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ABSTRACT 

Regeneration can be observed virtually in all animals and previous studies have 

identified numerous genes involved in this process. In some invertebrates, the P-element 

induced wimpy testis (PIWI) genes appear to have an essential role. One such organism is 

Capitella teleta, a widely accepted model for annelid development. PIWI proteins are 

associated with small non-coding RNA called PIWI-interacting RNAs or  piRNAs, which 

are involved in transposon silencing in the germline cells of many animals. It was 

previously believed that these proteins were only expressed in germline cells, however, 

recent studies have shown expression in somatic tissues as well. The function of piRNAs 

in somatic tissues is not well-understood. In this study, RNA samples were collected from 

the regenerating tissue of C. teleta and sequenced to explore the function of piRNAs in this 

process. Analysis of these data indicated that piRNAs are targeting genes involved in 

apoptosis and the repression of transposable elements. These results demonstrate that 

piRNAs influence the regeneration process in annelids through both promoting cell 

survival and maintaining genome integrity. 
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 INTRODUCTION 

Regeneration capabilities can be observed virtually in all animals suggesting a common 

evolutionary history for such pathways. However, the question of how these events are 

correlated historically is challenging, given that most regeneration occurs in limbs or 

appendages that do not have direct evolutionary counterparts in species from different 

phyla (Zattara et al., 2018). The animals with the most famous regenerative abilities are 

worms from the classes Annelida, Nemertean, and Turbellaria (Saló & Baguñà, 2002). 

These animals appear to derive their regenerative abilities from the maintenance of a 

population of pluripotent stem cells in their body called neoblasts (Reddien & Alvarado, 

2004). The cells in neoblast migrate and become virtually any necessary cell in the 

damaged body of the worm (Saló & Baguñà, 2002; Reddien & Alvarado, 2004).  

Recent studies of stem cell maintenance showed an array of genes that are 

expressed in both embryonic stem cells and neoblasts, implicating a conserved pathway 

that maintains the pluripotency of these cell population (Labbé et al., 2012). Among these 

genes are the human orthologs TBL3, PSD12, TTC27, and RACK1. Another gene type that 

has homologs in many eukaryotic species is the subfamily of the Argonaute proteins, the 

P-element induced wimpy testis or PIWI proteins (Xu & Sun, 2020). These proteins have 

been shown to be important in gametogenesis, spermiogenesis, and germline development 

by helping to determine cell fate (Thomson & Lin, 2009). The PIWI proteins interact with 

short sequences of non-coding RNAs (ncRNAs) referred to as piRNAs or PIWI-interacting 

RNAs. Complexes are formed by the interaction of these two components and result in 

transposon silencing (Ross et al., 2014) through DNA methylation, thus causing epigenic 

alterations in the genome (Perera et al., 2019).  
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In somatic tissue, mutations in PIWI proteins have been linked to infertility in 

Drosophila melanogaster studies and loss of regenerative abilities in Planarians (Thomson 

& Lin, 2009). Moreover, high expression of PIWI proteins have been linked to cancer 

growth (Liu et al., 2006). The piRNAs initially were believed to be created and present 

only in germline tissue, thus being a unique feature of this cell population (Perera et al., 

2019). In Planarians, PIWI is also found in pluripotent stem cells (Palakodeti et al., 2008). 

This suggests that piRNA might have a function in somatic cells, in addition to the 

germline. However, few studies have been conducted to elucidate the role of piRNAs in 

somatic tissues. 

This study conducted small RNA sequencing from regenerating tissue of the 

segmented marine worm C. teleta. This annelid is known for its ability to extensively 

regenerate body parts following posterior amputation. The presence of PIWI proteins in 

the gametes and in regenerating tissue of this annelid has been previously documented 

(Giani et al., 2011). However, to this day, the identity of piRNAs in the somatic 

regenerating tissues of C. telata has not yet been characterized. The aims of this study were 

to investigate the function of piRNAs in the regenerating tissue of C. telata and to 

determine their interacting genes. Such studies help to further elucidate the novel role of 

PIWI and piRNA in somatic tissue, are of interest to the field of regenerative medicine, 

and provide a better understand epigenetic editing of genes through DNA methylation 

(Perera et al., 2019). 
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  LITERATURE REVIEW 

Background  

Among the animal kingdom, the most well-described model organisms capable of 

regenerating body parts are the Planarians. These flat worms are unsegmented organisms 

lacking circulatory, respiratory, and skeletal structures, and have no coelom and yet are 

capable of extensive body regeneration (Saló & Baguñà, 2002). The mechanisms behind 

their capacity for regeneration appears to lie in the formation of a blastema and through 

morphallaxis (Reddien & Alvarado, 2004). The latter is derived from neoblast cells and the 

former is defined as the remodeling ability based on already existing tissue to restore the 

organism to its original form and shape (Reddien & Alvarado, 2004). Studies involving 

molecular tagging of neoblast cells show that hours after amputation, some cells have 

already migrated from the parenchyma to the site of injury and formed an “organ 

primordia.” A few days later, cells have already began the process of differentiation to 

reform the lost body part (Saló & Baguñà, 2002). About 30 minutes after an injury has 

occurred, it is possible to observe a thin layer of epithelium forming around the wound 

resulting from cell migration and not from cell proliferation (Reddien & Alvarado, 2004). 

