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ABSTRACT

THE EVOLUTION OF PLASTICITY IN THE TRANSCRIPTOME OF THE 

TRINIDADIAN GUPPY

Phenotypic plasticity is a ubiquitous feature of all living systems, and there is much 

interest in how plasticity influences long term evolutionary trajectories. One of the major 

complications with modeling evolutionary trajectories is that plasticity itself is known to evolve. 

The evolution of plasticity has mainly been focused on at the level of the whole organism, and it 

is unclear if plasticity at all levels of biological organization evolve. Models that assume no 

generational change in plasticity may be overly simplistic; a more nuanced approach could 

incorporate the evolution of plasticity into the modeling. A first step towards this end is to 

determine what levels of biological organization plasticity evolves, and then to determine if there

are predictable patterns of evolved plasticity. 

RNA is an intermediate to DNA and protein, that can undergo changes in response to 

environmental conditions, thereby modifying the genetic information passed on to non-coding 

RNAs, functional RNAs, and proteins. Responses to environment include both changes in 

abundance of RNAs, as well as changes to the composition of the molecules. This dissertation 

focuses on the evolution of plasticity within the transcriptome of Poecilia reticulata (Trinidadian 

guppy). One of the major known regulators of transcript abundance are small RNAs (sRNAs). 

Micro RNAs (miRNAs), are a specific type of sRNA that bind transcripts, typically leading to 

translational silencing. We investigated two forms of plasticity, an abundance measure of 

plasticity (miRNA differential expression), and a compositional measure of plasticity (A-to-I 
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 RNA editing). A-to-I RNA editing is the chemical nucleotide change from adenosine to inosine, 

catalyzed by the enzyme ADAR. 

We first produced a set of miRNAs in guppies, and confirmed the presence of key 

biogenesis pathway components, i.e. argonaute proteins in the genome. Tissue-specific miRNA 

expression patterns were identified for three tissues in Poecilia reticulata (Trinidadian guppy), 

brain, ovary and testis. We found most discovered miRNAs were located in intergenic regions of 

the genome. Some miRNAs matched known miRBase sequences, while others were considered 

novel guppy miRNAs. We observed miRNAs expressed from tandem clusters and analyzed 

piRNA distribution in ovary samples. This study provides important insights into guppy small 

RNA expression, laying the groundwork for future investigations into their regulatory roles. 

The 3rd chapter of this dissertation revealed many miRNAs with differential expression 

(DE), including population main effects, rearing condition, and their interactions. Population DE 

miRNAs showed a wide range of expression levels. Rearing condition main effects were 

(slightly) less common. We identified miRNAs with evolved expression plasticity, distributed 

across four categories: reversed, evolved plastic, assimilated, and accommodated. Both 

populations showed similar numbers of miRNAs exhibiting plasticity.

In the final chapter of this dissertation we characterized the "editome" of guppies. The 

majority of the edits were consistent with A-to-I editing, with a smaller proportion of C-to-U 

edits. The intragenic edits were distributed among a number of genes. However, there were no 

significant differences in editing between populations, rearing conditions, or their interaction. 

This dissertation revealed significant miRNA expression differences and provided insights into 

A-to-I editing patterns in guppies. 
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CHAPTER 1: INTRODUCTION

That plants and animals have evolved sophisticated mechanisms to regulate gene 

expression, enabling them to adapt to complex environmental conditions and drive the evolution 

of multicellular organisms, is a truism (Chen & Rajewsky, 2007). These regulatory mechanisms 

involve the interplay of multi-transcription factor complexes, microRNAs (miRNAs), and other 

small non-coding RNAs (sRNAs), which collectively regulate gene expression at the 

transcriptional and translational levels (Ambros, 2004; Bartel, 2004; Chen & Rajewsky, 2007). 

The increasing number of transcriptomic studies e.g. (Ghalambor et al., 2015; Manousaki et al., 

2013; Pankey, Minin, Imholte, Suchard, & Oakley, 2014) points to the interest in exploring gene 

expression patterns associated with evolution. 

The traditional "central dogma" of molecular biology states that genes primarily code for 

proteins, and genetic information is mainly carried out in cells by proteins. Consequently, 

biologists have focused on genetic complexity, e.g. total number of genes in the genome, and the 

generation of new proteins as key drivers of evolution. However, studies have shown both 

phylogenetically basal organisms and complex animals like vertebrates possess a majority of 

protein-coding gene families involved in processes such as transcription and signal transduction, 

despite differences in tissue and organ complexity (Mattick, 2004; Sempere, Cole, Mcpeek, & 

Peterson, 2006; Technau et al., 2005). Therefore, the distribution of protein-coding genes across 

taxa does not correlate with the significant increase in morphological complexity seen in animal 

evolution. This has led to the hypothesis that the gene expression in complex metazoan genomes 

necessitates additional regulatory mechanisms, including alternative splicing and non-coding 

RNAs (Mattick, 2004; Mattick & Makunin, 2006).
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Investigating the influence of environmental sensitivity on evolution poses challenges, 

particularly in linking transcriptome states to overall organismal phenotypes. This involves not 

only understanding how genotypes impact chromatin states but also how post-transcriptional 

regulatory mechanisms govern the transcriptome. Small RNAs play a role in modifying DNA 

methylation and regulating mRNA degradation or translation (V. N. Kim, Han, & Siomi, 2009; 

Krol, Loedige, & Filipowicz, 2010; Zamore & Ghildiyal, 2009). They serve as important 

mediators in controlling mRNA and protein abundance, and also help buffer mRNA and protein 

levels against environmental fluctuations (Wu et al. 2009).

MicroRNAs (miRNAs), a specific class of endogenous sRNAs approximately 22 

nucleotides in length, have been extensively studied in various biological processes, including 

developmental biology, immunology, cardiovascular biology, cancer, and neurobiology 

(Kawahara, 2008; Pasquinelli & Ruvkun, 2003; Reddy, 2015). They are critical regulators of 

gene expression, functioning primarily through the binding of target mRNAs and subsequent 

repression of protein synthesis or mRNA degradation (Bartel, 2009). MiRNA production begins 

with the processing of RNA polymerase II/III transcripts, either after or during transcription (Ha 

& Kim, 2014). Approximately half of known miRNAs originate from within genes, mainly from 

introns and a small number of exons, while the rest are transcribed independently and have their 

own promoter regions (De Rie et al., 2017; Y. K. Kim & Kim, 2007). MiRNAs can also be 

transcribed together as clusters, forming families when they share similar seed regions (Tanzer &

Stadler, 2004). The biogenesis of miRNAs can be categorized into canonical and non-canonical 

pathways. 

The canonical pathway is the primary route for miRNA biogenesis. In this pathway, 

primary miRNAs (pri-miRNAs) are transcribed from genes and processed into precursor 

miRNAs (pre-miRNAs) by the microprocessor complex, which includes DGCR8 and Drosha 
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(Denli, Tops, Plasterk, Ketting, & Hannon, 2004). DGCR8 recognizes specific motifs within the 

pri-miRNA (Alarcón, Lee, Goodarzi, Halberg, & Tavazoie, 2015), while Drosha cleaves the 

hairpin structure of pri-miRNA to generate pre-miRNAs. Exportin 5 then transports the pre-

miRNAs to the cytoplasm, where Dicer removes the terminal loop to produce mature miRNA 

duplexes (Denli et al., 2004; Okada et al., 2009). The directionality of the miRNA strand 

determines its name (5’ or 3’), and both strands can be loaded into AGO proteins (Yoda et al., 

2009). The selection of the guide strand is influenced by factors such as thermodynamic stability 

and the presence of a 5' uracil. The unloaded passenger strand is degraded, resulting in a strand 

bias (Khvorova, Reynolds, & Jayasena, 2003). MiRNAs play a crucial role in gene silencing by 

guiding Argonaute (AGO) proteins to specific sites in the 3′ untranslated region (UTR) of 

mRNAs. Once loaded onto AGO, the miRNA forms the targeting module of the miRNA-induced

silencing complex (miRISC) (Swarts et al., 2014). This miRISC complex then facilitates 

translation repression and degradation of the targeted mRNAs, thereby regulating gene 

expression (Jonas & Izaurralde, 2015).

Although miRNAs have been widely investigated in the context of individual biological 

systems, their contribution to phenotypic evolution remains relatively unexplored (Kawahara, 

2008; Pasquinelli & Ruvkun, 2003; Reddy, 2015). Understanding how genetic variation in 

miRNAs and miRNA-binding sites influences phenotypic evolution requires comparative studies

across diverse taxa and natural environments. However, current miRNA databases have limited 

representation of metazoan species and tissue diversity. Therefore, expanding the catalog of 

miRNA sequences is crucial, necessitating the characterization of the miRNAome in different 

organisms and tissues (e.g., miRbase and mirGeneDB). Chapter 2 of this dissertation provides 

the first miRNAome for Poecilia reticulata (Trinidadian guppy).
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To investigate the role of miRNAs in phenotypic evolution, comparative genomics 

studies have been conducted across various organisms, including plants, animals, and fungi 

(Berezikov, 2011; Friedman, Farh, Burge, & Bartel, 2009). These studies have revealed 

conserved miRNA families and their targets, highlighting their functional importance in 

development and other biological processes (Friedman et al., 2009; Bartel, 2009). For instance, 

studies in animals have demonstrated that miRNAs play critical roles in regulating early 

embryonic development, organogenesis, and tissue homeostasis (Bushati & Cohen, 2007). 

Furthermore, it has been suggested that changes in miRNA genes and miRNA target sites could 

contribute to phenotypic variation and adaptation in natural populations (Mencía et al., 2009). 

Single nucleotide polymorphisms (SNPs) within miRNA genes or their target sites can 

potentially affect miRNA biogenesis or the binding affinity of miRNAs to their targets, thereby 

influencing gene expression and phenotypic traits (Mencia et al., 2009). Understanding the 

functional consequences of such genetic variations in miRNAs and their targets is vital for 

deciphering the molecular basis of evolutionary processes.

MiRNAs are essential regulators of gene expression with well-established roles in 

various biological processes. However, their contribution to phenotypic evolution and adaptation 

in diverse organisms and natural environments is not fully understood. Comparative studies 

across taxa and the expansion of miRNA catalogs are crucial for unraveling the functional 

significance of miRNAs in phenotypic evolution. Investigating the fluctuations in levels of 

miRNAs will help to shed light on (potentially) a major molecular mechanism underlying 

evolutionary processes. Ultimately, a comprehensive understanding of miRNA-mediated 

regulatory networks will enhance our knowledge of biological diversity and the adaptive 

potential of organisms. In addition to miRNA mediated regulation of RNA abundances, 

transcriptome plasticity can also be characterized by compositional changes to RNAs in response
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to varying environmental conditions. RNA editing refers to molecular processes that modify the 

information content of RNA molecules. These processes have been observed in various cellular 

compartments, including the nucleus, mitochondria, and plastids (Brennicke, Marchfelder, & 

Binder, 1999). Many of the RNA editing mechanisms are believed to be relatively recent 

evolutionary events that have emerged independently. The diversity of RNA editing mechanisms 

encompasses nucleoside modifications, such as C to U and A to I deaminations, as well as non-

templated nucleotide additions and insertions (Brennicke et al., 1999).

A-to-I RNA editing, or the conversion of adenosine to inosine, is the most common form 

of RNA editing in metazoans, and can generate nucleotide changes to mRNAs as well as play a 

crucial role in gene expression regulation (Farajollahi & Maas, 2010; Maydanovych & Beal, 

2006). A-to-I editing is mediated by adenosine deaminases called ADARs (Nishikura, 2010). 

Editing has been extensively studied in various organisms and has been associated with diverse 

biological processes, including alternative splicing, miRNA binding, and transcriptome 

diversification (Borchert et al., 2009; Fumagalli et al., 2015; Rueter, Dawson, & Emeson, 1999).

