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The gut microbiota provides important capacities for the host, and the relationship between 

host-microbiome could affect, bidirectionally, different traits of the history life. Therefore, it is 

important to know how the microenvironment of living beings is shaped and what factors influence 

the community and composition of bacteria. The mother–to–offspring microbiota transmission has 

been extensively studied in vertebrates, focusing on human primates. In amphibians, the 

understanding of diversity and community of bacteria has been biased to skin microbiome. In this 

research, we study whether R. imitator mothers, a neotropical poison frog from Peru that display 

prolonged parental care, are transferring microbes to tadpoles by feeding them with trophic eggs. 

We used 16S rRNA amplicon-sequencing of the gastrointestinal tract of captive R. imitator 

mothers and their tadpoles. The analyses showed that composition of microbes is different between 

parents and offspring. Also, the composition of gut bacteria of tadpoles included different bacterial 

phyla usually found in gastrointestinal tract of vertebrates. Although, phyla Bacteroidetes and 

Proteobacteria were also found in gut of fish food experiment, it was seen that the proportion of 

Proteobacteria are higher in tadpoles from switching and control experiments, which can suggest 

that the proportion of microbes that comes from the maternal diet is similar than the proportion 
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that comes from the environment. This supports the assumption of mother’s role in parental care 

is not limited, exclusively, to provide nutrient resources.  
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Introduction   
   

The association between a vertebrate host and its gut microbiota can be considered a 

bidirectional relationship because the gut microflora can alter the capacity of the host to adapt to 

its environment (Xu, et al., 2019). Moreover, the gut microbiota may play a role in several 

physiological processes of the hosts, such as: nutrient absorption, energy balance, and immune 

responses (Xia et al., 2022). In turn, the gut microbiota may be influenced by various aspects of 

the host’s life history such as: habitat (Barelli et al., 2020), trophic level (Wong and Rawls, 2012), 

behavior (Weng et al., 2016), and diet (Grond, et al., 2018). Indeed, a recent study  revealed that 

the feces of mice delivered by females exposed to a high-fat diet during pregnancy (MHFD), 

compared to the feces of offspring of mothers on a regular diet (MRD), had a lower diversity of 

microbiota and showed deficiencies in social behavior that decreased their ability to socialize in 

novel situations, suggesting that the dysbiosis of MHFD offspring occurred due to the absence of 

essential bacteria vital for displaying normal social behavior (Buffington et al., 2016).  

  

Furthermore, the routes of transmission of gut microbiota can also determine the 

composition of gut microbial communities in an individual. For instance, the fecal-oral route is 

considered the main pathway through which the gut microbiota is transmitted to the host in insects 

and mammals (Bo et al., 2020; Powell et al., 2014). In humans and mammals, commensal intestinal 

bacteria can also be transmitted by the vagina-oral route at birth and breast milk in early life 

(Browne et al., 2017). Murphy et al. (2017), found identical profiles of both Bifidobacterium breve 

and Lactobacillus plantarum in both the infant’s fecal samples and in breast milk, providing 

evidence of vertical transmission of symbiotic microbes from mothers to infants. Consequently, 
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the mother–to-offspring microbiota transmission confirms that the maternal supplements to their 

young positively impact the microbiota during development. Similarly, the intrauterine 

environment influences the establishment of intestinal microbiota in babies before delivery by 

transferring microorganisms from the mother to the fetus when it swallows the amniotic fluid in 

preterm babies (Ardissone et al., 2014; Yang et al.,2021).   

  

The maternal transmission of symbiotic microbes throughout early life has been studied in 

both human and non-human animals. For example, Chen et al. (2020) reported that zebra finches 

can acquire gut microbiota by maternal transmission when parents provide regurgitated food. 

Nevertheless, the transmission of gut microbes was seen only in zebra finch chicks that obtained 

food from their own mothers. Similarly, Korpela et al. (2018), demonstrated that the maternal 

transmission of symbiont gut microbes to offspring in humans is a selective process that starts after 

initial inoculation by maternal fecal microbes, and can provide protection, limiting the 

transmission of pathogens.   

