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Prey can respond to predation risk through developmental plasticity, generating anti-predator phenotypes. These inducible defenses arise from changes to the stress axis, and neuroendocrine-triggered gene regulation is a likely mechanism influencing such phenotypes. As tadpoles, amphibians improve their escape performance by modifying tail shape in response to perceived predation risk (PPR), and this process should involve tissue and developmentally specific gene regulation. We exposed Lithobates pipiens tadpoles to PPR from Aeshnidae predators and measured tail morphology and transcriptomic response across different tissues (head and tail) and development (pre-metamorphosis to pro-metamorphosis). We found that PPR induced plasticity in tail shape, and this response was suppressed when tadpoles were also exposed to a glucocorticoid synthesis inhibitor. Differential gene expression was associated with predation stress across head and tail tissue, and developmental stage. Predator-exposed tadpoles exhibited up-regulation of genes responsible for muscle tissue and nervous system development, primarily in tail tissue and in pre-metamorphosis. PPR broadly influenced pathways across tissues and metamorphosis, including developmental, endocrine, and immune system pathways. This study provides an important step in understanding transcriptomic responses during predator induced morphological change, and demonstrates that gene expression, as induced by perceived predation risk, is a prominent mechanism of developmental plasticity.
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Introduction

Predation is an important force shaping ecosystems, and non-consumptive effects of predators are increasingly recognized as contributing to changes in prey distribution, abundance and evolution (Preisser et al., 2005; Verdolin, 2006; Creel and Christianson, 2008). Prey can detect predators or the risk of predation through visual, olfactory, auditory, or other cues in the environment, and these cues can elicit anti-predator responses such as shifts in development (Gilbert, 2001; Beckerman et al., 2007), morphology (McCollum and Leimberger, 1997; Petrusek et al., 2009), physiology (Mateo, 2010; Clinchy et al., 2013), and behavior (Lima and Dill, 1990; Lind and Cresswell, 2005). Anti-predator responses should be under strong selection if they benefit prey survival, productivity, and fitness (Harvell, 1990; Buskirk and Relyea, 1998). However, the induction of such responses can be costly to prey (Pettersson and Brönmark, 1997; DeWitt et al., 1998; Relyea, 2002), meaning that selection should favor defenses that are phenotypically plastic and responsive to environmental cues (Harvell, 1990). Thus, inducible defenses should be expressed primarily under threat (Relyea, 2004; Kishida et al., 2007) and activated in response to cues such as prey alarm pheromones or predator kairomones (Fraker et al., 2009; Schoeppner and Relyea, 2009; Hettyey et al., 2015).

Cues from predation events, or perceived predation risk (PPR)can trigger the vertebrate neuroendocrine stress axis, and stress hormones can then mediate induction of phenotypically plastic responses to predation risk (Hossie et al., 2010; Middlemis Maher et al., 2013; Vinterstare et al., 2020). This implies a mechanistic pathway between the stress response and corresponding morphological or developmental plasticity (Denver, 2009, 2021), with gene expression potentially playing a key role in this process through stress hormone mediation of gene regulation (Baniahmad and Tsai, 1993; Paul et al., 2022). PPR can stimulate changes in gene expression in adult organisms (Schwarzenberger et al., 2009; Sanogo et al., 2011), and during embryonic development (Mommer and Bell, 2014; Tills et al., 2018). In invertebrates, PPR exposure promotes up-regulation of genes potentially supporting anti-predator defense morphogenesis (Miyakawa et al., 2010; Gu et al., 2022). However, to date, relationships between gene expression, the stress response, and inducible anti-predator defenses are poorly understood in vertebrates. It is therefore crucial to address what transcriptomic pathways might be activated by PPR, and how gene regulation, as a product of the vertebrate stress axis, varies according to tissue-specific needs of different prey phenotypes or at different developmental stages.

Understanding the complete transcriptomic response to PPR requires profiling both relationships between the neuroendocrine stress axis, and tissue-specific plastic responses. The neuroendocrine stress response in brain tissue and endocrine organs induces the subsequent production of stress hormones that can influence gene regulation in relevant body tissues (Baniahmad and Tsai, 1993; Paul et al., 2022). Therefore, gene expression in brain tissue during PPR should involve the neuroendocrine stress axis, and hormone production (Roseboom et al., 2007; Tyler et al., 2020), while genes expressed in tissues that form anti-predator phenotypes should be primarily related to physiological or morphological pathways such as muscle tissue development. For example, major candidate stress-related genes expressed in the brain during PPR are correlated with induction of anti-predator morphologies (Vinterstare et al., 2023). Accordingly, relevant gene expression in morphologically plastic tissues should also be evident during the stress response, but this relationship is not well established in vertebrates. Although PPR can activate key regulatory genes associated with the stress response and morphogenesis (Miyakawa et al., 2010; Vinterstare et al., 2023), these transcriptomic processes have not been described in concert, requiring investigation into broader transcriptomic and functional pathways that move beyond a targeted gene approach.

