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ABSTRACT

The beadlet anemone Actinia equina (L.) (Cnidaria: Anthozoa: Actiniaria: Actiniidae) is one of the most
familiar organisms of the North European intertidal zone. Once considered a single, morphologically
variable species across northern Europe, it is now recognised as one member of a variable species
complex. Previous studies of distribution, aggression, allozymes and mitochondrial DNA suggest that
the diversity in form and colour within A. equina may hide still unrecognised species diversity. To
empower further study of A. equina population genetics and systematics, we sequenced (PacBio
Sequel) the genome of a single A. equina individual to produce a high-quality genome assembly (contig
Nso = 492,607bp, 1,485 contigs, number of protein coding genes = 47,671, 97% BUSCO completeness).
There is debate as to whether A. equina reproduces solely asexually, since no reliable, consistent
evidence of sexual reproduction has been found. To gain further insight, we examined the genome for
evidence of a ‘meiotic toolkit” — genes believed to be found consistently in sexually reproducing
organisms — and demonstrate that the A. equina genome appears not to have this full complement.
Additionally, Smudgeplot analysis, coupled with high haplotype diversity, indicates this genome
assembly to be of ambiguous ploidy, suggesting that A. equina may not be diploid. The suggested
polyploid nature of this species coupled with the deficiency in meiotic toolkit genes, indicates that
further field and laboratory studies of this species is warranted to understand how this species

reproduces and what role ploidy may play in speciation within this speciose genus.

KEYWORDS

Meiotic toolkit; ploidy; phylum Cnidaria; cryptic species; speciation

INTRODUCTION
Genomic resources open up fantastic opportunities in population, speciation and comparative
genomics [1-3]. However, non-model organisms typically lack such resources. This is particularly true

for members of the phylum Cnidaria which, with currently only 26 genomes
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(https://www.ncbi.nlm.nih.gov/genome) available for over 11,000 species [4], the majority from coral
species [5], is particularly underrepresented in genome databases. Of these, only three are from the
1,100+ species [6] of Actiniarian sea anemones: Nematostella vectensis [7], Exaiptasia pallida [8] and
Anemonia viridis [9], with an additional genome from Actinia tenebrosa recently completed [10].
Although transcriptomes are available for some other anemone species e.g. [11, 12], these lack
corresponding genome assemblies. Yet Cnidarian genomes are extremely variable in terms of size,
base composition, transposable element content, and gene conservation [13], and much can be learnt

of the developmental transcriptional machinery from them [14] and so invite further study.

A common northern European Cnidarian is the littoral anthozoan Actinia equina. Despite its
familiarity, A. equina has a complex and unresolved taxonomic history [15-17]. What was once
considered a single polymorphic species with a wide geographic range is now defined as a species
complex [16], with A. equina sensu lato split into at least A. equina (L.), A. prasina [18], A. fragacea
[19] (but see [20]), A. nigropunctata [21], A. ebhayiensis [22], A. schmidti and A. sali [23], mostly based
upon allozyme electrophoresis. Some members of the genus remain poorly described and others likely
still contain cryptic species diversity [16]. For example, A. equina sensu stricto exists as a number of
differently coloured morphs with a, typically, red or red-brown column but pedal discs (the structure
used to attach to rocks) that can be red, pink, orange, green or grey. Animals with red/pink discs differ
from those with green/grey discs in a variety of ways, including intertidal distribution [24-26],
adhesiveness [25], aggression [27, 28], and nematocyst [29] and acrorhagial [30] morphology. In
addition, both allozyme [24, 25, 30] and mitochondrial DNA [31] studies suggest genetic
differentiation among these morphs. It seems likely that further diversity awaits discovery within this
‘species’.

Cnidaria exhibit a range of reproductive strategies from fully sexual to asexual — employing pedal
laceration, fission, budding, parthenogenesis or somatic embryogenesis [32-35] — though a mixture of

both sexual and asexual strategies is common. Asexual reproduction in some species is associated
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with periods of environmental stress, small body size or poor nutrition [32] and such facultative
asexual reproduction has been reported in numerous species e.g. Actinia tenebrosa [36], Anthopleura
elegantissima [37], Haliplanella luciae [38] and Sagartia elegans [39]. Although A. equina has been
widely studied in an ecological context, there remain doubts about whether it reproduces sexually,
asexually or uses a combination of both strategies, although much of the literature fails to distinguish
between facultative and obligate asexuality. Thus, whilst Schama et al. [40] concluded that ‘the
binomial A. equina was retained for the asexually reproducing British samples’ and Spaulding [41]
reports A. equina as an obligate brooder, various studies [42-44] have detected gonadal tissue in A.
equina and indeed described the nature of the sperm of this species [45].

