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Abstract

MicroRNAs (miRNA) are small non-coding RNAs that act post-transcriptionally to regulate gene
expression levels. Some studies have indicated microRNAs may have low homoplasy, and as a
consequence the phylogenetic distribution of microRNA families has been used to study animal
evolutionary relationships. Limited levels of lineage sampling, however, may distort such analyses.
Lophotrochozoa is an under-sampled taxon that includes molluscs, annelids and nemerteans, among
other phyla. Here, we present two novel draft genomes, those of the limpet Patella vulgata and
polychaete Spirobranchus (Pomatoceros) lamarcki. Surveying these genomes for known microRNAs
identifies numerous potential orthologues, including a number that have been considered to be
confined to other lineages. RT-PCR demonstrates that some of these (miR-1285, miR-1287, miR-
1957, miR-1983 and miR-3533), previously thought to be found only in vertebrates, are expressed.
This study provides genomic resources for two lophotrochozoans and reveals patterns of microRNA

evolution that could be hidden by more restricted sampling.
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1. Introduction

Originally discovered in the nematode Caenorhabditis elegans in 1993 (Lee et al 1993),
microRNAs (miRNAs) did not attract much attention until the discovery of the first conserved
miRNAs in animals in 2000 (Pasquinelli et al 2000). miRNAs have important and widespread roles in
many aspects of the biology of animals, plants and even some viruses, with some playing
evolutionarily-ancient roles (Bartel 2004, Axtell and Bartel 2005, Plaisance-Bonstaff and Renne
2011). For example, it is likely that the majority of mammalian mRNAs are regulated by miRNAs
(Friedman et al 2009), while miR-1 appears to have an ancient role in muscle development
(Kloosterman and Plasterk 2006). As a consequence, over the last decade the study of miRNAs has
become a rapidly moving field in a range of contexts, most commonly in study of the post-
transcriptional regulation of gene expression (see Bartel, 2009, Hui et al., 2013a,b) but also in the
field of phylogenetic reconstruction (Tarver et al 2013; Kenny et al 2015).

One reason that miRNAs have been utilized in phylogenetic reconstruction was an initially
reported low rate of homoplasy (Tarver et al 2013). Initial investigation suggested that once miRNAs
were incorporated into genomes, they would seldom be lost (Sempere et al 2006). Further studies
suggested that they might be used as slow-evolving genomic characters, such that mapping their
gain across a cladogram would allow the derivation of evolutionary relationships (for examples, see
Wheeler et al 2009, Tarver et al 2013). This approach has been used to shed light on several
recalcitrant cases in animal phylogeny (e.g., Rota-Stabelli et al 2010, Campbell et al 2011, Philippe et
al 2011). More recently, however, it has been noted that heterogeneous rates of gain and loss of
miRNA loci, as well as their secondary loss, may be more common than previously suspected,
especially in some lineages, and also that sampling error has affected some historic analyses (Fromm
et al 2013, Thomson et al 2014, Quah et al 2015). Attempts have been made to correct some of
these problems via the re-analysis of previously published datasets (Field et al 2014). While work
remains to be done in this regard, if these problems can be addressed miRNA remain potentially
useful for the reconstruction of phylogeny, and their flanking sequences have also been shown to
contain useful phylogenetic signal at the intra-ordinal and -familial levels (Kenny et al 2015).

Uneven genome sampling across animal phylogeny, however, remains a limitation. As shown in
Figure 1A, three major clades make up the bilaterians (Halanych et al 1995, Aguinaldo et al 1997).
Deuterostomia, and particularly Chordata, are relatively well sampled genomically, and Ecdysozoa
are also well represented (Kenny et al 2013). However the third assemblage, variously named
Lophotrochozoa or Spiralia, is relatively poorly represented in both genomic and miRNA databases.
This assemblage includes a number of phyla including Mollusca, Annelida, Brachiopoda, Nemertea

and Platyhelminthes, with some authors using Lophotrochozoa and Spiralia synonymously, while
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others reserve Lophotrochozoa for a subgroup of these phyla (for example see Struck et al 2014).
The uneven distribution of characters, such as stereotypical spiral cleavage, the occurrence of a
trochophore larval stage and the presence of a lophophore feeding organ, make it difficult to decide
which synapomorphy best represents this clade, which was originally based on molecular phylogeny
(Halanych et al 1995). We use Lophotrochozoa as inclusive of all these taxa, though whichever
nomenclature is adopted their poor sampling has a range of ramifications for phylogeny
reconstruction using miRNA data, and in particular the inference of gains of ‘novel’ miRNA
sequences in single clades.