Animals with high developmental plasticity are especially predisposed toward stress-induced morphogenesis and can reveal differential gene expression as a fundamental molecular mechanism of plasticity (Beldade et al., 2011). Amphibian larvae exhibit high developmental plasticity and are sensitive to a variety of stressors during development, including PPR (Van Buskirk and Schmidt, 2000; Relyea, 2001; Teplitsky et al., 2005; Van Buskirk and Arioli, 2005; Kishida and Nishimura, 2006; Lent and Babbitt, 2020; Melotto et al., 2021). Amphibian tadpoles respond to PPR via morphological plasticity in tail depth (Dayton et al., 2005; Kishida and Nishimura, 2006; Steiner, 2007; Hossie et al., 2017; Sergio et al., 2021), which improves swimming speed and escape performance (Dayton et al., 2005), and directs predator attacks away from more vulnerable body regions (Van Buskirk et al., 2003). The presence of corticosterone (CORT) during development is an important mediator of larval amphibian tail shape plasticity (Hossie et al., 2010; Middlemis Maher et al., 2013), with increased tail depth being generated through exogenous addition of CORT alone, even without PPR (Middlemis Maher et al., 2013; Phuge et al., 2020). This suggests that the neuroendocrine response is developmentally influential and that corticosteroid stress hormones activated from the hypothalamo-pituitary-interrenal (HPI) axis can regulate gene expression in plastic body tissues through glucocorticoid receptor signaling (Baniahmad and Tsai, 1993; Paul et al., 2022).

In addition to the influence of CORT on development, thyroid hormones from the hypothalamo-pituitary-thyroid (HPT) axis have a strong mediation on metamorphosis (White and Nicoll, 1981; Paul et al., 2022) and increase steadily across development, transitioning tadpoles from pre- to pro-metamorphosis (Regard et al., 1978; Kikuyama et al., 1993). As this underlying endocrinological change is time dependent, we can expect stress to be differentially influential across developmental stages, especially considering the known interactions between the HPI and HPT axes (Denver, 2021; Paul et al., 2022). Currently, PPR-induced gene expression in amphibians is known to involve morphologically relevant functions such as blood vessel formation, keratin filament production, and epidermal osmoregulation (Mori et al., 2005, 2009, 2015), but past research has focused on limited targeted gene approaches that leave gaps in our understanding of crucial pathways involved in anti-predator responses. Accordingly, full transcriptome sequencing can provide higher sensitivity to detect a greater diversity and abundance of transcripts in order to reveal informative patterns of gene expression across developmental and neuroendocrine pathways (Mutz et al., 2013).

We examined the effects of predation risk on morphological and transcriptomic responses of northern leopard frog (Lithobates pipiens) tadpoles via experimental manipulation of predator cues and by measuring morphological change and related gene expression in head and tail tissues and across two developmental time periods. Tadpole head tissues contained the brain as well as relevant endocrine organs (pituitary, interrenal and thyroid glands), where neuroendocrine responses occur, and tadpole tail tissue constitutes the site of developmental plasticity. We hypothesize that transcriptional changes mediate the tadpole’s developmentally plastic response to PPR. First, we confirmed presence of anti-predator responses and involvement of neuroendocrine stress pathways by exposing tadpoles to PPR and predicting: 1) increased depth in tail shape following exposure, and 2) suppression of this response when the stress hormone pathway was experimentally blocked. Secondly, we predicted that PPR exposure elicits differential gene expression between: 3) head and tail tissues, and 4) pre- and pro-metaphoric tadpoles, with differentially expressed transcripts being annotated to genes associated with tadpole responses to predation, including: 5) morphological change in the tail tissue, 6) neuroendocrine stress responses, and 7) signatures of PPR exposure over metamorphosis. This study advances our knowledge of the transcriptomic effects of predation stress on a developmentally plastic vertebrate, thereby enhancing our understanding of phenotypic plasticity in response to environmental stressors as well as how chronic stress can influence developmental changes across the highly conserved vertebrate stress axis.