The epithelial to mesenchyme transition occurs from cells localized in the dorsal and 

ventral portions of the animal, near the site of injury (Reddien & Alvarado, 2004).  

In Nemertean, one extensive study done by Zattara et al. shows regenerative 

abilities in 35 species along 10 different families, in which posterior and anterior growth 

appear to have distinct pathways. In the posterior end, neoblast cells are responsible for 

forming a thin layer of epithelial cells over the wound which help give rise to the 

regenerating body part (Xu & Sun, 2020). In the anterior end, the formation of a thin layer 



 

11 

of cells is accomplished by undifferentiated migratory cells, which give rise to a projecting 

regenerative bud and subsequently to the new structures of the head (Xu & Sun, 2020). 

One organism found within this phylum, Lineus sanguineas, demonstrates an extremely 

high regeneration capability (Zattara et al, 2018). However, other organisms within the 

same phylum demonstrate little to no regenerative ability, especially of the anterior end. 

This only further demonstrates the difficulty in comparative efforts to identify 

developmental and evolutionary causes of regeneration across the animal kingdom. 

 

Capitella teleta 

The marine worm C. teleta was first described as its own taxological species by 

Blake at al. in 2009. Previously it was known as Capitella sp. I., which was a provisional 

name given to C. teleta and other 5 polychaetes (Capitella sp. Ia, II, IIa, III, IIIa) from the 

Capitella genus (Grassle, 1980). In his studies, Grassle was able to identify that although 

morphologically similar, these animals had differences in their genomes and in their 

methods of reproduction. One experiment demonstrated that no common alleles were 

found in eight allozyme loci analyzed, thus proving the existence of different species within 

the Capitella genus (Grassle, 1980). They were classified as members of the superclade 

Spiralia, and part of the phylum Annelida. These opportunistic segmented polychaetae are 

well known markers of stressed and disturbed environments (Seaver, 2016) and have been 

studied as a model organism for the past 30 years (Giani et al., 2011). C. teleta was the first 

marine polychaeta to have its genome sequenced (Blake et al., 2009). It possess 9 thoracic 

segments and many more abdominal segments, along with an anterior pre-segmented head 

(Seaver, 2016).  
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C. teleta are capable of extensive posterior regeneration following amputation and 

also hold the ability of adding abdominal segments to existing body parts throughout their 

life span (Seaver, 2016). Animals in this species are morphologically distinct with male, 

female and hermaphrodite individuals (Giani et al., 2011). Upon fertilization and 

maturation of the eggs, formation of a “brooding” tube can be observed around the body 

of the female C. teleta (Seaver, 2016). After a period of 9 days, the larvae exit the brooding 

tube and become a swimming larvae which will then become burrowing juveniles (Seaver 

et al., 2005). Adulthood is achieved after 6-8 weeks post-fertilization and the mature worm 

can have up to 65 body segments (Seaver, 2016).  

 

PIWI Proteins 

Argonaute (AGO) proteins are an important conserved family of proteins across the 

Eukarya (Thomson & Lin, 2009). This family has undergone substantial gene duplication 

in some species and deletion in others, rendering varying number of genes depending on 

the organism (Hutvagner & Simard, 2008). Variation in the presence of AGO genes was 

analyzed in a number of different species (Hutvanger & Simard, 2008). It was found that 

C. elegans has 26 AGO genes, of which 5 are AGO-like, 3 are PIWI-like, and 18 are of the 

group 3 AGOs, making C. elegans the organism with most gene duplications (Hutvanger 

& Simard, 2008). In comparison, Schizosaccharomyces pombe has only one AGO-like 

gene, having lost the piwi-like protein paralogues along the course of evolutionary history 

(Hutvanger & Simard, 2008). AGO proteins are divided into four domains, two of which 

are RNA interacting proteins known as PAZ domain or AGO and the PIWI domain. The 

other two domains are the N-terminus and the Mid domain (Hutvagner & Simard, 2008). 
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The AGO subfamily of proteins bind to small-interfering RNAs (siRNA) and microRNAs 

(miRNAs) (Cheloufi et al., 2010) and also have a role in gene silencing, transposon 

silencing, and RNA stability (Hutvagner & Simard, 2008). In Hutvagner and Simard’s 

study, human AGO1 and AGO2 complexes have been shown to interact with protein 

complexes that bind RNA and are responsible for RNA maturation, processing, and 

translation. These RNA biding complexes have also been implicated in the process of 

producing small, non-coding RNAs such as small nuclear RNA (snRNA) and small 

nucleolar RNA (snoRNA) (Hutvagner & Simard, 2008). 