Many of the studies reporting evidence of sexual reproduction (presence of eggs/sperm) predate the
recognition of cryptic species among A. equina s.l. Due to the morphological similarity, and
overlapping distributions of some of these species it is unclear whether samples claimed to be sexually
reproducing definitively concern A. equina or other species, unrecognised at the time of study, which
may have different reproductive strategies. For example, two species previously regarded as varieties
of A. equina: A. fragacea [46] and A. cari [16] are non-brooding. Population genetics does suggest
sexuality in A. equina, since populations examined through allozyme electrophoresis are typically in
Hardy-Weinberg equilibrium [16] and Chomsky et al. [47] detected unique AFLP profiles for all
individuals examined from the Mediterranean coast of Israel, arguing against a clonal origin. However,
the samples studied by Chomsky et al. [47] have now been recognised as A. schmidti [48], again
reinforcing the problem in interpreting studies of this species which pre-date the application of genetic
studies. It would also be expected that if A. equina reproduced sexually, planktonic planulae would be
seen in plankton tows. However, no Actinia samples were found from metabarcoding Adriatic Sea

plankton samples [49] although six other Actiniarians and 12 hydrozoans were successfully identified.

It is certainly the case that A. equina are frequently encountered with young brooding within the
coelenteron [42, 43]. These juvenile offspring have been suggested to arise through parthenogenesis
or perhaps somatic embryogenesis [46, 50] or internal budding [51], a strategy rare in other genera

4
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[33]. It has also been argued that those brooded young may represent sexually reproduced individuals
which have subsequently re-entered an adult anemone. Although A. equina are capable of holding
allogeneic individuals if these are introduced artificially [52] evidence from colouration matching the
brooding ‘parent’ [53], from allozyme data [42, 51] and from DNA evidence [35] confirms that
juveniles within the coelenteron are clonal individuals. However, this does not necessarily mean that
A. equina are obligately asexual. A variety of anemones including A. schmidti [48] and A. tenebrosa
[54] employ both sexual and asexual phases dependent upon the ecological context. Actinia may
employ a mixed reproductive strategy with sporadic sexual recruitment [55], although there remains
a lack of definitive, conclusive laboratory or field evidence for the existence of sexually reproduced
larvae.

Genomics may shed light on this issue. Though there appear to be no consistent genomic signatures
of asexuality across diverse taxa [56], species which undergo sexual reproduction require a series of
genes involved in meiotic recombination and DNA repair, and the presence and expression of these
within sequenced genomes may imply that a species undergoes sexual reproduction [57-59]. This set
of genes has been termed ‘the meiotic toolkit’ and used previously to study the modes of reproduction
in a variety of groups including arthropods [60], diatoms [61] and protists [62]. The absence of the full
meiotic toolkit complement may suggest obligate asexuality in A. equina.

Here, we sequenced a single individual of A. equina and, from the resultant genome, annotated the
genes of the meiotic toolkit, estimated ploidy, and designed PCR primers to amplify a polymorphic
toxin locus, using these to provide additional evidence that what is currently considered as a single
species (A. equina) is composed of more than a single genetic entity. This genomic resource promises

much for the future detailed unravelling of this species.

MATERIALS AND METHODS

DNA extraction and sequencing
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We have previously described the genome sequencing for this species [31]. Briefly, genomic DNA was
extracted from a single individual A. equina with a red column and red pedal disk collected from
Rhosneigr, Wales, UK, following grinding in liquid nitrogen in 20 ml 80mM EDTA (pH 8.0), 100mM Tris-
HCI (pH 8.0), 0.5% SDS, 100 ug/ml proteinase K, and 40 pl RNaseA (100 mg/ml) and incubated at 60°C
for 3 h. Salt-chloroform extraction [63] of DNA was undertaken, then DNA precipitated with 0.6
volumes of isopropanol, and dissolved in water, following which additional purification was
undertaken using a Qiagen Genomic Tip 20/G and precipitated a second time with 0.6 volumes of
isopropanol. 20 kb-insert PacBio sequencing libraries were sequenced on five SMRT cells on a Pacific
Biosciences Sequel (Pacific Biosciences, Menlo Park, CA, USA) at the Centre for Genomic Research,

University of Liverpool. Full MIxS details for this project are provided in Table 1.