Materials and methods




Morphological responses experiment

This study extends our previous work on northern leopard frog tadpole transcriptomics (Row et al., 2016) and focuses on tadpole morphological and transcriptomic responses to predation risk. All animal care procedures were approved and conducted in accordance with the Trent University Animal Care Committee, under protocol #13005. Two experiments were conducted in parallel, to avoid potential cross-over effects of handling stress during morphological measurements on transcriptomic responses. In Spring 2013, we collected three northern leopard frog egg masses near Peterborough, ON (44 ° 36’N -78 ° 26’W). Egg masses were hatched, and tadpoles were reared in large outdoor mesocosms until they reached Gosner Stage (GS) 24 (~ 3 weeks), when they were transferred to an indoor laboratory and housed in 8L aquaria. Tadpoles (n = 480) were randomly assigned to one of three experimental treatments at GS 24, and each treatment consisted of eight replicates of 20 tadpoles per replicate. A PPR treatment, with tadpoles exposed to 50 mL of water used to rear tadpole predators, late-instar dragonfly nymphs (Aeshnidae), that were fed two tadpoles three times per week (Bennett et al., 2013, 2016). A Control group, with tadpoles exposed to 50 mL of reverse osmosis water as a sham; and A PPR + MTP treatment, involving application of the same predator chemical cue as in the PPR treatment along with metyrapone (MTP) dissolved in a water and ethanol solution to a concentration of 110 µM (Glennemeier and Denver, 2002b). Final ethanol concentration was < 0.005% of total water volume. MTP inhibits corticosteroid synthesis in vertebrates (Glennemeier and Denver, 2002b) and is widely used in experiments assessing the physiology of stress responses (Glennemeier and Denver, 2002c; Hossie et al., 2010; Middlemis Maher et al., 2013; Fraker et al., 2021). The PPR + MTP treatment was included to evaluate the role of the stress axis in eliciting tadpole morphological responses to perceived risk; adding MTP should counteract PPR application by blocking CORT, with tadpoles in the PPR + MTP treatment presumably being unresponsive to PPR and thus morphologically similar to control tadpoles. Such a response would support that gene expression related to the neuroendocrine response should be present in tadpoles exposed to PPR in the transcriptomics experiment. Previous work shows that in the doses we used for this experiment, MTP effectively reduces whole-body CORT by > 50% in L. pipiens tadpoles (Glennemeier and Denver, 2002b). Furthermore, no toxic effects have been detected when applying this concentration of MTP in tadpoles (Glennemeier and Denver, 2002b, 2002c).We also did not include an ethanol control because no influences on tadpole development or the stress axis have been detected when applying the associated concentration of ethanol with MTP treatments (Glennemeier and Denver, 2002c). PPR exposure began at GS 24, and the experiment was divided into early (6 weeks) and late (13 weeks) termination dates, at which point tadpoles were measured for their morphometric responses to treatment, corresponding to ranges of development at GS 26-31 (6 weeks – pre-metamorphosis) and GS 36-41 (13 weeks – pro-metamorphosis), respectively (Glennemeier and Denver, 2002a). We applied the PPR, sham, and PPR + MTP treatments three times per week.





Transcriptomic responses experiment

We measured tadpole gene expression in response to PPR exposure using the identical aforementioned study design including PPR and Control (sham application) treatments only. After 6 weeks (pre-metamorphosis), three tadpoles from different tank replicates of each treatment were randomly selected, euthanized and dissected, with head and tail tissue being isolated to assess gene expression in neuroendocrine-relevant (brain and endocrine organs) and morphology-relevant (tail) tissues. At 13 weeks (pro-metamorphosis) the process was repeated with remaining tadpoles so that differential gene expression could be compared between both developmental periods. Thus, 24 tissue samples were selected, which included six PPR-exposed samples and six control samples, three at each developmental period (6 weeks and 13 weeks), and samples from head and tail for each tadpole.





Morphometric analysis

The morphometric experiment was completed during week 6 and week 13, with tadpoles being removed from aquaria and photographed laterally in a standardized plexiglass frame (n = 303). Tadpole morphology was determined via landmarked images on the body and tail (Ferland-Raymond and Murray, 2008), and we defined tadpole shape with the coordinate data via a generalized Procrustes analysis (GPA) using the ‘Geomorph’ R package (Adams and Otárola-Castillo, 2013). Tadpole morphology was compared between treatments using principal component analysis of a covariance matrix of the GPA shape variables (Adams and Otárola-Castillo, 2013). We excluded PC1 because it usually represents positional and size variation rather than shape variation (McCollum and Van Buskirk, 1996; McCollum and Leimberger, 1997; Touchon and Warkentin, 2008; Collins and Gazley, 2017), and we generated schematic deformation diagrams of tadpole tails to reflect morphological variation represented by each principal component (Adams and Otárola-Castillo, 2013). PC2 was selected as the shape variable of interest, reflecting tail depth, a relevant anti-predator phenotype across many anurans (McCollum and Leimberger, 1997; Dayton et al., 2005; Hossie et al., 2017). We used a Linear Mixed-Effects model to assess individual variation in tail depth morphology (PC2) across treatments and developmental stages, with individual tank serving as a random effect. We confirmed normality and homoscedasticity of the tail depth PC2 scores with Shapiro-Wilk (Shapiro and Wilk, 1965) and Breusch-Pagan (Breusch and Pagan, 1979) tests, respectively. Our categorical variables were coded as deviations from the grand mean, using sum-to-zero contrast coding (Kaufman and Sweet, 1974). We present p-values generated from the model using a Type III sum of squares and a Kenward-Roger approximation (Kenward and Roger, 1997) (Supplementary Table 1).





RNA-sequencing and de novo transcriptome assembly

After total RNA extraction, we sequenced samples that passed initial quality control estimates (RNA Integrity number > 6.0), with 2 tadpoles yielding low quality tail tissue, leaving 22 total transcriptomes (12 head, and 10 tail) for RNA-sequencing (Supplementary Table 2). We sequenced samples on two lanes of an Illumina HiSeq 2000 using 100 bp paired-end reads. We quality-checked raw Illumina reads using FastQC v0.11.9 (Andrews, 2010) and filtered poor quality reads using the Trimmomatic v0.36 (Bolger et al., 2014) module in Trinity v2.12.0 (parameters: TruSeq3-PE.fa:2:30:10, slidingwindow:4:5, leading:5, trailing:5, minlength:25) (Grabherr et al., 2011). We performed a de novo assembly of transcript fragments (transfrags) of quality trimmed reads into transcriptomes, using Trinity v2.12.0 (parameters: default settings in strand-specific mode, RF; Grabherr et al., 2011). We estimated the quality of the assembled transcriptomes with the N50 and E90N50 metrics, using Trinity utilities. We evaluated completeness of the transfrag assembly with BUSCO v5.2.2, using transcriptome mode and auto-lineage eukaryotic search (Waterhouse et al., 2018).