  

Although the transmission of gut microorganisms has been studied extensively in 

mammals (Clayton et al., 2018; Amato et al., 2014; Amato et al., 2015; Hooper et al., 2002; Kohl 

et al., 2014), and birds (Berlow et al., 2022; Phillips et al., 2018; Videvall et al., 2018; Teyssier et 

al., 2020), it is important to study it in other vertebrates because other clades could have markedly 

distinct communities that could be shaped by different transmission pathways (Browne et al., 2017; 

Colston et al., 2016). For example, amphibians with a biphasic cycle of life have been less 

intensively studied with respect to which routes of transmission play a primary role in the 

development of microbial composition during early life. In some groups of amphibians, it has been 
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observed that females may transfer symbiotic bacteria to their offspring when they move through 

communal nests, increasing embryonic survival in nests that had a signal of the presence of 

pathogenic fungi. Additionally, comparisons of the skin bacteria between mothers and embryos 

demonstrated that the bacterial community composition was more similar, relative to bacteria in 

the surrounding soil (Banning et al., 2008).  

  

Whereas in Neotropical poison frogs maternal care is associated with compensation of low 

nutrient availability through provision of trophic eggs  to tadpoles in breeding pools, tadpole 

feeding can occur as a facultative behavior, and tadpoles without access to trophic eggs may grow 

and survive if detritus and insect larvae are available, albeit at lower growth rates (Summers et al., 

2014; Brown et al., 2010; Brown et al 2008), which indicates tadpoles may acquire symbionts 

from their parents or the environment during development. For instance, Weinfurther et al. (2021) 

found symbiotic gut microbiota in tadpoles of R. imitator, but their main source of this 

microorganisms is unclear due to the facultative ability of tadpoles to utilize multiple sources of 

food (e.g., trophic eggs or external food sources). In addition, in other poison frogs, it was found 

that trophic eggs delivered to tadpoles provided not only essential nutrients for development, but 

also alkaloids that were sequestered and used for defense (Saporito et al., 2019; Brooks et al., 

2023). However, it is not known whether trophic eggs provide additional benefits such as the 

transfer of symbiont microbes to the gut microbiota.   

  

Although the mechanisms and strategies of parental care in poison frogs have been studied 

extensively, many of these studies have been focused on male’s role (i.e., Pašukonis et al., 2016; 

Pašukonis et al., 2017), indicating the important of investigating additional benefits provided by 
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females when they provide parental care. Additionally, multiple abiotic and biotic factors impact 

these organisms during development (e.g., across the biphasic life cycle), and these could affect 

the assembly of different microbial communities, offering a valuable opportunity to determine how 

bacterial communities in tadpoles are affected when they are exposed to a restricted niche without 

access to food (e.g. breeding pools) (Brown et al., 2008; Beck et al., 2017 ).   

  

Ranitomeya imitator lays arboreal clutches in laboratory conditions and both the female 

and the male play key roles during parental care. Male frogs attend egg clutches and transport 

individual tadpoles to breeding pools, and female frogs provide tadpoles with trophic eggs. 

Females usually lay 1-2 trophic eggs and tadpoles are fed every 6-10 days. Given the facultative 

behavior of tadpoles of R. imitator, identifying the main route of transmission of gut bacteria 

during development is a critical step toward understanding the additional benefits of parental care 

associated with the mother’s role. I hypothesize that the composition of the gut bacteria of R. 

imitator tadpoles is associated with their parent’s microbiome in tadpoles that were fed by trophic 

eggs delivered by females during development, i.e., that this diet is the main route of transmission 

that drives gut bacteria composition in this species. An alternative hypothesis is that the 

composition of gut bacteria of R. imitator tadpoles is influenced by environmental acquisition. 