Genome assembly

Assembly of subreads was undertaken using three separate assembly methods: CANU v1.7 [64],
SMARTdenovo (https://github.com/ruanjue/smartdenovo) or WTDBG [65]. For diploid species with
high levels of polymorphism, alternative haplotypes at the same genomic region may be assembled
into multiple separate sequence contigs that appear to be different genomic regions in the final
assembly, erroneously inflating the haploid genome size. To reduce the impact of this on assembly,
for the SMARTdenovo assembly, the Purge Haplotigs procedure [66] was applied. For CANU v1.7 [64]
all subreads were assembled in three steps: read correction, trimming and assembly. Read correction
and trimming were run with default parameters for PacBio data and an estimated genome size of 503
Mb, based on [67]. Assembly of trimmed reads was run for a range of predicted error rates (‘error’
here also includes heterozygosity). The default value for corrected PacBio reads is 0.045, which was
run in addition to 0.035, 0.055, 0.065, 0.075, 0.085, 0.095 and 0.105. Assembly quality was assessed
for each assembly using N statistics and BUSCO analysis [68, 69], with the 978 gene ‘Metazoa’

reference set.
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Meiotic toolkit gene model annotation

Gene models were produced using a transcriptome assembled from short-read lllumina transcript
sequences of Actinia equina (accessions SRX4378330 and SRX4378325 [70]) using a combination of
different assemblers: Trinity de novo/genome-guided [71, 72], Velvet-oases [73], SOAPdenovo-trans
[74], and Scallop [75]) combined with EvidentialGene
https://sourceforge.net/projects/evidentialgene/. Gene model annotation involved using
EVidenceModeler to combine Program to Assemble Spliced Alignments (PASA) outputs [76] and
BRAKER [77] with 2x PASA updates followed by downstream processing using a custom script

(processing_pipeline.sh;  https://github.com/zkstewart/Genome analysis scripts) in  which

gmap_gene_find.py was used to annotate extra genes missed by PASA+BRAKER, followed by
automatic removal of transposons and rRNA models falsely annotated as coding genes. Gene models
annotated on contigs that Purge Haplotigs identified as ‘additional’ haplotypes were then removed to
avoid ‘double-counting’ of alleles as paralogues. The final set of gene models was used to produce a
set of predicted transcripts that were analysed for genome ‘completeness’ using BUSCO [68, 69] (with
the option ‘-m trans’) to identify orthologues of the 978-gene ‘Metazoa’ single-copy orthologues
reference gene set.

There is some variation in which genes are considered to be part of the meiotic toolkit. Patil et al. [61]
lists 37, Malik et al. [62] 29, Schurko and Logsdon Jr [57] 12 and Hofstatter and Lahr [58] 14. Here, we
combined the genes in these four studies to search for a total of 46 genes (Table 2).

Meiotic toolkit genes were verified in the A. equina genome through standalone tBLASTn searching of
transcripts using sequences from the anthozoans Nematostella vectensis, Exaiptasia pallida or
Pocillipora damicornis (Supp. Table 1) or other invertebrates where no orthologue in these Cnidarian
species could be found. Meiotic toolkit transcripts were subsequently used in BLASTn searches of the
final genome assembly with intron/exon structure manually annotated. Where no transcript was

found, tBLASTn searches of the genome assembly was undertaken. Intron/exon structures of genes
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were determined manually following transcript alignments to genomic contigs and, where necessary,

extended using tBLASTn searches.

