10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.22.307728; this version posted September 23, 2020. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

Transcriptomics provides a robust framework for the relationships of the major
clades of cladobranch sea slugs (Mollusca, Gastropoda, Heterobranchia), but fails to

resolve the position of the enigmatic genus Embletonia

Dario Karmeinski!, Karen Meusemann'?3, Jessica A. Goodheart*, Michael SchroedI®®,

Alexander Martynov’, Tatiana Korshunova?, Heike Wagele!, Alexander Donath™”

! Zoological Research Museum Alexander Koenig, Centre for Molecular Biodiversity
Research, Adenauerallee 160, D-53113 Bonn, Germany

2 University of Freiburg, Institute of Biology I, Evolutionary Biology & Ecology, Hauptstr. 1, D-
79104 Freiburg (Brsg.), Germany

® Australian National Insect Collection, National Research Collections Australia, CSIRO
National Facilities and Collections, Clunies Ross Street, Acton, ACT 2601, Canberra,
Australia

* Scripps Institution of Oceanography, University of California, San Diego, La Jolla, 92037,
California, USA

> SNSB-Bavarian State Collection of Zoology, Miinchhausenstr. 21, 81247 Miinchen,
Germany

® Ludwig Maximilians Universitat Miinchen, GeoBioCenter LMU und Biozentrum,
Grol3haderner Str. 2, 82152 Planegg-Martinsried, Germany

" Zoological Museum of the Moscow State University, Bolshaya Nikitskaya Str. 6, 125009
Moscow, Russia

8 Koltzov Institute of Developmental Biology, Vavilova Str. 26, 119334 Moscow, Russia

" Corresponding author: Alexander Donath (a.donath@Ieibniz-zfmk.de)


https://doi.org/10.1101/2020.09.22.307728
http://creativecommons.org/licenses/by-nc/4.0/

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

a7

48

49

50

51

52

53

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.22.307728; this version posted September 23, 2020. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

Abstract

Background: Cladobranch sea slugs represent roughly half of the biodiversity of soft-
bodied, marine gastropod molluscs (Nudibranchia) on the planet. Despite their global
distribution from shallow waters to the deep sea, from tropical into polar seas, and their
important role in marine ecosystems and for humans (as bioindicators and providers of
medical drug leads), the evolutionary history of cladobranch sea slugs is not yet fully
understood. Here, we amplify the current knowledge on the phylogenetic relationships by

extending the cladobranch and outgroup taxon sampling using transcriptome data.

Results: We generated new transcriptome data for 19 species of cladobranch sea slugs and
two additional outgroup taxa. We complemented our taxon sampling with previously
published transcriptome data, resulting in a final supermatrix covering 56 species from all but
one accepted cladobranch superfamilies. Transcriptome assembly using six different
assemblers, selection of those assemblies providing the largest amount of potentially
phylogenetically informative sites, and quality-driven compilation of data sets resulted in
three different supermatrices: one with a full coverage of genes per species (446 single-copy
protein-coding genes) and two with a less stringent coverage (667 genes with 98.9%
partition coverage and 1,767 genes with 86% partition coverage, respectively). We used
these supermatrices to infer statistically robust maximum-likelihood trees. All analyses,
irrespective of the data set, indicate maximum statistical support for all major splits and
phylogenetic relationships on family level. The only discordance between the inferred trees
is the position of Embletonia pulchra. Extensive testing using Four-cluster Likelihood
Mapping, Approximately Unbiased tests, and Quartet Scores revealed that its position is not

due to any informative phylogenetic signal, but caused by confounding signal.

Conclusions: Our data matrices and the inferred trees inferred can serve as a solid
foundation for future work on the taxonomy and evolutionary history of Cladobranchia. The
correct placement of E. pulchra, however, proves challenging, even with large data sets.

Moreover, quartet mapping shows that confounding signal present in the data is sufficient to
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explain the inferred position of E. pulchra, again leaving its phylogenetic position as an

enigma.

