like cysteine peptidase Tritrichomonas foetus 99%, 2e−20, 63.66%
S5052357 (XM_001316122.1) G3 viral A-type inclusion protein Trichomonas vaginalis 3%, 0.26, 83.78%
NODE_8708 (XM_040408839.1) EF-hand Calcium Binding Domain 14 Bufo bufo 45%, 2e−88, 73.10%
NODE_31093 (XM_001328347.1) Cathepsin L-like cysteine peptidase Trichomonas vaginalis 68%, 4e−35, 66.61%
NODE_5711 (XM_044289571.1) Golgi associated PDZ and coiled-coil motif 

containing (GOPC)
Bufo gargarizans 89%, 0.0, 90.00%

NODE_18733 (XM_040352698.1) DnaJ heat shock protein (Hsp40) member B6 Rana temporaria 89%, 0.0, 79.16%
NODE_21218 (XM_001326660.1) Asparaginyl endopeptidase-like cysteine 

peptidase
Trichomonas vaginalis 49%, 1e−16, 64.39%

NODE_21703 (AB468095.1) Actin Trichomitus batrachorum 72%, 0.0, 86.76%

Fig. 2   Phylogenetic tree depicting the evolutionary relationships 
of a sample peptidase sequence from the R. imitator transcriptomic 
sequencing (RNA-seq) gene expression results to other organisms in 
the nucleotide sequence database (see text for further explanation). 
Numbers at the base of each node represent bootstrap values. Letters 
and numbers following each species name represent individual sam-
ple sequence accession numbers
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protists (particularly Trichomonas vaginalis, Trichomonas 
gallinae, Tritrichomonas foetus, Dientamoeba fragilis).

These parabasalian peptidase sequences were highly 
expressed in the field egg-fed treatment, but not in the field 
detritus-fed treatment. For example, Fig. 3 shows the expres-
sion levels for a cathepsin-like cysteine peptidase under the 
field egg-fed versus field detritus fed R. imitator. This gene 
was highly expressed in the R. imitator egg-fed treatment, 
but showed no expression in the detritus-fed treatment. The 
protein-digesting function of these enzymes is of obvious 
significance given the high protein content of an egg-based 
diet.

We also found increased expression of common gene 
products (actin, ITS, 5.8S, 18S and 28S rRNA) in the egg-
fed treatment that also are most similar to sequences of para-
basalian protist sequences. One of these transcripts was an 
actin gene that matched most closely to an actin sequence 
from the parabasalian Trichomitus batrachorum. This is 
the only parabasalian originally identified in amphibians, 
although it has now been identified in other ectotherms 
(Dobell, 1909). Taken together, these results suggest a sig-
nificant contribution to gut gene expression in the presence 
of an egg diet from an unknown parabasalian in R. imitator. 
We note here that the 18S gene is used for the eukaryotic 
microbiome barcoding analyses that we describe below.

Some “host” (i.e. amphibian) genes were also found to 
be differentially expressed between R. imitator treatments. 
These included EF-hand calcium binding domain 14, golgi 
associated PDZ and coiled-coil motif containing (GOPC), 
and DnaJ heat shock protein (Hsp40) member B6. The 
results of BLAST searches reveal that the differentially 
expressed R. imitator transcripts were closely related to 
other anurans (e.g. frogs from the genus Bufo or Rana), 

implying that they were likely produced by Ranitomeya 
imitator itself, rather than by a symbiont (Table 1).

As a control, we also set up five pools with R. imitator 
tadpoles in the lab, which were fed eggs, using the same 
protocols used for R. variabilis. Analyses of differential 
expression between R. imitator treatments in the field (either 
fed or not-fed) did not yield any genes showing significant 
differential expression.

