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  7 

RNAi is an evolutionarily fluid mechanism with dramatically different activities across animal 8 

phyla. One major group where there has been little investigation is annelid worms. Here the small 9 

RNAs of the polychaete developmental model, Capitella teleta, are profiled across development. 10 

As is seen with nearly all animals, nearly 200 hundred microRNAs were found with 58 high 11 

confidence novel species. Greater miRNA diversity was associated with later stages consistent 12 

with differentiation of tissues. Outside miRNA, a distinct composition of other small RNA 13 

pathways was found. Unlike many invertebrates, an endogenous siRNA pathway was not 14 

observed, indicating pathway loss relative to basal planarians. No processively generated siRNA-15 

class RNAs could be found arising from dsRNA precursors. This has significant impact on RNAi 16 

technology development for this group of animals. Unlike the apparent absence of siRNAs, a 17 

significant population of piRNAs were observed. For many piRNAs phasing and ping pong 18 

biogenesis pathways were identified. Interestingly, piRNAs were found to be highly expressed 19 

during early development, suggesting a potential role in regulation in metamorphosis. Critically, 20 

the configuration of RNAi factors in C. teleta is found in other annelids and mollusks, suggesting 21 

that similar biology is likely present in the wider clade. This study is the first providing 22 

comprehensive analysis of small RNAs in annelids. 23 



INTRODUCTION 24 

 25 

RNA interference (RNAi) is a widely applied genetic technology based on fundamental 26 

gene regulatory mechanisms where small RNAs induce complementary transcript degradation or 27 

destruction. There are also numerous examples of small RNAs directing epigenetic alterations. 28 

However, behavior of RNAi pathways vary from species to species making application of a 29 

single paradigm inappropriate (1). Among invertebrate animals, RNAi pathways appear to be 30 

especially plastic, indicating that at a minimum an order–if not family-level investigation of 31 

biogenesis mechanisms is necessary for effective development of gene silencing technology. 32 

Animal small RNAs belong to three classes: microRNAs (miRNAs), piwi-associated 33 

RNAs (piRNAs), and small-interfering RNAs (siRNAs) (2). Among the three major classes of 34 

RNAi, miRNAs are the most conserved with sequences shared in nearly all animals (3). In 35 

comparison, both endogenously expressed siRNAs (endo-siRNAs) and piRNAs show almost no 36 

conservation even at the species level, likely due to their role in silencing invasive nucleic acids 37 

(4). In addition to these conservation patterns, each class is defined by loading into a distinct 38 

class of Argonaute/Piwi (Ago/Piwi) protein. Work from arthropods where each class is well-39 

represented provides definitions where Ago1 loads miRNAs (miAgo), Ago2 siRNAs (siAgo), 40 

and Piwi piRNAs. Arthropod piwi proteins include the genes Aubergine (Aub) and Ago3. In 41 

contrast, even though vertebrate genomes encode multiple Agos, usually four, they do not have 42 

dedicated siAgos (5). Thus, RNAi/siRNA technology in vertebrates is based on miRNA mimicry 43 

and is distinct from siRNAs used for RNAi in flies and nematodes (6). Vertebrates do possess 44 

numerous Piwi proteins like arthropods. This highlights the lability of distinct siRNA pathways. 45 



Indeed, analysis of selection in different Drosophilid pathway components shows miAgos are the 46 

most stable, followed by Piwi’s, with siAgos being the most rapidly evolving (7). 47 

In addition to association with distinct effectors, RNAi pathways are also defined by 48 

biogenesis. miRNA are derived from short hairpins that are initially cropped from heterogeneous 49 

transcripts by the RNase III enzyme Drosha followed by export and final maturation by a second 50 

RNase III, Dicer (8). miRNA hairpin precursors have features that include asymmetric bulges 51 

larger terminal loops of ~10nt depending on the species. Pre-miRNA stem sequences are deeply 52 

conserved, while the terminal loop sequence is less so (9). siRNAs are also produced by Dicer, 53 

are typically 20-24 nt, but are instead derived from long double-stranded RNA (dsRNA) 54 

molecules (10). Various sources yield siRNAs, that include viruses along with may endogenous 55 

species such as hairpin RNAs, cis-NATs, and transposable elements (11).  56 

piRNA biogenesis occurs from two distinct processes phasing (phasi-piRNAs) and Ping-57 

Pong cycle (pingpong-piRNAs), both are created independent of RNase III activity with 58 

processing driven by the “slicer” RNase activity intrinsic to Piwis (12). A consequence of this is 59 

a different size range (25-32nt) compared to miRNAs and siRNAs (20-24nt). phasi-piRNAs are 60 

produced from single-stranded RNAs (ssRNAs) that are initially cleaved by a Piwi protein, 61 

which leads to further processing by the endonuclease Zucchini (13, 14). Phasi-piRNAs are 62 

defined by 1U bias and close proximity (1-3nt) between the 3’ end of an upstream piRNAs, and 63 

the 5’ end of a downstream piRNA. Pingpong-piRNAs are created in an amplifying loop where 64 

partner Piwi proteins, Aub and Ago3 in Drosophila, slice transcripts that subsequently load into 65 

partners becoming new piRNAs (15). As pingpong-piRNAs are generated by slicing of 66 

complementary transcripts they can be identified by 10nt overhangs between piRNAs. Phasi-67 



piRNA and pingpong-piRNA biogenesis collaborate to generate piRNAs to suppress the 68 

expression of unlicensed transcripts.  69 

The paradigm for piRNA function is suppression of transposable elements (TEs) both in 70 

arthropods and vertebrates. In these species large piRNA clusters serve as repositories of 71 

forbidden elements (16). piRNA clusters are found both in uni-strand and dual-strand 72 

arrangements that yield phasi-piRNAs that subsequently participate in the ping pong cycle (16). 73 