Keywords

Phylogenomics, Cladobranchia, RNA-Seq, Transcriptomes, Phylogeny, Embletoniidae

Background

Marine Heterobranchia (Gastropoda) have become a major focus as bioindicators to monitor
the health of coral reefs [1-7]. They mainly prey on a high variety of marine sessile
organisms, from algae to sponges, chidarians, bryozoans and tunicates, and very often take
up the chemical compounds of the food for their own defence. These “stolen” compounds
have become of high interest for pharmacists in finding new drug leads for medical
applications [8-10]. However, they are also of high interest in understanding the evolution of
photosymbiosis and the role of “stolen” chloroplasts or even whole algal cells incorporated in
the slugs’ body, which help the slugs survive starving periods or otherwise increase fitness
[11-14]. Within marine Heterobranchia, the shell-less Nudibranchia have developed a
variety of biological strategies that make them unique within Metazoa. Of particular interest
is the sequestration of cnidocysts from the cnidarian prey, storing them in special
morphological structures (cnidosacs) in exposed body areas, and the ability to mature the
stolen cnidocysts (cleptocnides) in the cnidosac [15—18]. This unique defence system seems
to have evolved only in one of the major nudibranch clades, the Cladobranchia, within which

there are likely two independent origins [18].

Nudibranchia, with the two clades Cladobranchia and Anthobranchia, form a monophyletic
group that is well explained by morphological features [19]. Recently, the sister group
relationship to Pleurobranchomorpha (Pleurobranchida) as well as monophyly of
Nudibranchia was confirmed by transcriptomic data [20]. The monophyly of Nudibranchia

has also been confirmed in various molecular analyses using larger taxon sets, albeit small
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80 gene sets (see review in [21]). However, few studies have used both morphological and
81 molecular methods to obtain and explain phylogenetic relationships within Cladobranchia. A
82 comprehensive study of Anthobranchia (Doridida) applying both molecular phylogenetic and
83 ontogenetic data was published recently [22]. Similar studies are still lacking for
84 Cladobranchia.
85
86 Pola and Gosliner [23] tried to resolve the phylogeny of Cladobranchia using one nuclear
87 and two mitochondrial genes: the study resulted in a topology that primarily consisted of an
88 unresolved comb. Bleidissel [24] analysed the Aeolidida within the Cladobranchia, based on
89 three genes (18S, 16S, and CO1), in order to investigate the evolution of the incorporation of
90 algae from the genus Symbiodinium in certain sea slugs. In this study, for the first time, the
91 paraphyly of the aeolidid family Facelinidae was shown. Similar to morphological data, the
92 success of retrieving more reliable relationships based on few molecular markers increases,
93 when working on family level. Recently, by the inclusion of the type species of the genus
94 Facelina, the “true” family Facelinidae was revealed and the name Myrrhinidae resurrected
95 for the second “facelinid” clade [25]. Korshunova and colleagues [26] studied the
96 relationships within the former Flabellinidae, including representatives of many Aeolidida.
97 The authors provided much evidence for the paraphyly of the former Flabellinidae, which
98 they then split into five different families.
99
100 Recent analyses, using a large transcriptomic data set, provided the first robust cladobranch
101 tree that enabled the study of evolution of food preferences [27, 28]. In a subsequent study,
102 a broader data set with nearly 90 taxa was used to examine the evolution of the cnidosac
103 [18], which is the main defence system of Aeolidida [29]. Similar defence structures have
104 evolved independently in Hancockia [15], a genus assigned to Dendronotida [18]. However,
105 the authors based their interpretations on a phylogenetic tree with partly low statistical
106 support. Moreover, a few taxa showed relatively long branches compared to other members

107 of the family (Cerberilla) or even the same genus (Janolus). Therefore, bias due to possible
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108 long branch artefacts cannot be excluded. A reduced data set was used by Goodheart and
109 Wagele [30] to study the taxonomic relationship of an enigmatic pelagic cladobranch, the
110 genus Phylliroe, to analyse morphological traits enabling a shift from a benthic life style into
111 a pelagic form. With this study presented here, using an extended data set including 40
112 publicly available transcriptomes and combining them with 21 newly sequenced
113 transcriptomes, we provide robust support for yet unresolved relationships and reconsider
114 the phylogenetic position of the genus Embletonia, which has been assigned to various
115 groups in the past without any current consensus [16, 18, 24, 31, 32]. Robustly resolved and
116 reliably inferred phylogenetic trees that are not affected by confounding signal, but driven by
117 “true” phylogenetic signal, are one prerequisite for answering questions about the
118 evolutionary history of taxa and biological phenomena, such as the aforementioned evolution
119 of the cnidosac and photosymbiosis. Therefore, only trees that reflect most likely the “true”
120 history of species allow the inference of biological traits to understand biodiversity and its
121 origin. Inferred trees resulting from methodological or computational inadequacy can lead to
122 erroneous hypotheses (see, e.g., [33]). Taxa that diversified quickly and/or underwent rapid
123 radiation events within a short period of time are especially difficult to analyse (see, e.g., [34]
124 and several examples in [35]). Rapid radiation might also be the reason why for some
125 marine Heterobranchia it seems so difficult to reliably infer a species tree [21, 23, 36, 37].
126