Conversely, comparison of lab egg-fed and field detritus-
fed treatments of R. variabilis tadpoles yielded a substantial 
number of differentially expressed genes. We note that it was 
not practical to have an egg-fed R. variabilis treatment in the 
field, and attempts to establish a detritus-fed treatment of R. 
variabilis in the lab failed due to mortality. Of the 2451 dif-
ferentially expressed transcripts between the lab egg-fed and 
field detritus-fed treatments, a number of those up-regulated 
in the egg-fed treatment closely matched (based on our anno-
tations) the sequences of genes associated with lipid process-
ing. These include apolipoprotein A1, a major component of 
high-density lipoproteins intimately involved in cholesterol 
metabolism and well-known in the context of human cardio-
vascular disease. Another example 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.

None of the differentially expressed genes were shared 
between R. variabilis and R. imitator. We did not see dif-
ferential expression of any of the parabasalian genes seen 
in the R. imitator egg-fed versus detritus-fed comparison, 
and none of the parabasalian sequences found in R. imitator 
matched similar sequences in the R. variabilis transcriptome 
when they were used as queries (transcriptome searched 
with blastn after conversion to a BLAST database). These 
results suggest the proposed novel symbiotic relationship 
between R. imitator tadpoles and an unknown parabasalian 
likely does not extend to R. variabilis, and represents a 
novel, derived “trait” (association) in R. imitator.

Bacterial Microbiome Analyses

Indicator species analysis identified one Operational Taxo-
nomic Unit (OTU) from R. variabilis treatments in the fam-
ily Rikenellaceae (detritus-fed), and three in R. imitator 
treatments, from one unclassified bacteria (egg-fed), one 
Bacteroidaceae (detritus-fed), and one Desulfovibrionaceae 
(egg-fed). Analyses of diversity showed no significant dif-
ferences. Bacterial species richness showed no difference in 
variability between the egg-fed and non-egg-fed treatments 
in R. imitator (p = 0.767) or R. variabilis (p = 0.100) (S1 
Appendix, Table S1, Fig. S1). Bacterial diversity measured 

Fig. 3   Abundance estimates (transcripts per million) for parabasalian 
peptidase sequences in the R. imitator field egg-fed versus field detri-
tus fed experiments (see text for further explanation)
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using Shannon Diversity Index (H) also showed no signifi-
cant differences between treatments in either species (R. 
imitator: p = 0.167, R. variabilis: p = 0.079) (S1 Appendix, 
Table S1, Fig. S2). Simpson’s Evenness also showed no 
significant differences (R. imitator: p = 0.175 R. variabilis: 
p = 0.364) (S1 Appendix, Table S1, Fig. S3).

Plots of the results of the principal coordinate analyses 
of bacterial community composition for each species are 
shown in Figs. S4 and S5 (S1 Appendix). Results of the 
PERMANOVA analyses are summarized in Table S2 (S1 
Appendix). Diet influenced bacterial communities of R. imi-
tator (but not R. variabilis) (S1 Appendix, Table S2, Figs. 
S4, S5). 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 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 et al., 
2015), and could be associated with organisms digested by 
the tadpoles. Desulfovibrionaceae, found in egg-fed R. imi-
tator, 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.

Eukaryotic Microbiome Analyses

Similar to bacterial community patterns, microeukaryotic 
OTU richness, Shannon Diversity Indices, and Simpson’s 
Evenness Indices were similar across diets for each species 
(S1 Appendix, Figs. S6–S8). In addition, diet influenced 
microeukaryotic communities of R. imitator but not R. vari-
abilis (S1 Appendix, Table S3, Figs. S9, S10).