There are also genic piRNAs produced from UTRs by phasing biogenesis, which are likewise 74 

found in vertebrates and invertebrates (17). Initially, piRNAs were viewed as exclusive to 75 

germlines, however, for many invertebrates piRNAs are also present in soma where they not 76 

only appear to suppress TEs, but also participate in gene regulatory networks (18). In contrast, C. 77 

elegans piRNAs have a completely distinct biogenesis with each piRNA being produced from 78 

short autonomous transcriptional units, defined by a specific motif ~ 50nt upstream of piRNA 79 

transcriptional start site (19).  80 

RNAi pathways are well-documented in model organisms such as Drosophila 81 

melanogaster, and Caenorhabditis elegans, as well as vertebrates like mice and humans. In 82 

comparison, there has been substantially less investigation of RNAi in spiralians, one of three 83 

animal superphyla that includes flatworms, annelids, and mollusks; which branched ~700-850 84 

million years from ecdysozoa. Research has mostly been in planarians which found all three small 85 

RNA classes with a pronounced expansion of piRNAs (20). Other studies have investigated small 86 

RNAs in mollusks that likewise noted substantial expansion of piRNAs (21). These leaves one 87 

major spiralian group, annelids, where there has been no comprehensive investigation of small 88 

RNA classes. Here we describe small RNA expression and biogenesis in the annelid 89 

developmental model, Capitella teleta. From these efforts we find numerous novel miRNAs, and 90 



as seen with other spiralians a substantial collection of somatic piRNAs. Interestingly, we do not 91 

find endogenous siRNAs suggesting that following the split from planarians, lophotrochozoans 92 

(annelids and mollusks) lost a distinct siRNA pathway. This greatly impacts RNAi approaches in 93 

these animals, informing gene silencing approaches that would be beneficial for manipulating a 94 

variety of economically significant organisms.  95 

 96 

RESULTS 97 

C. teleta Global Small RNA populations 98 

We began assessment of C. teleta RNAi pathways by examining this annelid’s Ago 99 

proteins (Fig 1A). Surprisingly, only three Ago/Piwi proteins are encoded in the genome. To 100 

predict likely functions, homology to select Ago/Piwi proteins from Drosophila melanogaster, 101 

Caenorhabditis elegans, Homo sapiens, and Schmidtea mediterranea was assessed. In this analysis 102 

one C. teleta Ago clustered with miAgos while the other two fell in the piwi clade. C. teleta Piwi1 103 

and Piwi2 group with D. melanogaster ping pong partners Ago3 and Aub, respectively, suggesting 104 

this biogenesis pathway is active. Missing from C. teleta was a siAgo, which are present in basal 105 

planarians. The absence of siAgo is correlated with C. teleta only having a single Dicer protein 106 

that is related to miRNA Dicers.  In contrast, S. mediterranea possesses two, one of which groups 107 

with miRNA and other with siRNA Dicer (Sup Fig 1). 108 

To understand the universe of small RNAs coordinated by these factors small RNA 109 

sequencing was performed on RNAs extracted from early embryo (1-4 cell), late embryo (mid 110 

gastrula), larvae, and adult anterior (mouth-segment 12) and posteriors (segment 12-anus) 111 

separately for males and females. C. teleta ovaries are in posterior segments while testes are 112 

anterior, thus the four adult libraries represent separately male and female gonad as well as soma 113 



only anterior and posterior. In total, 187M small reads were acquired across the libraries, for which 114 

84% mapped to the C.teleta genome excluded highly redundant sequences (Table 1). For initial 115 

assessment of small RNAs species, all libraries were combined followed by mapping of 15-32nt 116 

reads and application of a small RNA loci finding strategy based on read sites with coverage ≥ 200 117 

and merging of features within 500bp. From this >20,000 loci expressing small RNAs were 118 

identified (Sup file 1). The size distribution of mapping reads to all loci showed two peaks, one at 119 

22-23nt and another at 29-31 (Fig 1B). Based on observations from other invertebrates these two 120 

peaks likely represent Ago-loaded Dicer products (miRNAs/siRNAs) and piRNAs, respectively. 121 

Next size distribution per locus was calculated, which allowed segregation into 9 clusters (Fig 1B). 122 

A super majority (~90%) of loci represented by 6 of the 9 clusters showed mapping of 29-31 nt 123 

reads suggesting piRNA-producing regions are the most common small RNA loci in C. teleta. The 124 

remaining three loci seem to either represent miRNAs or the results of degradation (debris). 125 

Intersection of known miRNAs from public annotations found that ~70% were in cluster 2 and 126 

~30% in cluster 4. A single known miRNA (bantam) was found in cluster 1.  127 

When comparing the total alignments from each cluster the most significant were the two 128 

largest apparent piRNA representing clusters and the two containing most known miRNAs. The 129 

others that showed heterogenous sizes (clusters: 3, 7, 8, 9) or mapping of small, ≤ 20nt sizes 130 

(cluster 1) comprised ~ 6% of all alignments. Next, we applied seqlogo analysis to further 131 

characterize small RNAs represented in each group (Sup Fig 2). Cluster one was predominatly 132 

represented by the sequence of the miRNA bantam–the one miRNA found in this group. The other 133 

miRNA clusters had little bias, which 1T bias was seen for several putative piRNA groupings, 134 

such as cluster #4. Together these results show the expected miRNA but also abundant piRNA 135 

populations in C. teleta the datasets.  136 



 137 

C. teleta miRNAs 138 

 To further examine C. teleta small RNA classes we first sought to annotate miRNAs using 139 

the miRdeep2 algorithm (Sup File 2-7) (22). ~700 potential miRNAs were found by the method 140 

based on alignments from combined small RNA sequencing guided by existing annotations from 141 