Here, we present the draft genomic sequences of two marine lophotrochozoans- the gastropod
mollusc Patella vulgata and the serpulid annelid Spirobranchus (Pomatoceros) lamarcki. These
species are members of diverse and ecologically vital phyla, and to our knowledge are only the
fourth mollusc and third annelid genome resources to be published (after Takeuchi et al 2012, Zhang
et al 2012, Simakov et al 2013). These genomes will therefore be useful for a range of investigations.

The common European limpet P. vulgata (Fig 1B) is a univalve gastropod and typical true limpet
of the family Patellidae. It is distributed throughout Europe, as far north as the Arctic Circle and as
far south as Portugal. It is found attached to firm substrates from the high shore to the edge of the
sublittoral zone, although it predominates in areas of wave action. The order Patellogastropoda, to
which P. vulgata belongs, can be found worldwide, and is well described with members widely used
as models in studies of ecology, development and evolution (Lindberg, 2008; Nakano & Sasaki,
2011). A mantle-derived transcriptome also exists for this species (Werner et al 2013).

S. lamarcki (Fig 1C) is a tube-building serpulid worm which is widespread in intertidal and
sublittoral zones around the United Kingdom and northern Europe. They attach to firm substrates
and are noted for their detrimental effect on shipping, earning them the common name ‘keelworm’
(Hamer et al., 2001). S. lamarcki is also a useful model for embryological work, as it provides a
readily-accessible source of embryonic and larval material (McDougall et al., 2006) and both a S.
lamarcki EST dataset (Takahashi et al 2009) and embryonic transcriptome (Kenny & Shimeld, 2012)
are available. S. lamarcki is a member of the newly redefined Sedentaria class, as is the only other
available polychaete genome Capitella teleta, however it is relatively phylogenetically distant from
both C. teleta and Helobdella robusta, the other published annelid genome (Struck et al 2011,
Simakov et al 2013). We note that S. lamarcki has recently been the subject of taxonomic revision
and the name is synonymous with Pomatoceros lamarcki and Pomatoceros lamarckii (which are
widely used in the literature) (ten Hove 2015).

Our draft genome assemblies recover 578,961,269 and 964,274,156 bp of sequence for P.

vulgata and S. lamarcki respectively. Using the known catalogue of metazoan miRNAs as the queries



for BLAST searches for initial assignation of identity, several unexpected miRNA candidate loci (miR-
1285, miR-1287, miR-1957, miR-1983 and miR-3533) were found to be present in these
lophotrochozoans. This study provides new genomic resources for an undersampled clade, and

suggests that broader sampling will be useful for revealing the evolutionary history of miRNAs.

2. Materials and Methods
2.1 P. vulgata DNA extraction and genome sequencing

Adult P. vulgata were collected from Tinside, Plymouth, UK. Gonads were dissected from a single
male and left in a petri dish in filtered seawater to allow sperm to disassociate from somatic tissue.
Large fragments of somatic tissue were removed from the petri dish, and the liquid including sperm
transferred to a 15 mL tube. This was then spun at 4000 RPM at 4°C for 5 minutes. The supernatant
was then removed, and the pellet washed thrice in 3 times its volume of 1x PHB (0.1 M EDTA, 50M
Tris, 2.5% SDS, in distilled water), and spun at 4000 RPM at 4°C to pellet following each wash step. 1
mL PHB containing 3 pL of 5 M NaCl and 60 pL of 10 mguL™? Proteinase K was then added to the
pellet, which was gently pipetted. This was then left overnight at 50°C. After digestion, the solution
was phenol/chloroform extracted, a process which was repeated three times (at which point no
identifiable protein layer was observed). The DNA pellet was then ethanol precipitated. The washed
pellet was then left to air dry at room temperature, and resuspended in 100 puL milliQ filtered water.

DNA concentration was determined using a Nanodrop 1000 spectrophotometer.