 

PIWI expression in germline tissue 

Studies on PIWI proteins have demonstrated their expression in germline and 

somatic cells (Thomson & Lin, 2009). In the germline tissue, PIWI proteins are responsible 

for germ cell formation, maintenance of germline stem cells, spermatogenesis, oogenesis, 

and meiosis (Thomson & Lin, 2009). In the more widely studied in Drosophila germline, 

PIWI proteins have been found in association with Vasa proteins (Megosh et al., 2006), in 

electron rich regions called polar granules, and in comparable structures in Xenopus, C. 

elegans, and mammals (Thomson & Lin, 2009). These granule structures are involved in 

the process of gametogenesis (Thomson & Lin, 2009). PIWI proteins in Drosophila 

associate with endoribonuclease dicer (DICER1) and form a complex with the fragile X 

mental retardation protein (dFMRP), thus suggesting a role in miRNA synthesis and gene 

regulation. Moreover, PIWI proteins and their interaction with PIWI-interacting RNAs 

(piRNAs) are responsible for transposon silencing (Brennecke et al., 2007). The silencing 

pathway appears to occur through the interaction of piRNA loci in heterochromatic regions 
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of the genome with active transposon sites in euchromatic regions (Brennecke et al., 2007). 

The loss of PIWI proteins in germline cells has been demonstrated to cause infertility (Ross 

et al., 2014) and to increase the number of transposon mRNA population in cells 

(Brennecke et al., 2007).  

 

PIWI expression in somatic tissue 

In somatic cell lines, the role of PIWI proteins has been described based on its 

expression and function in model organisms such as D. melanogaster, Tetrahymena 

thermophila and Planarians (Thomson & Lin, 2009) and appear to play a role in epigenetic 

tagging of biding sites and in heterochromatin slicing through RNAi pathways (Pal-Bhadra 

et al., 2004). PIWI proteins also appear to be expressed in the brain and eyes of Drosophila, 

where mutations lead to position effect variegation (PEV) of the gene White, responsible 

for eye color (Ross et al., 2014). D. melanogaster offspring that lack maternal PIWI have 

considerable birth defects caused by mitosis and chromosome errors, thus confirming the 

role of this protein in embryo development. (Ross et al., 2014). PIWI proteins have also 

been observed  to affect viability of progeny in T. thermophila due to loss of the DNA 

elimination pathway (Mochizuki et al., 2002) and are over expressed in cancer cells, which 

could be related to their ability to maintain stem cells in a self-renewal state (Thomson & 

Lin, 2009). Most of the roles of PIWI in somatic tissue, however, are linked to stem cell 

self-renewal and the maintenance of a pluripotent state (Perera et al., 2019). For example, 

in Planarians and other worms, PIWI expression is associated with neoblast cells (Ross et 

al., 2014). Neoblasts are populations of pluripotent stem cells in the body of Planarians 

such as Dugesia japonica and Girardia tigrina that can virtually become any tissue in the 
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worm’s body that have been lost or suffered damage (Thomson & Lin, 2009). In L. 

sanguineus, RNA interference of PIWI causes loss of regenerative abilities and 

maintenance of the newly formed tissue (Zattara et al., 2018).  

 

Biogenesis of piRNA  

There are few studies elucidating the expression of piRNAs in somatic tissues. Until 

recently, it was believed that piRNAs were generated and expressed only in germline 

tissue. In mice, one study was capable of demonstrating the expression of piRNA in all 

three germ layers, although level of expression was noticeable lower than in germline tissue 

(Perera et al., 2019). The germline piRNAs are about 24-32 nucleotides (nt) in length with 

some species such as C. elegans having shorter, 21 nt long piRNAs (Weick & Miska, 

2014). A conserved feature of most piRNAs across different clades is the strong bias for 

an uridine in the first position of the 5’ end and for a adenosine in position 10 (Perera et 

al., 2019). About 20% of these RNAs can be mapped back into the genome and will align 

with transposon regions or their remnants, which explains their RNAi ability (Carmell et 

al., 2007). piRNAs undergo further processing after maturation by methylation of 2’ O at 

the 3’ end, a process that is accomplished by a piRNA methyltransferase known as Hen1 

(Perera et al., 2019). 

In its genesis in germline tissue, piRNAs are believed to be generated in dual-

stranded clusters (both strands of DNA encode for piRNAs) mostly through what it is 

called the ping-pong cycle or secondary piRNAs biogenesis (illustrated in Figure 2). For 

transcription of piRNAs proteins such as HP1 homolog, Rhino (Rhi) localize at piRNAs 

clusters and bind to the H3K9me3 (Weick & Miska, 2014). The binding causes recruitment 
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of Deadlock and Cutoff, a transcription terminator co-factor (illustrated in Figure 1) (Weick 

& Miska, 2014). Caping of 5’ end by Cutoff prevents piRNA degradation, prevents 

termination of transcription and splicing of the precursor before time (Weick & Miska, 

2014). The protein UAP56 (Hel25E) along with Rhi, appears to transport the precursor 

piRNA out of the nuclear pore and into the cytoplasm for maturation (illustrated in Figure 

1) (Weick & Miska, 2014). 