We found two differentially expressed contigs in the R. 
imitator transcriptomic differential expression analyses that 
contained 18S sequences, which is the region used for our 
barcoding analyses of the eukaryotic microbiome. Using 
the blastn nucleotide-nucleotide search BLAST algorithm 
(Camacho et al., 2009), we searched the fasta file of the 
results from the microEuk 18S rRNA panel (as a BLAST 
database constructed in the program Geneious Prime 2022 
(https://​www.​genei​ous.​com) (S1 Appendix, Materials and 
Methods) using a query sequence from the 18S rRNA 
gene sequence that matched to Trichomonas gallinae. This 
search yielded one match, an 82 base pair sequence frag-
ment from the R. imitator eukaryotic microbiome. We used 
this sequence in an unrestricted BLAST search (Camacho 
et al., 2009) of the main nucleotide database in GenBank. 
All the sequences returned (top 100 hits) were parabasalians. 
The top matches were with the parabasalians Tritrichomonas 
suis, T. foetus, T. nonconforma and T. augusta (100% query 

cover, Evalue 2e−26, percent match 95.12%). This result 
confirms the presence of parabasalians in the intestines of 
R. imitator tadpoles. It is likely that the exact species is (or 
are) as yet undescribed, given that there has been no pre-
vious research on the intestinal microbiota of Ranitomeya 
tadpoles.

Discussion

Ranitomeya imitator evolved a new, ecologically important 
mode of parental care—facultative egg feeding—as a puta-
tive mechanism of niche partitioning. We designed an exper-
iment to investigate the potential mechanisms underlying the 
evolution of egg feeding in this species. We used examina-
tions of tadpole gene expression in combination with micro-
bial screens in tadpoles fed on egg and detritus only diets 
to better understand the evolution and maintenance of this 
ecological adaptation. We find compelling evidence for the 
presence of gut microbial parabasalians driving gut gene 
expression patterns in the presence of egg diets in Rani-
tomeya imitator tadpoles, suggesting the presence of sym-
biotic gut microbiota playing a key role in this adaptation.

Our transcriptomic analyses of the guts of R. imitator 
tadpoles that were fed a natural diet of eggs (a derived diet 
shared with its sister species R. vanzolinii), or detritus, algae 
and insect larvae (the ancestral diet for this genus) identi-
fied differences in expression of genes that we tentatively 
identified as being from a group of single-celled eukaryotes 
known as the Parabasalia. Parabasalians are anaerobic flag-
ellated protists, most of which are symbionts found in the 
intestinal tracts of vertebrate and insect hosts (Čepička et al., 
2017). They are perhaps most well known as gut mutualists 
of termites (Brune & Dietrich, 2015), which contribute to 
the digestion of wood as part of the termite gut microbi-
ome. The most well-studied parabasalians are those found 
in humans, such as Trichomonas vaginalis (a urogenitotract 
parasite), or in domesticated animals, such as Tritricho-
monas foetus (a venereal parasite of cattle, but a harmless 
commensal in pigs) (BonDurant & Honigberg, 1994). The 
relative dearth of sequences from other parabasalian line-
ages which are likely to be more related to parabasalians 
found in tropical amphibians likely explains why these 
well-characterized but presumably distantly related species 
provided the closest matches to the differentially expressed 
sequences in our BLAST and SHOOT searches. Paraba-
salians have been identified in amphibians [e.g. Trichomitus 
batrachorum (Dobell, 1909)], but there is comparatively lit-
tle sequence data available for these species. In order to test 
our hypothesis that differential expression between egg-fed 
and non-egg-fed R. imitator is primarily driven by paraba-
salians in the gut, we conducted an analysis of the eukaryotic 
microbiota in R. imitator. A BLAST search of the results 
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from our eukaryotic microbiome panel database using a 
query sequence from our differential expression analyses (a 
sequence that a general BLAST search had revealed closely 
matched an 18S rRNA sequence from the parabasalian 
Trichomonas gallinae), identified close matches between the 
query sequence and a sequence in the database. A BLAST 
search of the GenBank general nucleotide database using 
that sequence (from the eukaryotic microbiome) revealed 
close matches to multiple parabasalians with high degrees of 
similarity. Hence, the eukaryotic microbiome data provides 
independent support for the presence of parabasalians in the 
guts of R. imitator tadpoles.