127 In order to obtain a statistically highly supported tree and to check whether ambiguous splits
128 in this tree might be based on confounding and thus erroneous signal, we performed a
129 thorough study on 57 cladobranch and four outgroup transcriptomes. A comparison of the
130 results of various de novo transcriptome assemblers allowed us to specifically select those
131 assemblies that showed the highest sequence coverage with respect to a reference
132 orthologue set. After accounting for possible influences on phylogenetic inference, e.g.,
133 among-lineage heterogeneity and rejecting stationary, homogenous and time-reversible
134 conditions we compiled three final data sets including 56 out of originally 61 species

135 (discarding three species with a low coverage of the orthologue set as well as two species
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136 due to model violation (see Methods): 1) the full data set allowing gene partitions to be
137 missing for single species, 2) a smaller intermediate data set in terms of the number of
138 genes, but with less missing data, and 3) a strict data set only including gene partitions for
139 which all species were present. In addition to careful preparation and processing of the data
140 throughout all steps of the analyses, i.e. evaluating the most appropriate assemblies,
141 identifying single-copy protein-coding orthologs, a thorough check of multiple sequence
142 alignments, and optimization and evaluation of the final data sets, we comprehensively
143 examined the ambiguously inferred position of Embletonia for alternative topologies with
144  approximately unbiased (AU) tests [38], Four-cluster Likelihood Mapping [39, 40], and

145 quartet puzzling [41] approaches.

146 Results and Discussion

147 Data preparation prior to phylogenetic analyses

148 A list with details on the 21 species with newly sequenced transcriptome data is provided in
149 Supplementary Table S1, Additional File 2. Accession numbers for all species are given in
150 Supplementary Table S2, Additional File 2.

151

152 Transcriptome sequencing and data processing

153 Paired-end sequencing resulted in approximately 7.5 Gbases of raw data per sample. For
154 the newly generated transcriptomes, the number of complete read pairs ranged from
155 20,266,817 in Calmella cavolini to 43,524,035 in Facelina rubrovittata with a median of
156 24,882,673 (Hancockia cf. uncinata). After trimming of possible adapter sequences and
157 sequence regions of low quality, the average read length of complete read pairs ranged from
158 118.1 bp in Hermissenda emurai to 139.6 bp in Doto sp. with a median of 133.8 bp in
159 Polycera quadrilineata (Supplementary Table S3, Additional File 2). Details on sequence
160 processing is provided in the Supplementary Text, Additional File 1. Transcriptome assembly

161 using six different de novo assemblers per data set resulted in a total number of 366
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162 assemblies, i.e. six assemblies for each of the 61 transcriptomic data sets (see
163 Supplementary Text, Additional File 1 and Supplementary Table S4, Additional File 2).

164

165 Evaluation of transcriptome assemblies, orthology prediction, and alignment procedures

166 Evaluation of assembled transcriptomes and subsequently applying BUSCO version 3.0.0
167 [42] with the Metazoa set including 978 orthologs revealed a median of 731 (75%) complete
168 BUSCO genes per sample (maximum: 943 complete BUSCO genes, fragmented: 27,
169 missing: 8 in Caloria elegans assembled with BinPacker; minimum: 158 complete BUSCO
170 genes, fragmented: 123 missing: 697 in Doris kerguelenensis assembled with BinPacker).
171 All quality assessment results of the transcriptomes using BUSCO are summarised in
172 Supplementary Table S5, Additional File 2.