C. teleta, Eisenia fetida, Crassostrea gigas, and Lottia gigantea (23-25). Of the 102 annotation in 142 

MirGeneDB, 99 were found (Sup File 3). The three missing miRNAs (miR-2-o36, miR-2690, and 143 

miR-33) were represented by reads in the combined sequencing libraries, and were likely 144 

overlooked by the algorithm due to duplicates in the case of miR-2 or other issues identifying 145 

hairpin folds (Sup File 4). Nevertheless, this shows the depth of sequencing described in this study 146 

is sufficient to uncover known C. teleta small RNAs. Alongside confirming known miRNAs, 19 147 

“homology rescued” species were found either as novel duplicates of C. teleta miRNAs or having 148 

similarity to known miRNAs from Eisenia fetida, Crassostrea gigas, and Lottia gigantea (Sup 149 

File 5). In some cases, this homology rescued annotations appear to result from near identical 150 

duplication of C. teleta miRNAs or to have arisen earlier in the annelid lineage (Sup File 6). 151 

Through this analysis we were able to annotate novel miRNAs, which were individually 152 

vetted based on expression, presence of Drosha and Dicer cleavage signature, and precision of 5’ 153 

end processing (Fig 2A) (Sup File 6-7) (26). Out of 569 predicted novel miRNAs, 58 showed all 154 

features and were categorized as confident (Sup File 6). 117 were denoted as candidates due to 155 

suboptimal features that were not indicative of RNase III processing (Sup File 7). The last group 156 

of 390 was labeled as false positives and excluded from further analysis. Significant duplication 157 

was seen in novel C. teleta miRNAs with only 32 unique confident and 91 unique candidate species 158 

identified. Taking redundancy of known and homology rescued miRNAs into consideration, there 159 



are 99 confident unique miRNA species and 190 if candidate miRNAs are included. Additional 160 

sequencing may promote the identity of candidate miRNAs to confident status and uncover 161 

additional miRNAs. Based on efforts in Drosophila, saturating sequencing depth for recovery of 162 

all miRNAs in the 333Mb genome of C. teleta would be achieved with ~600 million reads (26). 163 

This study only provides 30% of the requisite depth to exhaustively annotate miRNAs-particularly 164 

low abundance non-canonical species. 165 

Examining the expression pattern of known miRNAs across development showed a general 166 

trend where a greater collection of know miRNAs increases over time comparing embryonic stages 167 

to larval and adult (Fig 2B). This has been observed in other species and reflects the greater cell 168 

type diversity that arises during differentiation (27). Greater known miRNA diversity is found in 169 

C. teleta anterior regions also likely due to the greater number of cell types found in tissues like 170 

brain and pharynx. Minor differences are seen between genders for both posterior and anterior. 171 

Expression of miRNAs is strikingly similar between male and female body, suggesting only a 172 

negligible role in ovary development. An opposite arrangement was seen with novel miRNAs. 173 

Here a substantial fraction was more abundant during post-zygotic through larval stages. They 174 

were not observed in the gravid female body sample suggesting they are either produced from 175 

embryonic transcription or as maternally deposited intact precursors. The discovery of these 176 

miRNAs is likely due to sampling of embryonic stages, which was not done for other annelids or 177 

mollusks. Considering their prolonged expression, these miRNAs may have a role in suppressing 178 

metamorphosis. Consistent with this, GO analysis of targets predicted by the targetscan algorithm 179 

found enrichment for response to oxygen, nitrogen, peptides, hormones, and insulin signaling (Sup 180 

Fig 3A) (28). Ingestion does not begin until swimming larva settle and metamorphose, therefore 181 

at early stages animals may have a modulated insulin signaling pathway. 182 



 Several of these early staged novel miRNAs were noted as having nearly identical 183 

expression during early embryogenesis (Fig 2D). Upon further inspection many highly abundant 184 

miRNAs were found to be encoded on a single scaffold (CAPTEscaffold_488). Many of these 185 

miRNAs appear to be tandem duplications reminiscent of the miR-430 cluster in zebrafish that 186 

eliminates maternal messages and the various miRNA clusters found expressed in Drosophila 187 

testis (29, 30). Targets of these miRNAs are enriched for cytoskeletal and histone regulators, which 188 

may be involved in the morphological and gene expression changes associated with 189 

metamorphosis (Sup Fig 3B). It will be intriguing if this miRNA cluster arrangement is present in 190 

the genome of other metamorphosing annelids. In addition to this highly expressed early-stage 191 

cluster, four other major clusters were annotated on CAPTEscaffold_6, CAPTEscaffold_324 and 192 

CAPTEscaffold_60 (Sup Fig 4). 193 

 During our curation of novel C. teleta miRNAs we noticed an abundance of unusual 194 

precursors. In the predicted miRNAs there were many species where the stem loop exhibited no 195 

bulges, and the loop was minimal with either a three or four base loop (Fig 2E). In the C. teleta 196 

genome we observed 13 species with a four-base loop and 6 with a three-base loop. Both were 197 

reminiscent of miR-451, which is processed in a Dicer independent manner (31, 32). However, for 198 

these miRNAs this does not appear to be the case. They exhibited strong evidence of dicer cleavage 199 

at their loops with reads aligning with precise 3’nt overhangs. To confirm the abundance of these 200 

hairpins was, in fact, unusual we assessed the abundance of similar precursor miRNAs reported 201 

for all species in miRbase (23). Out of 271 organisms only 28 had any three base loop miRNAs 202 

while only 65 had four base loops. For both configurations, the only species that had more of these 203 

tight loop hairpins was the Nile tilapia, Oreochromis niloticus, which appears to have an unusual 204 

miRNA biology (33). The next closest was humans, likely the most deeply sequenced species with 205 



nearly 2000 reported miRNAs. In comparison with the 302 potential miRNAs (confident, known, 206 

homology-recovered, and candidate) we report for C. teleta we recover even more than the perhaps 207 

over-aggressively annotated human genome.  208 

 209 

C. teleta piRNAs 210 

 Even more abundant than miRNAs in datasets, were apparent piRNAs in C. teleta, both in 211 