  

 

In a previous study,  Brennecke et al. aligned piRNAs sequences from D. 

melanogaster to its genome’s transposable regions and observed that PIWI and AUB 

protein complexes appear to have bias for transposons’ antisense strand while AGO3 

complexes have strong strand bias towards the sense strand of transposons (Figure 1). For 

about 20% of all piRNAs, mapping of piRNAs into the genome demonstrated a distance 

of 10 nucleotides between the overhanging 5’ end of one piRNA and the next RNA on the 

Figure 1:Transcription of piRNA in Germiline. The diagram shows the interactions of Rhi (Rhino) and Del 

(Deadlock) and Cuff (Cutoff) proteins with histone H3K9me3. The piRNA is a precursor RNA that will 

undergo further maturation in the cytoplasm 
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opposite strand (Brennecke et al., 2007). In the case of complementarity of piRNAs for 

AUB and AGO3, this percentage increases to 48% of the cases. It is also important to note 

that PIWI and AGO3 interactions have also been found, though to a lesser extent than 

AUB/AGO3 interactions (Brennecke et al., 2007). It is proposed that piRNAs bound to 

either PIWI or AUB complexes recognize the sense strand of active transposons and cleave 

it (Ross et al., 2014). The cleavage occurs on the opposite strand, about 10 nucleotides 

away from the antisense piRNA site (Brennecke et al., 2007). The new piRNA is then 

processed and its 3’ end cleaved. Due to this strand bias (illustrated in Figure 1), the newly 

formed piRNA would most likely be incorporated into an AGO3 complex that will 

recognize and bind to a sense strand on a transposon region to generate an antisense piRNA 

(Brennecke et al., 2007). The ping pong cycle is found not only in D. melanogaster but 

also in zebrafish and in mice germ cells  (Aravin et al., 2007; Houwing et al., 2007).  

The primary biogenesis of piRNAs in somatic cells is based on a study conducted on 

the ovarian follicles of D. melanogaster (Malone et al., 2009) and has been shown to 

Figure 2:piRNA biogenesis in germline tissue of Drosophila. The diagram shows the interaction of Ago3 and Aub proteins 

in associations with small RNA sequences and piRNA sequences respectively.  
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originate from piRNA clusters such as flamenco and traffic jam, and from the 5’ UTR of 

mRNAs (Ross et al., 2014). The pre-piRNAs are transcribed by Polymerase II as long 

piRNA reads from uni-stranded clusters (piRNAs are encoded on only one strand) (Weick 

& Miska, 2014). Once exported to the cytoplasm, the precursor is cleaved by an 

endonuclease, thus generating its 5’ ends and further processed to generate the piRNA/Piwi 

complex (Figure 3) which will then be  localized into the nucleus where it will serve mainly 

as a transposon repressor, avoiding induced activation of transposon regions in neighboring 

germ cells in the Ovarian (Ross et al., 2014).  

In contrast to D. melanogaster, mice piRNA biogenesis occur through a slightly 

different mechanism. In addition, mutations in MIWI, MILI and MIWI2 cause infertility 

only in males (Weick & Miska, 2014). For example, the generation of piRNAs that interact 

with MIWI and MILI proteins, homologs of PIWI proteins in mice, appear to be under the 

Figure 1: Biogenesis of piRNA in somatic tissue of D. melanogaster. The precursor is exported to the cytoplasm where 

it’s it is cleaved by an endonuclease. The piRNAs are coupled to the Yb body with the help of Shutdown chaperone 

protein. The piRNA is further processed with the help of Zucchini where it will be trimmed and methylated. 
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influence of a master transcriptional regulator A-MYB (MYBL1) (Weick & Miska, 2014). 

RNA Polymerase II is induced by A-MYB, which triggers the concerted transcription of 

long piRNA precursors (100 nucleotides or more) and of mRNAs of MIWI and MITOLPD. 

The latter is the mouse homolog of the D. melanogaster’s mitochondrial-associated 

Zucchini protein (Figure 3) (Weick & Miska, 2014). This shows that although some 

features of the biogenesis of piRNAs might vary from species to species, other features 

remain conserved. This is yet another indication of the evolutionary linkage between PIWI 

proteins, piRNAs and the functions they serve in cells. 

 

Transposable Elements 

 Transposons are short mobile DNA sequences capable of excision, insertion, and 

multiplication within an organism’s genome (Bao et al., 2009). They are sometimes 

referred to as genetic parasites (Kapitonov & Jurka, 2010), and usually fall under two 

categories: DNA transposons and retrotransposons (Bao et al., 2009). Among the DNA 

transposons, two distinct classes are characterized based on their transposition mechanism 

(Han et al., 2015). Class 1 transposons utilize a copy-and-paste mechanism while class 2 

utilize a cut-and-paste mechanism (Han et al., 2015).  In retrotransposons, a copy-and-paste 

mechanism is also used but the intermediate is not DNA but rather RNA (Bao et al., 2009). 