173 We additionally evaluated the quality of all transcriptomes separately for each assembly
174 method based on the results of orthology prediction and identified single-copy protein-coding
175 genes with our custom-made orthologue set comprising 1,992 orthologues (see Methods
176 and Supplementary Text, Additional File 1). Results were ranked based on the cumulative
177 length of transcripts that were successfully assigned to the reference genes used to identify
178 single-copy orthologues (OGs) in the transcriptomes (see Supplementary Table S6,
179 Additional File 2). The cumulative lengths ranged from 82,409 bp in Pseudobornella
180 orientalis (the genus was recently resurrected by Korshunova and colleagues [43]) (IDBA-
181 Tran, 458 genes successfully assigned) to 784,043 bp in Caloria elegans (Shannon, 1,904
182 genes successfully assigned). The median was 472,305 bp for the cumulative length and
183 1,577 for the number of successfully assigned genes. The best assembly (according to the
184 largest cumulative length) out of the six available per sample was selected as the
185 representative transcriptome for the respective species. This transcriptome was used for all
186 further downstream analyses and submitted to NCBI (see Supplementary Tables S2 and S7,
187 Additional File 2). In order to reduce the amount of missing data in subsequent analyses we
188 excluded three samples for which less than 60% of OGs included in the search had been

189 identified: Pseudobornella orientalis, Dermatobranchus sp., and Tritoniopsis frydis.
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190 Furthermore, we only kept OGs for which at least 50% of the investigated 58 species had a
191 positive hit. This resulted in 1,767 OGs that we subsequently used to generate multiple
192 sequence alignments (MSASs) on amino acid level. Checking the MSAs for outlier sequences
193 (i.e. putatively misaligned or misassigned amino acid sequences), we identified 897
194 sequences in 112 MSAs that were subsequently removed. Outliers were found in sequences
195 from all remaining 58 species with the highest number of 30 outlier sequences in
196 Limenandra confusa and the lowest number of eight outlier sequences in Doris
197 kerguelenensis (median: 15 outliers, all details are provided in the Supplementary Text,
198 Additional File 1 and Supplementary Table S8, Additional File 2).

199 Alignment masking resulted in masking of alignment sites in 1,519 out of 1,767 genes
200 (Supplementary Text, Additional File 1) leaving ~ 71% of aligned unmasked sites for
201 subsequent analyses.

202

203 Compilation, evaluation and optimization of data sets

204 Analysing the concatenated supermatrix using MARE v. 1.2-rc [44], AliStat v. 1.6 [45] for
205 information content and data coverage, and SymTest v. 2.0.47 [46] for putative violating of
206 stationary, (time-)reversible and homogenous (SRH) model conditions [47, 48] using the
207 implemented Bowker's matched pairs test of symmetry [49] led to the results shown in
208 Supplementary Figures S1 and S2, Additional File 3.

209 With respect to the amount and distribution of missing data we initially compiled two data
210 sets as described in the methods section. The data set allowing for the highest amount of
211 missing data, termed “original unreduced data set”, was not further reduced after
212 concatenation and comprised 58 species, 771,739 aligned amino acid positions and 1,767
213 gene partitions. The second data set with a full gene coverage for all 58 species (termed
214 “original reduced data set”) comprised 143,859 aligned amino acid positions and 364 gene
215 partitions. Analysing both data sets for violation of SRH model conditions with SymTest
216 revealed that two species strongly violated the SRH conditions: Calmella cavolini and Doris

217 kerguelenensis (Supplementary Figure S2, Additional File 3). The latter transcriptome, which
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218 likely belongs to an Architectonia species (personal communication Vanessa Knutson), was
219 probably mislabeled in the repository from which it was downloaded. Therefore, the
220 sequences belonging to these two species were removed entirely from all MSAs from the
221 original unreduced data set. This newly created data set (termed “unreduced data set”)
222 spanned a superalignment length of 771,706 amino acid positions including 1,767 gene
223 partitions.