Transcript abundance

We aligned quality trimmed reads from each library to the de novo transfrag assembly with the Trinity “align_and_estimate_abundance” perl script, where Bowtie2 v2.4.4 (Langmead and Salzberg, 2012) mapped the paired end reads and RSEM v1.3.3 (Li and Dewey, 2011) and estimated transfrag abundance in each library. The resulting expression matrices used weighted trimmed mean (TMM) of the log expression ratios (Grabherr et al., 2011). To assess similarities between different libraries based on transcript abundance, we used the Trinity “PtR” perl script on the RSEM-generated isoform counts matrix, where hierarchical clustering is used to generate a Pearson correlation matrix. This script was also used to generate a principal component analysis across all sample replicates (Grabherr et al., 2011).





Differential gene expression

We ran EdgeR v3.34 (Robinson et al., 2010) and DESeq2 v1.32 (Love et al., 2014) using the SARools v1.7.4 package (Varet et al., 2016) with rounded RSEM gene counts as input. These differential gene expression analyses compared expression of PPR vs. Control group samples from our different sample groups. We performed pairwise comparisons individually by groupings of tissue type and exposure duration (Supplementary Table 3). For all analyses, the unexposed Control samples were set as the reference condition and PPR samples were set to the factor of interest. Blocking factor was set to “Null”. EdgeR was run with settings alpha = 0.05, pAdjustMethod = BH, cpmCutoff = 1, and normalizationMethod = TMM, while DESeq2 was run with settings cooksCutoff = True, independantFiltering = True, alpha = 0.05, pAdjustMethod = BH, and locfunc = median (Varet et al., 2016). For both analyses we corrected p-values for multiple comparisons using the Benjamini-Hochberg method to control for false discovery rate (Benjamini and Hochberg, 1995). The DESeq2 analyses revealed more differentially expressed transcripts than EdgeR. Additionally, of the total set of differentially expressed transcripts identified by EdgeR, all but three were also identified by the DESeq2 analysis. We have thus restricted further analyses and interpretations to the DESeq2 results only. To address the use of wild-caught animals for this study (Todd et al., 2016), we estimated the statistical power of our tests of differential gene expression using RnaSeqSampleSize v3.19 within each of our treatment groups (Zhao et al., 2018).





Functional annotation

We performed functional annotation on the differentially expressed transfrags having a fold change > 2 for up-regulation, and < 0.5 for down-regulation (Schurch et al., 2016; Todd et al., 2016). For each, the longest open reading frame (ORF) was determined using TransDecoder v5.50 (Haas, 2018). The longest ORFs were queried using HMMER v 3.2.1 (Finn et al., 2011) to identify protein domains, TMHMM v2.0 (Krogh et al., 2001) to predict transmembrane helices, and SignalIP v4.1 (Petersen et al., 2011) to predict signal peptides. Blast+ v2.11.0 (Johnson et al., 2008) was used to query the Swissprot (Boeckmann et al., 2003), non-redundant (nr) proteomes (Pruitt et al., 2005), and the amphibian model organism Xenopus tropicalis proteome UP000008143 (Hellsten et al., 2010). We ran blastp queries of these databases on the longest ORFs and blastx queries on significantly differentially expressed transfrags. Functional annotation results were loaded into a Sqlite3 database (Gaffney et al., 2022) in order to generate a combined annotation report with Trinotate v3.2.2 (Bryant et al., 2017). We then extracted gene ontology (GO) assignments at the gene level from the Trinotate annotation report. To perform GO enrichment analysis, GOseq was run using the Trinity “run_GOseq” perl script (Grabherr et al., 2011). We ran GOseq individually by group (6 week tail, 6 week head, 13 week tail, 13 week head) using the GO assignments generated by Trinotate. The GOseq gene lengths input file was generated by the RSEM TMM normalized expression matrix, and the background input file was the full set of assembled transcripts at the gene level (Grabherr et al., 2011). Gene products may be associated with multiple biological processes, and many annotated transcripts may show redundant functional categories. Therefore, we used REVIGO (Supek et al., 2011) to help summarize the full list of enriched GO terms and generate a reduced set of the most relevant functions of gene products differentially expressed following exposure to PPR. We have further restricted our analysis to only examine GO terms which represent relevant biological processes. We also used REVIGO to generate semantic clustering plots which use Multidimensional scaling to cluster GO terms based on the SimRel (Schlicker et al., 2006) functional similarity measurement (Supek et al., 2011).






Results




Tadpole tail morphology

Our morphometric analysis revealed that PPR treatment affected tadpole tail shape, with tail depth (PC2) morphology varying across developmental stages (p=0.029), and treatment groups (p= 0.001), compared to controls. At 6 weeks, PPR-exposed tadpoles had deeper tail shape compared to both Control and PPR + MTP tadpoles (Figure 1), and tail shape for the PPR+MTP group was similar to the Control group (Figure 1). At 13 weeks, PPR-exposed tadpoles continued to have deeper tail morphology than Control tadpoles, although Control tadpoles developed a deeper tail shape over time. PPR + MTP tadpoles did not develop a deeper tail shape over time, even at 13 weeks (Figure 1). Therefore, morphological measurements revealed that PPR exposure: 1) elicited inducible defense morphology during pre-metamorphosis, but 2) in pro-metamorphosis, morphological responses to PPR treatment were dampened relative to Controls; and 3) PPR + MTP elicited responses that more closely align with Controls during pre-metamorphosis, thereby confirming the involvement of the stress axis in tadpole anti-predator responses in our experimental system.