A sample of genomic DNA was prepared for sequencing by the High-Throughput Genomics Group at
the Wellcome Trust Centre for Human Genetics (Oxford, UK) with nominal fragment size libraries of
200 bp and 500 bp. Genomic DNA from the same sample has been stored for future sequencing. A
single lane of Illumina HiSeq 2000 was generated, with 100 bp paired end read length. Initial
assessments of the quality of the genomic data were performed using FastQC (Andrews 2010). The
NCBI SRA has been used as the long term repository for raw read data, which are available under the

accession number SRP055157.

2.2 S. lamarcki DNA extraction and genome sequencing

S. lamarcki adults were collected from the coast of Tinside, Plymouth, UK and maintained in an
aquarium at 12°C. Genomic DNA (gDNA) was extracted from the sperm of a single adult worm.
Sperm were homogenized using an RNase-free polypropylene pellet pestle, washed three times with

2x PHB buffer, and digested overnight in 0.015M NaCl and Proteinase K (0.6 ugml?) at 50°C. gDNA
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was extracted by three phenol-chloroform extractions followed by one chloroform extraction with a
15-30 min rotation. Samples were extracted twice with chloroform and incubated in 0.1 volumes of
5M Sodium acetate and 2.5 volumes of 100% ethanol at -20°C overnight. gDNA was washed twice
with 70% ethanol, air-dried at room temperature, and resuspended in 100 pl of distilled water.
Sequencing was performed by the Wellcome Trust Centre for Human Genetics (Oxford, UK) using a
single lane on the Illumina HiSeq 2000 with 100 bp paired-end reads, multiplexing two libraries
(nominally 201bp and 500bp fragment library sizes, including read length). Some gDNA was retained
for future sequencing, Quality was assessed using FastQC (Andrews et al 2010). Raw reads have

been uploaded to the NCBI SRA, and are available under the accession number SRP055158.

2.3 Genome Assembly and Coverage

Several assembly programs (Velvet, ABySS, SOAPdenovo) were trialled at a variety of k-mer lengths
and the ‘best’ assembly determined empirically from contig sizes and genome coverage as estimated
from total number of base pairs in long (> 1kb) contigs. Genome sizes were estimated for both
species using k-mer spectrum approach by counting all occurrence of 21-mers in sequenced data
with Jellyfish (Figure 2), where k coverage is translated into actual sequencing coverage using the
equation C,=Cx(L-k+1)/L, where C is real coverage, L is read length, k is k-mer size and C is k-mer
coverage. Read cleaning and error correction was attempted for P. vulgata, but was found to
decrease quality of final assembly as assayed by the metrics used above. Error correction was
performed with Quake (Kelley et al., 2010) using a 19-mer for S. lamarcki. For P. vulgata ABySS 1.3.4
(Simpson et al 2009) at a k-mer length of 57 (abyss-pe driver script and all default settings) was used
for further analyses, while for S. lamarcki SOAPdenovo?2 (Luo et al., 2012) at a k-mer length of 51
was used. Final metrics relating to genome assemblies presented here can be seen in Table 1.
Genome assemblies themselves are available from the Oxford Research Archive under DOI:

10.5287/bodleian:xp68kh25x.

To assess the quality of genome assemblies, we first assayed the recovered fraction of sets of
conserved eukaryotic orthologues in those assemblies using CEGMA (Parra et al 2007) and BUSCO
Version 1.1b (Simao et al 2015). We then determined the mapping rates of RNA-seq data using the
STAR splice-aware aligner to map previously published transcriptomic data (Method: Dobin et al.

2013. Transcriptomes: Werner et al 2013, Kenny et al 2012, available under accession SRA055301).



2.4 miRNA searches and identification

Genomes were compared to all known metazoan miRNA sequences, as downloaded from miRbase
(Griffiths-Jones et al 2008) on the 6th of February 2013 using BLASTN with the following settings: -
word_size 11 -reward 5 -penalty -4 -gapopen 8 -gapextend 6. Putative miRNA sequences obtained by
blast were checked to confirm that both arms of the putative miRNA were present, for general
homogeneity of 5’ (seed) sequence, for robust hairpin structures and for a lack of similarity to known
protein, tRNA or rRNA sequences. These criteria are similar to those found in Tarver et al (2012) and
Quah et al (2015), although as small RNA libraries were not sequenced as a part of our investigation,
criteria related to processing and overhang listed in Tarver et al (2012) were not included in our
process. We also performed BLASTN comparison of identified contigs to the NCBI nr database to
exclude the possibility that contamination with human DNA (or DNA from other species represented

in this database) underlay the identification of candidate miR loci.