terms of number of putative piRNA loci and abundance of piRNA molecules (Fig 1B). To analyze 212 

all possible piRNAs in C. teleta we identified all alignments of 15-31 nt reads that exhibit 10 nt 213 

overlaps, which is indicative of ping pong processing as well as trigger piRNA-mediated cleavage 214 

that initiate phasi-piRNAs (34). This read mapping profile was overlaid with all loci with 15-31nt 215 

aligning reads that were over 1000 bp long. From this, 976 loci were found that had both significant 216 

read accumulation and exhibited read mapping with 10 overlaps. To assess these piRNA loci, we 217 

first compared size and expression of each (Fig 3A). Loci run the gamut from 1000 to 10,000 bp 218 

with relatively low expression for any given locus. This was somewhat unexpected. In other 219 

invertebrates massive loci are present that generate extensive amounts of piRNAs. An example of 220 

this is the ~180kb “piRNA cluster” flamenco locus, which in Drosophila serves as a repository of 221 

unlicensed transcripts (35). No such locus was found in C. teleta. The most extensive piRNA loci 222 

found in our efforts were less than 20kb (Fig 3B). This could be a consequence of the relatively 223 

poor assembly of the C. teleta genome, however, even in significantly poorer assembled genomes 224 

multiple such small RNA loci can be identified (36).  225 

 Another unexpected aspect of piRNA expression in C. teleta is the greater expression of 226 

piRNA in early developmental stages vs later stages (Fig 3C). Comparing expression across 227 

development found the highest level of expression in embryo stages, which was not seen in gravid 228 



females. Thus, like the cluster miRNAs, piRNAs are either the product of early transcription or 229 

post-fertilization processing. Here more so than cluster miRNAs expression is higher in embyronic 230 

stages suggesting the later–post-fertilization processing. This is similar to what is seen in 231 

Drosophila where maternally deposited piRNA precursors serve to propagate piRNAs in the 232 

germline (37). Even so, some of the most highly expressed piRNA loci are expressed throughout 233 

development in all conditions. We also observe that gonad containing tissues (male head and 234 

female body) have higher expression of piRNAs, consistent with the presences of Piwi1 positive 235 

cells in germ cells (38). However, even the non-gonad containing tissues has abundant piRNAs, 236 

which might be associated with regeneration processes based on piwi1 expression in the posterior 237 

growth zone, for example.  238 

To further characterize biogenesis of putative piRNAs we compared parameters previously 239 

described for piRNA processing. First, we simultaneously calculated the percent of reads aligning 240 

to each locus where the first base was a “U”, the average length of mapping reads, and locus length. 241 

By intersecting these parameters, we find that longer loci and reads with higher average read length 242 

exhibit greater 1U bias. Thus, like other species, piRNAs are characterized by longer reads (26+ 243 

bp) and 1U bias. Several short read loci were recovered that did not follow this trend. They appear 244 

to be loci where degradation fragments are abundant, but nevertheless may be the targets of 245 

piRNAs subject to turnover by piRNA-mediated cleavage. In addition to first base bias, we also 246 

examined ping pong and phasing biogenesis (Fig 3 E, F). Using a similar computational approach 247 

to find 10nt overlap loci we sought to visualize ping pong biogenesis in all loci. Unsurprisingly, 248 

in these loci we observe that most have a very clear signature of 10 nt overlap (Fig 3 E). However, 249 

a handful of loci are present that don’t have a clear signature. Next, we also assessed the presence 250 

of piRNA phasing (Fig 3F). Here we found a strong phasing signature both at the 1-3 nt position 251 



of 1U reads and at the following 30 nt position. Just like the ping pong signature there are some 252 

clear exceptions. Thus, while piRNA biogenesis described in systems such as Drosophila 253 

predominates, a handful of exceptions remain.  254 

Comparing piRNA biogenesis patterns in C. teleta with Arthropods found ~98% of loci 255 

had shared characteristics such as clear phasing and pingpong signatures (Fig 4A). For these loci, 256 

there is seemingly random accumulation of reads in the region. The remaining 2%, however, 257 

showed a highly distinct expression pattern (Fig 4A,B) (Sup File 9). Unlike classic arthropod-type 258 

piRNA loci these atypical small RNA regions present as cluster-like repeating sites. Despite this 259 

unusual configuration these loci share some features with canonical piRNA loci such as partial 260 

ping pong overlaps, however, phasing is not shared. This is likely due to the distinct peaks of 261 

piRNAs that are clearly not the product of processive cleavages mediated by Zuc (Sup Fig 5).  262 

To further characterize these loci, we curated features of both arthropod and non-arthropod 263 

varieties (Fig 4B). For both locus types they are found within intergenic, genic, and in intronic 264 

regions. Proportionally many non-arthropod types are encoded within gene annotations indicating 265 

they are associated with bona fide transcripts. Classic piRNA loci are found in all configurations 266 

where piRNAs are produced from both strands strand, biased towards one strand, or only expressed 267 

from a single strand. In contrast the atypical loci are majority uni-strand. A major concern with 268 

annotation of piRNAs is multi-mapping of piRNA-derived reads. We find that for both types 269 

unique mapping hits are present in roughly half of the non-arthropod loci. This further suggests 270 

that the atypical loci are confident sources of piRNAs, and not found due to mapping artifacts. 271 

Finally, we find that both types of loci have similar sizes.  272 

Inspection of sequence identity at non-arthropod loci revealed that for some they consist 273 

of short repeat elements, while others have more complex sequences (Fig 4D). Even for highly 274 



repetitive loci, polymorphisms are present within different repeat elements that when perfect 275 

mapping is enforced the expression profile is retained, all 16 loci retained their profile. Thus, it 276 

would further appear that the expression of these unusual piRNAs is not a mapping artifact but 277 

represent an alternate biogenesis mechanism. Moreover, similar loci have been noted in the pacific 278 

oyster, C. gigas, suggesting that this undescribed piRNA biogenesis mechanism may be present in 279 

multiple organisms (39). 280 

 281 

A distinct siRNA pathway is absent in C. teleta 282 

Unlike miRNAs and piRNAs our investigation did not uncover apparent endogenous 283 

siRNAs. This is apparent when C. teleta small RNA loci are compared to those of the planarian, 284 