As the intestinal microbiomes of Amazonian poison 
frogs were virtually unstudied until now, it is likely that the 
sequences we identified are from an as-yet-undescribed spe-
cies of symbiotic parabasalian inhabiting the guts of R. imi-
tator tadpoles. Given that these transcript sequences align to 
parabasalians but not the R. imitator genome (Stuckert et al., 
2021), it is likely that they are from gut microfauna rather 
than the R. imitator gut transcriptome. Thus, it is likely that 
the differential expression observed results from either dif-
ferent population densities of the parabasalian microfauna, 
the upregulation of these genes in gut parabasalia, or a com-
bination of the two. It is therefore likely that these micro-
organisms are responding to the gut microenvironment as 
affected by the differential dietary treatments. The presence 
of these microorganisms in the R. imitator gut and their 
potential role in the digestion of lipid and protein rich eggs, 
coupled with a lack of evidence for this microorganism in R. 
variabilis, suggests that this is an evolved symbiosis between 
R. imitator and its gut parabasalia.

While some of the parabasalian genes were common 
genes not associated with nutrient digestion (e.g. actin), 
most were protein digestion enzymes (e.g. cathepsins). 
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 (Alim et al., 2009; 
Santiago et al., 2017). Cathepsins are also involved in lipid 
processing (Thibeaux et al., 2018). Hence, these enzymes 
play key roles in the digestion of proteins and lipids, which 
would be valuable in processing the concentrated proteins 
and lipids associated with an egg diet.

As noted above, while parabasalians are well-known to 
be involved in digestive mutualisms in the digestive tracts 
of termites (where they help to digest cellulose), they have 
not (to our knowledge) been shown to engage in protein-
digesting symbioses in other taxa. However, digestive sym-
bioses involving the secretion of proteases have been found 
in a variety of taxa. For example, the burying beetle (Nicro-
phorus vespilloides) appears to have a symbiotic relation-
ship with protease-secreting yeasts, which help to digest the 
flesh of the dead mice upon which the beetle’s offspring feed 

(Brinkrolf et al., 2021; Vogel et al., 2017). Some flies that 
utilize cadavers and carcasses for reproduction (e.g. the blow 
fly, Chrysomya megacephala) have symbiotic relationships 
(Bhattacherjee et al., 2022) with bacteria that secrete pro-
tein-digesting enzymes (e.g. Chryseobacterium artocarpi). 
Aphids appear to have a symbiotic relationship with bacteria 
(Serratia symbiotica), which secretes proteases that assist 
with the digestion of plant proteins (Skaljac et al., 2019). 
There does not seem to be any compelling reason that para-
basalians could not evolve mutualisms based on the secre-
tion of proteases, as many other taxa have.

Alternatively, it is possible that the relationship between 
R. imitator tadpoles and their gut-dwelling parabasalians 
could be commensal or parasitic. Parabasalians are known 
to engage in both of these types of relationships with verte-
brate hosts (see references above). In these cases, however, 
the parabasalians are not involved in the digestion of host 
foodstuffs, which seems likely to be the case in the R. imita-
tor tadpoles as these genes are only expressed in the pres-
ence of trophic eggs. We hypothesize that the presence of 
these parabasalians increases the digestion of lipids and/or 
proteins from trophic eggs, providing additional nutrients to 
tadpoles from the same food source. Experiments in culture 
with trophic feeder eggs to test the efficacy of parabasalid 
egg digestion, and to test whether they also express the genes 
we identified as important here would be key corroborating 
evidence.

Ultimately, in order to determine whether the relationship 
between this novel parabasalian and its tadpole host is, in 
fact, mutualistic, an experimental approach will be required. 
Specifically, it will be necessary to raise tadpoles with and 
without parabasalians in their digestive tracts, and meas-
ure the effects of these treatments on growth and survival 
rates. This may require the use of parabasalid inoculations 
or knockdowns to create tractable treatment groups to test 
these key hypotheses related to mutualism.