Finally, it is possible that the bacterial community of the gut is influenced by both acquisition from 

trophic eggs and from the pool environment, resulting in a mixture.  
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Methods  
   

Animal husbandry and sample collection  

   

We selected 12 tanks with a male and a female Ranitomeya imitator. All frogs came from 

a captive breeding colony of R. imitator; a poison dart frog found in north-central Peru. Each tank 

contained plants for shelter and a 50ml falcon centrifuge tube breeding container filled with 25ml 

water for tadpole deposition. Tanks were misted by hand each day, and a 12/12 hr light/dark cycle 

was maintained. All the frogs from the captive breeding colony had the same type of diet, provided 

4 times per week, that consisted of fruit flies mixed with a mineral supplement formulated for dart 

frogs. To identify if mothers are transferring bacteria to tadpoles by trophic eggs, we randomly 

assigned 6 tanks to the Probiotic diet treatment (PDT) where pairs were fed ad libitum with fruit 

flies mixed with a mineral supplement formulated for dart frogs, and a probiotic four times per 

week. The probiotic was added to act as a biological agent to modify the composition of the 

intestinal microbiota and maintain a healthy intestine in the frogs. Then, we assigned 6 tanks to 

the No Probiotic diet treatment (NPDT) where pairs were fed only with fruit flies mixed with the 

same mineral supplement formulated for dart frogs four times per week.  

  

For each diet treatment, we checked each tank daily and recorded the presence of new eggs 

and/or tadpoles in the breeding container. Once we found a new tadpole in the breeding pool, we 

assigned that new individual to either the fish food experiment (FFE), control experiment (CE) or 

switching experiment (SE) (figure 1); tadpoles classified in FFE were re-localized in plastic 

containers with 25 ml of water and fed by hand with fish food. Individuals in CT were kept with 

their parents and once they ate between 2-3 trophic eggs, deposited by the mother, they were 
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collected. To identify if females are transferring microbes to progeny, a switching experiment was 

set up. This experiment consisted of switching tadpoles between parents from Probiotic Diet 

Treatment (PDT) and No Probiotic Diet Treatment (NPDT). When tadpoles were assigned to SE 

and before the female started to deliver trophic eggs to feed it, if the tadpole came from NPDT, we 

switched the breeding pool to another tank that belonged to PDT (and vice-versa) (figure 1). Also, 

the probiotic was used to alter, healthily, the microbiome of gastrointestinal tract of females that 

fed a foster tadpole. Consequently, we expected that tadpoles fed by a foster mother would have 

dissimilarities in the microbiome composition compared to the biological mother; If there was a 

dissimilarity between biological mothers and tadpoles, vertical transmission of bacteria from 

females to offspring could be assessed. After the tadpoles ate 1-3 trophic eggs, they were 

euthanized and collected. Moreover, we collected two different samples from each diet treatment: 

the digestive tract of 1 to 3 tadpoles per SE, CE or FFE (after euthanasia), and feces sample from 

the females collected at the end of the experiments where was an accumulation of feces over 

several weeks. Decision of collecting tadpoles after females provided 1-3 trophic eggs was 

established according to R. imitator time average feeding behavior. This species deposits trophic 

eggs every 7.3 days with some pairs delivering more than one trophic egg per day (Brown et al., 

2008). To assure tadpoles from different pairs would obtain at least one trophic egg per week and 

at least two for the duration of the whole experiment (i.e. some pairs were slower breeders), we 

collected tadpoles three weeks after hatching. This standard time also allowed to collect the 

tadpoles at development stages between 26-30 (i.e. larval stage; Tumulty et al., 2014; Gosner 

1969).  
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Additionally, the diet described above was implemented until all digestive tracts and feces 

were collected. Finally, all samples collected were stored at -20 °C until DNA extractions were 

performed. All animal procedures for this study were approved by the Institutional Animal Care 

and Use Committee at East Carolina University (AUP D382).   

   

  

  

1

 
Figure 1.  Experimental design to obtain microbial communities of Ranitomeya imitator. Mothers 

and tadpoles with the same color represent biological mother and offspring. Starts next to mothers 

represents individuals from Probiotic Treatment. (A) represents individuals in control experiment. 