224 To reduce the amount of missing data, we compiled an “intermediate” data set featuring only
225 those gene partitions for which at least one representative of the selected taxa was present
226 (see Materials and methods, Supplementary Text, Additional File 1, and Supplementary
227 Table S9, Additional File 2). This data set (termed “intermediate data set”) spanned a
228 superalignment length of 271,732 amino acid positions and included 667 gene partitions.
229 The third and most strict data set with full gene coverage for each of the 56 species (termed
230 “strict data set”) had a superalignment length of 170,140 amino acid positions and included
231 446 gene partitions. Details on data matrix diagnostics are provided in the Supplementary
232 Text, Additional File 1, Supplementary Table S10, Additional File 2, and Supplementary
233 Figures S3-S7, Additional File 3.

234

235 Phylogenetic relationships of sea slug taxa

236 All analyses irrespective of the data set indicate maximum statistical support for all major
237 splits and phylogenetic relationships on family level (Fig. 1, Supplementary Figures S8-S12,
238 Additional File 3). Notably, low statistical support was inferred with regard to the
239 phylogenetic position of the genus Embletonia. In the following, we discuss taxa
240 relationships using the names according to the latest changes [50] that are implemented in
241 World Register of Marine Species [51, 52], although we disagree with several assignments
242  as discussed below.

243

244 Phylogenetic relationships of major taxa and sea slug families
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245 Out of the seven accepted superfamilies of Cladobranchia, we were able to include
246 members of six superfamilies, whereas a representative of the rare Doridoxoidea was not
247 available to us. We inferred Aeolidida, Aeolidioidea (sensu WoRMS), Proctonotoidea, and
248 Dendronotoidea, with representatives of various families and genera, as being monophyletic.
249 This was fully supported by the quartet scores [41] for Aeolidida, Aeolidioidea, and
250 Proctonotoidea, and strongly supported for Dendronotoidea (see QuartetSampling scores,
251 splits 1-3 and 8 in Fig. 1 and Supplementary Table S11, Additional File 2). Arminoidea and
252 Tritonioidea are only represented by one genus each. Therefore, their assumed monophyly
253 still has to be tested by including relevant genera like Doridomorpha in Arminoidea, or
254  Tochuina in Tritonioidea.

255 Our analyses revealed the following ambiguities: Flabellina affinis (Flabellinidae), which is
256 currently regarded as a representative of Fionoidea [18], is inferred as sister taxon to
257 Aeolidioidea with maximal statistical support. Quartet sampling, on the other hand, showed
258 only medium support (split 4 in Fig. 1, Supplementary Table S11, Additional File 2) with the
259 large majority of quartets (67%) supporting the focal branch (Aeolidioidea + Flabellina
260 affinis), but the strong skew in discordance (quartet differential (QD) = 0) indicating the
261 possibility of a single different evolutionary history supported by all remaining quartets.

262 The family Flabellinopsidae is currently listed as a member of the Aeolidioidea in WoRMS
263 [52] with Flabellinopsis iodinea (Flabellinopsidae) being sister to all remaining taxa in this
264 large clade, confirming previous results [18, 26—28]. Again, this position is statistically
265 maximally supported by classic support values in our study and quartet puzzling scores
266 confirmed this position (split 5, Fig. 1) with strong support (94% of the non-uncertain
267 quartets). Although a strong skew in discordance (QD = 0) indicates the possible presence
268 of an alternative quartet relationship, this result is rather less meaningful due to the low
269 number of discordant trees (5% of the non-uncertain quartets). Thus, our results on
270 Flabellinidae and Flabellinopsidae partly contradict recent analyses and subsequent
271 systematic assignments.

272

10
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273 Within Aeolidioidea, the families Myrrhinidae and Aeolidiidae form a monophyletic sister
274 group relationship in our study, thus confirming the results of [28] and [18]. This is also
275 consistent with recent morphological and molecular analyses [53].

276 The majority of the family Facelinidae is inferred as being monophyletic, but the facelinid
277 species Noumeaella rubrofasciata groups with Myrrhinidae in published analyses [18, 28] as
278 well as in our study with nearly maximal ‘classical’ statistical support. However, quartet
279 puzzling only shows weak support for this relationship (38% of the non-uncertain quartets;
280 see split 6 in Fig. 1 and Supplementary Table S11, Additional File 2). In fact, the quartet
281 frequencies show no clear signal since all three quartet topologies are roughly equally
282 supported (27% of the non-uncertain quartets support the second possible quartet topology,
283 36% support the third; QD = 0.85). Thus, the assignment of this species to Facelinidae [50]
284 or Myrrhinidae (our results) should be reconsidered in future studies. Interestingly, this
285 species did not cluster with other Noumeaella species in a three-gene analysis of Aeolidida
286 by Schillo and colleagues [37].