Variation in the Acrorhagin-1 gene

Anemones with red columns and red, orange, or green pedal discs were collected from 10 locations
in England (New Brighton), Scotland (Millport), Wales (Abraham’s Bosom — Holyhead, Llandudno,
Marloes, Penbryn and Rhosneigr), Ireland (Portmarnock) and the Isle of Man (Peel and Niarbyl).
Location and sample details are provided in Supp. Table 2. DNA was extracted from clips of tentacles
or pedal disc using the Genelet Genomic DNA purification kit following the manufacturer’s
instructions. Primers  AcroFl (5'-TTTGCGAGAAGTTGGATTTCC-3’) and  AcroR1 (5'-
GCAGCGTCCTTTGAACATCA-3’) to amplify Acrorhagin-1 [78] (Genbank accession number AB212066)
which is intron-less in this genome assembly and therefore amplifiable from genomic DNA without
the issue of length variable introns disrupting sequencing quality, were designed using Primer3 [79].
PCR reactions were conducted for 35 cycles of 95°C for 30 seconds; 55°C for 30 seconds; and 72°C for
1 minute with successful PCR products cleaned using a Genelet PCR purification kit and sequenced
using both AcroF1 and AcroR1 by GATC Biotech (Constanz, Germany). Sequences were alighed and
manually edited in CodonCode Aligner (CodonCode Corporation). Where indels resulted in
heterozygous sequences containing strings of double peaks, haplotypes were separated using Poly

Peak Parser [80].

Ploidy estimation
Smudgeplot v0.2.1 [81] was used to estimate ploidy levels from corrected reads generated using
MECAT (a modified Canu) [82] using default settings excepting that a k-mer value of 31 was used

instead of 21.

RESULTS
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Genome Assembly Statistics

PacBio sequencing produced 3,507,426 ‘polymerase’ reads (single reads that can cover the same
insert multiple times) that were split into a total of 4,936,001 subreads (full or partial passes of the
same insert). Of these subreads, 487,629 were longer than 20 kb and 1,409,598 longer than 10 kb.
Raw FASTQ data have been submitted to the Sequence Read Archive (SRA) with accession number
SRR7651651.

Assembly statistics from the three separate assembly methods utilised (Canu, SMARTdenovo and
WTDBG) are shown in Table 3. Because of the high number of contigs in the WTDBG assembly, Purge
Haplotigs was not run and this assembly was not further considered. For the Canu assembly, the effect
of different error rates is shown in Supplementary Fig. S1 with the default error rate (0.045) accepted
since this produced the optimum balance of genome size and number of contigs. The ‘best’ assembly,
as adjudged by higher Nsp and lower number of contigs is the SMARTdenovo assembly following Purge
Haplotigs. This genome assembly has been deposited at DDBJ/ENA/GenBank under the accession
WHPX00000000. The version described in this paper is version WHPX01000000 and has been used in
all further BLAST analyses. It is also available on the ReefGenomics web resource [83].

The best assembly (SMARTdenovo + Purge Haplotigs) was taken forward for detailed annotation. The
predicted proteome of A. equina, based upon genome annotation of this assembly, contains 47,671
proteins (55,607 including alternative isoforms). BUSCO analysis indicated a high level of
completeness of these gene models. Of the 978 reference genes in the ‘Metazoa’ gene set, 949 (97%)
were found with 618 (63.2%) complete single-copy orthologues, 331 (33.8%) complete but duplicated,
19 (1.9%) fragmented and 10 (1.1%) missing. We note that, despite the Purge Haplotigs contigs
removal step, a large proportion of these apparently single-copy genes were duplicated, suggesting
that either the process may incompletely remove such allelic contigs or that the genome is unusually
repetitive and the gene duplication represents a real phenomenon. Regarding the missing genes, we

also note that a higher BUSCO score (98.2% completeness) was found before the Purge Haplotigs
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contig removal step, thus it may be possible that manual inspection of the contigs Purge Haplotigs

flagged for removal could marginally elevate the BUSCO completeness score in this assembly.

Meiotic toolkit

We searched the transcriptome and genome for 46 ‘meiotic toolkit’ genes [57, 58, 61, 62] and found
evidence for 41 of them (Table 2) with 27 completely annotated at the transcript and genomic level,
four with partial transcript but complete genome annotations, and the remaining 10 being partial
annotations. Of the core 13 meiotic proteins discussed in [57, 58, 61, 62], only eight were found, with
Hop1, Mer3, Msh4, Rec8 and Zip4 all missing (Table 2). We note that for Scc3 the best match is Cohesin
subunit SA-1, and MIh2 was not found, with the closest match being Pms2 (partial transcript and
partial genome annotation). Some genes in the genome assembly (but not transcript sequence) had a
single indel relative to the aligned transcript which would have shifted the reading frame. Since PacBio
assemblies are known to be at risk of this [84], we adjusted the gene annotation based on the
transcript sequence to produce full ORFs.

All meiotic toolkit gene annotations have been submitted to Genbank (Accession numbers

MN307071-MN307111).