(B) represents mother and tadpoles assigned to switching experiments, where mothers feed a foster 

tadpole. (C) represents tadpoles in fish food experiment.  
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Microbiome analysis:   
   

We first determine differences in the gut bacterial community composition in tadpoles 

based on females exposed to two types of diet: probiotic and not probiotic. Gut bacterial 

communities in each sample, including probiotic, were characterized with Illumina sequencing of 

the highly conserved 16S rRNA gene (Yilmaz et al., 2014). After collecting the digestive tract of 

the tadpoles and feces sample from females, we extracted the DNA from each sample using the 

PowerLyzer Power Soil DNA protocol. Additionally, the DNA extracted was used as a template 

for PCR reactions, where barcode primers (515FB-806RB) were used to target V4-V4 region of 

the 16S rRNA gene (Yilmaz et al., 2014). We quantified DNA concentration by an Agarose gel 

electrophoresis, and a Nanodrop spectrophotometer was used to verify the amplification of DNA. 

To increase the quality of the sequences, the AMPure xp Mg+bead protocol was followed to purify 

and remove contaminants from PCR products. After cleaning up the DNA, DNA concentrations 

(ng/ml) from each sample were quantified using the Qubit High Sensitivity (HS) setting and 

converting to the final DNA concentration (ng/ul). Then, all PCR products were diluted to the 

same concentration. PCR products were pooled in equimolar concentrations and sequenced using 

the paired-end Illumina MiSeq platform at Duke University.   

The raw 16S rRNA gene sequences data were processed using the Mothur standard 

operating procedure (SOP) analysis pipeline (v1.48.1) (Kozich et al., 2013). The sequences were 

aligned using the SILVA rRNA gene database and classified into operational taxonomic units 

(OTUs) using a 97% sequence similarity threshold. Additionally, the VSEARCH algorithm 

(Rognes et al., 2016) was used to remove chimeric sequences. All sequences identified as anything 

other than bacteria were removed   

   



 9 

Diversity and composition analysis   

   

Using the lmer function from the lmerTest package (Kuznesova et al., 2017), Species 

richness, Shannon diversity (H’), and Pielou’s evenness were analyzed by a linear regression 

model with interaction for evaluating the effects of ‘Treatment’ and ‘Diet’ on diversity metrics. 

Following diversity metric analysis, analysis of composition of bacterial communities was 

performed using permutational multivariate analysis of variance (PERMANOVA) and Principal 

Coordinates Analyses (PCoA) were completed. PCoA was performed based on the Bray-Curtis 

dissimilarity of bacterial community composition. Then, a PERMANOVA analysis was conducted 

to identify significant differences in bacterial communities based on experiment and type of diet. 

PERMANOVA was performed using the adonis function from the vegan package (Oksanen et al., 

2017). A statistical significance threshold of p<0.05 was used for diversity metrics and PCoA 

analysis. Because we found significant differences in bacterial communities based on the 

experimental treatment, we used a Kruskal Wallis and Dunn post hoc test to determine if relative 

abundances of OTUs between tadpoles from switching, Control and Fish Food experiments, feces 

obtained from females, and probiotic, differed from each other. Then, we executed indicator 

species analysis using the multipatt function from the indicspecies package (Caceres et al., 2009) 

to identify OTUs found more often between experiments compared to another. Finally, phylum 

compositions with relative abundances greater than 0.05 were plotted.   
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Results 

 

Alpha diversity metrics  

   

To evaluate whether mothers are transferring gut microbiome to offspring by feeding them 

with trophic eggs, we performed a microbiome analysis in the collected digestive tract of R. 

imitator tadpoles from different experiments, and feces from mothers that were classified into 

two types of diet; regular food mixed with probiotic and regular food without probiotic. We 

collected 23 tadpoles from the switching experiment (NPDT =12; PDT = 11), 14 tadpoles from 

the fish food experiment (NPDT = 8; PDT = 6), and 24 from the control experiment (NPDT = 10; 