In humans, A-to-I editing accounts for the majority of editing events, particularly in 

noncoding regions (Bahn et al., 2012; Ramaswami, Lin, Piskol, Tan, & Davis, 2012; Zhang & 

Xiao, 2015). Aberrant editing at specific sites has been linked to phenotypic outcomes and 

human diseases (Anne-Laure, 2010; Boris Zinshteyn, 2010; Zipeto, Jiang, Melese, & Jamieson, 

2015). For example RNA editing may be involved in amyotrophic lateral sclerosis (ALS) by 

affecting the excessive influx of calcium ions through glutamate receptors, leading to motor 

neuron death (Maas, Kawahara, Tamburro, & Nishikura, 2006). Specifically, the editing of the Q/

R position in the GluR-2 receptor determines its low permeability to calcium ions, which is 

observed in the majority of neurons expressing AMPA-type glutamate receptors (Kwak & 

Kawahara, 2005).

5



While several adaptive explanations have been proposed for A-to-I editing, its precise 

impact on natural phenotypic variation is still a subject of investigation. To explore the biological

implications of A-to-I editing in a natural context, we investigated its variation in response to a 

major ecological factor (predation pressure), as well as genetic background using the Trinidadian

guppy system. Guppies from different environments exhibit local adaptations and developmental

plasticity in response to predators. By leveraging the natural phenotypic variation and parallel 

lineages, we aim to determine if A-to-I editing shows consistent differences based on these 

factors. Our analysis of A-to-I editing in the whole brain did not reveal associations with 

population or rearing condition. Moreover, we considered two separate lineages to study parallel 

evolution, but differential editing was not detected in either group. Consequently, we conclude 

that A-to-I editing may not play a major role in influencing developmental plasticity or 

population divergence in guppies.

Comparative studies of miRNAs are more useful when conducted across a diverse array 

of organisms, which requires annotated miRNAs. This dissertation produced the first Trinidadian

guppy miRNAome, adding to the growing database of miRNAomes. We revealed miRNA 

expression patterns demonstrate similar evolved plasticity as observed in mRNA. We suggest 

that A-to-I editing, (in terms of edit levels), are not significantly associated with phenotypic 

variation of populations, rearing conditions, or their interactions. The exploration of miRNAs 

and A-to-I editing in the context of diverse organisms and natural environments remains critical 

for understanding the molecular basis of evolutionary processes and the mechanisms underlying 

adaptation.
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CHAPTER 2: MIRNA AND PIRNA RNA CHARACTERIZATION IN POECILIA

RETICULATA

Introduction

 Plants and animals evolved complex, multilayered mechanisms that regulate gene 

expression (Chen & Rajewsky, 2007). The emergence of complex, multicellular organisms was 

accompanied by (and perhaps driven by) combinatorial control of gene expression through multi-

transcription factor complexes and microRNAs (miRNAs), a class of small non-coding RNAs 

(sRNAs) that are ~21 nucleotides (nt) long and primarily function as translational repressors in 

plants and animals (Ambros, 2004; Bartel, 2004; Chen & Rajewsky, 2007). Transcriptional 

regulation by transcription factors and miRNA mediated regulation are two highly studied layers 

of transcriptional regulation. 

Although much progress has been made in the understanding of the functioning of 

miRNAs in developmental biology (Pasquinelli & Ruvkun, 2003), immunology, cardiovascular 

biology, cancer (Reddy, 2015) and neurobiology (Kawahara, 2008); investigation into the 

connection between genetic variation in miRNAs or miRNA-binding sites and phenotypic 

evolution is still in its early stages. To understand how evolutionary changes in miRNA sequence

and abundance contribute to phenotypic evolution, comparative studies will be necessary, on 

miRNAs across a broad set of taxa within their natural environments. A first step towards this 

end, is to characterize the transcriptome of the respective study organism, including the 

miRNAome, i.e. the set of expressed miRNAs in a tissue or organism. The current metazoan 

species and tissue diversity, represented in the miRNA databases is limited. This chapter adds a 
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miRNAome of three tissues in the teleost fish Poecilia reticulata to complement existing 

miRNA sequences in miRbase and mirGeneDB.

The basic shared mechanism of the sRNA classes is that they directly bind effector 

proteins, and are directed by sequence specificity, targeting RNA transcripts via base-pairing 

interactions. For all three sRNA classes, the core effector proteins are members of the Argonaute

superfamily. miRNAs and small interfering RNAs (siRNAs) are both formed from double-

stranded precursors, are typically ~22 nt in length, and have a wider set of physiological roles, 

and broader phylogenetic conservation compared to Piwi-interacting RNAs (piRNAs). PiRNAs 

are derived from single-stranded RNA precursors (Hirakata & Siomi, 2016), have lengths in the 

range of 24-35 nt (Hirakata & Siomi, 2016; Kim, Han, & Siomi, 2009), and are found in animals 

(Carthew & Sontheimer, 2009). The known functions of piRNAs are most clearly present in the 

germline, in which piRNAs associate with a distinct subset of Argonaute effector proteins, i.e. 

members of the Piwi lineage; in contrast, miRNAs and siRNAs associate with the Ago lineage. 

Transposable elements (TEs) are important components of eukaryotic genomes, but their 

mobilization often has detrimental effects on the host genome. To protect against this, host cells 

have developed genetic and epigenetic mechanisms to silence TEs. One such mechanism 

involves the Piwi-piRNA complex, which suppresses TEs in animal gonads by either cleaving 

TE transcripts in the cytoplasm or inducing specific chromatin modifications at TE sites in the 

nucleus (Yamanaka, Siomi, & Siomi, 2014). 

Large scale non-coding DNA studies have shown miRNA and piRNA genomic loci are 

not randomly distributed across chromosomes; instead, for both they are usually found as 

multiple (clustered) sequences (Zhang, Zhang, & Su, 2009); although, the size and complexity of

the clusters differ between miRNAs and piRNAs. MiRNA clusters are defined as a set of two or 
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more miRNAs that are transcribed from tandem miRNA genes, in the same orientation, and not 

separated by a transcriptional unit (Lai & Vera, 2013). Typical miRNA clusters consist of two or 

three miRNAs, but larger clusters such as the human miR-17-92 with six miRNAs have also 

been discovered. Clustered miRNA genes are often functionally related, and share sequence 

similarity (Zhang, Zhang, & Su, 2009). In Drosophila about ~50% of miRNA genes in the 

genome are clustered (Lai, Tomancak, Williams, & Rubin, 2003).  PiRNAs, which are derived 

from genomic regions called piRNA clusters, predominantly originate from transposable 

elements (TEs) present within these clusters. As a result, the sequence of piRNAs obtained from 

these clusters can target and suppress not only the TEs within the clusters but also related TEs 

located elsewhere in the genome, acting as guide molecules to regulate TEs in trans (Yamanaka 

et al., 2014).

In the present study, we characterized the miRNAome of the Trinidadian guppy in whole 

brain, ovary and testis tissues, using next generation sequencing. Guppies have become a 

common model system for evolutionary studies. We called predicted miRNA sequences, i.e. 

precursor (pre-miRNA) and 5’ and 3’ mature sequences, with the goal of characterizing sequence

and abundance variation within and between these three tissues. We perform a clustering 

analysis to determine what percentage of our discovered miRNAs were found in clusters. Our 

current miRNA characterization in the brain complements a recent study (Eva K. Fischer et al., 

2021) in guppies, and adds brain tissue expression patterns from RNA-seq data in individuals of 

the same lineage (drainage) as this study, such that future studies could link guppy miRNAs to their 

respective mRNA targets. 

Methods
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MiRNA and piRNA processing enzyme evolutionary trees

     We constructed evolutionary trees to visualize the relationships of the Drosha, Dicer and 

Argonaute family of proteins. We combined the Argonaute subfamilies Ago and Piwi into one 

tree, and two separate trees were constructed for Drosha and Dicer. We collected protein 

sequences by gene or protein name searches in the NCBI protein and gene databases for human, 

mouse, zebrafish, fruit fly, and guppy. We selected these organisms as they are common model 

organisms with ample information on their small RNA processing enzymes, i.e. Drosha, Dicer 

and Argonaute family proteins. We used NCBI’s ortholog database to find orthologous proteins 

after a single organism’s gene was located. For proteins with multiple isoforms, we selected the 

first isoform as the representative sequence. We made multiple sequence alignments using the 

EMBL-EBI online application, Multiple Sequence Comparison by Log-Expectation (MUSCLE).

Maximum likelihood trees were constructed using IQ-TREE (Kalyaanamoorthy et al. 2017, 

Nguyen et al. 2015, Hoang et al. 2018) webserver, http://www.iqtree.org, and viewed and edited 

in iTOL, https://itol.embl.de/.

Husbandry

     Our lab collected Trinidadian guppies in 2014 from both high-predation and low-predation 

localities in the Quare river drainage (J. F. Gilliam, Fraser, & Alkins-Koo, 1993; D. Reznick et 

al., 2001). We established unique families (20-25 family lines) in laboratory aquaculture from 

wild-caught gravid females (E. K. Fischer et al., 2016). The second-generation lab reared fish 

were established by crossing first-generation lab reared fish with unrelated (different family) 

first-generation fish from the same source population; siblings from the second-generation 

16



matings were split into rearing environments with predator cues or without cues (E. K. Fischer et

al., 2016). All experimental methods were approved by the Colorado State University Animal 

Care and Use Committee (Protocol #12-3818A).

Tissue collection, processing and RNA extraction

     We extracted whole brains from the Quare lineage males in 2015 within 10 minutes of lights-

on (E. K. Fischer et al., 2016). Fish were anesthetized by immersion in ice water followed by 

rapid decapitation. Whole brains were removed, flash frozen in liquid nitrogen, and stored at -

80°C until further processing (E. K. Fischer et al., 2016). The brains were homogenized, and 

total RNA was extracted from the brain tissue using Qiagen RNeasy Lipid Tissue Mini Kit 

(Qiagen, Germany) following manufacturer guidelines (E. K. Fischer et al., 2016).

Small RNA library construction and sequencing

We prepared separate sequencing libraries for each individual using the NEBNext® 

Multiplex Small RNA Library Prep Set for Illumina® - primer set 1 (New England Biolabs, 

Massachusetts, USA) following manufacturer instructions. We constructed and size selected 61 

sRNA libraries (51 brain, 9 ovary and 1 testis sample). For the ovary libraries, we size selected 

twice, first on the RNA insert, and secondly on the final library molecule (adapters, primers and 

insert sequence). The size selection was done by running an agarose gel and cutting bands from 

the gel at the desired fragment length, ~150 nt, (adapters, primers, and insert sum). The gel slices

were electrophoretically transferred to blots, washed and extracted for further processing (see 

supplemental file1 for complete ovary library preparation procedure).

We prepared the brain samples identically, except the size selection of cDNA libraries 

was performed using BluePippin (Sage Science, MA, USA) with 3% agarose Q3 internal marker 
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cassettes (Prod. no. BDQ3010). The other major difference was the Blue Pippin size selected 

libraries were only size selected once, i.e. final libraries molecules were size selected, but not the

input RNA. We started first with the size selection window from the specifications provided in 

the NEB sRNA library prep kit, 105-155 nt. We used TapeStation (D1000 ScreenTape, Part no. 

5067-5582) to check the distribution of library molecule lengths. The size selection window of 

105-155 nt yielded an average library molecule length of 143 nt (adaptors and primers contribute

126 nt to the molecule length) and average insert length of 17 nt. To size select for both miRNA 

and piRNA small RNAs, we enlarged the window size (104-190nt) to include the larger piRNA 

lengths of 26-31nt (Dorner, Eulalio, Huntzinger, & Izaurralde, 2007; Edge, 2009; Seto, 

Kingston, & Lau, 2007). The larger window size yielded an average library molecule length of 

152 nt (26 nt average insert length). Due to COVID-19 pandemic supply limitations, we had to 

substitute the 3% agarose cassettes for 2% agarose V1 internal marker cassettes (Prod no. 