Polyploidy

Smudgeplot analysis using default settings indicated A. equina to have ambiguous ploidy status (Figure
1), with a diploid (AB) confidence of only 0.39, triploid (AAB) of 0.28, and tetraploid (AAAB) of 0.28.
Additionally, BUSCO analysis indicated a high percentage of duplicated genes (33.8% duplicated genes

- see above).

Toxin gene haplotypes
Primers AcroF1l and AcroR1 amplified only a single band from all anemones. There was discrete

difference in size of amplified products from anemones with a red/orange pedal disc (389bp) versus

10
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those with a green pedal disk (547-550 bp). Alignments of the full-length sequences seen in the
population are shown in Fig 2 and the haplotype network from the coding sequence in Supplementary
Fig. S2. From 57 individual anemones we identified seven haplotypes (Accession numbers MN605634-
MN605640) and eight separate genotypes. Regardless of collection locale, anemones with a green
pedal disc differed in length and sequence from those with a red/orange pedal disc; haplotypes 1-4
were seen only in anemones with a green pedal disc, whilst haplotypes 5-7 were seen in only
anemones with a red pedal disc (Table 4). Haplotype 6 was identical in sequence to the sequence of
Acrorhagin-1 from [78]. Substantial variation was present in the 5’-UTR which displayed significant
length and sequence variation between haplotypes but variation was also present in the coding
sequence with both non-synonymous and frame-shift variation (a single base (A) frame-shift deletion

in the coding sequence of haplotype 1 results in truncation of the coding sequence).

DISCUSSION

Here, we provide a high-quality genome resource for the well-studied Cnidarian A. equina with an Nsg
of 492,607bp and a BUSCO completeness of 97%. The estimated genome size of 409.0 MBp is
somewhat smaller than the 503MBp predicted by flow cytometric (FC) analysis [67] although since the
specimen of A. equina used for FC was collected in Japanese waters, it is not clear whether it truly was
A. equina (regarded as a North European species) or an unrecognised congeneric member of the
species complex and therefore not fully representative of A. equina sensu stricto (though we note that
the anemone sample of Honma et al. [78] was collected in Japanese waters and has an identical
Acrorhagin-1 haplotype to those found in UK waters). The genome size is larger than that estimated
for the draft genome of its congener A. tenebrosa at 255Mbp, though this draft genome may not have
fully captured all repeat regions [10]. The genome of A. equina is available through ReefGenomics.org
[83], making it accessible to the research community. We utilise this to show that A. equina is missing
some of the genes regarded as critical for meiosis, providing evidence that A. equina may indeed be

asexual, as suggested by Schama et al. [40].
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We were able to annotate only 40 of 46 genes suggested by various authors [57, 58, 61, 62] to form
part of the meiotic toolkit. No matches in either the genome or transcriptome were found for Hop1,
Mer3, Msh4, Rec8 or Zip4 whilst BLAST searches with MIh2 identified a partial match to Pms2 only,
yet the eukaryotic orthologue of M/h2 is Pms1 not Pms2 [85] and a partial annotation of Pms1 was
separately successfully completed. In stark contrast to Actinia, both Exaiptasia pallida and Pocillipora
damicornis exhibit a full complement of these meiotic toolkit genes with the exception of MIh2 which
appears absent in all Cnidaria (Supp. Table 1). In addition to MIh2, Rec8 could not be found within
either the Nematostella genome [7] or transcriptome [86]. Whilst Nematostella appears not to display
the full meiotic toolkit complement seen in Exaiptasia and Pocillopora, it does exhibit a more complete
complement than Actinia despite the BUSCO completeness for Nematostella being lower than that of
Actinia (93.8% vs. 97% for gene model statistics). Thus, Rec8 may simply be missing in Nematostella
due to a less complete assembly.