The RNA intermediate is then retrotranscribed into DNA and reinserted into the genome 

(Bao et al., 2009). Some important categories of retroelements are the SINEs, LINEs, and 

LTRs. In most cases, transposons are deactivated by mutations through selective pressure 

as means to reduce damage to the host genome (Munoz-Lopez & Garcia-Perez, 2010). It 

has been shown that transposable elements constitute large portions of some organism’s 
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genomes, increasing genome complexity and serving as an indicator of genomic evolution 

(Han et al., 2015). 

 

PIWI Expression in C. teleta 

 In C. teleta, two homologues of PIWI proteins are found named C. teleta-Piwi1 

(Ct-Piwi1) and C. teleta-Piwi2 (Ct-Piwi2) (Giani et al., 2011). These two proteins are 

expressed throughout the life cycle of an individual worm in both germline and somatic 

cells (Giani et al., 2011). In contrast, mice have differently expressed PIWI homologs 

depending on the developmental stage of the embryo (Weick & Miska, 2014). Humans 

maintain human piwi homolog (Hiwi) expression in some somatic stem cell subcultures, 

such as hematopoietic stem cells, but not in differentiated cells (Juliano et al., 2011). A 

similar feature to C. teleta which maintain Ct-Piwi1 and Ct-Piwi2 expression in somatic 

tissue (Giani et al., 2011). As the embryo of C. teleta grows and moves from larvae to adult 

stages, Ct-Piwi1 and Ct-Piwi2 become gradually more restricted to multipotent progenitor 

cells (MPCs) and to the posterior growth zone (PGZ), where regeneration takes place 

(Giani et al., 2011). The homolog Ct-Piwi1 is found to be expressed not only in the PGZ 

but also in the gonads of sexually mature adults, which functions as a transposon silencer 

as described above for other PIWI homologs (Giani et al., 2011). After the advancement 

of molecular tagging techniques in the past few years, it is now believed that the niche of 

cells in the MCPs and PGZ are not pluripotent stem cells, but more likely to be a 

heterogeneous group, composed of subsets of precursor somatic and germ cells that are 

differentiated into the required pieces of the regenerating tissue (de Jong & Seaver, 2018). 

This theory comes from the observation that only a small subset portion of the MCP 
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expresses the cell marker Ct-myc (Dannenberg & Seaver, 2018). In addition to the MCP 

and PGZ markers, the stem cell markers nanos and vasa are also present (Seaver, 2016). 

The expression of these genes is posited to be related to the maintenance of an 

undifferentiated state of MCP cells and of cells in the PGZ during regeneration 

(Dannenberg & Seaver, 2018). In a recent study, the origin of C. teleta blastema cells were 

elucidated. By using a technique termed EdU pulse-amputate-wait-BrdU pulse, researchers 

were able to show in living tissue that cells in the blastema are descendant from pre-existing 

segments (de Jong & Seaver, 2018). They migrate into the site of injury and begin the 

process of differentiation following environmental cues and cell-to-cell signaling, after 3 

days post amputation, proliferating cells can be observed in all germ layers (de Jong & 

Seaver, 2018).  

 

RNA sequencing 

 RNA sequencing (RNAseq) is a high-throughput sequencing technique developed 

over a decade ago that employs similar techniques to DNA sequencing. The development 

of this technology facilitates a better understanding and characterization of transcriptomes 

in cells, levels of RNA expression, post-transcriptional modification, and evolutionary 

ontology of all species of RNA transcripts (Wang et al., 2010). Even though some 

techniques have changed throughout the years, the basis of RNAseq remains the same. The 

process begins with RNA extraction; further purification protocols can be followed to 

specify a subset of RNAs such as mRNAs or small RNAs. Then, a complementary DNA 

(cDNA) library is made through PCR and ligated to adaptor sequences. The prepared 
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cDNA library is then deep-sequenced, generating 10 – 30 million reads per sample on a 

sequencing platform such as Illumina (Stark et al., 2019).  

 Illumina sequencing is a highly modernized version of the first generation of 

genome sequencing, referred to as Sanger sequencing. Sanger sequencing relies on the use 

of di-deoxynucleotides (ddNTPs) that, once incorporated into the growing RNA chain, stop 

elongation due to the lack of a hydroxyl group at the 3’ end (Heather & Chain, 2016). 

Fluorescently labeled sequence results are subsequently analyzed by capillary gel 

electrophoresis (Stark et al., 2019). Sanger sequencing is still commonly used for short 

DNA/RNA reads, but is limited in its ability to determine the sequence of reads longer than 

1kb. To overcome this limitation, Shotgun sequencing allows the assembly of shorter DNA 

reads containing overlaps with one another to be assembled into one, long sequence of 

DNA (Stark et al., 2019). 