PDT = 13), and 12 feces samples (NPDT = 6; PDT = 6). After classification, 6859 OTUs were 

obtained from all 74 samples. We found that the linear model analysis with interaction results 

suggested that the number of species was similar within experiments, indicating that our model 

was not affected by type of diet provided to the parents (adjusted R2=-0.003, P=0.4). However, 

interesting trends were seen with the fish food experiment, which was the only experiment that 

showed a change in the number of species (t value=-2.039; Pr(>|t|=0.0457;) compared to tadpoles, 

with access to trophic eggs, who were similar in richness (i.e. individuals in control experiment 

and switching experiment) (Supplemental Table 2A). Also, parents from both treatment shared 

similar mean OUT richness, and it was higher that OTUs from tadpoles classified into the different 

experiments. Furthermore, our model could be explained mainly by the effects of the parent 

treatment, it showed that the bacterial community in this group was highly different from control 

and switching experiment  (tvalue=-4.503; Pr(>|t|=2.96e-05). In addition, we observed interesting 

trends with these plots. Parents from the probiotic treatment shared similar mean OTU richness 
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with tadpoles from switching experiment compared to tadpoles who did not have access to trophic 

eggs (fish food experiment). On the other hand, OTU richness was higher in tadpoles who grew 

up with their own parents from non-probiotic treatment, in contrast to fish food tadpoles (Figure 

2). In fact, the fish food experiment was less diverse compared to tadpoles from the control and 

switching experiment from probiotic treatment (Figure 3). Lastly, the Parent treatment group had 

the highest equitability (Pielou), differing significantly from all other groups (Pielou’s Evenness: 

t value=3.329; Pr(>|t|=0.001458)  

  

Community Composition Analysis  

  

A multivariate ANOVA analysis test with permutations (PERMANOVA) was performed 

to investigate if the centroids from the sample clusters based on type of diet and three different 

experiments (control experiment, switching experiment and fish food experiment) were different. 

This analysis showed that gut bacterial composition differed significantly based only on 

“experiment” (P= 0.0009, R2 = 0.26806, df = 4), but there was not an interaction between 

“experiment” and “type of diet” (P = 0.4155, R2 = 0.033, df = 3). A PCoA was plotted to visualize 

the difference in compositional clusters between different experiments, where it was observed that 

there is a cluster between bacterial communities from control and switching experiment (Figure 

5).   

  

Given the striking similarities in bacterial community among tadpole's gut microbiome 

from three experiments and parent, after being exposed to two distinct types of diet, we next 
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examined whether any of the identified taxa were limited to a specific experiment, which would 

indicate whether mothers are transferring microbes to offspring.   

We did not find any OTUs that were restricted and shared among mothers and tadpoles 

from control and/or switching experiments when all data were combined (Figure 6), with mother 

samples harboring the largest proportion of unique OTUs (300 species), and it was seen that fish 

food, control, and switching experiment shared one of the most abundant identified OTUs with 

mothers (Figure 6). Interestingly, the relative abundance of otu00009 was bigger in tadpoles from 

switching experiment compared to the other groups (Figure 7).   

  

To analyze the effect of treatment in Relative Abundance between groups, we performed 

a Kruskal-Wallis with a Dunn test. The Kruskal-Wallis test showed that the effect of treatment on 

relative abundance is big (R2= 1334.1; df=4; P = 2.2e-16), but we found that the relative 

abundance of OTUs is highly variable between all treatments (Dunn test R2= 1334.1; df=4; P = < 

0.000).  Mothers and switched tadpoles showed differences in their relative abundance, which 

highlighted that the route of transmission is different from maternal route (Figure 8). Finally, as 

significant differences in the OTUs relative abundances were identified, taxonomic analysis was 

performed to see how phylum community composition varied between treatments. The relative 

abundance between treatments was high, we plotted the relative abundance at phylum level 

between experiments and type of diet. Initial phylum differences were seen between tadpoles from 

switching and control experiments compared to fish food tadpoles. Proteobacteria, Actinobacteria 

and Bacteroides were the main phyla who had high abundance between experiments. Nevertheless, 

Deferribacteres and Verrucomicrobia were phylum who were more often in switched and control 
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experiment tadpoles (figure 9). Finally, Fish food experiment showed a high relative abundance 

of Bacteroidetes compared to parents and individual from switching and control experiments.  