2.5 Transcriptional validation of predicted miRNAs

RNA was extracted from P. vulgata (head, mantle and foot samples) and S. lamarcki (whole adult)
samples using a miRVana kit (Life Technologies) and residual gDNA removed using a Qiagen RNeasy
kit with on-column DNase treatment according to the manufacturer’s protocol. No correction to the
protocol was made for small RNA size, so some small RNAs may have been lost at this step. cDNA
was generated from RNA using a Takara Primescript Reverse Transcriptase (RT) kit, with negative RT
controls made using equal quantities of RNA but no Primescript 5X solution. Primers designed using
Primer3Plus were used to perform PCR at the following settings: 94°C 3 minutes, 35x (94°C 30 sec,
55°C 30 sec, 72°C 30 sec), 72°C 7 minutes. Samples were run in 2% w/v agarose gels alongside 1kb+
(Invitrogen) ladder. Primers used to perform PCR, alongside details of band sizes and miRNA identity
can be seen in Table 2. Gel bands were excised and DNA extracted using a Qiagen Qiaquick gel
extraction kit. Bands were cloned into pMD18T vector, transformed into DL-1 E. coli and plasmid
DNA miniprepped with a Qiagen Qiaprep spin miniprep kit after blue/white selection. Sequencing
was performed by Techdragon (Hong Kong) using M13-47 primer on an Applied Biosystems 3730xI
DNA Analyzer.



3. Results

3.1 Statistics on assemblies

FastQC assessment of read quality ascertained raw read data to be excellent, with median
PHRED scores above 30 through to the 100th base for both read directions in all libraries in both
species. Despite this, QUAKE-treated S. lamarcki read genome assemblies were empirically found to
be better than those constructed from raw reads alone, and were thus used for further analysis. The
genomic datasets presented here comprise 578,961,269 and 964,274,156 bp of sequence for P.
vulgata and S. lamarcki respectively. Genome sizes were independently estimated from raw read
data using the k-mer spectrum approach, which assesses coverage peak based on k-mer count
(Figure 2). We found an approximate genome size of 1.46 Gbp (25.7x base pair coverage) in P.
vulgata using the estimate_genome_size.pl script (Ryan 2013), and an estimate of 0.95 Gbp (22x k-
mer coverage, 28.2x base pair coverage) using the k-mer spectrum approach, with a single peak of k-
mer coverage. Conversely, we observed a double peak (12x and 24x) in the k-mer distribution of S.
lamarcki which is the hallmark of high heterozygosity content (Kajitani et al 2014), and when
summed is consistent with a genome size of 1.25 Gb. We therefore recover approximately 50% and
80% of the estimated genomes of these species. This shortfall is likely explained by the misassembly
of the repetitive fraction in these genomes, and the moderate coverage and short fragment sizes
libraries used for assembly will make proper recovery of these portions of the genome challenging.

Our genome size estimates are consistent with previous experimental measures for P. vulgata
and S. lamarcki, which indicate respective sizes of 1 Gbp and 1.2-1.5 Gbp according to the Animal

Genome Size Database (www.genomesize.com/). The C-value (in pg) of the ten species of

Patellogastropoda as extracted from this database varies between 0.43 (Lottia gigantea) and 0.94
(Acmaea mitra). The P. vulgata genome is therefore larger than that of all other patellogastropods,
but we note that our wild-collected individual is likely highly heterozygous, which may artificially
inflate our estimate. Annelid genome sizes vary widely, from the exceptionally small (Dinophilus
gyrociliatus, 0.06 pg (Soldi et al 1994)) to the very large (Spirosperma ferox, 7.64 pg; Gregory and
Hebert (2002)), and S. lamarcki is therefore within the normal range for annelid genome size.

The P. vulgata GC percentage, 35.18%, is similar to that found in a previous transcriptomic
study (Werner et al 2013: 33.56 %), as well as resembling that seen in other molluscs. However, at
27.97%, the GC content of the S. lamarcki genomic assembly is exceptionally low. It is markedly
lower than that seen in previous EST (42.42 %, Takahashi et al 2009) and transcriptome (43.33 %,
Kenny and Shimeld 2012) analyses. It is also lower than that recorded in previously published

annelid datasets (Capitella teleta 40%, Helobdella robusta 33%; Simakov et al 2013). Whether this



reflects the biology of these organisms or is the result of bias in our genomic sequencing and
assembly remains to be confirmed.