Schmidtea mediteranea, a related bilateral animal where RNAi induced by long dsRNA is 285 

confidently validated (40). Small RNA studies in this planarian report all three classes of small 286 

RNAs (miRNAs, siRNAs and piRNAs). There are substantial differences in S. mediteranea RNAi 287 

machinery where there are 2 Dicers and 3 Agos compared to C. teleta 1 Dicer and 1 Ago (Fig 1A 288 

& Sup Fig 1). To further probe the differences in small RNA biogenesis between annelids and 289 

platyhelminths, we compared read size patterns of high expressing small RNA loci found with the 290 

method described for Fig 1B in S. mediteranea using a public small RNA dataset (41) (Fig 5A, 291 

Fig 1B). In the planarian analysis, most loci have mapping in the 19-23nt size range and are likely 292 

siRNAs or miRNA. Only a quarter of the small RNA loci were 29-30nt piRNAs, a striking 293 

difference to C. teleta.  294 

Next, we sought small RNA loci with Dicer processing signatures based on the presence 295 

of reads with 2nt overhangs that range from 20-23nt long (42). These alignments were intersected 296 

with high expressed loci (Fig 1B, Fig 5A). Comparison of the 500 loci with highest small RNA 297 



expression by size and Dicer overhang mapping revealing a substantially different distribution of 298 

loci when compared to S. mediteranea (Sup Fig 6A). C. teleta loci were substantially shorter in 299 

comparison with some examples in S. mediteranea that were longer than 40kb. The C.teleta the 300 

loci typically corresponded to miRNAs while in S. mediteranea they are larger encoding a 301 

processively cleaved dsRNA. The largest locus from each species was compared to assess Dicer 302 

signatures (Sup Fig6 B, C). In the locus from C. teleta a couple isolated mappings were seen 303 

whereas the S. mediteranea locus shows 21nt abundant reads that overlap with 2nt 3’overhangs. 304 

Thus, siRNA biology in annelids is, at a minimum, significantly reduced after diverging from 305 

planarians, which have impressive siRNA generating loci. 306 

To further probe the apparent absence of siRNA class small RNA in C. teleta we assessed 307 

all possible sources involving dsRNA formed from dual strand transcription. Arthropods have 308 

100’s of such endogenous siRNA-loci that correspond to cis-NAT transcripts and transposable 309 

elements as well as cryptic dsRNA-producing loci (11). Due to the incomplete nature of C. teleta 310 

gene annotations only 122 instances of overlapping gene annotation are reported, and among those 311 

only 22 are overlaps greater than 40 bases (Sup Fig 6D). Alignments to the overlapping gene 312 

regions are limited with very few showing alignments of small RNAs in the size range of Dicer 313 

products (20-23nt). Even if these reads are present, they do not coincide with opposite strand 314 

alignments that would be expected from Dicer cleavage (Sup Fig 6E). To circumvent this 315 

limitation, we identified all regions of the C. teleta genome with mapping of 20-23nt reads and 316 

greater than 30 read coverage that did not correspond to miRNAs (Fig 5B). For each of the 5191 317 

loci the ratio of forward to reverse reads was calculated and binned in to three categories: “bias” 318 

where there was 2-fold greater alignments on one strand, “mixed” where the ratio fell between 1.2-319 

1.9 times greater on one strand, and “Equal” with the ratio being 1-1.1 (43). Alignment of 20-23nt 320 



reads at these loci were simultaneously assessed for read overlaps such as 10 nucleotide overlaps 321 

seen for ping pong processing and 2nt less than full overlaps associated with Dicer cleavage. Loci 322 

were sorted by log strand bias ratio and visualized as a bar plot for bias and heatmaps for read 323 

overlap Z-scores (Fig 5B). Combined mixed and equal loci were roughly a quarter (24%) of the 324 

loci. In the overlap heatmaps, a strong pingpong signature was observed, suggesting that these 20-325 

23nt reads are predominantly piRNA-type possibly truncated by trimming. Indeed, ~60% of the 326 

loci overlap with cluster 4 from Fig 1B. Simultaneously, a very minor signal was observable at the 327 

Dicer overlap position, particularly for 21nt reads (Fig 5B). However, these overlaps were not 328 

more prevalent in mixed or equal strand alignments with only 21% of loci with positive Dicer 329 

overlap Z-score values in these categories. Enrichment would be observed if the portion with Dicer 330 

signature exceeded 24%, suggesting no correlation between Dicer signatures and sites of potential 331 

dual strand transcription.  332 

Next, we focused on loci from figure 5B that had mixed or equal strand mapping and a 333 

positive Z-score for Dicer overlaps in 21nt reads (19 nt overlaps) (Fig 5C). For this subset we 334 

sought to understand identity and expression of small RNAs by comparing RPKM values, presence 335 

of ping pong signature, and the relative abundance of short (20-23nt) relative to long (26-32nt) 336 

reads. Nearly all loci had greater alignment of longer reads compared to short reads with only 5 337 