 The leader of next generation sequencing is the Illumina technology. It relies on 

both transcript amplification trough PCR and fluorescent labeled nucleotides to generate 

the DNA sequence (Figure 4). The data collected from the sequencing is the analyzed 

through computation. As part of the process to understand what each read in the flow cell 

means, the sequence is normalized, aligned and assembled to form transcriptomes or even 

whole genomes depending on the end goal. With the collected information, one can identify 

changes in gene expression or transcript expression and compare expression of target genes 

through different developmental stages to mention a few examples (Stark et al., 2019). 
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Figure 4: Illumina Sequencing Schematic. The library is prepared by ligating adaptors to the end of the sequences, the 

adaptors are complementary to the oligonucleotides present in the glass flow cell. Through several rounds of PCR the 

library is copied and amplified. The system utilizes reversible terminators and modified polymerases to extend the 

growing chains. With the addition of each new base by the polymerase, a different fluorescent color is emitted based on 

the profile of the base added and the DNA sequence is annotated. 

Illumina sequence allows for thousands of oligonucleotides of 500bp or more to be 

sequenced simultaneously. Each Illumina sequencing has 300 or more rounds generating a 

deep-sequencing library with the number of reads needed for proper genome or 

transcriptome analysis (Slatko et al., 2018). 

 

Gene Ontology Analysis 

 Gene Ontology (GO) databases started to arise with the advances of high-

throughput sequencing technologies. It is a conjoint effort to annotate genes and proteins 

of eukaryotic organism (Finke et al., 2004). The libraires are divided in three domains: 

cellular component, biological process, and molecular function (Grossmann et al., 2007). 

The output of the GO analysis is a directed acyclic graph (DAG) that starts off with one of 
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the general domain process as the parent bubble and each subsequent daughter bubbles 

becomes a more specific term for the function of the input DNA sequences (Grossmann et 

al., 2007). DAGs provide a visual representation of the characteristics of the genes or 

proteins of interest with increasing significance based on p-values. Through GO analysis, 

researchers have been able to show that eukaryotes possess conserved core biological 

functions based on data input into the annotated library (Ashburner et al., 2000).  
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  MATERIAL AND METHODS 

C. teleta animal model 

  C. teleta used in this study were acquired from Dr. Elaine Seaver at the Whitney 

Laboratory for Marine Bioscience (University of Florida). Male and female worms were 

grown together in 500 mL plastic lid containers with mud collected from the Mississippi 

Gulf coast and sea water. A 0.5” of mud and 1-1.5” of FSW were added to each container. 

The worms were separated in different containers by life stage and collection date: 

embryos, larvae, juvenile, adults, and old. They were fed once a week by adding a teaspoon 

of new mud to the containers. Containers were stored at 20˚C until needed for experiments. 

Adult containers were examined frequently for the formation of brooding tubes or the 

presence of embryos. Once found, the brooding tubes and the embryos were transferred to 

new containers with mud and FSW, and the worms were allowed to grow. 

 

Amputations 

 Amputations were carried out only in adult species of C. teleta based on size and 

the presence of mature reproductive organs. The worms were selected from containers 

through examination under a microscope. The specimens were amputated using forceps at 

12th body segments. Newly amputated worms were then placed in petri dishes containing 

20mL of filtered fresh sea water (FSW) and stored at 20˚C. After 24-48 hrs, the amputated 

C. teleta were transferred to regular containers with mud and FSW. The worms were 

screened for growth every other day and in case of death, the worms were removed from 

the container and discarded. The surviving worms were allowed to regenerate for a period 

of 2-3 weeks prior to RNA extraction. 
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Figure 5: Transverse amputation of C. teleta. The amputations were performed using forceps to stabilize the worm and 

cut the tissue at the 12th body segment. 

 

RNA extraction 

 Total RNA extractions using a ThermoFisher TRIzolTM LS Reagent kit according 

to the manufacture’s protocol. For combined male and female data, tissue from three 

worms of each sex were used for RNA extraction. For the regeneration data, small RNA 

of regenerating tissue from 5 female worms were used. Briefly, the worms were removed 

from the containers and placed in a petri dish with filtered-FSW for approximately 24 hrs 

prior to RNA extraction to remove body waste from their system. The specimens were then 

placed under the microscope and the regenerating portions of their body segments were 

amputated using forceps. The body parts were placed in an Eppendorf tube containing 0.25 

mL of TRIzol reagent and a tissue grinder was used to homogenize the mixture prior to 

extracting RNA. Small RNAs were extracted from total RNA using the mirVana™ miRNA 

Isolation Kit according to the manufacturer’s protocol (procedure IV.A). RNA libraries 

were then sent to be sequenced utilizing a Illumina Next Seq500.  
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Computational Data Analysis 

 

Figure 6: Flow Chart of Bioinformatics for analysis of small RNA in regenerating tissue of C. teleta. The chart 

demonstrates each step in the computational analysis data. The resulting files from sequencing were indexed and 

annotated using the programs such as Bowtie, Samtools, Bedtools, Awk and public databases for each of the three 

samples (male, female and regeneration). From the annotated files, a list of differentially expressed loci were obtained 

and used to compare and contrast their expression among control (male and female) and regenerating tissue. Uniquely 

expressed loci in regenerating tissue were further analyzed with RepeatMasker and GO analysis.
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 RESULTS 

274 loci were differently expressed in regenerating tissue  

 Small RNA sequencing results were combined to generate three C. teleta samples: 

combined male body, combined female body, and regenerating tissue. The combined male 

body was composed of three male samples. The combined female body was composed of 

three female samples. The regeneration tissue was acquired from the posterior end of 5 

female worms. These samples were then sorted to create three distinct files with the top 