Figure 1 | Mean (+/- SE) tail depth related morphology of tadpoles across duration of exposure and predator exposure treatment. Tadpoles exposed for 6 weeks were in pre-metamorphosis (GS 26-31), and tadpoles exposed for 13 weeks were in pro-metamorphosis (GS 36-41). Tail depth morphology was derived from a morphometric analysis using coordinate data to generate a covariance matrix of generalized Procrustes analysis shape variables, which were then used to generate a principal component analysis. The schematic deformation diagrams of PC2 reveal this component to represent tail depth shape, with negative values (below) showing deeper shape toward an anti-predator phenotype, and positive values (above) showing shallower tail shape.







Sequence reads, transcriptome quality assessment and abundance

We generated a total of 408,355,745 paired-end reads across 12 tadpoles, with separate head and tail transcriptomes for 22 individual/tissue combinations. RNA-seq libraries averaged 18,561,624 reads (range: 15,476,753 – 22,193,962), and the de novo transfrag Trinity assembly contained 333,449 genes and 502,104 transcripts. Quality checks of transfrag length revealed 50% of assembled sequences contained in transfrags were >1,296 bp in length (N50). More importantly, of the most highly expressed genes (90% of total normalized expression data representing 27,446 total genes), the mean gene length was 1,938 bp (E90N50). BUSCO analysis comparing the assembled L. pipiens transcriptomes to 255 core eukaryote genes revealed that 98.1% were complete, 0.8% fragmented, and 1.1% missing. The average alignment of individual RNA-seq libraries to the assembled transcriptome was 99.2% (Supplementary Table 4). The correlation matrix (Supplementary Figure 1) resolved sample type through hierarchical clustering, with the highest correlation within groups of head and tail tissue, indicating tissue-specific correspondence in transcriptomes. Similarly, principal component analysis revealed that tissue type explained most variation among samples (PC1 = 33.88%). Interestingly, transcriptomes also showed some clustering based on duration of PPR exposure, indicating tadpole transcriptomes had higher correlation within similar periods of metamorphosis (PC2 = 7.71%; Figure 2). Clustering associated with treatment exposure time and developmental stage were more pronounced in tail tissue than in head tissue (Figure 2). These results indicate the variance between tissue types and between developmental stages is greater than the biological variance within these groups, and thus these are appropriate within-group comparisons for differential gene expression tests between PPR-treatments and control.




Figure 2 | Principle component analysis of tadpole transcriptomes by sample type. Principle component scores were generated using RSEM isoform counts. Biological replicates are grouped by tissue type (head and tail), and duration of exposure (6 weeks and 13 weeks), irrespective of predator exposure treatment. Axes display percent variation associated with each principal component. Most of the variation among tadpole transcriptomes is explained by the first factor in a principal components analysis (PC1), where samples group by tail or head tissue. Additional variation is explained by PC2, where tadpole transcriptomes group by duration of exposure. Clustering of replicates across PC2 is more pronounced in tail tissue than head tissue.







Differential gene expression

Tadpoles exposed to PPR treatment showed differential gene expression compared to Controls. Differentially expressed transcripts due to PPR treatment differed according to tissue type and exposure duration, with transcripts being both up- and down-regulated in each group (Table 1). A total of 661 transcripts were differentially expressed across all groupings, with tail tissue showing more differentially expressed transcripts than head tissue (Tail - 366, Head - 295). Longer exposure to PPR led to more differential gene expression (6 weeks - 234, 13 weeks - 427), and within groupings, 13 week tails showed the most differential expression (264), followed by 13 week heads (163), 6 week heads (132), and 6 week tails (102). Of the 661 differentially expressed transcripts, 634 were unique to their tissue and duration of exposure grouping, and 27 transcripts were expressed in more than one grouping. Statistical power within our treatments was greater than might be expected from wild animals (Todd et al., 2016) with fold changes between 3.3 and 4.2 for upregulation, or 0.30 to 0.23 for downregulation, providing a minimum power of 0.8 (Supplementary Figure 2).


Table 1 | Differential gene expression for PPR (test) vs. control (reference).







Functional annotation

Functional information was obtained from GO terms enriched to the corresponding gene products that were differentially expressed during PPR treatment. Annotation information was available for 32.4% of differentially expressed genes, and this rate is standard when using Xenopus to identify gene homologies in other amphibian species (Price et al., 2015; Yang et al., 2016; Liedtke et al., 2019). The GO terms showed 2,628 functional categories across differentially expressed genes of all groupings (6 week head= 398, 6 week tail= 440, 13 week head= 662, 13 week tail= 1,128). We present here a subset of functional pathways associated with differential expression responding to PPR treatment, reduced by removing many redundant or uninformative GO terms.