(1.8%) with more short vs long. Consistent with the bias towards longer reads ~80% of loci also 338 

had positive Z-scores for ping pong processing. Further highlighting the bias towards piRNAs, 339 

expression per locus tapered significantly away from those with a greater portion of piRNA-sized 340 

read alignments. Next, we quantified the number of 21nt read pairs that overlap by 19. Calculation 341 

of Z-scores in Fig 5B reports overlap biases of the indicated read size paired with a read of any 342 

other size, thus we sought to quantify 21nt reads paired with other 21nts (Fig 5D). From this we 343 



found that over 75% of loci in Fig 5C have less than 10 unique 21nt reads (5 pairs). To further 344 

probe these loci for evidence of Dicer processing we inspected the 25% of loci that had the highest 345 

number of 21-21nt pairs overlapping by 19. Nearly all pair alignments were isolated suggesting 346 

distributive processing (Fig 5E, Sup Fig 7). Indeed, for the 47 loci examined only 6 had phased 347 

reads that would occur from processive cleavage. Together there is little evidence for siRNAs 348 

processed from long dsRNA. Instead, our results suggest C. teleta Dicer may be involved with 349 

cleavage of some substrates but may only be engaging in distributive processing.  350 

To examine potential siRNA-related enzymatic activities in greater detail we characterized 351 

domains and catalytic residues in C. teleta Dicer and Ago (Sup Fig 8). A key domain involved in 352 

processive Dicer activity is the N-terminal Helicase domain that hydrolyzes ATP as a part of 353 

substrate engagement (44). While C. teleta Dicer has a recognized Helicase domain several of the 354 

key residues involved in ATP hydrolysis are altered in comparison to D. melanogaster Dicer2 and 355 

H. sapiens Dicer, which both show processive behavior. C. teleta Ago possess the same slicer 356 

residues as D. melanogaster Ago1 and Ago2, however, this is expected as miRNAs when pairing 357 

extensively with a target can direct slicing.  358 

 359 

DISCUSSION 360 
 361 

This comprehensive analysis of small RNA populations in the marine annelid C. teleta 362 

shows the presence of only two RNA classes, miRNAs and piRNAs, with an apparent loss of 363 

endogenous siRNAs. This is consistent with absence of siAgo proteins and was borne out by lack 364 

of compelling signatures of Dicer processing. Similar configurations of RNAi pathways 365 

components are found in other lophotrochozoans such as gastropods, cephalopods, and 366 

brachiopods, and leeches (21). The exception might be bivalves where there are two Ago 367 



proteins, however, they seem to be result of duplication of a miAgo, and not a distinct 368 

miAgo/siAgo pair. The benefit of losing the siRNA pathway in these animals is not clear. In 369 

ecdysozoans, siRNAs have a significant role in anti-viral defense (45).  It is curious that a useful 370 

mechanism would be jettisoned by C. teleta and possibly other lophotrochozoans. However, a 371 

similar event occurred independently in the deuterosomes, including basal echinoderms (46). In 372 

the place of siRNAs, in both lophotrochozoans and echinoderms piRNAs appear to take the 373 

place of viral siRNAs. Poriferans, in contrast seem to mount an siRNA response to viruses 374 

indicating that piRNA-mediated anti-viral defense has evolved independently.  375 

In addition to the loss of siRNAs we observe unusual miRNA hairpins that do not exhibit 376 

unpaired stem bases with extremely short hairpins. More so than nearly all other species, they are 377 

abundant in C. teleta. The exception is the Nile tilapia, which has an unusual collection of 378 

miRNAs. Further research is needed to establish whether this is coincidental or a product of 379 

changes in Dicer enzymatic activity. Interestingly, these hairpins would be excellent candidates 380 

for a miR-451-like Dicer independent biogenesis, however, they do not appear to mature through 381 

this pathway. Reads align to hairpins in a pattern expected for Dicer processing, suggesting a 382 

competency for C. teleta Dicer to processes this type of hairpin that is not present in vertebrate 383 

Dicer proteins. It will also be interesting as to whether other annelids have these same tight 384 

hairpins found in C. teleta or if this worm is an outlier like the Nile Tilapia. 385 

As we found with other small RNA classes, we also observe some unexpected features of 386 

C. teleta piRNAs. First, we did not observe a massive piRNA cluster which are observed in a 387 

variety of animals. Instead, we find loci that reach a maximum of 10kb, none of which exhibit 388 

high expression. This does not suggest, however, that piRNA function has diverged significantly 389 

from arthropods. Recent efforts to delete large piRNA clusters from Drosophila found that they 390 



were dispensable for fertility and transposon control (47). Thus, in C. teleta, even though there is 391 

no large piRNA cluster, piRNAs can be expected to retain their role in transposon control. 392 

However, when this might happen during C. teleta development is questionable. Unlike many 393 

animals we do not observe the piRNA expression correlated to gonads. In this worm we find 394 

greater expression in the early embryos. Thus, germline defense may happen post-fertilization vs 395 

during gametogenesis, and that the collection of inherited piRNAs peak at a different point in 396 

this animal’s life cycle. 397 

In this species we also observe unusual piRNA loci that are produced by an undescribed 398 

mechanism. Unlike many piRNAs these are derived from simple repeat sequences. Tests that 399 

involve examining perfect and unique read mapping found that these piRNA loci were not 400 

annotated as a result of read mapping artifacts. Also this type of loci are found in related species 401 

(39). Processing mechanisms of these piRNAs are unknown and will require genetic studies that 402 

define both processing but also the function of piRNAs derived from these loci. It will also be 403 

intriguing to see if they have a distinct activity such as the trigger, responder and trailer piRNAs 404 

described in Drosophila (48). Alternately, these piRNAs may be like C. elegans piRNAs 405 

produced by discrete transcriptional units.  406 

Likely, the most impactful outcome of this report is the guidance offered for developing 407 