BDF2010) for 51 samples. To account for the agarose concentration difference we narrowed and 

shifted the size selection range from 104-190 (range of 86 nt) to 115-180 nt (range of 65 nt), (see

https://doi.org/10.5281/zenodo.8127693 for a list of specifications for each sample's 

preparation). All libraries were combined with unique barcodes into six pools of 12 libraries per 

sequencing lane. We balanced experimental groups across sequencing lanes, and blocks of 

individual libraries prepared in the same week were sequenced together. Libraries were 

sequenced on an Illumina NextSeq500 at the Colorado State University Genomics Core in 

November 2020 and January 2021.

Adapter trimming, quality and low complexity filtering

We utilized bbduk.sh (Decontamination Using Kmers) for adapter trimming and read 

quality filtering, setting a minimum average read quality cutoff of Phred score 30. The complete 
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command and options used for adapter trimming and quality filtering can be found at 

(https://doi.org/10.5281/zenodo.8127705). Additionally, we applied low complexity filtering to 

all reads prior to mapping, employing the low complexity filter tool from the PRINSEQ package 

with the lc_method set to 'DUST' and lc_threshold set to 32.

Reads mapping and miRNA discovery using mirdeep2

The miRDeep2 package (Friedländer, MacKowiak, Li, Chen, & Rajewsky, 2012) was 

used for discovery of novel and conserved miRNAs in our guppy sRNA sequencing data . We 

ran separately by tissue (51 brain, 9 ovary, and 1 testis) the (mapper.pl) script for reads 

preprocessing and mapping to the most recent guppy reference genome (GCA_904066995.1). 

Pre-processing collapsed reads into read groups and size-selected for sequences 18-34 nt, then 

miRDeep2 detected miRNAs in each tissue using Bayesian statistics to score the “fit” of 

sequenced small RNAs to the biological model of miRNA biogenesis 

(miRDeep2_core_algorithm.pl; Friedlander et al. 2012). The core algorithm assigns a log odds 

score to each sequence generated from a number of features, including: (1) the number of reads 

(mature, loop and star sequences) within the sequencing data that map to the miRNA precursor 

signature during the mirdeep2-core-algorithm; (2) the short 3’ duplex overhangs typically 

generated from Drosha/Dicer cleavage ; and (3) the thermodynamic stability of the hairpin 

structures (Friedländer et al., 2008). Because each tissue had a unique mapping file used for 

running the miRDeep2 core algorithm, we determined the union and intersection for the 

provisional identifiers assigned uniquely to each miRNA signature within the three tissues.  
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Figure 2.1:  Overview of our miRNA prediction process by small RNA Next Generation 

sequencing (NGS) and miRDeep2 algorithms. We generated small RNA libraries from brain, 

ovary and testis samples. Libraries were sequenced using Illumina NGS. We used 

“Decontamination Using Kmers” (BBDuk) from the BBtools package for adapter trimming and 

quality filtering. Bowtie aligned reads to the male guppy reference genome, and miRDeep2 used 

the mapped reads files for excision of putative miRNA precursors, and log-odds scoring for 

assessment of the quality of detected miRNAs.   
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Putative miRNA precursors assessment     

We assessed the  putative miRNA precursors (pre-miRNA) for confidence of the 

prediction (https://doi.org/10.5281/zenodo.8127717 for a complete list of all the putative pre-

miRNAs, N= 2883 all tissues). Upon inspection of pre-miRNA, mature, and star sequence 

alignments, it was evident that some of the lower read count signatures (e.g., 3 RPM) likely 

represented true miRNAs based on miRNA and miRNA* read alignment and exact matches in 

miRBase. To maximize miRNA discovery rate (as a first pass of the guppy miRNAome, with a 

relatively low estimated false negative rate), a more lenient cutoff of 3 mature reads mapped per 

million (RPM) was used. We excluded mirdeep2 score from post-filtering to avoid removal of 

putative miRNAs with strong alignment support. We also required independent calls of the 

mature sequence in at least 10 samples, and the vast majority of precursors from all three tissues 

were called independently from at least 5 individuals (data not shown). MiRNA count 

normalization was calculated as follows,     

         RPM of miRNA=
Number of readsmapped to pre-miRNA∗10

6

Total N of mapped reads from library

         

Sequence based identification of miRNA primary transcript loci by miRBase searches

To determine primary transcript loci of the putative miRNA precursors (pre-miRNAs), 

we blasted the set of discovered pre-miRNAs against all guppy records in the standard NCBI 

collection. Ribosomal RNA (rRNA), transfer RNA (tRNA), and miRNA target sequences are not

included within these records. We required a minimum cutoff of 95% sequence identity. We 

filtered 14,337 blast hits by selecting alignments with zero gaps and the top three longest 

alignments for each query, and then identified the alignment with the lowest E-value for each 
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putative pre-miRNA. The alignments were then categorized into three genome feature bins: 

unnanotated region of the guppy genome, messenger RNA (mRNA), or noncoding RNA 

(ncRNA). We used Batch Entrez to look up the complete records of the mRNA (N = 180) and 

ncRNA (N = 53) alignments. Additionally, we used Rfam batch search to align our set of pre-

miRNAs against the Rfam database collections (the Rfam collections consist of families of 

structural RNAs including ncRNA genes as well as cis-regulatory elements). 

Annotations of putative miRNAs

We applied minimum alignment length filtering to the blastn alignments to find pre-

miRNA loci in intragenic and intergenic regions of the guppy genome. We filtered alignments 

based on minimum mean lengths of our pre-miRNA sequences, using the logic that pre-miRNAs

contain 5’ and 3’ arms (18-24 nt) and a loop sequence (~10-15nt) and thus are usually in the 60-

80 nt range (Ambros et al., 2003). We required a minimum alignment length of 60 nucleotides, 

and allowed no more than one base mismatch per alignment. We used Batch Entrez to lookup the

full records from the blastn filtered alignment output see 

(https://doi.org/10.5281/zenodo.8131978) for the Batch Entrez uploaded file; we then separated 

the coding DNA sequences (CDS) features from the total mRNA (XM_ accession) records.

PiRNA read characterization

We used the small RNA pipeline (Tate A.J et al. 2023) tiny-count: a counting tool for 

hierarchical classification and quantification of small RNA-seq reads with single-nucleotide 

precision (github.com/MontgomeryLab/tinyRNA) to hierarchically assign and count mapped 

reads to five RNA categories: (1) rRNA/tRNA, (2) protein coding gene, (3) miRNA 

hairpin/miRNA/miRNA*, (4) interspersed repeats, and (5) unannotated region. Mapped reads 

were assigned based on their overlap with annotated genome features. The hierarchy of 
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assignments aimed to remove known read sequences, leaving predominantly piRNA sequences. 

The interspersed repeat category comprised DNA transposons and retrotransposon features, 

which are known loci for piRNA primary transcripts. Overlapping reads from germline samples 

with these features were expected to be enriched in piRNA sequences. The 'unassigned region' 

category, although lacking a specific biological basis for piRNA detection, was assigned last, 

with the expectation that the remaining sequences would be enriched in piRNAs. To create the 

'unassigned region', a GFF file with 100kb features spanning the entire guppy genome was 

generated, with 20kb steps. The GFF file was provided to tinyRNA as a feature GFF.

miRNA clustering

To determine the percentage of our miRNA set found within clusters we used a sliding 

window algorithm (10kb with 2kb steps). If two or more pre-miRNA genomic loci are found 

within the same window, they are marked as part of a cluster. 

Results

Characterization of orthologous proteins in miRNA biogenesis and post-transcriptional 

regulation

To confirm that guppies have the core components of the Drosha/Dicer-dependent 

miRNA biogenesis pathway, and the argonaute family of proteins (Fig. 2.2), we searched for 

DROSHA (ribonuclease III), DICER (endoribonuclease Dicer), AGO1-4, and PIWI proteins 

PIWI and PIWIL in 4 species, Poecilia reticulata, Danio rerio, Homo sapiens, and Drosophila 

melanogaster. We constructed dendrograms from AGO and PIWI proteins based on amino acid 

sequence similarity, and confirmed that DROSHA and DICER are both present in the annotated 

guppy genome (data not shown).  
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Guppies have two PIWI proteins (GILI and GILI2) (Fig. 2.2). P. reticulata had predicted 

protein sequences for four AGO proteins (gAGO1-4). For all four AGO proteins the teleost 

species clustered in a separate group from the H. sapiens (Fig 2.2). D. melanogaster sequences, 

PIWI and Aubergine were included as an invertebrate outgroup.

Figure 2.2: Argonaute family evolutionary tree derived from protein sequence alignments. Two 

distinct subclasses are present, the germline specific PIWI branch (grey) and somatic AGO 

branch (zoom out). Bootstrap values are indicated in the middle of branches for all values less 

than 100. Guppy PIWI proteins are g-PILI (accession XP_008415675.1) and g-PILI2 (accession 

XP_008415818.1). dm - Drosophila melanogaster. g - guppy, z - zebrafish, h - human.
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sRNA read distributions in brain, ovary, and testis

We mapped to the guppy genome (GCA_904066995.1), 276,722,633 brain, 18,764,380 

ovary, and 6,751,682 testis total reads as a starting point for mirdeep2-based miRNA discovery.

(Fig. 2.3). Brain sRNA reads were largely distributed in the lower miRNA range (18-24 nt); 

ovary and testis distributions had more reads in the higher piRNA range (25-34 nt). The 5’ 

nucleotide distributions of the mature sequences were similar across tissues, with strong bias 

toward uridine as the 5’ nucleotide (Fig. 2.3), as expected for small RNAs.
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Figure 2.3:  All samples exhibit strong 5’ uridine bias, and read length distributions support 

presence of miRNAs and piRNAs. Read length distribution and 5’ nucleotide bias of mapped 

reads for brain (N= 51), ovary (N= 9), and testis (N= 1). X-axis is read length in nucleotides. Y-

axis is the proportion of total mapped reads, stacked color coded bar corresponds to read 

distribution of the 5’ nucleotide.
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Putative miRNA precursors assessment and filtering

We used the mirdeep2 core algorithm to constuct (1,487 brain, 558 ovary, and 350 testis),

miRNA signatures, consisting of mature precursor miRNA and star sequences. After post-

filtering for minimum library presence (10 libraries from brain, 3 for ovary, 1 for testis), and 

minimum reads (3 RPM), we retained 1120 miRNA signatures for further analyses see 

(https://doi.org/10.5281/zenodo.8132659) for read counts, mature sequences, and tissue 

expression. Most of the post-filtered miRNAs were detected in a single tissue. The tissues had a 

variable number of unique miRNA sequences that did not appear to correlate with the number of 

libraries analyzed (Fig. 2.4).

Figure 2.4: Venn diagram depicting the union and intersection of the miRNAs surviving post-

filtering. Post-filtering required  a minimum total mature read count of 3 reads per million 
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mapped (RPM), and present in at least 10 libraries. N = 51 brain samples, N = 9 ovary samples, 

and N = 1 testis sample.

Coordinate based identification of miRNA primary transcript loci

Our blastn results from NCBI nucleotide teleostei (taxid:32443) records showed most of 

the putative pre-miRNAs alignments are located within intergenic (unannotated) regions of the 

guppy genome (between genes). The gene annotations were determined in an automated fashion 

for both guppy and zebrafish, intergenic regions are assigned as a position that falls within the 

boundaries of the genes start and stop codon. Intragenic annotations  consisted of brain miRNAs 

detected in 24 genes total, ovary 14 genes, and testis 18. Within the gene annotations, most 

miRNAs were detected in introns. Very few miRNAs were found in exons (brain = 1, and testis 

= 1), and the ovary samples had no miRNAs overlapping exons.