Another important avenue to pursue in this regard will 
be to determine if the unknown parabasalid is transmitted 
between parent and offspring (vertical transmission) via 
trophic egg feeding. Vertical transmission has long been 
known to select for less virulent, more mutualistic symbi-
onts (Alizon et al., 2009; Ewald, 1987). In the cockroach/
subsocial wood-feeding cockroach (Cryptocercus)/termite 
lineage, horizontal transmission of parabasalid protists in 
gregarious cockroaches (via coprophagy) is associated with 
a parasitic lifestyle (Nalepa, 2020). The transition to eusoci-
ality in termites (from common ancestry with cockroaches) 
is thought to have originated via the initiation of vertical 
transmission of parabasalid (and oxymonad) protists, via 
proctodeal trophallaxis in the common ancestor of Cryp-
tocercus (the subsocial sister lineage of termites) and the 
termites (Nalepa, 2020). Cryptocercus have a nuclear family 
structure focused on monogamous pairs feeding their own 
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offspring via proctodeal trophallaxis, and the mutualistic 
protists are passed from parents to offspring through this 
form of feeding (Nalepa, 2020). In turn, this mutualistic rela-
tionship was likely to have been a key component of the tran-
sition to eusociality in the termites (Nalepa, 2015). As noted 
above, R. imitator is one of the only frogs to show a nuclear 
family structure based on monogamous pairs, and feeding 
of offspring (via trophic eggs) is a key characteristic of this 
species. It would be a remarkable instance of convergence if 
this same mechanism (vertical transmission of symbionts via 
parental feeding of offspring) were associated with advanced 
sociality in two very distantly related lineages.

There are several weaknesses of this study. For exam-
ple, we were unable to carry out a fully crossed design in 
our experiments. It proved to be impractical to implement 
an egg-feeding regime in the field for the Ranitomeya vari-
abilis (with the ancestral detritus diet), and our attempts to 
implement a non-egg fed treatment for this species in the 
lab failed (the tadpoles did not survive). Hence, our results 
concerning differential gene expression and microbiome 
composition for the non-egg-feeding species (R. variabi-
lis) cannot be confidently ascribed to environment versus 
dietary treatment, and may well involve effects from both. 
However, this result is not pertinent to the main value of the 
experiments on the non-egg-feeding species, which was to 
assess whether the parabasalian genes that we found to be 
differentially-expressed in the egg-feeding species are also 
found in the non-egg feeding species (they were not). Hence, 
our experiments on R. variabilis (the non-egg-feeding spe-
cies) serve to demonstrate that this symbiosis does not occur 
in a species closely related to the egg-feeding species (that 
has the ancestral detritus-based diet).

Another issue is that we did not find differential expres-
sion of the parabasalian genes in the lab-based egg feeding 
treatment with R. imitator (the trophic egg-feeding species), 
only in the field-based egg-feeding treatment (relative to 
the field-based non-egg-feeding treatment for this species). 
However, gene by environment interactions are commonly 
observed in previous studies, and it is quite possible that in 
order to get a viable “starter culture” of the parabasalian 
symbiotes, R. imitator tadpoles need to be in their natural 
pools in the field.

In summary, the evidence for differential expression 
of parabasalian peptidase genes in the guts of R. imitator 
tadpoles feeding on an egg diet (compared to the ancestral 
detritus diet) implicates 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 (ecologically similar) 
northern species that it is currently sympatric with (e.g. R. 
variabilis, R. fantastica, R. summersi) by allowing this spe-
cies to use tiny pools that provided insufficient nutrients to 
these other (detritus feeding) species, resulting in the forma-
tion of a large Mullerian mimicry complex (Stuckert et al., 
2014a, b; Symula et al., 2001; Twomey et al., 2013; Yeager 
et al., 2012). Our results lead to several key questions for 
future research, including whether these parabasalians have 
coevolved with and are dependent on their amphibian hosts.