  

  

  

  
  
  

 
Figure 2. Boxplots represent species richness between individuals from different experiments. The 

boxplot also shows female feces and the sequenced probiotic. Squares are colored according to 

experiment (red square= control, pink square=switching, green square= fish food experiment, 

green square=parent (female feces), blue square=sequenced probiotic) 
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Figure 3. boxplots represent species diversity index between individuals from all treatments and 

experiments. squares are colored according to experiment (red square=control, pink 

square=switching, green square=fish food experiment, green square=parent (female feces, blue 

square=sequenced probiotic). 
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Figure 4. boxplots representing species evenness between experiment and type of diet. 
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Figure 5. Ordination based on Principal Coordinate Analysis (PCoA) showing bacterial 

community composition based on experiments. Symbols are colored according to experiment (red 

circle = control, olive triangle = fish food, green square = parent (females feces), blue cross = 

sequenced probiotic, pink square = switching experiment). 
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Figure 6. Boxplots represent the percentage of relative abundance of most abundant OTUs 

between treatments. Symbols are colored according to experiment (red circle = control, olive 

triangle = fish food, green square= parent (feces female), blue cross = sequenced probiotic, pink 

squared = switching experiment). 
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Figure 7. Relative abundance of OTUs between experiments and Diet provided to the mother. 

Stack bars were graph using relative abundance matrices of OTUs obtained for performing 

analysis of composition of bacterial communities. 
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Figure 8. Stack bar analysis representing phylum level bacteria abundances in Ranitomeya 

imitator based on experiment. Color represents individual phyla. Sky blue = Proteobacteria; 

Blue = Actinobacteria; Green Apple = Bacteroidetes; Green = Firmicutes; Pink = 

Deferribacteres; Red = Verrucomicrobia.  
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Discussion   
  

The goal of this research was to determine the main routes of transmission of gut bacteria 

during the development of Ranitomeya imitator tadpoles. To address this aim, I hypothesized diet 

is the main route of transmission that drives gut bacteria composition in this species. Results 

suggest that diet and environment play a crucial role in shaping the gut bacteria composition in 

offspring of the mimic poison frog, R. imitator. The experiments revealed that tadpoles who grew 

up with (actual or foster) parents, individuals in both the control experiment and switching 

experiment showed different levels of alpha diversity of gut bacteria compared to tadpoles from 

the fish food experiment. Although we did not see that mothers directly transfer microbes through 

trophic eggs to the offspring, maternal diet still impacts the acquisition of the gut microbiota in the 

progeny, even though the offspring have a facultative ability to utilize diverse sources of food 

when the female is absent.  This suggests that female poison frogs who participate in brood care, 

is not limited, exclusively, to the provision of nutrients.   

Moreover, the results suggested that the bacterial community of the gut is influenced by 

both acquisition from trophic eggs and from the pool environment, it seems the composition of the 

gut bacteria that comes from environment is greater than the proportion that comes from the 

maternal diet in R. imitator (figure 8). The composition of the gut bacterial community 

(microbiome) is very similar between the control and switched treatment, and both are different 

from the parental microbiome (Figure 5 and 8). 