Contiguity is generally low, although a sizeable percentage of the assemblies are contained in
contigs longer than 1kb in length (87.5% of P. vulgata and 75.3% of S. lamarcki). At this size, contigs
can easily be assayed for protein domain content, allowing identification of genes as well as some
information about intronic and non-coding regions. The N50 results (P. vulgata: 3,160, S. lamarcki:
1,939) are also of sufficient length to ensure many regions of the genome have adequate contiguity

for establishing whole gene sequence.

3.2 Assessment of Assembly Quality

Our genome assemblies contain 68/248 (27.42%) complete, 144/248 (58.06%) partial (P.
vulgata) and 6/248 (2.42%) complete, 31/248 (12.50%) partial recovery (S. lamarcki) of the core
eukaryotic gene mapping dataset as assessed by CEGMA (Parra et al 2007). To confirm these
statistics, we utilized BUSCO (Simao et al 2015), which returned similar results to CEGMA. Of the
BUSCO set of 843 metazoan orthologues, P. vulgata possessed 177 complete, 7 duplicated, 165
fragmented and 501 missing genes, for a total recovery of 41% of the dataset. S. lamarcki’s assembly
contained 12 complete, 0 duplicated, 27 fragmented and 804 missing genes (5% recovery).

The poor recovery in S. lamarcki is probably a consequence of the low contiguity of the genome
assembly. To test whether these genes were present but unrecovered by CEGMA or BUSCO due to
low contig length, we ran TBLASTN against the genome assemblies using the 843 BUSCO orthologs as
queries, with an E value cut-off of 1e-6. Of these, 798 (94.7%) of these had at least one hit in P.
vulgata, and 709 (84.1%) in S. lamarcki. This is an overestimation of their recovery, as there will be
shared domains in some of these proteins capable of generating a hit above threshold, but indicates
the assemblies possess more of the coding fraction of the genomes than raw CEGMA or BUSCO
output suggests. There was also only a 10.6% difference between S. lamarcki and P. vulgata using
this approach, compared to 25% to 45.56% for CEGMA and BUSCO, indicating that the greater
CEGMA/BUSCO recovery from P. vulgata may be a consequence of its increased average contig
length. Finally, comparison of published transcriptome data to the assemblies using the STAR splice-
aware aligner found higher levels of recovery, with 77.07% (P. vulgata) and 33.66% (S. lamarcki) of
RNA-seq reads mapped. We conclude that while contiguity is limited (especially for S. lamarcki), we
recover the majority of P. vulgata coding sequence and a considerable proportion S. lamarcki coding
sequence in the assemblies. Further, low contiguity is less likely to affect the detection of miRNA

loci, which are very short in length.



3.3 In silico identification of miRNA genes

Using the complete miRNA dataset contained in miRbase we recovered 45 (P. vulgata) and 54
(S. lamarcki) putative miRNAs (Supplementary File A). This is less than the number of miRNAs
catalogued for Lottia gigantea (59) and Capitella teleta (129) (mirBase v21), but higher than the
number reported in other lophotrochozoan species such as Platynereis dumerilii (34; Christodoulou
et al 2010). Nineteen of these putative miRNAs were found in both P. vulgata and S. lamarcki,
increasing confidence that they are bona fide miRNAs.

Of the canonical miRNA families, we recovered a large number of well-conserved examples (as
described in Wheeler et al 2009) from both genomes. Eumetazoan miRNA families such as miR-100,
and bilaterian families such as miR-7, miR-8 and miR-9 (among many others) were found in both
genomes. We were also able to find miRNAs only previously described in molluscs or annelids
(Wheeler et al 2009, Tarver et al 2013) in P. vulgata and S. lamarcki respectively, such as miR-1985,
miR-1986 and miR-1988 in P. vulgata and miR-1996 and miR-2000 in S. lamarcki. These findings
reinforce the categorisation of these particular miRNAs as gastropod and annelid synapomorphies
respectively (e.g. Tarver et al 2013).