287 Fionoidea in the sense of Bouchet and colleagues [50] is paraphyletic, mainly due to the
288 position of Flabellina affinis and Embletonia, the latter is discussed below.

289

290 Within Fionoidea, the family Trinchesiidae represented here with three genera, is
291 monophyletic. Unidentiidae is sister to all remaining taxa within Fionoidea. Previously,
292 Korshunova and colleagues [26] inferred this family as sister taxon to Facelinidae and
293 Aeolidiidae. Quartet puzzling analyses, however, do not unambiguously support the
294 relationship of the Unidentiidae as sister to all other Fionoidea. There is rather weak support
295 (52% of the non-uncertain quartets) for said topology and the support for the other two
296 possible quartet topologies is almost similar (QD = 0.99), which indicates that no alternative
297 history is favoured (see split 7 in Fig. 1 and Supplementary Table S11, Additional File 2). In
298 this context,the results of Goodheart and colleagues [18] are quite noteworthy, because in
299 their study, Unidentiidae is the sister taxon of Embletonia and the clade Embletonia +

300 Unidentiidae is sister to all remaining Fionoidea. Results by Martynov and colleagues [53]

11
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301 suggest a sister group relationship to other aeolidacean families, which is incompatible with
302 our results (see below).

303

304 The family Samlidae, represented by Luisella babai, is considered as being part of Fionoidea
305 [18]. In our study, however, it is inferred as sister to all remaining Aeolidida in all analyses
306 with maximum ‘classical’ tatistical support as well as very strong quartet support (see split 8
307 in Fig. 1 and Supplementary Table S11, Additional File 2): About 98% of the quartets
308 supported this relationship, without evidence for alternative quartet topologies (QD = 1),
309 confirming previous results by Korshunova and colleagues [26].

310

311 With regard to Proctonotoidea, Tritonioidea, and Dendronotoidea, our results confirm the
312 findings published by Goodheart and colleagues [18] with the family Embletoniidae being the
313 only exception, as we will discuss below.

314

315 The phylogenetic position of Embletoniidae remains ambiguous

316 The monogeneric family Embletoniidae, which currently only comprises two recognized
317 species, Embletonia pulchra and E. gracilis, has experienced a vivid history since the first
318 description of the genus Embletonia by Alder and Hancock [54], with Pterochilus pulcher
319 Alder and Hancock, 1844 as type species. The authors considered this species as a link
320 between cladobranch aeolids and panpulmonate sacoglossans, two taxa that are not closely
321 related to each other, but show many convergent characters. Pruvot-Fol [31], who named
322 the family for the first time, included members of Trinchesiidae, but assigned the whole clade
323 as a “section” to the dendronotoid family Dotidae. The two recognized members of
324 Embletonia share some characters with members of Fionoidea or Aeolidioidea, e.g., the
325 reduction of the lateral teeth, the absence of rhinophoral sheaths [56], and the presence of a
326 cnidosac at the end of the cerata, a synapomorphy of Aeolidida [19], which additionally

327 favours a position within this clade. However, Martin and colleagues [16] and Goodheart and
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328 colleagues [18] have shown that this cnidosac differs to a great extent from the typical
329 aeolidid cnidosac by lacking a proper sac-like structure with musculature around it, as well
330 as a connection to the digestive gland, which is necessary for taking up sequestered
331 cnidocysts. Nevertheless, cnidocysts were found in the structures investigated by Goodheart
332 and colleagues [18]. The authors explain this atypical situation with a loss of characters or as
333 constituting a transitional form in the evolution of the cnidosac. Most recently, Martynov and
334 colleagues [53] provided evidence for paedomorphic processes, which would explain a
335 regressive evolution within Embletoniidae. This phenomenon is quite common in various
336 unrelated taxa inhabiting soft-bottom interstitial environments. Embletonia feeds on
337 hydrozoans, which is a typical food source of many aeolidids, but also of some
338 dendronotoids. Unique to this genus are the cerata, which show bi- to quadrifid apices.
339 Highly structured cerata are not known from any aeolidids. However, the digestive gland
340 reaches far into these cerata, a character less pronounced in Proctonotoidea, and only
341 present in one further non-aeolidid group, the genus Hancockia.