       

Figure 2.5: MiRNA genomic loci are consistent between Zebrafish and guppy. Pre-miRNA 

genomic loci were annotated, bar chart illustrates the proportions of pre-miRNA transcripts 

detected in intergenic (uncharacterized), or intragenic, and intronic or exonic, as compared to 
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zebrafish. Zebrafish pre-miRNAs were downloaded from miRBase. N= 1120 guppy pre-

miRNAs, and N= 355 total zebrafish miRNAs.

miRNA quantification

We estimated miRNA abundances using the mirdeep2 quantifier module and used the 

normalized counts matrix output to cluster and visualize tissue specific expression patterns of 

1120 putative miRNAs. Brain, ovary, and testis tissues expressed 61 miRNAs in common. 

Clustering by individual libraries produced three distinct groups, corresponding to the three 

tissues (Fig. 2.6). The ovary libraries consisted of both fertilized ova and embryos at different 

developmental stages. The unfertilized libraries were more similar to each other, and the 

distribution of reads varied across developmental groups.

 

Figure 2.6: Tissues show distinct miRNA expression patterns. Heatmaps - blue indicates low to 

no expression and red indicates high expression (based on mature read abundance). Left heatmap

– columns are individual miRNAs and rows are samples (brain = 51, ovary = 9, and testis = 1). 

Ovary zoom in (top right heatmap) shows samples as columns and rows as individual miRNAs. 
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The bottom read length distributions are connected to their respective columns of the heatmap. 

The symbols above the read length distribution plots indicate the developmental stages of the 

embryos. From left to right fertilized/eyed, fertilized/neurulation, unfertilized, 

fertilized/eyed/neurulation, fertilized.

MiRNA sequence orthology and clustering

We assessed miRNA sequence similarity to a custom blast database composed of all 

miRBase mature sequences. Of the 1120 miRNAs, 228 (83.5%) aligned with the miRBase 

custom database with an exact match or one mismatch. The 228 matched miRNAs were derived 

from 184 pre-miRNAs. The 228 matches were assigned to a total of 75 miRNA families based 

on the seed sequence, i.e. bases 2-7 from the 5’ end of the miRNA, and none of the single 

nucleotide mismatches were within the seed sequence (Table 2.1). The remaining high 

confidence miRNAs that were not matched were considered to be novel guppy miRNAs (N= 45; 

Table 2.1).

We performed a clustering analysis (see methods) to determine which of our high 

confidence miRNAs are expressed from tandem miRNA genes. A large proportion (43.8%) of 

the 274 miRNAs were found in clusters. Most of the clusters (all except two), had two miRNAs 

within the cluster, and two clusters had three miRNAs.
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Table 2.1: Table of miRNA families for discovered miRNAs, and summary table (bottom) 

including numbers of miRNA sequences with a given seed sequence, either with or without 

orthologous matches. Nucleotide mismatches were in non-seed sequence. High confidence 

sequences without orthologous matches are considered novel guppy sequences (grey 

background).
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Figure 2.7: Nearly half of our discovered miRNAs were found in clusters (within ~10kb). 

Diagram of the miRNA cluster detection sliding window (10Kb with 2kb steps) algorithm, and 

pie chart of proportion of clustered vs. non-clustered miRNAs.

Highest abundance miRNAs

     We identified the most abundant miRNAs in our dataset from the proportion of normalized 

counts generated by the mirdeep2 quantification module. Only the ovary and testis tissues had 

miRNAs in common in their top five highest abundance miRNAs, i.e. the second most abundant 

ovary and testis miRNA was the same miRNA. Brain has a miRNA detected without a miRBase 

orthologous match (no annotation), indicating the putative miRNA is novel (Fig. 2.8).
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Figure 2.8: The top five most abundant miRNAs from our aligned dataset in brain, ovary and 

testis. Colors indicate families, established by matches to miRBase teleost miRNAs.

Small RNA classification of mapped reads

To analyze the distribution of miRNA and piRNA reads in our ovary samples, we 

classified the reads into different classes using tinyRNA, based on their overlap with annotated 

genomic features, and compared the results with the small RNA classification data from 

tinyRNA to identify piRNA reads. 

33



Figure 2.9:  Assignment of miRNA and piRNA reads to genomic RNA features. Long dash 

brackets refer to miRNA read distribution (20-23nt), short dash brakcets refer to piRNA read 

distributions (24-32nt). Mapped read absolute counts (left bar plots) are assigned to genomic 

features (e.g. gene, rRNA, tRNA, etc., right, black bar plots) based on overlap of the read with 

the genomic feature (right bar plot). Bar chart data labels indicate proportion of total reads 

assigned for the RNA category.

Discussion

This study focused on the characterization of miRNAs and piRNAs in the Trinidadian 

guppy. Essential proteins in the Dicer-dependent miRNA pathway were confirmed, and our data 

supported the bias for 5'-U/A in miRNAs. We applied our own filtering criteria to reduce false 

discovery of miRNAs. After quantifying miRNAs, we found tissue-specific expression patterns. 
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The study also explored piRNA expression, with an inverse abundance trend compared to 

miRNAs. Overall, this comprehensive characterization of guppy miRNAs and piRNAs lays the 

groundwork for future investigations into their roles in gene regulation, evolutionary processes, 

and phenotypic plasticity.

We confirmed the essential proteins in the Dicer-dependent miRNA pathway are present 

in Trinidadian guppies, and determined the human homologous complement of AGO and PIWI 

proteins. We assessed filtering criterion of our putative miRNAs, we suggest post-filtering for 

the detection of miRNAs (using miRDeep2) from sRNA data, for confidence scoring, and 

downstream analyses.  We chose to filter with stringent requirements for our miRNA 

characterization, but also included analyses with more relaxed filtering (Fig 2.6). The minimum 

cutoff post-filtering was put in place to reduce the initial false negatives that were moved 

forward for annotation and quantification. Initially we applied a basic cutoff of the ‘mirdeep’ 

log-odds ratio; however we found (by inspection of the precursor signature) many qualitatively  

good confidence miRNA signatures that were removed by the mirdeep score cutoff. For this 

reason we instead used minimum mature read depth, and presence throughout multiple libraries 

for removing low quality calls. Additionally, we did not account for hairpin secondary structure, 

although miRDeep2 does provide significance testing statistics for stability of the proposed 

hairpin structure. We found many non-significant structures to have otherwise strong attributes 

of miRNA precursor hairpins both passing our stringent post-filtering requirements as well as 

individual inspection (reads mapped to both strands of precursor sequence with 3’ overhang) of 

the alignments. Lower probability of false positive miRNA predictions can come from increasing

the minimum reads requirement, assessing the mirdeep2 log odds ratio, and miRBase or 

MirGeneDB matches that infer phylogenetic conservation; however, as the requirement for these
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filters increases, the probability of false negatives will also go up. Finding a particular filter set 

and level largely depends on the type analyses that will be performed on the discovery set. 

Together the read length distributions and 5’-uridine bias indicate a sRNA enriched dataset. All 

three tissues had reads distributed around the miRNA expected average length, indicating a large

fraction of the data is made up of mature miRNA 5p and 3p strands. The read length and 

abundance distributions showed a higher proportion of reads in the 25-34 nt range in gonads 

compared to brain tissue (Fig. 2.3). Animal gonads are the only known tissue type abundant in 

piRNAs (Hirakata & Siomi, 2016), consistent with the 25-34 nt reads in our ovary and testis 

samples indicating the presence of piRNAs.

Our data supports a 5’-U/A bias in guppies. One of the few sequence motifs identified in 

miRNAs is the frequent 5’-uridine (5’-U) (Seitz, Tushir, & Zamore, 2011), or 5’-adenosine (5’-

A) (Meijer et al., 2014). In flies, the 5’-U directs sRNAs to AGO1, and 5’-C ends favor AGO2 

loading (Czech et al., 2009; Ghildiyal et al., 2008; Ghildiyal, Xu, Seitz, Weng, & Zamore, 2010; 

Okamura, Liu, & Lai, 2009). The bias is related to how the duplex is oriented during Argonaute 

loading; the mature sequence is usually the strand with the less stable 5’ end of the duplex 

(Dianne S. Schwarz & Tingting Du, Zuoshang Xu, Neil Aronin, 1996; Khvorova, Reynolds, & 

Jayasena, 2003; Seitz et al., 2011). The 5' nt is important for sorting small RNAs

 between effector complexes, and the 5' nt dictates which strand is bound by the Ago. 

The post filtering removed many low abundance putative miRNAs, such that the original 

higher diversity of miRNAs detected in the brain (likely due to the larger number of individual 

brain libraries and deeper sequencing, compared to ovary, and testis) was diminished. 

Additionally, the brain is known to express more distinct and a larger number of miRNAs than 

any other tissue in vertebrates (Adlakha & Saini, 2014), which may also explain our larger pre-
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filtered brain set. Brain has a wide variety of cell types, both neuronal and nonneuronal (Adlakha

& Saini, 2014; Motti, Bixby, & Lemmon, 2012), and there is a direct correlation between the 

number of miRNAs and morphological complexity of organisms (Berezikov, 2011).

In addition to expression and biogenesis criterion established by the mirdeep2 core 

algorithm, phylogenetic conservation adds evidence for the existence of miRNAs, and is another 

common criteria for miRNA discovery. We searched the guppy miRNAs against all miRBase 

mature miRNA sequences, and found 85.3% of our query miRNAs had at least one species with 

an identical or up to one mismatched base-pairing miRNA, and most had numerous species 

matches (data not shown). Of the miRBase teleostei miRNA sequences (3,688 total), many 

(42.7%) are single entries, and the remaining (57.3%) have one or more duplicates, i.e. multiple 

entries with the same miRNA sequence within or across species. Although the duplicated 

sequences make up more than half of all miRBase teleostei entries, this duplicated set is made up

of relatively few unique sequences. Therefore, most of the teleostei miRNA sequence diversity is

found as unique single entries, i.e. one entry from a single species. If the miRBase teleostei 

miRNA sequence diversity is at all telling of individual species diversity within the teleostei 

clade, then most miRNAs, ~43% are unique to the species and roughly 57% have one or more 

conserved matches in miRBase. This suggests any homology criterion for designating a sequence

as a miRNA should (at least) take into account a possibility that a novel miRNA has little or no 

phylogenetic conservation, and is not likely represented in any miRNA databases. Phylogenetic 

conservation  improves confidence in the prediction, but the absence of conservation shouldn’t 

be used as disqualifying, i.e. if a conserved miRNA doesn’t exist in miRBase or MirGeneDB.

 In guppies embryonic development occurs in the ovary (Wourms, 1981), therefore our 

data provides an aggregated snapshot of putative miRNA and piRNA expression for multiple 
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embryonic stages (Fig. 2.7). We were able to loosely designate developmental stages by 

observing characteristic features that were present in the individual when the ovariectomy was 

performed (see methods – tissue collection). Although the mixed developmental staging muddles

the interpretation of miRNA profile association with a particular embryonic stage, we can see 

dynamic miRNA and piRNA expression profiles across the developmental timeline (Fig. 2.7). 

The two unfertilized samples have the highest developmental homogeneity we assessed, as both 

females were virgins, and were carrying only unfertilized eggs. The miRNA expression profiles 

of the two unfertilized samples were also most similar to each other (Fig. 2.7), possibly showing 

a correlation of the profile with developmental stage. The other samples had fertilized eggs, and 

embryos in various stages of development. It was more difficult to see a relationship for the 

samples that had developing embryos, likely due to the overlapping developmental stages of two 

or more broods, i.e. with the occurrence of superfetation.  Future studies on isolated embryos 

could disentangle the miRNA and piRNA expression profiles of individual embryos.