1000 highest expressed loci in each of the tissues (Figure 6, Appendix A). The loci names 

were imported into the BioVenn generator website (Figure 7). The diagram shows 

similarity for most of the highly expressed loci as observed by the large overlapping circles 

in the middle of the diagram. Regenerating tissue overlaps almost identically with both 

male and female samples, which can indicate conserved expression of small RNAs across 

C. teleta species that regulate cellular function. Male and female samples also have 

uniquely expressed loci (Figure 7) that could be derived from specific germline small 

RNAs that are differently expressed in each of the sexes. However, regenerating tissue was 

collected from the most posterior end of the animal, therefore it does not contain traces of 

germline cells and does do not overlap with neither male and female in that category. From 

the BioVenn application, a list of 274 differently expressed loci were obtained (Appendix 

A) and used to identify possible piRNAs targeting specific genes during the regeneration 

process.  
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Figure 7: BioVenn Diagram of Highly Expressed Loci. The figure shows overlapping and unique loci for three samples 

under analysis: combined male (pink), combined female (green) and regenerating tissue (purple) of C. teleta. Numbers 

represent the number of loci in each of the intersections and of uniquely expressed in each of the tissues.  

 

piRNAs targets are involved in apoptotic signaling 

GO analysis of the differently expressed genes targeted (Appendix A) by piRNAs 

indicated that piRNAs appear to be strongly involved in silencing genes involved in the 

regulation of apoptosis, programmed cell death, and cell death elements (Figure 8 ). We 

also observe possible interactions between piRNAs and the cellular component chromatin 

in the nucleus during the regeneration process (Figure 9). piRNA activity in the nucleus 

and interaction with DNA is further supported by the interactions with DNA binding genes 

(Figure 10). By analyzing the flow chart (Figure 10) step by step, one can observe that 

piRNAs are interacting with elements that bind organic and heterocyclic compounds such 
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as nucleotide sequences, which then interact with elements binding nucleic acid and DNA 

sequences. The piRNAs also appear to interact strongly with intracellular organelles and 

their lumen, which could simply mean the nucleus of the cell (Figure 9). Overall, piRNAs 

appear to be localized and active in the nuclei of regenerating tissue, interacting with 

chromatin to suppress the expression of apoptotic genes. The genes were annotated using 

public data base and statistics were run using TopGO which runs a fisher exact test for p-

value. The p-value is used to assess the significance of a term within that group of genes. 

In each of the charts (Figure 8, 9 and 10), the p-value, under the description of the function,  

decreases as the terms become more specific, asserting the significance and the precision 

of the cellular function or structure being described. The arrows follows a pattern in which 

each subsequent bubble becomes a more precise function for the set of genes under 

investigation.  
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Figure 8: GO analysis using R studio of piRNA target genes during the regeneration process: Biological Process.  This 

flow chart demonstrates GO elements interactions. The color is based on p-values, with warmer shades expressing higher 

significance (red) and lighter shades expressing lower significance (yellow). p-value < 0.05. Each bubble contains a GO 

term that is related to the GO database and indicates a cellular function or structure, accompanied by a description of 

the GO term.  

 

 

Figure 9:GO analysis using R studio of piRNA target genes during the regeneration process: Cellular component. This 

flow chart demonstrates GO elements interactions. The color is based on p-values, with warmer shades expressing higher 

significance (red) and lighter shades expressing lower significance (yellow). p-value < 0.05. Each bubble contains a GO 

term that is related to the GO database and indicates a cellular function or structure, accompanied by a description of 

the GO term.  
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Figure 10: GO analysis using R studio of piRNA target genes during the regeneration process: molecular function. p-

value < 0.05. Flow chart demonstrate GO elements interactions. Color is based on p-value with warmer shaded 

expressing higher significance (red) and lighter shades expressing lower significance (yellow). Each bubble contains a 

GO term that is related to the GO database and indicates a cellular function or structure, accompanied by a description 

of the GO term.  

   

 

piRNAs also target transposable elements 

 Mapping of the differently expressed loci (Appendix A) using RepeatMasker 

demonstrated that piRNAs are targeting transposable elements in the genome during 

regeneration. For that reason, the strong interaction between piRNAs, the nucleus, and 

some chromosomal elements, more specifically of chromatin, is not abnormal. After 

mapping unannotated sequences onto the RepeatMasker library, we found 9 

retroelements:  

• 2 SINES with tRNA fragment heads, thought to be originated from tRNALys, 

(Nishihara et al., 2006) a core of the conserved Deu-domain superfamily of SINE 
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and fragments of CR1 LINE element (Nishihara et al., 2006; Vassetzky & 

Kramerov, 2013) 

• 6 LINES retrotransposon elements, of which 5 elements aligned with 

L2/CR1/Rex and 1 aligned with R1/L0A/Jockey 

• 1 Gypsy/DIRS1 LTR element 

• 5 DNA transposons, of which two were from the PHIS transposon superfamily, 

PIF-ISL2EU (Han et al., 2015), two transposable elements from the Kolobok 

superfamily present in two distinct loci (Kapitonov & Jurka, 2010) and one Sola1 

transposon from the Sola superfamily (Bao et al., 2009).  