Surprisingly, we also noted the presence of a range of miRNA families that had been previously
described as confined to lineages other than Lophotrochozoa. For example, miR-1285, miR-1287,
miR-1957, miR-1983 and miR-3533 (undescribed outside Vertebrata), miR-3350 (described only in
silkworm; Cai et al (2010)) and miR-494 and miR-767 (only reported in eutherians; Tarver et al
(2013)), were found in either S. lamarcki, P. vulgata, or both.

To ascertain whether these genes are present more broadly across the Lophotrochozoa, we first
checked them against published lophotrochozoan miRNA sequences that have not been accessioned
into miRbase (Xue et al 2008, Christodoulou et al 2010 and Bao et al 2014), but none of these
mIRNAs have previously been noted. To check whether this was through oversight rather than true
absence, we searched the published genomes of the molluscs P. fucata, C.gigas and L. gigantea and
the annelids H. robusta and C. teleta for these sequences. miRNAs miR-494, miR-767, miR-1287 and
miR-3350, were not identified in the other lophotrochozoan species examined, a finding that
supports reports of heterogeneous rates of gain and loss (Fromm et al 2013, Thomson et al 2014).
However candidate miR-1957, mir-1983 and mir-3533 sequences were found in all lophotrochozoan
genomes examined, suggesting that these species possess an as-yet uncharacterised diversity of
miRNA genes (Supplementary File B). Some miRNAs, such as the putative L. gigantea miR-1957, are

100% identical to their P. vulgata counterpart. These three miRNAs could therefore have been



present in the common ancestor of molluscs and annelids, but be as yet unidentified in living

descendant by small RNA sequencing approaches.

3.4 Verification of Transcription

In order to discern whether these surprising putative miRNAs were in fact transcribed, we
extracted short fragment RNA from head, mantle and foot tissue of P. vulgata and from whole adult
S. lamarcki. We then used RT-PCR to assay for the presence of several miRNA, using primers as
described in Table 2. Not all miRNA sequences identified in our analysis were found to be
transcribed in these samples. At present, we could not differentiate whether this could indicate the
predicted miRNAs are artefacts, or whether they are expressed in tissues or stages we did not
examine. Positive results are shown in Figure 3C. In both P. vulgata and S. lamarcki, evidence for the
transcription of the miR-1983 and miR-3533 loci was obtained (Fig. 3C): these miRs have been
previously only described in mice (Barbiaz et al 2008) and/or other vertebrates (Wang et al 2009,
Vegh et al 2013). In addition, we also noted the transcription of miR-1957 (mouse specific;
Kuchenbauer et al (2008)) in P. vulgata and miR-1285 and miR-1287 (vertebrate specific; Strozzi et al
(2009), Brameier (2010), Meunier et al (2013)) in S. lamarcki. Together this provides evidence for the
transcription of several of these miRNA loci. It should however be noted that miRbase shows miR-
3533 as so far only identified in chicken and cow, and in both cases as mapping to a region of the
genome that also encodes an actin gene. This co-localisation with actin genes is also found in our
lophotrochozoan sequences, and may both contribute to the level of homology as shown in Figure

3A and underlie its transcription.

4. Discussion and Conclusions

The two genome assemblies presented here will be useful for a range of investigations, given
the currently sparse sampling of lophotrochozoans. Our preliminary assemblies and k-mer based
genome size estimates also provide a basis for establishing appropriate strategies to improve
genome assembly in these and related species. As with some other recently-sequenced marine
animals, such as the pacific oyster Crassostrea gigas (Zhang et al 2012) and the cephalochordate
Branchiostoma belcheri (Huang et al 2014), these two genomes are highly polymorphic. This is likely
explained by very large effective population sizes deriving from planktonic larval dispersal
(Romiguier et al 2014). High levels of polymorphism represent a challenge for assembly and
annotation. Nevertheless, while contiguity is low, assembly is still sufficient to carry out the miRNA