In addition to miRDeep2 for the discovery of miRNAs, we also used tinyRNA for 

analysis of our sRNA-seq data. Guppy annotations are fairly limited, as compared to more 

popular model systems, however we put together a set of annotation files for the assignment of 

reads in our sRNA-seq data. There are a large number of unique piRNA sequences (Girard, 

Sachidanandam, Hannon, & Carmell, 2006), and less detail is understood about the biogenesis of

piRNAs compared to miRNAs.

We used the small RNA pipeline tinyRNA to assess the presence of piRNA reads in our 

data set. Read length and 5’ nucleotide distributions differed among the nine ovary samples. The 

unfertilized replicate1 had approximately 42% of assigned reads to miRNA hairpins, and 20% to 

unannotated genomic regions. The unfertilized replicate3 had the largest putative piRNA 
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signature, and accordingly also had the largest proportion (0.41) of assigned reads to the 

unannotated region, and the smallest proportion (0.22), of miRNA hairpin assignments (Fig. 2.9).

These trends taken together indicate that tinyRNA is able to detect piRNA and miRNA reads in 

our samples, and could be used to quantitatively differentiate sRNA distributions.   

     This study represents the first characterization of the guppy miRNA and piRNA 

transcriptome. We include confidence assessments for a large set of computational miRNA 

predictions, orthologous DICER-dependent analysis of phylogentic conservation, and 

characterize miRNA and piRNA expression during guppy embryonic development. We 

characterized a high confidence set of miRNAs consisting of 1120 miRNAs. We also showed 

miRNA expression patterns across three tissues. This characterization of an extensive repertoire 

of guppy miRNAs provides a starting point for future studies aimed towards understanding the 

physiological roles of miRNAs, the evolution of gene regulation and complex phenotypes, and 

the influence of phenotypic plasticity on evolutionary trajectories.
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CHAPTER 3: EVOLUTION OF MIRNA EXPRESSION PLASTICITY

Introduction

Phenotypic plasticity is the capacity of a single genome to produce multiple distinct 

phenotypes in response to environmental inputs. Behavior provides many striking examples of 

animal's flexibility when confronted with diverse environmental conditions (Ghalambor et al., 

2010). Underlying plastic phenotypic variation is differential regulation of gene expression, 

either for single genes or networks of genes. Phenotypic plasticity at the organismal level, ie. 

plasticity in morphology, physiology, and behavior, have been the primary historical focus of 

phenotypic plasticity studies, but examining the molecular mechanisms by which gene 

expression plasticity evolves undoubtedly will provide a deeper understanding of plasticity at the

organismal level (Renn and Schumer 2013). The advancement of genomic and transcriptomic 

sequencing through Next Generation Sequencing has allowed for the sampling of virtually all 

genes, and now also in organisms that historically had few genomic and genetic tools available 

(Renn and Schumer 2013). These genomic advances have begun to provide compelling data sets 

for comparative studies of the evolutionary processes that are dependent on changes in 

phenotypic plasticity, e.g. (Aubin-Horth and Renn 2009; Beldade, Mateus, and Keller 2011). A 

deeper understanding of the evolution of gene expression plasticity will further our insight into 

the forces limiting and driving the evolution of complex traits and further our understanding of 

how organisms respond to dynamic environments (Fischer et al. 2021).

All organisms encounter environmental variation, and so the ubiquitous presence of phe-

notypic plasticity in biology is expected, i.e. because plasticity can enhance fitness by reducing 

mismatch between environment and organism’s phenotype (C. K. Ghalambor et al. 2007). West-
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Eberhard (2003) formally defines genetic accommodation as a mechanism of evolution that re-

fines novel phenotypes (generated in response to mutations or environmental perturbations) into 

adaptive phenotypes through serial quantitative genetic changes. The series of quantitative ge-

netic changes lead to a change in plasticity that largely reflects the demands of the particular en-

vironment. Generally, high phenotypic plasticity in a trait is selected when the organism is con-

fronted by environmental variation, e.g. when no fixed trait is appropriate for all environmental 

conditions (DeWitt and Scheiner 2004; Ehrenreich and Pfennig 2016), when reliable environ-

mental cues signal local change (Levin et al. 2012), and when the costs of plasticity are out-

weighed by its fitness benefits (Whitman and Agrawal, 2009).

One form of gene expression plasticity that has received less attention are microRNAs 

(miRNAs), a class of small non-coding RNAs (sRNAs), that typically average ~21nt in length 

and function in transcriptional and translational silencing (Ambros 2004; Bartel 2004; Chen and 

Rajewsky 2007). MiRNAs play a significant role in the modulation of a multitude of physiologi-

cal (and pathopysiological) processes (Bhaskaran and Mohan 2014). Animals that fail to express 

miRNAs do not survive or have abnormal reproduction (Ketting et al. 2001; Wienholds et al. 

2003; Kloosterman and Plasterk 2006). Most mammalian mRNAs are believed to be conserved 

targets of miRNA regulation, and more than 60% of human genes are estimated to be regulated 

by miRNAs at the translational level (Friedman et al. 2009). Although miRNA mediated regula-

tion of gene expression has become a major focal point for phenotypic plasticity research, espe-

cially in biomedical research, lacking from this depth of knowledge on miRNAs is their evolu-

tionary role in the formation of complex phenotypes.

This chapter examines miRNA plasticity in two populations of guppies to address how 

plasticity diverges. We ask whether plasticity in miRNAs largely was lost or gained when 
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guppies colonized low predation habitats, or whether plasticity tended to change extent or 

direction. The prevalence of miRNA expression patterns can provide insights into the 

relationship between the evolution of expression plasticity and organismal traits. Fig. 3.1 

describes general patterns possible when plasticity evolves. If most miRNAs exhibit an 

accommodation pattern, it suggests that changes in gene expression plasticity are associated with

underlying changes in organismal traits. On the other hand, a predominance of assimilation 

would indicate a loss of miRNA expression plasticity, which may be necessary for the variation 

in organismal traits between ancestral and derived populations. By regulating mRNA targets, 

changes in miRNA expression plasticity can directly modify organismal phenotypes, i.e. through

alterations in the mRNA network.   

        

Figure 3.1: Four patterns of evolved plasticity proposed for categorizing evolved miRNA 

expression plasticity. The solid line represents the degree of plasticity of the ancestral population

when exposed to two different environments. The dashed line represents the derived population. 

Assimilated is an ancestral to derived change from plasticity to no plasticity. Evolved plastic is 

the opposite pattern, a change from no plasticity to plasticity. Accommodated is a change in the 

magnitude of plasticity. In the reversed pattern both populations exhibit plasticity, and the 

direction of plasticity is opposite each other. Adapted from (Renn & Schumer, 2013).
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Given the functional relationship of miRNAs targeting mRNAs leading to the 

suppression of translation or increased mRNA decay rates (with some exceptional miRNAs 

actually increasing the abundance of their targets) (Xu et al. 2022), we decided an analysis of  

this major transcriptional and translational regulator was a logical next step. The current study 

uses a small RNA-seq (sRNA-seq) approach that complements both the (Fischer et al. 2021) and 

(Ghalambor et al. 2015) studies to determine if patterns of evolved plasticity in miRNAs are 

consistent or deviate from previously established patterns of evolved mRNA expression 

plasticity.    

Trinidadian guppies (Poecilia reticulata) have become a valuable model system for 

studying ecology and evolution due to their repeated adaptation to low and high predation 

environments (Fig 3.2; Endler 1995; D. Reznick, Butler IV, and Rodd 2001; Fischer et al. 2021). 

These adaptations have occurred independently in paired populations across multiple river 

drainages, representing separate evolutionary lineages (Barson, Cable, and Van Oosterhout 

2009b; Gilliam, Fraser, and Alkins-Koo 1993; Willing et al. 2010; Fischer et al. 2021). The 

guppies exhibit parallel adaptations in various morphological, and behavioral traits (Endler 1995;

Magurran 2005; D. N. Reznick 1997; D. A. Reznick, Bryga, and Endler 1990; D. Reznick, 

Butler IV, and Rodd 2001). While previous research has focused on whole organism phenotypes,

little is known about the molecular mechanisms underlying these adaptive differences (Fischer et

al. 2021). Two studies have looked at brain gene expression in the guppy high and low predation 

context. Ghalambor et al. 2015 examined gene expression in guppy brains and found an inverse 

relationship between the direction of plasticity and gene expression evolution. Fischer et al, 2021

investigated mRNA plasticity and divergence during parallel adaptation in guppies, revealing 

nonparallel transcriptional divergence and the evolution of plasticity in mRNA expression.
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Figure 3.2: The ancestral high (QH) and derived low (CM) predation populations in the Quare 

drainage. Low predation guppy populations were established from guppies swimming up 

waterfalls and colonizing upstream habitats that are absent of their cichlid fish predators. 

Adapted from (Fischer et al. 2021)

This chapter will explore the population differences in miRNA expression, as well as the

effect of predation on miRNA expression, leveraging two natural populations the Quare (QH) 

high predation and Campo (CM) low predation populations that are native to Trinidad (Fig. 3.2). 

Most notably we analyzed the interactions of population and rearing condition, i.e. high or low 

predation evolutionary history and reared in the presence or absence of predator cues. We char-

acterized these interaction effects using the reaction norm framework, as established by Renn 

and Schumer (2013) and used in the Fischer et al. (2021) experiments. We are asking two pri-

mary questions; does expression plasticity itself evolve? If so, we can also ask, what qualitative 

patterns are observed in the evolution of expression plasticity?  

Methods

Husbandry
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These are the same animals as described in CH2 methods husbandry. Briefly, guppies 

were collected from high (Quare) and low predation (Campo) sites in Trinidad. We established 

unique families and reared guppies with or without predator cues. All experimental methods 

were approved by the Colorado State University Animal Care and Use Committee (Protocol #12-

3818A) (E. K. Fischer et al., 2016).

Table 3.3: 2x2 factorial study design. Quare high-predation (QH) guppies were split into two 

rearing conditions either with (QH+) or without (QH-) predator cues. Campo low-predation 

(CM) guppies followed the same regiment producing two additional experimental groups CM+ 

and CM-.

Tissue collection, RNA extraction, and sRNA library construction

These are the same male whole brain samples as described in methods, CH2. Briefly, 

fish were anesthetized and brains were removed. Whole brains were flash frozen in liquid 

nitrogen and homogenized. We extracted total RNA from brain tissue using Qiagen RNeasy 

Lipid Tissue Mini Kit (Qiagen, Germany) following manufacturer guidelines (E. K. Fischer et 

al., 2016). We prepared sRNA libraries using the  NEBNext® Multiplex Small RNA Library 
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Prep Set for Illumina® - primer set 1 (New England Biolabs, Massachusetts, USA) following 

manufacturer instructions. 51 brain libraries were prepared and size selected using BluePippin 

(Sage Science, MA, USA). We used TapeStation (D1000 ScreenTape, Part no. 5067-5582) to 

check the distribution of library molecule lengths. We pooled samples with unique barcodes and 

balanced experimental groups across sequencing lanes. Libraries were sequenced on an Illumina 

NextSeq500 at Colorado State University.