Overall, PPR exposed tadpoles displayed both up- and down-regulation of genes which were enriched to a variety of functional categories, including developmental, endocrine, and immune system processes. Enriched GO terms, reduced by REVIGO, were grouped into their broader “parent term” functional categories to show common enriched pathways across tissue groupings (Figure 3; Supplementary Table 5). We have also highlighted a selection of the REVIGO output focusing only on enrichment from genes associated with biological processes, including genes supporting muscle growth in tail tissue, glucocorticoid and thyroid hormone functions, and a diverse set of immune and stress response functions (Table 2). Developmental and immune system processes were common enriched pathways across all four groupings (Figure 3). We found developmental functions indicative of morphological change enriched in 6 week tail tissue (Figure 3; Table 2). Hormone-related pathways were enriched in 6 week heads, 13 week heads, and in 6 week tail tissue (Figure 3; Table 2). Immune system processes showed a diverse response across all tissue groupings (Figure 3), and a number of immune system genes were down-regulated in 13 week tail tissue (Table 2).




Figure 3 | Multidimensional scaling of GO terms using REVIGO to cluster Go term functions by semantic similarities. Figure panels (A) corresponds to 6-week head, (B) to 6-week tail, (C) to 13-week head, and (D) to 13-week tail. Each panel displays enriched Go terms corresponding to the differentially expressed transcripts during PPR. Color coding displays the functional category, which has clustered the specific GO terms into their more general parent terms. Each point is labeled with its specific GO-term ID, some of which have been included in Table 2.




Table 2 | Set of relevant GO terms and genes of interest reduced using REVIGO.







Pre-metamorphosis (GS 26-31): 6-week head

Head tissue of tadpoles exposed to 6 weeks of PPR showed up-regulation of the ZN205 gene, which is associated with programed cell death (GO:0043068; Table 2). Down-regulated genes were associated with such pathways as endocrine process, developmental processes, immune system processes, and others (Figure 3A). Specifically, down-regulation of HVM13 was associated with enriched immune system processes such as regulation of B cell activation (GO:0050864; Table 2). Genes RETNB and RETNG, which code for Resistin-like molecules, were down-regulated and associated with enriched endocrine pathways such as positive regulation of steroid hormone secretion (GO:2000833) and positive regulation of progesterone secretion (GO:2000872; Table 2).





Pre-metamorphosis (GS 26-31): 6-week tail

Tail tissue at 6 weeks showed enrichment to a variety of functional categories, including response to hormone, response to stress, development processes, immune system processes, and others. Developmental processes included pathways associated with anatomical growth, such as nervous system development, vasculature development, and muscle tissue development (Figure 3B). Specifically, up-regulation of the c-Fos gene was observed and associated with enriched functional pathways such as skeletal muscle cell differentiation (GO:0035914) and nervous system development (GO:0007399; Table 2). Likewise, myelin expression factor 2 was up-regulated and is associated with the enriched pathways of myotube differentiation (GO:0014902), neuron differentiation (GO:0030182), and striated muscles cell differentiation (GO:0051146; Table 2). 6-week tail tissue also showed up-regulation of the transcription factor JunB, which is associated with enriched endocrine functions such as response to progesterone (GO:0032570) and response to corticosterone (GO:0051412; Table 2). 6-week tail tissue of tadpoles exposed to PPR also displayed changes in transcripts related to immune and stress responses. For example, up-regulation of genes PXN1 and FUCL6 were associated with the enriched pathways regulation of humoral immune response (GO:0002920) and regulation of acute inflammatory response (GO:0002673). 6-week tail tissue only showed down-regulation of gene MYH8, which was associated with muscle filament sliding (GO:0030049; Table 2).





Pro-metamorphosis (GS 36-41): 13-week head

Head tissue of tadpoles exposed to 13 weeks of PPR showed enrichment to pathways such as programed cell death, immune system processes, response to stress, and developmental processes (Figure 3C). Up-regulation of pulmonary surfactant-associated protein (SFTPA) was observed and is associated with surfactant homeostasis (GO:0043129) from the gene SFTPA (Table 2). A broad range of up-regulated genes were associated with enriched immune functions, including innate immune response (GO:0045824), humoral immune response (GO:0006959), and positive regulation of B cell activation (GO:0050871; Table 2). 13-week head tissue also showed down-regulation of genes related to both thyroid hormones and the thyroid gland. Genes responsible for the production of thyroglobulin were down-regulated and associated with enriched functional categories such as thyroid hormone generation (GO:0006590) and thyroid gland development (GO:0030878; Table 2).





Pro-metamorphosis (GS 36-41): 13-week tail

13-week tail tissue of tadpoles exposed to PPR showed a variety of enriched functional categories, including response to stress, programmed cell death, immune system processes, and several others (Figure 3D). Of note, the gene PR15A was observed to be up-regulated and is associated with the enriched pathways of anatomical structure size (GO:0090066) and regulation of angiogenesis (GO:0045765). Up-regulation of the gene CATIN was also observed and is associated with multiple enriched immune functions, such as negative regulation of toll-like receptor signaling pathway (GO:0034122), negative regulation of tumor necrosis factor production (GO:0032720) and negative regulation of innate immune response (GO:0045824). ALKB5 was up-regulated and is associated with the enriched pathway response to hypoxia (GO:0001666). A broad set of down-regulated genes that were observed were associated with enriched functional categories such as response to stress (GO:0006950) and immune system processes (GO:0002376; Table 2).