The apparent absence of six MT loci in the assembled Actinia genome could also result from
incomplete assembly, whilst their absence from the transcriptomic dataset may be due to sampling
of tissue/timepoints/developmental stages in which those genes are not expressed. However, the
absence of these same six genes from two independent datasets — the genome reported here and the
transcriptome built from the data of Waldron et al. [70] is suggestive that these genes are indeed
absent from A. equina. Three other gene annotations contained apparent single indels in the genomic
annotation that were not present in the corresponding transcripts, which could indicate the presence
of pseudogenes. However, as indels are a common error in PacBio data [84, 87], we have corrected
the gene model contingent upon the transcript data. For some genes we were able only to generate
a partial annotation of both gene model and transcript. Identification of full-length orthologues may
be hampered where genes are highly variable, which is particularly true in some gene regions of BRCA2
where N. vectensis does have substantial differences from the human orthologue [88]. Thus, BLAST
searches may not have identified the complete transcript leading to difficulty in annotating the full-

length gene. Nevertheless, the fact that the 40 genes (41 with Pms2) fully or partially annotated are
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functionally expressed (as evidenced from transcript data) suggests complete annotation should be
possible for all identified genes if deeper transcript sequencing, or full-length isoform sequencing [89]
is undertaken.

We identified 97% BUSCO completeness in the gene models from this genome, indicative of a high-
quality genome. However, whilst largely complete, a significant proportion of genes (33.8%) are
duplicated. This is much higher than that seen in other Cnidarian genomes [90]. This high level of
duplicated loci could result from uncollapsed haplotypes in the data (despite the fact that Purge
Haplotigs was run to remove these) or from complete or partial genome duplication. Contrary to what
is expected in diploid species, Smudgeplot analysis of A. equina did not provide a clear indication of
diploidy, with alternative ploidy statuses of triploidy or tetraploidy also being likely; this observation
alongside the gene duplication suggested by BUSCO results indicates that this species may not be
diploid. This ambiguous ploidy determination is in contrast to other Actiniarians which are confidently
identified as diploid (Stewart and Prentis, unpublished). Questions have been raised previously about
ploidy levels in the genus Actinia. Perrin et al. [16], reviewing the data from allozyme electrophoresis
studies queried ‘whether existence of multiple loci has resulted from duplication of restricted portions
of the genome or from polyploidy’. Polyploidy is not unknown in phylum Cnidaria. Karyotype analysis
indicates triploidy and tetraploidy occurs in the coral genus Acropora [91] and Shaw et al. [92] showed
closely related Sagartia species have differing ploidy levels — Sagartia troglodytes var. decorata being
diploid and Sagartia troglodytes var. ornata being tetraploid. Ploidy can be important in speciation
[93, 94] and may be linked to asexual lineages [94]. Indeed, in ‘asexual complexes’, sexual species
coexist and reproduce with asexual biotypes that have arisen from sexual ancestors producing derived
biotypes of differing ploidy [94]. Thus, in any study of such a speciose genus as Actinia which has
evidence of a mixture of sexual and asexual lineages it is important to consider further investigation
of sample ploidy, and it remains to be seen whether A. equina exists as forms with >1 ploidy level.
Ploidy estimation through karyotyping can be difficult in Cnidarians [95], especially where gametes

are not easily accessible. However, since ploidy can be estimated from microsatellite [96], genotyping-
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by-sequencing [97], and whole genome data [98], this genome will empower development of tools for

this.

Previous genetic research to look at population genetics or phylogenetics of this species and its close
relatives has been limited by the low number of loci for consideration. The mtDNA, previously used to
look at differentiation within A. equina [31] is a single locus and evolves slowly in the Anthozoa [99],
and while multi-locus allozyme studies [18, 23-25, 30, 100] and rDNA sequencing [20, 35] have been
undertaken, they are both limited in scope since they are restricted to a small number of loci [101].
This genome effectively removes these limits. We have utilised this resource to study genetic
differentiation at a toxin locus (Acrorhagin-1) demonstrating additional nuclear DNA evidence (in
concert with the mtDNA data of [31]) that there is consistent differentiation between pedal disc colour
morphs collected from across the Western UK, with red-pedal disk and green-pedal disk morphs
displaying highly divergent Acrorhagin-1 haplotype lengths and sequences. The indel present in
haplotype 1 from green-based anemones changes the reading frame substantially and it will be
important to study whether this remains functional. It thus seems likely that what is currently
recognised as A. equina is indeed >1 species and that further work using multi-locus data is needed to
further investigate this. A replicated, structured ecological sampling coupled with genomic scale
variant screening is ultimately necessary to quantify the variation between these two morphs. This
genome provides the tools to undertake this, empowering understanding of the number of species in

this common, familiar, but perhaps underappreciated genus.
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Figure Legends:

Figure 1.

Smudgeplot output with log scaling generated using default program settings. Diploid status (AB) is
estimated to be marginally more likely (confidence = 0.39) than alternative ploidy status which
includes triploidy (AAB, confidence = 0.28), tetraploidy (AAAB, confidence = 0.28) and others (variable,

confidence = 0.05).