Differential expression analysis

As a first step, we performed a differential expression (DE) analysis on our miRNA data 

set. We wrote a custom R script to for statistical modeling of differences in expression across 

population, rearing condition, and the interaction of the two. To test for miRNA differential 

expression, we used a generalized linear mixed model (GLMM), and family was included as a 

random variable. The R function glmer.nb() from the package lme4 Bates D, Mächler M, Bolker 

B, Walker S (2015) was used as the base function in the script, which uses a negative binomial 

probability function. Model estimates and p-values for population, rearing, and interaction 

effects (as well as simple contrasts) were calculated from the test() and lsmeans() functions with 

formula, ~Pop:Rearing. We calculated FDR adjusted p-values for population, rearing, and 

interaction effects using the R package ‘fdrtool’ and the fdrtool() function with the default cutoff 

method set to default ‘fndr’. We considered any effects with FDR ≤ 0.05 to be significant. 

Categorization of evolved patterns of plasticity

As per Renn and Schumer (2013) the ‘patterns of evolved plasticity’ in gene expression can be 

characterized using four categories of reaction norms, assimilated, accommodated, evolved plas-

tic, and reversed (see Fig. 3.1). We assessed patterns of plasticity based on evaluating posthoc 

simple effects only after finding a significant interaction effect. Interaction effects were consid-
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ered significant if they had a false discovery rate less than 0.05. Specifically we used the follow-

ing technical definitions, accommodation refers to an increase or fine adjustment to plasticity be-

tween ancestral (QH) and derived (CM) populations (that doesn’t otherwise fit the assimilation, 

evolved plastic or reversed categories). The assimilation pattern was represented by QH plastic-

ity that is lost in the CM population. Evolved plastic indicated the QH population exhibited no 

plasticity, and CM did exhibit plasticity. Lastly, reversed indicated plasticity was observed in 

both populations, but the direction of plasticity was opposite of each other.

Results

Differential expression analysis

Our results showed a total of 181 (18.2% of the 995 total miRNAs analyzed) 

differentially expressed miRNAs including main effects of population, rearing condition as well 

as population by rearing interactions (Fig. 3.4). 

Figure 3.4: Overview of miRNA differential expression results. Interaction effects were the 

most common (N=82, 45.3%), followed by population main effects (N=58, 32.0% of DE 

miRNAs), and rearing effects (N=51, 28.2%).
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Population main effects

Log2 fold changes of the population significant DE miRNAs ranged from -6.03 to 6.02. 

The QH population had 31 DE miRNAs with higher expression compared to CM, and 28 had 

higher levels in CM as compared to QH. Population DE miRNAs were mainly distributed in the 

mid-and lower expression level, i.e. log10 mean expression levels ranging from -1.14, 1.67 (Fig. 

3.2).

Figure 3.5:  Differentially expressed genes were approximately equally likely to be up- and 

down-regulated in miRNAs with low to moderate abundances. The Y-axis is the difference in 

expression as Log2(fold change) QH : CM. The X-axis is the Log10 of the mean normalized 

counts. N = 59 DE miRNAs, FDR < 0.05.

Rearing condition main effects

     Rearing condition main effects were the least common of the significant DE miRNAs (N= 41,

after intersecting interaction effects were removed) (FDR < 0.05) (Fig. 3.1 and Fig 3.3). 
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Figure 3.6: Differentially expressed genes were biased towards up-regulation in predation absent

condition. MiRNAs with differential expression were observed from low to high abundances. 

The Y-axis is the difference in expression as Log2(fold change) predator cue present : predator 

cue absent. The X-axis is the Log10 of the mean normalized counts. N = 41 DE miRNAs (FDR 

< 0.05).

Evolution of miRNA expression plasticity

We detected 82 miRNAs with evolved expression plasticity, i.e. miRNAs with 

significant population-by-rearing interaction effects (FDR < 0.05). For miRNAs with significant 

interaction effects, we observed a similar number of genes expressing plasticity within each 

population. We found 37 miRNAs exhibited plasticity in both populations. To characterize the 

patterns of evolved plasticity we used the previously described reaction norm framework (Fig 

3.1), we classified all but 1 interaction effects into one of four categories (Fig 3.7). All four 

categories were represented, and fairly evenly distributed. Reversed (plasticity in both 

populations, in opposite directions) and evolved plastic (no plasticity in ancestral, plasticity in 

derived) were the largest categories (N=24, 29%), and (N= 23, 28%), followed by assimilated 
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(ancestral plasticity, no derived plasticity) (N=21, 26%), and accommodated (change in 

magnitude of plasticity between ancestral and derived) (N= 13, 14%) (Fig. 3.7).

Figure 3.7: Pie chart of percentages of each DE population-by-rearing miRNAs (N= 43) within 

the four proposed categories of evolved plasticity. These categories are based on simple effects 

with a FDR less than 0.05.

Discussion

     We found miRNAs that differed in expression levels between populations, rearing condition, 

and their interaction (Fig 3.4). Interestingly, we discovered a similar percentage (~18%) of the 

known guppy brain miRNAome (N=995 brain miRNAs) was differentially expressed as was 

found in Fischer et al. (2021) mRNA analysis (~22% or 4,387 total Quare drainage differentially 

expressed mRNAs from a total set of 19,902).

     Differential miRNA expression between populations has genetic causes, and we interpret 

population main effects as originating from genetic background differences between the two 

populations (divergence), leading to differential regulation (through either direct or indirect 

mechanisms) of miRNA expression.
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The responsiveness of miRNAs to environment differs based on genomic background, as

we found multiple significant interaction effects. We observed many population by rearing 

effects indicating both plasticity in miRNA expression as well the evolution of plasticity itself. 

Since we did observe interaction effects, we were then able to perform the second analysis to 

determine what categories of evolved expression plasticity are represented within out data set.  

We found equal numbers of gains of plasticity, losses of plasticity, changes in extent of 

plasticity, and changes in direction of plasticity as high-predation fish colonized low-predation 

environments (Fig. 3.7). Fischer et al. (2021) showed that all four patterns of evolved expression,

i.e. ancestral plasticity gain, ancestral plasticity lost, change in plasticity, or reversed plasticity 

were present. Due to the function of miRNAs in targeting mRNAs, the similar distribution of 

evolved plasticity in miRNAs and mRNAs is consistent with our expectations.  

In this study we assessed effects of population, predation-based rearing condition, and 

the interaction of the two, on miRNA expression from whole brain small RNAs. We found 

numerous miRNAs exhibiting differential expression, indicating both influence from genetic 

background, as well as miRNAs that specifically respond to predator based environmental 

variation. Lastly, we characterized the patterns of evolved plasticity in a similar manner to that 

described by (Renn & Schumer, 2013), and can be compared to the mRNA characterization of 

evolved plasticity (Fischer et al. 2021), as these were the same animals used in both studies. 

Future work may aim towards linking gene expression patterns to organismal traits.
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CHAPTER 4: PREDATOR EXPOSURE AND GENETIC BACKGROUND DO NOT ALTER

A-TO-I EDITING

Introduction

RNA editing generates post-transcriptional sequence modifications (Farajollahi & Maas,

2010; Maydanovych & Beal, 2006), primarily RNA nucleotide changes, including adenosine-to-

inosine (A-to-I, recognized as guanine in translation and sequenced as A-to-G) (Ramaswami, 

Lin, Piskol, Tan, & Davis, 2012) and cytosine-to-uracil (C-to-U, sequenced as C-to-T) 

(Farajollahi & Maas, 2010; Picardi et al., 2015). At the center of the metazoan A-to-I RNA 

editing system is a class of adenosine deaminases called ADARs that introduce the A-to-I 

substitutions (Nishikura, 2010). During the process of translation, inosine is interpreted as 

guanosine. Consequently, A-to-I editing can lead to modifications in amino acid sequences. 

Aberrant editing of some sites has been associated with deleterious, even lethal phenotypic 

outcomes (Anne-Laure, 2010; Boris Zinshteyn, 2010). In most human tissues, A-to-I editing 

accounts for over 95% of all editing events (Bahn et al., 2012; Ramaswami et al., 2012; Q. 

Zhang & Xiao, 2015). A-to-I editing is found universally in metazoans (Grice & Degnan, 2015), 

and C-to-U editing is found both in animals and plants (Blanc & Davidson, 2003).  Although 

RNA editing sometimes generates protein products distinct form those specified by the genomic 

DNA, RNA editing is also known to alter other functional outcomes including changes to

alternative splicing (Rueter, Dawson, & Emeson, 1999), miRNA binding (Borchert et al., 2009), 

and numerous other biological processes (Blanc & Davidson, 2003; Zipeto, Jiang, Melese, & 

Jamieson, 2015). Further, RNA editing is thought to be a substantial contributor to transcriptome

diversity (Fumagalli et al., 2015; Han et al., 2015; Paz-Yaacov et al., 2015). (Wahlstedt, Daniel, 

& Hman, 2009) showed an important role for RNA editing in brain development, and RNA 
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editing has been linked to multiple human diseases (Slotkin & Nishikura, 2013; Zipeto et al., 

2015). Several adaptive explanations have been proposed for A-to-I editing, such as mutational 

buffering, gene regulation, proteome diversification, and optimization of genomic GC content. 

However, alternative non-adaptive mechanisms for the spread of editing sites have also been 

documented (Covello & Gray, 1993; Sloan, 2017). Furthermore, the influence of genetic 

background on A-to-I editing variation has not been well established. A major question remains, 

does A-to-I editing substantially contribute to natural phenotypic variation (attributable to either 

genetics or developmental plasticity), or are individual edit sites with aberrant editing that have 

been linked to major deleterious phenotypes (and have been largely studied outside of the 

context of natural populations) rare occurrences? 

To determine whether A-to-I editing is has biologically meaningful impacts (in a natural 

context), we will examine whether they change in consistent ways based on genetic background, 

and a major ecological variable, predation pressure. The Trinidadian guppy system (Magurran, 

2005) provides a natural context to test the phenomenon of A-to-I editing. Guppies exhibit local 

adaptions to high predation or low predation environments (Endler, 1995; Haskins, C. Haskins, 

E., McLaughlin, J., 1961) measured by life history, behavioral and morphological metrics, and 

developmental plasticity in response to predator cues alters many of these traits in ways that 

depend on the population of origin (Torres-Dowdal et al., 2012). We can leverage the Trinidad 

guppy system, using the natural phenotypic variation to determine if differential A-to-I editing 

depends on population of origin or developmental experience with predators.  

In this study we model A-to-I editing in a transcriptome-wide fashion to aid in 

determining if A-to-I editing is associated with phenotypic variation, or if A-to-I editing is 

largely a factor of the stochastic nature of ADAR meditated editing. We investigated whether 
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intragenic A-to-I editing is associated with developmental plasticity or population divergence, or 

both, in whole brain (tissues known for high diversity of A-to-I editing). Our analysis reveals 

that A-to-I editing was not associated with population, rearing condition, or population by 

rearing interaction. Furthermore our analyses includes two separate lineages for the investigation

of parallel evolution in A-to-I editing. Because we did not detect differential editing in either 

drainage, we conclude A-to-I editing likely does not play a major role in expression of 

developmental plasticity or population divergence in guppies.  

Methods

Husbandry and rearing

To determine the influence of evolutionary history with predators and developmental 

experience with predators on whole brain A-to-I RNA editing patterns, we used a lab based 

breeding design (Fischer, Song, Hughes, Zhou, & Hoke, 2021) of which the same samples were 

used as (Fischer, et al. 2021). Our lab collected Trinidadian guppies from high-predation and 

low-predation population pairs in the Aripo (2012) and Quare (2014) river drainages. We 

established unique families (20-30 family lines) for each population in laboratory aquaculture 

from wild-caught gravid females (E. K. Fischer et al., 2016). The second-generation lab reared 

fish were established by crossing first-generation lab reared fish with unrelated first-generation 

fish from the same source population. Siblings from the second-generation matings were split 

into rearing environments with predator cues or without cues (E. K. Fischer et al., 2016). All 

experimental methods were approved by the Colorado State University Animal Care and Use 

Committee (Protocol #12-3818A).