Most of the repeats in the unannotated file were simple repeats or repeats of low 

complexity that did not characterized an individual element. The data also show novel 

targeting sites of piRNAs during regeneration such as the transposon sequences shown 

above. As elucidated in the Literature Review, piRNAs target active transposon sites, 

thus one may infer that here, piRNAs are silencing the transposable activity of such 

elements during the regenerative process to avoid mutation and further damage to the 

growing tissue.  
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Figure 7. Transposon Alignments Targeted by piRNAs in Regenerating Tissue of C. teleta. The pie graph shows the 

percentage of elements target by piRNA that were not genes in differently expressed loci. Retroelements are further 

divided into long interspersed retrotransposable elements, (LINES,) short interspersed retrotransposable elements, 

(SINES) and long terminal repeats (LTRs). 
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 DISCUSSION 

The presence and expression of piRNAs in C. teleta has been hitherto poorly 

characterized. The experiments conducted here describe piRNA expression in the 

regenerating tissue of a marine annelid. Furthermore, analysis of the genome regions 

targeted by these small RNAs, which have been previously unannotated, demonstrates 

interactions with both types of transposable elements: retrotransposons and DNA 

transposons. Regarding retrotransposons, the SINE element (SINE3_IP) from the recently 

discovered Due-domain superfamily was targeted. These superfamily elements share a 

common core and are found across species of vertebrate, amphioxus, sea urchins, and other 

relatives (Nishihara et al., 2006). This shared sequence as the central domain of the SINE 

may indicate a single evolutionary ancestor prior to the phyla split.  

The piRNAs were also shown to interact and target the gypsy retrotransposon. In 

D. melanogaster, gypsy is active in the follicles of the ovaries, if the female possess the 

flamenco gene. Activation of gypsy and its interaction with flamenco, produces retroviral 

particles and leads to subsequent infection of oocytes generating mutant offspring (Tsai et 

al., 1997). The ability to infect other neighboring cells makes gypsy a target for transposon 

silencing as seen with the piRNA repression of the retrotransposon in the C. teleta tissue. 

Much like D. melanogaster represses expression of transposons in germline cells to 

preserve the integrity of the offspring genome, C. teleta appears to strongly repress this 

transposon expression during regeneration events to preserve the integrity of the genome 

of the newly synthesized body segment. Repression of the other transposable elements such 

as LINES, LTR, and DNA transposons also appears to follow this logic, as they are 
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strongly targeted in regenerating tissue but not in the non-damaged somatic tissue of both 

male and female samples.  

The GO analysis of target regions by piRNA show three distinct categories of 

interaction. In the biological processes, we can observe strong interactions between 

piRNAs and the cellular process of cell apoptosis, programmed cell death, and cell death 

elements. piRNAs are known, as described above, to repress and silence genomic regions, 

thus one can make the assumption that in the process of regeneration, piRNAs are actively 

suppressing the natural cellular response to extensive cell damage, programmed cell death, 

or apoptosis. The discovery of piRNAs targeting such biological process helps elucidate 

the mechanisms behind the regenerative mechanism, since extensive cell death would be 

incompatible with resynthesizing the lost tissue. The DAG for cellular components and 

molecular function are cohesive with the findings of the RepeatMasker run and the 

biological processes interacting with piRNAs. Figures 5 and 6 show significant interactions 

based on p-value ( p < 0.05), between piRNAs, chromatin, and DNA structure and genes 

that bind nucleic acids and more specifically DNA.  

The interactions shown by the data presented in this study support the 

characterization of piRNA expression in the nucleus of regenerating tissue of C. teleta as 

a silencer of a diverse array of genomic components such as genes and transposable 

elements. The interaction of piRNAs and these genomic loci are uniquely expressed in the 

tissue of the regenerating worm (Figure 7).  Not only are piRNAs differentially expressed, 

they are also abundant, showing that the cell is making a strong effort to suppress the 

expression of these elements. The data uncovered here supports the theory that piRNAs 

play an important role in the regeneration process in C. teleta and possibly in other 
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organisms as well. However, further experiments are needed to elucidate the exact 

mechanism behind the silencing of cell apoptosis and if there are more transposable 

elements also silenced by piRNAs.  
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 DATA FROM GENOMIC LOCI EXPRESSION 

Data gathered from the small RNA sequencing was computed utilizing the system 

at display in figure 2. Below are the data sets from the computational results of the top 

1000 highly expressed loci in male, female and regenerating tissue of C. teleta with the 

expression level demonstrated to the right of the Genomic Loci (1). The 274 differentially 

expressed loci in regenerating tissue obtained from the BioVenn website diagram is also 

listed (2).  The data was uploaded to an ePortfolio on Canvas. 

1. Honors Thesis Primary Data 
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