Materials and Methods

Field and Lab Experiments: Peru

Fieldwork was conducted at four field sites around Tara-
poto, San Martin, Peru from May through August 2017. 
Lab experiments were conducted in an outdoor enclosure 
in Tarapoto. Taking advantage of each species’ facultative 
ability to utilize multiple sources of food, we developed an 
experimental design for the field study designed to compare 
responses at the genomic and microbial levels in tadpoles of 
each species (R. imitator and R. variabilis) when developing 
on a diet of infertile eggs, and when developing on a diet of 
algae, detritus, and mosquito larvae (S1 Appendix, Materials 
and Methods). Briefly, we completed three treatments for R. 
imitator (field egg-fed, field detritus-fed, lab egg-fed), and 
two for R. variabilis (field detritus-fed, lab egg-fed) (see 
Fig. 1).

Gut Transcriptome Analysis

After each experiment, tadpoles were collected and RNA 
was extracted from half of the total samples in each treat-
ment (S1 Appendix, Materials and Methods). We assem-
bled a single transcriptome per species using data from 
each experimental treatment. Transcriptome assembly was 
done using the Oyster River Protocol v2.2.7, with the results 
from three assemblers merged with the program Orthofuser 
(MacManes, 2018). Error correction and trimming were 
done with RCorrector 1.01 (Song & Florea, 2015) and 
trimmomatic (Bolger et al., 2014). Transcriptome qual-
ity was assessed with BUSCO 3.0.1 (Simão et al., 2015) 
and TransRate 1.0.3 (Smith-Unna et al., 2016). Transcript 
counts were pseudo-quantified using Kallisto 0.43.0 (Bray 
et al., 2016) and tested for differential expression in R ver-
sion 3.4.2 (R Core Team, 2020) using Sleuth version 0.29.0 
(Pimentel et al., 2017). Differentially expressed transcripts 
were searched against known sequences using a nucleotide 
search (blastn) in BLAST (NCBI). To further confirm the 
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evolutionary relationships of the sequences of some of the 
identified candidate genes in R. imitator, we used SHOOT 
(Emms & Kelly, 2022), a program that searches a large 
database of sequence-based phylogenetic trees and places a 
query sequence into a phylogenetic context. Details of these 
analyses are provided in the supplemental materials (S1 
Appendix, Materials and Methods). Additionally, we used 
blastn in BLAST (Camacho et al., 2009) to search for the 
five putative parabasalian genes (asparaginyl endopeptidase-
like cysteine peptidase, cysteine protease 8, cathepsin L-like 
cysteine peptidase, a second transcript of cathepsin L-like 
cysteine peptidase, and cathepsin L-like cysteine proteinase 
precursor), as well as several “host” (amphibian) genes in 
the Ranitomeya imitator genome assembly (Stuckert et al., 
2021).

Gut Prokaryotic Microbiome Analysis

We characterized tadpole gut microbiome composition via 
amplicon sequencing of the 16S rRNA gene. We extracted 
genomic DNA from using standardized kits and primer sets 
(S1 Appendix, Materials and Methods), to amplify the V4 
region of the 16S subunit of the ribosomal RNA gene in 
bacteria and archaea (Caporaso et al., 2012).

Sequence assembly and analyses were done using a 
standard mothur pipeline (v1.40.1) (Schloss et al., 2009). 
We ran all statistical analyses in the R Environment (R 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 coeffi-
cient (S1 Appendix). The Adonis function in the vegan pack-
age (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 spe-
cies analysis to identify taxa representative of each diet for 
each species using the labdsv package (Roberts, 2016).

Gut Eukaryotic Microbiome Analyses

For eukaryotic microbiome sequencing, we conducted 18S 
rRNA amplicon sequencing designed by the Earth Micro-
biome Project (Caporaso et al., 2012) (S1 Appendix, Mate-
rials and Methods). Sequences were assembled and ana-
lyzed using a standard mothur pipeline (v1.48.0) (Schloss 
et al., 2009). We assembled contigs from paired end reads, 
trimmed low quality bases, aligned sequences to the Silva 
Database (Quast et al., 2013; SSURef v132) (S1 Appendix, 
Materials and Methods).
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