Discussion

Amphibian tadpoles respond to perceived predation risk through developmental plasticity, and stress physiology mediates this response (Denver, 2021). Our experiments in the Lithobates – Aeshnidae system reinforce this relationship and also demonstrate that such developmental plasticity corresponds to functionally informative differential gene expression across tissues and tadpole development. PPR triggers the up-regulation of genes associated with developmental pathways, which may play a role in deeper tail growth, connections between the HPI stress axis and tail development, and other effects of chronic stress in a developmentally plastic vertebrate undergoing metamorphosis. By revealing significant differences in transcript abundance and tissue-specific functional pathways during exposure to a stressor, we provide an important foundation for discerning transcriptome-wide pathways of gene expression and relevant gene products, in support of a deeper understanding of how stress-mediated gene regulation may broadly influence developmental plasticity.

Our morphological assessment confirmed that PPR generates an inducible defense that is reliant on HPI axis functionality during tadpole pre-metamorphosis, where the window of developmental plasticity is strongest (Denver, 2009). During pro-metamorphosis, differences between the tail depth of PPR-exposed tadpoles and control tadpoles were minimal. This is not unexpected, as pro-metamorphic tadpoles often reach a large enough size they are no longer subject to predation by ambush predators (Jara and Perotti, 2010), and thus the development of deeper tails into late-stage metamorphosis does not incur a fitness benefit. Furthermore, similar changes in tail shape arising in pro-metamorphic control tadpoles, which has previously been observed in the Lithobates – Aeshnidae system (Hossie and Murray, 2012), implies development of deeper tail morphology may be an underlying metamorphic process that can be accelerated to occur in pre-metamorphosis via stress-induced gene expression (Denver, 2021). During pre-metamorphosis, where developmental plasticity is evident, up-regulation of c-Fos in pre-metamorphic tail tissues is associated with pathways likely responsible for tail growth, including skeletal muscle cell differentiation (GO:0035914) and nervous system development (GO:0007399). C-Fos is commonly induced by growth factors (Ong et al., 1987) and can play a role in angiogenesis (Marconcini et al., 1999) and myogenesis (Kami et al., 1995). Similarly, myelin expression factor 2 was up-regulated and is associated with pathways implying pre-metamorphic tail growth, including development of striated muscle cells (GO:0051146) and neuron differentiation (GO:0030182). More broadly, additional indications of morphological or developmental processes in head and tail tissue included pathway enrichment for programmed cell death and regulation of apoptotic processes (GO:0043068, GO:0043065, GO:0012501). Programmed cell death is an important morphogenic process for amphibians during metamorphosis (Estabel et al., 2003; Nakajima et al., 2005) and can be mediated by hormonal regulation (Tata, 1994). Broad differential regulation of apoptotic genes may, therefore, correspond to chronic stimulation of the stress axis in organisms that are exposed to perceived risk. Finally, up-regulation of protein Phosphatase 1 Regulatory Subunit 15A (also referred to as Gadd34) in tail tissue of pro-metamorphic tadpoles is associated with enriched pathways that regulate anatomical structure size (GO:0090066). Gadd34 can be up-regulated following stress-induced growth arrest conditions (Fornace et al., 1989) and this gene family broadly suppresses cell growth and stimulates apoptosis (Zhan et al., 1994). Up-regulation of cellular growth inhibition, associated with enriched pathways regulating anatomical structure size, may indicate developmental consequences of chronic stress exposure, as evidenced by reduced body mass post-metamorphosis in amphibians exposed to long-term chronic stress (Hu et al., 2008).

During exposure to PPR, the HPI stress axis, in particular corticosterone (CORT) production, mediates developmental plasticity, producing inducible defense morphologies in tadpoles (Denver, 2021). Accordingly, we predicted that differential gene expression would be informative regarding connections between the stress axis and observed morphological plasticity, especially in pre-metamorphic tissues. While our findings did not reveal the complete regulatory pathways connecting exactly how, for example, CORT may interact with glucocorticoid receptors (GRs) to activate gene expression at relevant tissues stimulating tail growth, as a crucial starting point, we did reveal genes which may be implicated in these pathways. For example, PPR caused up-regulation of the transcription factor JunB in pre-metamorphic tail tissues, and this gene is associated with the enriched pathways of response to corticosterone (GO:0051412) and progesterone (GO:0032570). JunB is a potential indicator of the presence of CORT because it can increase following prolonged CORT treatment (Hansson and Fuxe, 2008), which is likely an indication of crosstalk between the AP-1 transcription factor (of which JunB is a subunit), and GRs (Karin and Chang, 2001; Kassel and Herrlich, 2007). Furthermore, previous studies have indicated JunB may be a prominent regulator of tail development in amphibians (Yoshida et al., 2016) as well as playing a role in cell proliferation during tail regeneration (Nakamura et al., 2020). Due to the connections between GRs and the AP-1 transcription factor, it is likely that aspects of AP-1’s induction of tissue re-modeling genes are at play in stress axis mediated developmental plasticity (Karin et al., 1997; Yamashita and McCauley, 2006) and these yet unexplored pathways are promising candidates for connecting the HPI axis to inducible defense morphologies in the tail.