analysis described here.
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miRNAs represent potentially useful, slow-evolving characters for the inference of phylogeny,
and have been used to suggest solutions to a variety of recalcitrant problems in metazoan
phylogeny. However, given the sparse and biased nature of our sampling of genomic diversity across
the tree of life, it would perhaps be better to adopt caution when making claims as to the
phylogenetic inter-relationships of taxa, especially in cases where only a small number of miRNAs
are used as the basis for such claims, or where only single datasets are utilized as the raw material
for such inference. Here, we show that an informative survey of miRNAs is possible through
moderate coverage genome sequencing and assembly, and we suggest a similar approach might be
applied more broadly across animal diversity. We found many (45 P. vulgata and 54 S. lamarcki)
putative miRNAs in our datasets, representing a considerable proportion of the expected
complements of lophotrochozoans when compared to the well-annotated L. gigantea and C. teleta
genomes. The discovery of potential mollusc- and annelid-specific miRNAs in P. vulgata and S.
lamarcki respectively also reinforces the likelihood that those particular genes are synapomorphies
of these clades, rather than limited to the (often single species) samples where they were first
described. This demonstrates the utility of extra datasets when addressing the still under-researched
field of miRNA evolution.

While miR-1957, miR-1983 and miR-3533 (noting the caveat for mir-3533 described above) are
found in both the species examined here and other sequenced lophotrochozoan species, some of
the more surprising findings are limited to only one of the two assemblies described here, as can be
seen in Figure 4. When coupled with their absence from other sequenced lophotrochozoan
genomes, this raises the possibility of homoplasy, notably for the putative miR-494, miR-767, miR-
1287 and miR-3350. However sampling of animal, and particularly lophotrochozoan, phylogeny
remains too sparse to assert with full confidence whether the sequences found, particularly those of
miR-494, miR-767, miR-1287 and miR-3350, could have arisen by convergent evolution or are the
remnants of prevalent loss across metazoan phylogeny. These competing hypotheses will be better
tested when a broader range of genomes are available, drawn from the widest possible range of
bilaterian species. Datasets such as the ones presented here represent key comparison points in the
interim. Either way, however, the identification of unexpected miRNA sequences in these species
suggests that current assumptions concerning the utility of miRNAs in reconstructing phylogeny
need qualification: either more loss has occurred across metazoan phylogeny than postulated
previously, or convergent evolution across wide evolutionary distances is possible. The complex
evolutionary history of miRNAs is interesting in light of the important role that they play in animal
biology, and understanding the true nature of their gain and loss will be vital for an understanding of

how miRNAs influence and are influenced by genomic evolution.
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Without detailed cataloguing of miRNA family sequences in a more diverse range of animals,
some of the key assumptions made about miRNAs for use in phylogeny will remain untested. Only
greater density of sampling across the metazoan tree of life will reveal further the true nature of
miRNA conservation and loss. The two novel lophotrochozoan genomes presented here, as well as

being useful for a wide range of investigations, are another step in this process.
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Figure Legends

Figure 1: A representative phylogeny of bilaterally symmetrical animals, sampling at the genomic
level across the Bilateria, and images of Patella vulgata and Spirobranchus (Pomatoceros)
lamarcki.

A. Phylogeny is representative and based on a consensus of recent studies. Numbers cited in figure
taken from GOLD (Reddy et al 2014). ‘Complete’ refers to the GOLD nomenclature differentiating
finalised projects from those still underway. B. Oblique (left) and ventral (right) view of adult P.
vulgata. C. Adult S. lamarcki (left), and calcareous tube in situ on a rock gathered from Plymouth

seafront (right).

Figure 2: Coverage distributions of sequence read data.
21-mer distribution showing k mer coverage peak (22x and 12/24x in P. vulgata and S. lamarcki
respectively) that are translated into actual sequencing coverages using the equation C,=Cx(L-k+1)/L,

where Cis real coverage, L is read length, k is k mer size and Ciis k mer coverage.

Figure 3: Evidence for the Expression of “Vertebrate like” miRNA in Patella vulgata and
Spirobranchus (Pomatoceros) lamarcki.

A. Example alignments of novel miRNA candidates with known orthologues. B. Hairpin structures of
example miRNAs, S. lamarcki miR-1285 and P. vulgata miR-1983, as displayed by RNAfold (Gruber et
al 2008) with positional entropy values displayed. C. RT-PCR results showing the expression of
miRNAs in both species examined. + and - indicate analyses conducted with and without reverse
transcription (RT). Note the presence of a weak band indicating amplification of small amounts of
residual genomic DNA in the 5s RNA band for P. vulgata -RT sample (due to the high copy number of
rRNA genes in the genome). We did not observe bands indicating miRNA sequence amplification in
other -RT controls. Smears at the base of miR-1983 in P. vulgata are primer dimers, a weak band can

be seen above in +RT lane.