RNAi approaches in animals that share C. teleta small RNA biology. The lack of a dedicated 408 

siRNA pathway suggests that long dsRNA approaches used in ecdysozoans and planarians may 409 

not be advisable. It would unsurprising that dsRNA molecules have become a pathogen pattern 410 

and could lead to an antiviral response and not specific gene knockdown. As an alternative, 411 

technology that exploits miRNA biology as it is deployed in vertebrates should be effective. The 412 

single Ago in C. teleta has slicer residues thus potent gene silencing should be possible. Further, 413 



the unusual miRNA structures we observe may provide additional configurations for exploiting 414 

the miRNA pathway. Lastly, it may also be possible to exploit piRNA mechanisms by 415 

introducing synthetic RNAs that possess complementarity to known piRNAs (42). This species 416 

has abundant piRNAs so a variety of cell types could be targeted, also there are two piRNA types 417 

that could be modeled for gene silencing technology. 418 

MATERIALS and METHODS 419 

Capitella acquisition and culture:   420 

Capitella teleta (juveniles and adults) were obtained from Dr. Elaine Seaver’s lab at Whitney 421 

Laboratory for Marine Bioscience at University of Florida. They were grown in organically 422 

enriched mud from Biloxi bay, Mississippi. Around 20 adult worms (~10 of each male and 423 

females) were placed in a 500ml container with a tablespoon full of mud and 200ml sea water.  424 

Adults were fed once a week and juveniles were fed once every two weeks by adding a scoop of 425 

new mud to the containers. Worms were kept in growth chamber maintained at 20˚C. Adult 426 

containers were routinely checked for the presence of brood tubes and embryos. Once found about 427 

25 larva were transferred into new containers and placed in growth chamber and fed weekly with 428 

new mud. 429 

 430 

RNA extraction from developmental stages of capitella 431 

Early embryos were acquired by separating sexually mature males and females for 5-7 days and 432 

then keeping them together for 10-12 hours. Containers were then checked for the brood tubes 433 

containing new laid eggs. Early embryos (2 cell stage) from two brood tubes were collected for 434 

RNA extraction using 100 µl of Tri-Reagent LS. Similarly, late-stage embryo, larva (swimmers), 435 

3 adult male anteriors (containing sperm sac) and 3 adult female anteriors were collected in 100 436 



µl of Tri-Reagent LS. After grinding, 100 µl of deionized water and 800 µl of trizol LS was added 437 

and the extraction was completed following manufacturer protocols. Addition of deionized water 438 

was necessary to mitigate excess salts for efficient purification of RNAs. For posterior RNA 439 

extractions an additional purification using mirVana™ miRNA Isolation Kit was performed to 440 

address contaminates likely from fecal matter that interfered with nucleic acid manipulating 441 

enzymes and possibly gel electrophoresis. RNAs extracted from the 7 different tissues were then 442 

subjected to small RNA sequencing utilizing Illumina NextSeq500 after library construction with 443 

the Illumina TruSeq small RNA cloning kit. Two rounds of library construction and sequencing 444 

was used for adult posterior libraries. Quality of the datasets was validated using the mirTrace tool 445 

(Sup File 11) (49). All libraries were positively identified as lophotrochozoan with very little 446 

contamination by rRNA. For both embryo stages where piRNA are dominant, fewer miRNA sized 447 

reads were recovered as percent of the library. All clipped, unfiltered data are available through 448 

the NCBI SRA database under bioproject #PRJNA777269. S. mediteranea dataset was acquired 449 

from NCBI SRA under bioproject # PRJNA117181. Planarian small RNA libraries were generated 450 

using similar protocols to what we used for C. teleta (TRIzol extraction (Invitrogen) and T4 RNA 451 

ligase 2 (Rnl2(1–249)K227Q) for library preparation) 452 

 453 

Small RNA analysis pipeline 454 

Genome sequence and genome annotation files for C. teleta were acquired from Ensembl 455 

metazoan (Capitella_teleta_v1.0). Small RNA analysis was carried out using pipelines 456 

diagrammed in supplement (Sup Fig 9). Small RNA loci were identified using bowtie alignments 457 

converted to bedgraph format and filtered based on coverage using awk. Likewise, size distribution 458 

was determined using awk to quantify length of reads extracted from alignments to single loci.  459 



miRNAs in C. teleta were investigated using mirDeep2 and standard parameters (22). 460 

Annotations from MirGeneDB were used to guide annotations (24). Novel miRNAs were assessed 461 

by manual curation. mirDeep2 calls were evaluated for presence of RNase III cleavage (2nt 3’ 462 

overhangs) between mature and star strands. Potential miRNAs were also assessed for 5’ 463 

processing precision where a >90% of reads aligning to a hairpin arm share a 5’ base. Loci that 464 

met these criteria were classified as confident. If a miRNA did not meet both standards or if star 465 

reads did not exceed a coverage of 8 the miRNA was considered candidate. If the potential miRNA 466 

failed both criteria it was labeled a false positive and not reported. mirDeep2 annotation outputs 467 

provided for Known, Confident, and Candidate miRNAs (Sup File 3,5,7,8) 468 

For heatmaps, libraries were normalized for number of reads mapped to the genome. A 469 

python-based algorithm was used to find the overlapping read pairs that represent Dicer and 470 

pingpong signatures (50). Small RNA of 15-31 nt were used to find targets (same length) having 471 

10nt overlap indicating pingpong signature while overlap of 2nt less than query indicates Dicer 472 

signatures. piRNA loci were analyzed for phasing using piPipes (51). Graphics and visualizations 473 

were obtained using ggplot2, gplot, sushi plot, and pheatmap.  474 

 475 

Acknowledgements 476 

This work was supported by NSF 1845978, and Mississippi INBRE: funded by an Institutional 477 

Development Award (IDeA) from the National Institute of General Medical Sciences of the 478 