The alteration of the relationship between gut bacteria and their hosts can generate 

important consequences. For example, it can change the relationship between the hosts and its 

central nervous system (Wood, 2007). In frogs, a disruption of this association, for example, could 

affect the ability of the tadpoles to identify glycinamide in the environment, which is a chemical 
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compound that works to recognize other species of tadpoles and it is found in all species (Schulte 

et al., 2011). The males of poison frogs during the adulthood use the presence of glycinamide, that 

in the combination with heterospecific compounds could provide information of the tadpole's 

species present in the phytotelma, to avoid depositing tadpoles in pools with competitors, and/or 

predators during tadpole transportation (Schulte et al., 2015; Summers et al., 1999).  

As with other vertebrates, the population of the gut bacteria of adults and tadpoles R. 

imitator consists of Bacteroidetes, Proteobacteria, Actinobacteria and Firmicutes (Ley et al., 

2008). However, the dominant bacterial taxa in the gut of tadpoles from fish food treatment did 

not include Deferribacteres (Figure 8), a phylum that is not normally found in animal's guts 

(Newsome et al., 2020). Proteobacteria and Actinobacteria were found mainly in tadpoles who 

grew up under a mother’s provision of food. Furthermore, the presence of these phyla in the 

switching and control experiment may indicate that the tadpoles from these experiments are 

healthier, in contrast to tadpoles from fish food treatment because species from these groups are 

key in the production of vitamins for the host, inhibition of Gram-negative pathogens, and to aid 

in maintaining hosts homeostasis (Colston et al., 2016).   

In amphibians, the ability to maintain a balanced homeostasis during early development is 

crucial to adapt to unexpected environmental situations that can affect physiological function and 

behavior in later life (Crespi et al., 2013). Also, the difference between the relative abundance of 

Proteobacteria and Actinobacteria between tadpoles from switching and control experiment 

compared to fish food tadpoles suggests that the prolonged provision of female care in R. imitator 

not only can have positive repercussions on the fitness offspring as in other Anura species 

(Valencia et al., 2016), but can also influence their overall health.   
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 In Addition, parental environment during the development can have powerful 

transgenerational effects on life-history on animals. For example, when parents are raised having 

access to good quality food, this can improve the immune reactivity of the offspring (Triggs et al., 

2012). Finally, one of the most abundant OTUs between offspring and parents R. imitator was the 

OTU 00009. This OTU is associated with the relatively new genus, Parabacteroides, which is 

important  for energy utilization in the gut of vertebrates (Ezeji et al., 2021).   

There are several studies that have described external (skin: Kueneman et al., 2014; 

Jimenez et al., 2019; Rebollar et al., 2020; Walke et al., 2016) and internal (gut: Warne et al., 2017; 

Brunetti et al., 2023; Fontaine et al., 2018; Bletz et al., 2016) microbiomes in anurans. 

Nevertheless, how parental care has a role in shaping the gut microbiome of offspring is less well 

known. Our results suggests that, even the absence of horizontal transmission of gut microbiome 

from mother to offspring in R. imitator, frequent maternal diet delivery is likely a source of both 

microbiome and nutrition provision in offspring, similar to that found in other vertebrate taxa such 

as birds (Diez-Mendez et al., 2023; Chen et al., 2020) and mammals (Ge et al., 2021; Fagan et al., 

2024.   

In our experimental design, we assumed that the fish food treatment is considered an 

“environmental situation” where mothers are not providing parental care. However, the proportion 

of relative abundance of bacteria in fish food treatment is higher than in adults for No Probiotic 

treatment (Figure 8). This result can be explained by the composition of fish food that usually 

includes squid meal, shrimp meal, earthworms, spirulina, and vitamins and minerals. Such 

provisioning of fish food would result in high presence of Bacteroidetes, which is one of the most 

abundant bacteria phyla found in vertebrate gastrointestinal tract and are important for both 

herbivorous and carnivorous diet, it would be interesting analyzing how the relative abundance of 
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Bacteroidetes can be affected when tadpoles grow in wild conditions with a poor maternal care, 

and where phytotelma chosen by R. imitator males are smaller in volume and are limited in 

availability of nutrients (Brown et al., 2008).   