Figure 4: Distribution of phylogenetically distant miRNA gene apparent homologues.

Phylogenetic distribution of miRNA genes of apparent homology discussed in this paper. Those
shown in black have been described previously, while those shown in red, bolded text are described
for the first time in this paper. Those underlined have further been shown to be transcribed in S.

lamarcki (Annelida) or P. vulgata (Mollusca).
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Tables

Table 1: Sequencing and assembly statistics for Patella vulgata and Spirobranchus
(Pomatoceros) lamarcki genomes. Note: the word ‘contig’ is used as no long mate pair
libraries were used for scaffolding our assemblies.

Species/Metric (bp unless stated) Patella vulgata Spirobranchus
lamarcki
Number of 2*100bp Paired End 118,329,948 119,500,405
Fragments (200bp library)
Number of 2*100bp Paired End 69,107,905 67,048,915
Fragments (500bp library)
Min contig length 300 300
Max contig length 47,432 37,132
Mean contig length 1960.27 1327.69
Std deviation of contig length 2199.21 1439.37
Median contig length 1,224 848
N50 contig length 3,160 1,939
Number of contigs 295,348 726,277
Number of contigs >=1kb 170,706 311,778
Number of contigs in N50 51,138 135,692
Number of bases in all contigs 578,961,269 964,274,156
No. of bases in contigs >=1kb 506,356,838 726,465,383
GC Content of contigs (%) 35.18 27.97
N content of contigs (%) 0.00062 0.53485
Genome size (Gbp) 1.46 (perl) /0.95 (k 1.25
mer)
Overall Coverage 25.60x (perl) /28.2x (k 15/30x
mer)
k mer Coverage (21mer) 22X 12/24x

18




Table 2: miRNAs amplified from RNA samples to confirm expression, with primer sequences

and predicted band size.

F
R: GCGTACAAGTCCTTACGGATG

miRNA: Primers: Expected Band
Size:

P. vulgata 5s rRNA F: ACCACGTTGAAAACACCAGTTC 81 bp

(control) R: CGGTCACCCATCCAAGTACTAA

S. lamarcki 5s rRNA F: GCCATACCACGCTGAATACAC 50 bp

(control) R: GCTTAACTCCCGTGATTGGA

S. lamarcki miR-1285 F: GGATAGCACCTGTGAATAGGC 51 bp
R: CCAGCTATGTTGGACAGGCTA

S. lamarcki miR-1287 F: CGAAGATTCTAGAAAAGTGGTTCGAG | 73 bp
R: GCACCTATCACTGAATCTGTTGC

P. vulgata miR-1957 F.:GGGATGTAGCTCAGTGGTAGAG 54 bp
R: GAACCCGGGGCCTTTCAC

P. vulgata miR-1983 F: AGCGCGCCGTACTTATAGACAG 83 bp
R: GTGAGGCTCGAACTCACAACCT

S. lamarcki miR-1983 F: CAGCCCCAGTAGCTCAGTCG 124 bp
R: AAAACAATTGCCCCAGGTGA

P. vulgata miR-3533 F: GGCATGGAATCTTCTGGTATTC 78 bp
R: CAAGTCTTTACGGATATCAACATCAC

S. lamarcki miR-3533 : CGAGACCACCTACAACAGCA 60 bp

Supplementary files

Supplementary File A: miRNAs identified by our approach and their sequence. Curated
information regarding those genes chosen for transcriptional verification (.xls file).

Supplementary File B: Sequence and scaffold location of putative miRNAs in other
sequenced genomes (.txt file).
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Consensus
GCCUAUGCA+UC+U+UCCUAUCCAUCA+ACCACCU+CAACUCCAUCAUCAACUCUCA+CU+CA+AUCCCUAAGCGAC+UGUA

P. vulgata mir-1983 v E - i1

c e 4 " 5SrRNA mir1957 mir 3533 mir 1983 ===

-+ - + - + - +

P. vulgata

™ 55 rRNA mir 1285 mir 1287 mir 1983  mir 3533
+ - e e s _

S. lamarcki

21



Figure 4

Chordata miR-1285, miR-1287, miR-1957, miR-1983,
miR-3533 (Vertebrata), miR-494 and miR-767 (Eutheria)
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