Figure 2.

Alignment of Acrorhagin-1 haplotypes from geographic samples of A. equina. Seven haplotypes (1-7)
were seen in total and are here aligned to Acrorhagin-1 (Genbank accession number AB212066.1) and
Acrorhagin-1a (AB212067.1) from Honma et al. [78]. Primers (Acro-F1 and Acro-R1) are shown above

the sequence. Coding sequence is shown in bold.
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Table 1. MIxS descriptors

Investigation_type:
Project_name:

Lat_lon:
Geo_loc_name:
Collected_by:

Collection_date:
Environment

broad-scale environmental context :

local-scale environmental context:
environmental medium:

Sample type:

Developmental stage:

Sequencing method:

Assembly method:

Data accessibility:

Eukaryote

The genome sequence of the sea anemone, Actinia equina
53.225889 N -4.524833 E

United Kingdom: Rhosneigr

Craig Wilding

10 April 2018

Intertidal zone

ENV0:01000125

ENV0:01000428

ENV0:00000319

Whole body

Adult

Pacbio sequel

SMARTdenovo with Purge Haplotigs
BioProject: PRINA479715
BioSample: SAMN09602970
Experiment: SRX4514416

Raw read data: SRR7651651
Genome: WHPX00000000



Table 2.

Meiotic toolkit genes studied in A. equina. Genes described as belonging to the meiotic toolkit in [57,
58, 61, 62] were examined. Gene models were complete (©), partial at the 5’ end (5'-®), partial at the
3’ end (P-3'), or partial at both ends (5'-®-3'). 1 = single base length variation seen between genomic
model and transcript with genomic model corrected based upon transcript. 2 = closest match Pms2.
3= No Methionine at start. 4 = No stop codon. 5 = closest match Cohesin subunit SA-1. Genbank
accession numbers of A. equina gene models are provided.

Gene Description [57] [58] [61] [62]  Transcript Gene Accession
Brca2 Breast Cancer 2; DNA repair associated [ ] ® 5-®-3' MN307071
Dmecl Meiotic recombination protein DMC1/LIM15 homolog [ ] [} [} © © MN307072
Dna2 DNA replication factor Dna2 [ ] ® 5-®-3' MN307073
Exol Exonuclease-1 [ ] ® ®-3' MN307074
Fancm Fanconi anemia group M protein homolog [ ] ® © MN307075
Fen1 Flap endonuclease-1 [ ] © © MN307076
Hap2 Hapless 2 [ ] ® ®-3' MN307077
Hop1 HORMA domain-containing protein 1-like [ ] [ J [ ] X X

Hop2 Homologous pairing protein 2 homolog [ ] [ ] [ ] © © MN307078
Mcm2 DNA replication licensing factor Minichromosome Maintenance Complex Component 2 [ © © MN307079
Mcm3 DNA replication licensing factor Minichromosome Maintenance Complex Component 3 [ ] © © MN307080
Mcm4 DNA replication licensing factor Minichromosome Maintenance Complex Component 4 [ ] © © MN307081
Mcm5 DNA replication licensing factor Minichromosome Maintenance Complex Component 5 [ ] © © MN307082
Mcmé6 DNA replication licensing factor Minichromosome Maintenance Complex Component 6 [ ] © © MN307083
Mcm7 DNA replication licensing factor Minichromosome Maintenance Complex Component 7 [ ] © © MN307084
Mcm8 DNA replication licensing factor Minichromosome Maintenance Complex Component 8 [ ] © © MN307085
Mcm9 DNA replication licensing factor Minichromosome Maintenance Complex Component 9 [ ] P) ®-3' MN307086
Mer3 = Hfm1 Helicase for Meiosis 1 [ ] [ ] [ ] X X

Mih1 MutL Homolog 1 o [ J ® © MN307087
MIh2 MutL Homolog 2 ° ® 5.®-3'>  MN307088
MIh3 MutL Homolog 3 [} [} © © MN307089
Mnd1 Meiotic nuclear divisions 1 L] ° L ° ® ¢’ MN307090
Mrell Meiotic Recombination 11 homolog [ ] [} ® c* MN307091
Msh2 mutS protein homolog 2-like [ ] [ ] [ ] ® ®-3' MN307092
Msh4 mutS protein homolog 4-like o [ J [ ] [ ] X X