  

Conclusions  
While it was initially predicted that mothers are transferring microbes to offspring by 

delivering trophic eggs, we did not identify vertical transmission of microbes as a major factor, as 

has been described for other groups of amphibians (Kouete et al., 2023). Nonetheless, our results 

indicate that parental care by R. imitator can have a specific maternal effect in progeny in shaping 

some aspects of the bacteria of gastrointestinal track by providing trophic eggs, and the diet and 

environment are main factors that may contribute to the microbiome composition in R. imitator. 

Future field research may focus on understanding mechanisms of microbiome transfer from the 

mother’s gut to the offspring’s gut in poison frogs that feed their young, and to understanding 

whether is important to produce a good microenvironment to be able to recognize chemical cues 

in the environment that are used later in life.   
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Appendix A: Supplemental tables  
  

Supplemental Table 1. Statistical output of linear model with type of diet (probiotic and not 

probiotic) and treatment (Fish food, Control, Switching, and feces) as categorical predictors.   

  NumDF  R2  Adjusted R2  
  

F-test  p-value  

Richness  63  0.10 -0.00 0.96 0.47 
Diversity  63  0.49 0.43 7.85 2.94e-07  
Evenness  63  0.28 0.19 3.18 0.00  

  
 

Supplemental Table 2. Summary of linear model Table comparing bacteria diversity metric 

(OTU richness, Shannon Diversity Index (H’), and Simpson’s Evenness) associated with type of 

diet (probiotic and not probiotic) and treatment (Fish food, Control, Switching, and feces).  

  
A. OTU Richness  

  Estimate  Srt. Error   t-value  Pr(>t)  

Fish  -371.59  182.24  -2.03  0.04*  

Parent (Feces)  47.74  199.05  0.24  0.81 

Probiotic  -328.85  407.01  -0.80 0.42 

Switching  -236.73  167.24  -1.41 0.16 

Diet-Probiotic  -158.24  160.68  -0.98 0.32 

Fish:Diet  415.34  275.34  1.50 0.13  

Parent:Diet  100.24  277.64  0.36 0.71 

Switching:Diet  245.15  231.92  1.05 0.29 
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B.  Shannon's Diversity (H’)  

  Estimate  Srt. Error   T-value  Pr(>t)  

Fish  0.14 0.24  0.60  0.54 

Parent (Feces)  1.19 0.26 4.50 0.00 ***  

Probiotic  -2.20 0.54  -4.06 0.00 ***  

Switching  0.04  0.22 0.20 0.84  

Diet-Probiotic  -0.00 0.21 -0.00 0.99 

Fish:Diet  0.43 0.36 1.17 0.24 

Parent:Diet  -0.23 0.37  -0.64 0.52 

Switching:Diet  0.35 0.30 1.14 0.25 

  
  
  

C. Pielou’s Evenness  

  Estimate  Srt. Error   t-value  Pr(>t)  

Fish  1.59e-02  9.89e-03  1.61  0.11 

Parent (Feces)  3.55e-02  1.08e-02  

  

3.28  0.00**  

Probiotic  -2.01e-02  2.20e-02  -0.91 0.36 

Switching  4.97e-03  9.07e-03  

  

0.54 

  

0.58 

Diet-Probiotic  5.23e-03  8.72e-03  0.60 0.55 

Fish:Diet  9.73e-03  1.49e-02  0.65  0.51 
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Parent:Diet  -6.87e-03  1.50e-02  -0.45 0.65 

Switching:Diet  -7.99e-05  1.25e-02  -0.00  0.99 

  
  
Supplemental figure 8. Stack bar analysis representing phylum level bacteria abundances in 

Ranitomeya imitator based on experiment and diet provided to the female (mother). OTUs were 

classified according to phylum to calculate the relative abundances using the mean frequency at 

phylum level by treatment. Color represents individual phyla. Sky blue = Proteobacteria; Blue = 

Actinobacteria; Green Apple = Bacteroidetes; Green = Firmicutes; Pink = Deferribacteres; Red = 

Verrucomicrobia.  
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