RNA-seq library preparation and sequencing
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For library preparation we used the NEBNext Ultra RNA Library Prep Kit for Illumina 

(New England Biolabs) following the manufacturer's protocol to generate individual sample 

sequencing libraries. Libraries were sequenced on an Illumina HiSeq 2000 in May 2014 (Aripo 

data set) and January 2016 (Quare data set).  The Quare data set had 58 samples (N = 13-15 per 

group), here group is defined as the particular level for population and rearing condition, e.g. 

high predation population and presence of predator cues rearing condition. The Aripo data set 

contained 36 samples (N = 8-10 per group). We balanced all experimental groups across 

sequencing lanes (Fischer et al., 2021).

Bioinformatics

Reads pre-processing and mapping

We trimmed Illumina adapter and primer sequences using Trim Galore! (Babraham 

Bioinformatics) following developer recommendations we used a quality score cutoff of 33, a 

stringency of five, and minimum read length of 36bp. As part of the SNP-free RNA editing 

IdeNtification Toolkit (SPRINT) (F. Zhang, Lu, Yan, Xing, & Tian, 2017) pipeline for the 

identification of RNA edit sites (RESs), we mapped the trimmed and quality filtered paired-end 

reads to the most recent guppy reference genome (assembly GCA_904066995.1) using BWA (v. 

0.7.12) (Li & Durbin, 2009) with command options ‘bwa aln fastqfile’. The sprint ‘main’ script 

was used for mapping and computational RES prediction. We used recommended SPRINT 

developer default options for the detection of regular RESs.

A-to-I RES prediction

 We chose the SPRINT package because it accurately detects edits without a complete 

SNP database  (F. Zhang et al., 2017). Briefly, we used the pipeline to first sort the mapping files
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(BAM) using samtools (Li et al., 2009). The sorted BAM files were PCR deduplicated using 

picard-tools (version 1.119, http://broadinstitute.github.io/pic ard/) with the command option 

‘MarkDuplicates.jar REMOVE_DUPLICATES=true’. We considered reads with mapping 

quality ≥ 20 as mapped reads. We identified single nucleotide variants (SNVs) as mismatches 

between the guppy reference genome and mapped RNA-seq reads, and only SNVs with a base 

quality score of ≥ 25 were retained. There is a higher occurrence of mismatches near intron/exon 

junctions, primarily due to increased mapping errors near splice sites (F. Zhang et al., 2017). To 

avoid calling SNVs that are near splice sites, (Zhang et al. 2017) introduced ‘fragment-loc’, the 

distance of a mismatch to the nearest end of the mapped fragment it belongs to. We kept 

mismatches as SNVs with a ‘fragement-loc’ of 5 nucleotides or greater (see Zhang et al., 2017) 

for discussion on ‘frag-loc’. 

Ramaswami et al. (2012) observed that A-to-I RNA editing sites (RESs) tend to cluster 

in the genome, while the density of single nucleotide polymorphisms (SNPs) compared to RESs 

is low. Zhang et al. (2017) found that RES-based SNV duplets (pairs of SNVs with the same 

type of variation) are often located within a shorter distance of each other (within 400nt), 

whereas SNP-based SNV duplets are less frequently found in close proximity (within 1600nt). 

We implemented the suggested window size of 200nt to scan the guppy genome from the start to

end position of each chromosome. SNV duplets sharing a common SNV are merged to form 

clusters, and the merging process stops when a different type of SNV duplet is encountered. The 

resulting clusters of SNV duplets are considered RESs if they meet a minimum size criterion. 

When the minimum cluster size and window size were set to 2 and 200nt, respectively, they 

found the false positive rate (1 – percentage of identified RESs that are actually SNPs; Q. Zhang 

& Xiao, 2015), as approximating 95%, and percentage of the true RESs identified as 80.3%. 
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These were the best parameters for both precision and recall; we used these same parameters for 

the detection of A-to-I editing in our RNA-seq data set. The SPRINT output files contain the 

depth count or total number of reads covering the RES, and supporting reads, a read count of 

reads exhibiting the A-to-G (or T-to-C, the reverse complement present for non-stranded RNA-

seq data) mismatch between reference sequence and mapped RNA-seq read that also passed the 

mapping quality, baseseq quality, and fragment-loc filters. Depth is the count of reads covering 

the RES (RNA Editing Site) and supporting reads, which are the count of reads showing the A-

to-G (or T-to-C reverse complement for our non-stranded RNA-seq data) mismatch between the 

reference sequence and mapped RNA-seq reads that passed the filters.

Analysis

RES genomic loci and pre-filtering

To determine the genomic loci of our RESs, and to remove non-RESs from our non-

stranded RNA-seq data, we found the overlap between our RES set and gene annotations from 

the most recent guppy assembly annotations (Fraser et al., 2020). These annotations do not 

include untranslated regions (UTRs). We wrote a custom R script that checks each RES against 

the GFF file. We first selected all RESs that were within gene boundaries. See github repository 

for R script. We next filtered the set of intragenic RESs by keeping only A-to-G (+) strand and 

T-to-C (-) strand RESs. Because we have non-stranded RNA seq data (after second strand cDNA

synthesis it becomes ambiguous as to which strand is the original transcript, hence the 

information indicating which DNA strand the transcript originated from), we also keep the 

reverse complement of A-to-G, T-to-C. We omitted ~41% of the RESs overlapping gene 

annotations with the types A-to-G (-) and T-to-C (+), indicating for SPRINT non-stranded RNA-
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seq users, a rather large overestimation, if the A-to-G rate is simply estimated by A-to-G (+/-) 

and T-to-C (+/-).

From the concatenated sprint output we calculated the number of fish from each 

drainage editing the RES, as well as the sum of their supporting reads (A-to-G mismatch passing 

filtering requirements) and depth (total reads covering RES for all fish editing). We calculated 

“edit level” as the quotient of supporting reads (SR) to total reads (Depth). We pre-filtered the 

RES set before the quantitative analysis to those with a depth of at least 10 reads and at least 4 

fish editing the RES (among both drainages), i.e. 4 fish with at least one supporting read, coming

from either drainage. We considered these to be good confidence RESs predictions and were 

kept for further analyses, see github repository xx for R script..

Depth matrix

The sprint output does not include depth (total coverage) counts for non-editing fish, i.e. 

only fish with at least one supporting read have depth counts. To count depth for the non-editing 

fish for quantitative comparisons, we wrote a custom R script 

(github.com/mileswhedbee/AI_glmm) that checked for overlap of the RES genomic location 

with the mapped reads and counted all reads that mapped to each RES site for all fish.

Differential editing analysis

To analyze differences in editing (DE) across our high confidence RES set based on 

population and rearing conditions (with or without predator cues), we modeled each site using a 

GLMM in R. See github.com/mileswhedbee/AI_glmm for R script and data. The script uses the 

glmmTMB() function (Brooks et al. 2017) with the model design: SR ~ Pop + Rearing + 

Pop:Rearing + Family + offset(DP), where SR is supporting reads, Pop is population, Rearing is
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rearing condition, and family is a random variable included to control for genetic relatedness 

(siblings) among samples. We decided not to model “edit level” as our response variable to 

preserve information about total counts of both SR and depth. Instead we used SR as a count 

response variable while accounting for depth in the model as an offset. We initially ran the full 

pre-filtered set (N = 1027 sites) and evaluated p-value histograms (Pop, Rearing and Pop:Rearing

terms) from the model output. All three histograms showed similar distributions with a single 

peak at ≥ 0.95. Upon inspection of the RESs with p-values in the ≥ 0.95 range, we increased the 

sum of supporting reads to ≥ 12, and also increased the number of fish required to be editing a 

site to at least 8. These filter parameters were empirically derived, so our DE set had stricter 

requirements than our characterization set, i.e. a second smaller DE set was generated from 

stricter filtering requirements that provided enough counts for statistical power to compare edit 

levels. Our model was designed to support zero-inflated SR count values by using the negative 

binomial probability model; however for some of our hypothesis testing, i.e. some of the RESs, 

the models did not converge and therefore were not able to be tested. The results of our fitted 

models were corrected for multiple hypotheses testing by false discovery rate (FDR). We used 

the R package “fdrtool” (Klaus and Strimmer, 2021) to calculate FDR values, and considered 

tests with FDRs less than 0.05 to be significant.

Results

Characterization of A-to-I editing in Aripo and Quare drainages

 In the Aripo drainage (N = 36 individuals), 90.9% of the edits called by Sprint were con-

sistent with A-to-I editing (genomic sequence of A and transcriptomic sequence of G, or ge-

nomic sequence of T and transcriptomic sequence of C; 351,140 out of a total of 386,092 calls) 
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(Fig. 4.1). The C-to-U rate was 6.4%, approximately double that of the non A-to-I or C-to-U rate 

(2.6%; Table 4.1). We observed in the Quare and Aripo datasets, 85-91% of the edits were A-to-I

and 6.5%-7.6% of the edits were C-to-U (Table 4.1).

Figure 4.1. Evidence of A-to-I editing in guppy transcriptomes from two drainages. ‘Edit type’ 

refers to the difference between genomic and transcriptomic nucleotides, e.g. AG represents a 

mismatch between genomic ‘A’ and transcriptomic ‘G’. The high abundance edit types are ‘AG’ 

and (reverse complement) ‘TC’, the expected biological edit types (A-to-I) in metazoans. The 

CT and GA, correspond to C-to-U editing are also elevated relative to the non-biological types. 
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Table 4.1: Summary of RNA edit type calls, and their respective rates for Aripo and Quare 

drainages.

Table 4.2: Summary of intragenic and intergenic RES genomic loci. The majority of RESs were 

found in intergenic loci.

RES Genomic loci

To determine the genomic loci of our RESs, and to obtain a more accurate A-to-I rate 

from non-stranded RNA-seq data, we determined the overlap of all called RESs and the most 

recent guppy gene annotations. We found 7.9% (N = 1,027) of the total RESs (combined from 

both drainages) were intragenic and 92.1% (N = 11,959) were intergenic (Table 4.2). The 
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Aripo (N = 36 fish)

N Rate

Total Editing events 386,092

     A-to-I (AG/TC +/-) 351,150 90.9%

     C-to-U  (CT/GA +/-) 24,882 6.4%

     Non A-to-I or C-to-U 10,060 2.6%

Quare (N = 58 fish)

N Rate

Total Editing events 795,582

     A-to-I (AG/TC +/-) 681,704 85.7%

     C-to-U  (CT/GA +/-) 53,736 6.8%

     Non A-to-I or C-to-U 60,142 7.6%

Item N Percentage total

Total RES 12,986

     Intragenic RESs 1,027 7.91%

     Intergenic RESs 11,959 92.09%

Edited genes 110

     Mean RESs per gene 9.3



intergenic regions also includes 5’ and 3’ UTRs. The intragenic RESs were distributed among 

110 genes, with a mean of ~9 RESs per gene.

RES Drainage differences

We compared the Quare and Aripo RESs sets to determine the union and intersection of 

our characterization RES post-filtered set. Of the 1,027 sites found within genes, 30.6% (N = 

314) were shared between drainages, 54.5% (N = 560) of the total set were unique to Quare (N =

58 samples), and 14.9% were unique to Aripo (N = 36 samples).

Figure 4.2: Total number of discovered RESs and their overlap between the Aripo and Quare 

drainages after post-filtering. 3.7x (560 to 153) more unique sites were discovered in Quare as 

compared to Aripo. The two drainages shared 314 sites in common.

No major difference between group or drainage edit level distributions
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To characterize the distribution of edit levels in our filtered  data set (at least 4 fish 

editing with a minimum supporting reads of at least 10, and a minimum edit level of 5%), and to 

look for major pattern differences in distribution of edit levels based on population of origin and 

rearing condition, by drainage, we looked at distributions of edit levels (Fig 4.3). The 

distributions were all similar with a total edit level mean (all groups both drainages) of 0.35 

(median=0.25) and standard deviation = 0.27. Over half of our analyzed RESs had an edit level 

of 25% or less, indicating A-to-I editing targets are commonly edited at low levels.