Msh5 mutS protein homolog 5-like [ ] [ ] [ [ ® 5-® MN307093
Msh6 mutS protein homolog 6-like [ ] [ ] [ ] © © MN307094
Mus81 Structure-specific endonuclease subunit MUS81 [ ] [ ] © © MN307095
Pch2 pachytene checkpoint 2 [ ] © © MN307096
Pds5 Precocious dissociation of sisters 5 [ ] [ ] ® 5-®-3'  MN307097
Pms1 Postmeiotic Segregation Increased 1 [ [ ® ®-3' MN307098
Rad1 (Mei9) RAD1 cell cycle checkpoint protein [ ] [ © © MN307099
Rad21 RAD21 Cohesin Complex Component [ ] [ ] [ ] © © MN307100
Rad50 RADS50 Double Strand Break Repair Protein [ ] [ ] © © MN307101
Rads51 RAD51 Recombinase L L L © © MN307102
Rad52 RADS52 DNA repair and recombination protein [ ] [ J © © MN307103
Rec8 Mesiotic recombination protein REC8 homolog [ ] [ ] [ ] X X

Scc3 Sister-chromatid cohesion protein 3/Stromalin [ [ ] © ©° MN307104
Smcl Structural maintenance of chromosomes protein 1 ° ° © © MN307105
Smc2 Structural maintenance of chromosomes protein 2 [ ] [} © © MN307106
Smc3 Structural maintenance of chromosomes protein 3 [ ] [ ] © © MN307107
Smc4 Structural maintenance of chromosomes protein 4 [ ] [} © © MN307108
Smc5 Structural maintenance of chromosomes protein 5 o o © © MN307109
Smc6 (Rad18) Structural maintenance of chromosomes protein 6 [ ] [ ] © © MN307110
Spo11 SPO11 Initiator Of Meiotic Double Stranded Breaks (] [ ] [ ] [ ] © © MN307111
Zip4 Testis-expressed protein 11-like; "Meiosis protein SP022/ZIP4 like" [ J X X



Table 3:
Assembly statistics from Canu, SMARTdenovo -/+ Purge Haplotigs, and WTDBG assemblers. BUSCO
statistics refer to analysis of these genome assemblies (involving interim Augustus annotation) thus

statistics differ from analysis of our detailed annotated gene models (see text for gene model BUSCO
statistics).

Canu* SMRTdenovo SMRTdenovo+PH WTDBG2

Genome size 633,344,238 552,280,189 409,058,333 434,742,709
Number of contigs 8,123 2,705 1,485 5,621
Shortest contig 1,009 8,168 8,168 1,428
Longest contig 1,888,480 2,968,193 2,968,193 1,543,548
N50 134,191 381,457 492,607 208,156
Median 44,961 108,241 164,117 27,424
Mean 77,969 204,170 275,460 77,342
GC 38 37.62 38

Complete BUSCOs (%) 93.2(912) 94.1(920) 94.0(919)

Complete and single-copy BUSCOs (%)  50.7 (496) 21.4(209) 58.7 (574)

Complete and duplicated BUSCOs (%) 42.5 (416) 72.7 (711) 35.3(345)

Fragmented BUSCOs (%) 1.1(11) 0.5(5) 0.6 (6)

Missing BUSCOs (%) 5.7 (55) 5.4 (53) 5.4 (53)

* with default error rate



Table 4:

Acrorhagin-1 haplotypes in anemone samples from UK and Irish collections. See Figure 2 for sequence
of haplotypes 1-7. N = number of samples. Number of haplotypes assumes diploidy. Of 57 samples
sequenced, 8 (14%) were repeated (including the two specimens demonstrating the singleton
haplotypes 3 and 7) with identical results.

Haplotype
Location Colour N 1 2 3 4 5 6 7
New Brighton Green 3
Red 6 6 6
Holyhead Green 2 4
Red 2 2 2
Llandudno Green 4 7 1
Red 5 4 6
Marloes Green 2 1 1 2
Red 2 2 2
Rhosneigr Green 3 4 2
Red 2 4
Millport Green 3 3 3
Red 3 1 5
Orange 3 6
Niarbyl Red 2 4
Peel Green 1 2
Red 4 4 4
Penbryn Red 2 2 1 1
Portmarnock Green 4 8
Red 4 3 5