National Institutes of Health under grant number P20GM103476. Computational resources were 479 

provided by NSF: ACI 1626217. 480 

  481 



 482 

Figure 1: Small RNA populations of C. teleta A) Phylogenetic comparison of Argonaute 483 
protein from various organism (C. elegans, S. mediterranea, D. melanogaster and H. sapiens) 484 
with C. teleta. C. teleta Argonaute protein clusters together with miAgos. B) Size distribution of 485 
small RNA from >20000 small RNA producing loci. Bar graph shows bulk reads across all 486 
libraries. Heatmap is row normalized small RNA expression per locus. Loci were clustered into 487 
groups (#1-9) depending on the length of the RNA expressed at loci. Clusters of miRNAs 488 
contain 21-23nt reads while piRNA clusters contain 28-31nt reads. The cluster #1 was 489 
characterized as debris (degradation products) based on the small length of the RNAs, however a 490 
single annotated miRNA species (bantam) was found within the cluster. The pie chart (bottom 491 
right) shows the relative abundances of piRNAs (warm colors) and miRNAs (cool colors) based 492 
per cluster.  493 
 494 



495 
Figure 2: Identification of known and novel miRNAs in Capitella by MirDeep2. A) miRNAs 496 
discovered through the mirDeep2 algorithm. Number of miRNAs below the bar indicates 497 
cumulative miRNAs in each group. Roughly half of candidate miRNAs were rejected as false 498 
positives.  B-C) Distribution per loci of miRNAs across developmental stages for both known 499 
(B) and novel miRNAs (C). Adult male and female samples were divided into anterior and 500 
posterior end (Head and Body, respectively). Color scale indicates log2(read per million 501 
mapped) D) C. teleta clustered miRNA locus that encodes many embryo expressed miRNAs. E) 502 
Distribution of miRNA hairpins with small terminal loops. Hairpins were divided in 3nt or 4nt 503 
loops and had characteristic perfect base pairing in the stem. Number of miRNA annotations 504 
against number of short loop miRNAs. Other organisms are list for comparison (H. sapiens and 505 
O. niloticus).  506 
 507 



508 
Figure 3: Capitella genome contains extensive piRNA loci. A) Size distribution of piRNA loci 509 
plotted against read expression in each locus (Reads per million). Majority of loci are smaller in 510 
length with not as much depth. Alternating colors are applied to assist datapoint visualization. B) 511 
Graphic representation of two of the largest piRNA loci located in scaffold 18 and 487. The entire 512 
window represents 85Kb and highest depth of reads of 20k each. C) piRNA expression across 513 
developmental stages. Adult male and female samples were further divided into anterior and 514 
posterior end (Head and Body, respectively) to record expression in gonads (male gonads are 515 
present in the anterior end and female gonads are present in the posterior end). Scores are based 516 
on normalized log2(RPM) values. D) Percentage of Uridine bias at first position for each piRNA 517 
locus. Percentage of bias is plotted against piRNA locus size and average read size. E) Ping pong 518 
signature in piRNA loci. Horizontal axis shows number of nucleotides overlap between reads in 519 
each locus. There are few loci exceptions (bottom) that do express 10 nt overlap. Values are based 520 
on z-score. F) Phasing signature in piRNA loci based on expression of U bias at each nt position. 521 
There is a strong presence of U bias at first position. Low expression at position 29 marks the 522 
splicing site for the RNA read and strong U bias at position 31 is indicative of the first nucleotide 523 
of the next read.  524 
 525 



526 
Figure 4: Non canonical piRNA loci consist of repetitive sequence. A-B) Graphic representation 527 
of Arthropod like and non-Arthropod like loci, respectively. Non-Arthropod like loci are 528 
characterized by the presence and expression of repetitive patterns with reads containing the same 529 
sequence. C) Characterization of Arthropod and non-Arthropod like loci. Percentage of piRNA 530 
loci that are Arthropod or non-Arthropod like (left). For each category, they were subdivided based 531 
on the physical features of each locus (right). Genomic location divided into intergenic regions, 532 
genic (loci spanned through exons and introns) or intronic (loci was located inside a large intronic 533 
region). Transcriptional bias was divided into no bias (total transcripts for one strand < 5x total 534 
transcript of the opposite strand), strand bias (total transcripts of one strand  5x but ≤ 10x total 535 
transcript of the opposite strand), and unistrand (total transcripts of one strand > 10x total 536 
transcripts of the opposite strand). Loci were also divided based on the presence of novel mapped 537 
reads (unique hits) and by locus size (larger or smaller than 2.55 Kb). D) Non-Arthropod loci were 538 
also divided into type of repetition present at each locus (single read repeats or motifs with multiple 539 
repetitive reads) and into the presence of repeats on one strand or both strands (single or dual 540 
strand).  541 
  542 



 543 

Figure 5: Little evidence for distinct siRNA biogenesis in C.teleta. A) Size distribution of small 544 
RNA species in S. mediteranea. Compared to a similar analysis in Fig1B there is a substantial 545 
greater fraction of small RNA loci with a distribution suggesting miRNA/siRNA identity. B) 546 
Characterization of all C. teleta loci with alignment of small 20-23nt reads with coverage > 30. 547 
Left panel is strand bias expressed as the log ratio of forward and reverse mapping reads. Right 548 
four panels show the Z score for read overlaps starting from 4 base overlaps to full read overlaps. 549 
The analysis is performed separately for reads of different lengths (20nt, 21nt, 22nt, and 23nt). The 550 
red arrow shows 10nt ping pong overlap, and blue arrow dicer overlaps (2 less than full overlap). 551 
All panels represent the same sorted loci top to bottom. Red dashed box indicates reads with mixed 552 
or equal number of alignments on both strands. C) Scatterplot of loci with 21nt reads with Dicer 553 
processing signature and Mixed/Equal read mapping. The Z-score of Dicer overlap compared to 554 
the log of small (20-23nt) to large (26-32nt). Points are colored based on whether a positive ping 555 
pong Z-score was also observed and sized scaled by RPKM for locus. D) Quantification of 21nt 556 
reads overlapping with Dicer overhangs at loci with a Dicer signature Z-score > 1. E) Alignment 557 
of 21nt reads overlapping by 19 bases at the locus measured in part D with the highest number of 558 
21nt-21nt pairs. The dashed box shows the only example of a phased set of small RNAs. 559 
 560 
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