Figure: 4.3: Violin plots showing similar distributions of edit levels for RESs statistically 

modeled from Aripo and Quare drainages in all populations and rearing conditions. Plotted are 

RESs identified in at least 4 fish. Grey dots indicate the mean edit level, black dots indicate 

median edit level. LP+: low predation population, readred with predators; LP-: low predation 

population, reared without predators; HP+: high predation population, reared with predators; 

HP-: high predation population, reared without predators.  
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Inconclusive differential editing results 

The results of our statistical modeling suggest no A-to-I editing differences of 

population, rearing environment or population by rearing. Although the Quare analyzed data set 

produced 4 significant  (FDR ≤ 0.05) population by rearing effects; however plots of predicted 

vs. observed supporting read counts indicated poor model fit. See discussion for more details on 

our preliminary statistical modeling results.  

Discussion

A major question about the functions of A-to-I editing is whether or not the effects 

exerted on the transcriptome largely result in minor or no (organismal) phenotypic variation, i.e. 

if editing only rarely results in major phenotypic consequences, or if editing is causally 

implicated in most trait variation. Towards this end we produced and characterized the first 

guppy A-to-I ‘editome’ and found numerous unique and shared RESs across Aripo and Quare 

drainages (Fig. 4.2). 

We expected the highest enrichment for A-to-I editing, but our A-to-I call rate (the 

fraction of calls that were A-to-I) was lower than reported by Ramaswami et al. (2012), Zhang et

al. (2017), and Zhang & Xiao (2015) by approximately 7-10%. However, these rates were 

derived from human B-cell derived cell lines (GM12878). Additionally, our rate was calculated 

(as per Zhang et al. 2017) after applying minimum post-filtering criteria (required a sum of at 

least 2 supporting reads) to the SPRINT data. Differences in species, tissue, and post-filtering 

requirements may explain the discrepancies in A-to-I call rates. A study characterizing the A-to-I

editome of Zebrafish showed a lower A-to-I rate of ~80% across 762 genes (Yan et al., 2017). 
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Our mean call rate was slightly higher than Yan et al. (2017), but our calculation included the 

total (intra- and intergenic) A-to-I RES set, whereas their calculation was based only on 

intragenic RESs. Our A-to-I rate suggests good specificity of A-to-I (and possibly C-to-U) 

editing.

We observed many sites in common between drainages, but also sites unique to each 

drainage, indicating for at least some sites there is conservation of across guppy lineages (Fig 

4.2). We looked broadly across our RES characterization set to determine if fish from different 

drainages, populations, or rearing conditions had major transcriptome wide differences in edit 

levels, such as hypo or hyper editing. We did not see strong indication of global differences in 

editing based on population, drainage, or rearing condition. Our next analysis focused on specific

RES quantitative differences. 

We statistically modeled each site (glmm), and for Aripo did not find any significant 

effects of population, rearing or their interaction. At an FDR of 0.05, we did detect 4 significant 

interaction effects in Quare. Our models weakly suggest that populations and rearing conditions 

do not differ in edit level, but further statistical modeling is necessary to confirm these 

conclusions. Additionally, approximately 20% (Quare) and 30% (Aripo) of all modeled RESs 

did not converge during model fitting. This may be due to the chosen model architecture, as well 

as attempting to account for the highly zero-inflated count variable. The high non-convergence 

rate could also be attributed to the challenge of modeling different types of distributions that do 

not fit the negative binomial distribution. To improve convergence, alternative optimization 

algorithms could be explored instead of relying solely on the default algorithm. Taken together 

we did not detect strong differences in editing by population, rearing condition, or population by 

rearing interaction, but further work is necessary to confirm this.
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It’s clear some RESs are associated with strong phenotypic outcomes, such as the 

aberrant RNA editing of the serotonin 2C receptor (HTR2C), which has been linked to numerous

major mental disorders in humans (Iwamoto & Kato, 2003; Iwamoto, Nakatani, Bundo, 

Yoshikawa, & Kato, 2005; Weissmann et al., 2016). Although altered editing of a single locus 

has been connected to multiple mental health related phenotypes, A-to-I editing has also been 

implicated in a more global way, for example widespread RNA hypoediting was linked to 

schizophrenia via two recoding sites in the mitochondrial gene, mitofusin 1 (MFN1) (Choudhury

et al., 2023). Much attention has been focused on the deleterious effects of A-to-I editing; 

however there is evidence of adaptive benefits of editing as well. Although transcriptome-wide 

mapping studies have shown that A-to-I editing is widespread in all metazoans (Ramaswami & 

Li, 2014, 2016). It is important to note (in all vertebrates) that the majority of A→I editing sites

are located outside of mRNA coding regions and do not directly impact protein products

(Rosenthal & Eisenberg, 2023).

Numerous editing sites have been found in humans, and significant numbers have even 

been observed in eumetazoans, such as corals (Porath et al., 2017). In an analysis of 

approximately 10,000 human samples, around 1,000 recoding sites were identified, with 

approximately 200 of them conserved in non-primate mammals (Gabay et al., 2022). In contrast, 

the number of noncoding sites identified was in the millions. Similarly, in zebrafish 

(Buchumenski et al., 2021), ants (Li et al., 2014), and bees (Porath et al., 2019), the number of 

recoding sites identified ranged from ~100-200.

Cephalopods show striking differences; the transcriptome of the squid nervous system 

first revealed a significant number of recoding sites (57,108), impacting the majority of the 

encoded proteins (6,991 of 12,039 open reading frames identified) (Alon et al., 2015). Further 
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studies have shown widespread recoding in coleoid cephalopods, including Octopus 

bimaculoides (Albertin et al., 2015; Liscovitch-Brauer et al., 2017), Octopus vulgaris, cuttlefish 

(Sepia officinalis) (Liscovitch-Brauer et al., 2017), Hawaiian bobtail squid (Euprymna scolopes),

and striped pajama squid (Sepioloidea lineolata) (Shoshan, Liscovitch-Brauer, Rosenthal, & 

Eisenberg, 2021). In cephalopods, recoding levels exhibit significant variation among tissues, 

with neural tissues showing the highest levels, recoding constitutes 11-13% of the overall RNA 

editing activity observed (Albertin et al., 2015; Liscovitch-Brauer et al., 2017), in contrast to less

than 1% in mammals (Bazak et al., 2014). It’s clear from the cephalopod, vertebrate (including 

primate specific focuses), and plant (primarily C-to-U editing) research that RNA editing 

functions in different ways according to the particular phylogenetic system.

Our characterization set shows A-to-I editing is fairly widespread within protein-coding 

regions of the guppy genome. Although widespread, our quantitative analyses showed no 

differences in A-to-I editing across population, rearing condition, or their interaction levels, 

despite known major phenotypic consequences of both rearing environment and genetic 

background. Our study suggests A-to-I editing is commonly found throughout the guppy 

transcriptome, but we did not find evidence that editing likely contributes to the phenotypic 

variation observed in our samples. However, our statistical modeling will require further 

refinements to draw conclusive inferences. Transcriptome-wide changes in editing such as hypo 

or hyper editing may have minimum functional impact on most RESs targets (at least in 

vertebrates), and incur minimal phenotypic consequences, but occasionally hit rare targets that 

result in major phenotypic consequences, often deleterious, but highly dependent on the 

particular phylogeny in question.
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CHAPTER 5: CONCLUSION

The 2nd chapter of this dissertation focused on detection and characterization of miRNAs

and piRNAs in the Trinidadian guppy. Essential proteins in the Dicer-dependent miRNA pathway

were confirmed, and our data supported the 5'-Uridine bias in miRNAs. We implemented strict 

filtering criteria to reduce false discovery of miRNAs. Tissue-specific expression patterns of 

miRNAs were observed, and the expression profiles of miRNAs and piRNAs showed dynamic 

patterns across the developmental timeline. We used a new program, tinyRNA for piRNA 

analysis and detected piRNA reads in our germline samples. This first characterization of guppy 

miRNAs and piRNAs lays the foundation for further investigations into their roles in gene 

regulation, evolutionary processes, and phenotypic plasticity.

In chapter 3, we identified differentially expressed (DE) miRNAs between populations, 

rearing conditions, and their interaction. Interestingly, approximately 18% of the known guppy 

brain miRNAome showed differential expression, which was comparable to the DE mRNA 

analysis (22%) conducted by Fischer et al. (2021) in the same guppy populations. We interpreted 

population main effects as arising from genetic background differences between populations, 

leading to differential miRNA regulation. We observed both plasticity in miRNA expression and 

the evolution of plasticity itself. The responsiveness of miRNAs to the environment varied based 

on genomic background, as evidenced by significant interaction effects. Analyzing different 

categories of evolved expression plasticity in our dataset, we found equal numbers of gains, 

losses, changes in extent, and changes in direction of plasticity. 

Similar to the qualitative patterns found in the mRNAs by (Fischer et al. 2021), we also 

found (for miRNAs) four patterns of evolved plasticity with no single predominant category. 

This first step towards delineating the patterns of evolved plasticity in gene expression can be 
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used for comparisons to other levels of biological organization, i.e. to determine potential 

associations between molecular patterns of evolved plasticity, and organismal level patterns of 

evolved plasticity. Future research could also aim to link these miRNA expression patterns to 

specific organismal traits.

In chapter 4 we produced and characterized the first guppy A-to-I 'editome' and found 

numerous unique and shared RNA editing sites (RESs) across different populations and 

drainages. The A-to-I call rate in guppies was slightly lower than reported in human B-cell 

derived cell lines (F. Zhang, Lu, Yan, Xing, & Tian, 2017; Q. Zhang & Xiao, 2015). Differences 

in species, tissue, and post-filtering requirements may explain the difference. While some RESs 

were conserved across guppy lineages, others were unique to specific drainages.

Although some RESs have been linked to significant phenotypic outcomes, such as 

mental disorders (Iwamoto & Kato, 2003), A-to-I editing has also been implicated in a more 

global way. For example, widespread RNA hypoediting was linked to schizophrenia in humans 

(Choudhury et al., 2023). While much attention has been focused on the deleterious effects of A-

to-I editing, there is evidence of adaptive benefits as well, especially in the coleoid cephalopods 

(Liscovitch-Brauer et al., 2017).

In guppies, the transcriptome-wide mapping of A-to-I editing showed it to be fairly 

widespread within protein-coding regions. However, quantitative analyses did not reveal 

significant differences in A-to-I editing levels across populations or rearing conditions, despite 

known major phenotypic consequences of both environmental conditions and genetic 

background. Our study suggests that while A-to-I editing is commonly found throughout the 

guppy transcriptome, it may not be a major contributor to the observed phenotypic variation. 

Transcriptome-wide changes in editing may have minimal functional impact on most targets but 
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occasionally hit rare targets that result in major phenotypic consequences, often deleterious, 

depending on the specific clade involved.

Comparative studies of miRNAs are enhanced when conducted across a diverse range of 

organisms with annotated miRNAs. This dissertation contributed to this endeavor by establishing

the first Trinidadian guppy miRNAome, enriching the growing miRNA database. Our findings 

demonstrated that miRNA expression patterns show similar evolved plasticity as observed in 

mRNAs. Additionally, our results suggest that A-to-I editing, specifically in terms of edit levels, 

is not strongly associated with phenotypic variation among populations, rearing conditions, or 

their interactions. As we continue to explore different forms of transcriptome plasticity in various

organisms and natural settings, we gain valuable insights into the molecular mechanisms 

underlying evolutionary processes and adaptation.
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