Thyroglobulin (Tg) was also differentially expressed in the head tissues of pro-metamorphic tadpoles, and as an important precursor, likely indicates thyroid hormone (TH) production and thyroid gland development. Given the importance of THs for mediating amphibian metamorphosis (Paul et al., 2022) and the interactive effects of the HPI and HPT axes, it is not surprising to observe Tg differentially regulated by prolonged exposure to PPR (Paul et al., 2022). Specifically, we observed lower Tg transcript levels in head tissue from pro-metamorphic tadpoles exposed to PPR, suggesting that TH levels should also be lower. In pro-metamorphic tadpoles, levels of endogenous TH should increase steadily (Regard et al., 1978; Galton, 1992) and only decrease after the point of metaphoric climax (Thambirajah et al., 2019). Given known inhibitory effects of CORT on the HPT axis (Gutiérrez-Mariscal et al., 2012; Castillo-Campos et al., 2021), it is possible that the down-regulation of Tg is a result of stress eliciting a premature decline in TH production or slower up-regulation of TH. This may be a product of feedback inhibition, as may arise from prolonged stress exposure by CORT on the hypothalamus (Kulkarni and Buchholz, 2014; Kim et al., 2019). This would elicit a decrease in CRF, a peptide that stimulates the HPT axis in tadpoles (Denver, 2021) and thereby leads to TH release. Alternatively, it is also possible that synergistic interactions between TH and CORT influenced tadpole physiology during stress (Kulkarni and Buchholz, 2012, 2014; Shewade et al., 2020; Sterner et al., 2020; Sterner and Buchholz, 2022), especially during pro-metamorphosis. For example, the overall timing and tissue-specific effects of TH on metamorphosis can be regulated by CORT (Sachs and Buchholz, 2019; Paul et al., 2022), through one mechanism of altering tissue sensitivity to TH (Galton, 1990; Bonett et al., 2010). Therefore, the lower abundance of Tg producing transcripts in pro-metamorphosis may also reflect an alteration in developmental timing, such as an accelerated decline in endogenous TH mediated by the stress response in PPR exposed tadpoles. Further potential indications of altered metamorphic processes occurring in PPR-exposed tadpoles include up-regulation of SFTPA in pro-metamorphic head tissue, an important respiratory protein for lung development (Chang et al., 2022), and up-regulation of ALKB5, an indicator of response to hypoxia, which often occurs in amphibian tissues during metamorphosis (Hastings and Burggren, 1995).

PPR exposure elicited differential gene expression in a variety of functional pathways unrelated to inducible defenses. For example, immune system genes were both up and down-regulated across all tissue types and metamorphic stages. This observed differential regulation may be a product of the vertebrate neuroendocrine system’s multiple interactive connections to immune system processes (Dunn, 2007). Furthermore, chronic stress exposure can have immune impacts in amphibians (Gervasi and Foufopoulos, 2008; Falso et al., 2015), and predation risk is a known stressor and immune system trigger in other vertebrate systems (Meuthen et al., 2020; Roncalli et al., 2020). In the case of the amphibian immune system, dynamic re-modeling occurs during pro-metamorphosis, resulting in immune impairment (Robert and Ohta, 2009). Our observed differential regulation of immune system processes, especially during pro-metamorphosis, may indicate heightened amphibian immune system susceptibility as a result of chronic stress exposure.

We conclude that this study is an important first step in understanding transcriptome-wide responses to stress in developing amphibians and highlights how observed phenotypic plasticity can be accompanied by changes in gene expression related to developmental plasticity. The inducible defenses of anuran tadpoles are among the most impressive examples of developmental and phenotypic plasticity triggered by environmental stressors. The tadpole model system is not only useful for studying complex ecological interactions, but also as a convenient method to assess the sensitivity of neuroendocrine pathways to environmental stressors during vertebrate development. Future studies may build on our foundation of transcription-wide analysis to focus on more specific tissues or endocrine level responses. This approach should be complemented by improved data resolution. For example, a high quality assembled and annotated Ranidae genome could support better gene annotation and thereby provide a more comprehensive understanding of complete regulatory pathways connecting the neuroendocrine response to developmental plasticity. Furthermore, we sought to limit the bias of handling stress by measuring transcriptomic responses separately from morphological responses, but future studies should seek to measure these responses together, to better elicit the effect of individual variation on developmental plasticity. The results we obtained from de novo assembly highlight the utility of this study system, and that this group of animals are well deserving of more extensive genomic resources. This is not only an investment for the increasing ecological understanding and conservation of these declining taxa (Green et al., 2020), but also support for future research that is relevant as a model system for developmental plasticity and the neuroendocrinology of stress.
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Biological process
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Developmental process
Endocrine process

Immune system process
Muscle tissue development
Nervous system development
Programmed cell death
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Response to stress

Vasculature development
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Count of differentially expressed transcripts by DESeq2 analysis and up- or down-regulation.
Each transcript was up-regulated (>2), or down-regulated (<0.5) based on fold change. All
comparisons made with equal sample size of PPR and Control transcriptomes and p-values
were corrected for multiple comparisons using the Benjamini-Hochberg method to control for
the false discovery rate.
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