342 Embletonia also shares traits that are characteristic for non-aeolidid groups, a reason why
343 Pruvot-Fol [31] included the genus into the family Dotidae (Dendronotoidea). This
344 assignment to Dotidae, as well as grouping with Trinchesiidae was, however, rejected later
345 Dby Schmekel [32], and the closer relationship to Dendronotoidea was emphasized by Miller
346 and Willan [57]. The primary connecting character is the lack of oral tentacles, which are
347 considered to be a synapomorphy of the Aeolidida [19]. Furthermore, their oral gland ducts
348 do not open into the oral tube by two separate ducts, but fuse into one common duct, which
349 is described for Proctonotoidea. Proctonotoidea mainly feed on bryozoans, however, a few
350 members also rely on hydrozoan prey, similar to Embletonia.

351

352 Few studies addressed the phylogenetic relationship of Embletoniidae using molecular data
353 [18, 24, 53]. Bleidissel [24] focussed on Aeolidida and included Embletonia, because of its
354 putative assignment to this group. Bleidissel's analyses, based on three genes, inferred a

355 sister group relationship of Embletoniidae with Notaeolidiidae, with the latter again being
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356 sister to all remaining Aeolidida. In the only study based on a large data set, Embletonia was
357 inferred, along with Unidentia, within Aeolidida as sister to the remaining Fionoidea, thus
358 excluding a closer relationship with Notaeolidia [18]. Martin and colleagues [16] included
359 characters of the cnidosac into the morphological data matrix published by Wéagele and
360 Willan [19], and their analysis resulted in an assignment of Embletonia to Aeolidida (tree not
361 shown in the publication). Likewise, our unpublished morphological analyses render
362 Embletonia as a sister taxon to Aeolidida. However, it is more likely the lack of data that
363 constrains the position than apomorphic characters of high phylogenetic information.

364

365 In our analyses comprising the unreduced and strict data set, Embletonia pulchra is inferred
366 as sister to Proctonotoidea, but with negligible support in the strict data set (65 BS, 50.1
367 aLRT, 1 aBayes). When assuming that Embletonia is a sister taxon of the Proctonotoidea
368 (see split 9 in Fig. 1 and position i in Fig. 2) and taking into consideration the studies on the
369 evolution of prey preferences [28] and cnidocyst incorporation [18], we have to conclude that
370 (1) feeding on Hydrozoa is an old trait within Cladobranchia and has not changed in
371 Embletonia (in contrast to Proctonotoidea) and (2) the evolution of the cnidosac might have
372 started in the stemline of the clade Aeolidida/Proctonotoidea/Embletoniidae, with Janolus
373 and Dirona probably representing a condition where the ability to store cnidocysts was lost
374 due to a food switch to bryozoan prey. Both, an independent evolution of chidosacs and
375 cnidocyst storage (in the genus Hancockia) as well as a loss or strong reduction of these
376 complex structures has occurred within Dendronotoidea [18].

377

378 In our results from the intermediate data set, Embletonia is a sister group to all remaining
379 Aeolidida, but with even less support (51 BS, 33.1 aLRT, 1 aBayes). Considering this
380 relationship as a possible evolutionary scenario (Fig. 2, position ii, results on the
381 intermediate data set) means that the evolution of the cnidosac would have had to start in
382 the stemline of Embletoniidae/Aeolidida, while the typical character of the Dendronotoidea,

383 the rhinophoral sheaths, had already been lost and oral tentacles had not yet evolved.
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384 However, both discussed possibilities (see Fig. 2, positions i and ii) are neither supported
385 statistically by classical bootstrap values, nor by our quartet analyses: Frequencies of the
386 three possible quartet topologies are almost equal (33% vs. 35% vs. 31% of all non-
387 uncertain quartets, split 9 in Fig. 1 and Supplementary Table S11, Additional File 2), which
388 indicates a highly complex evolution or rapid radiation.

389 Morphological analyses of important characters, like the positions of the anus, jaws, and
390 radula also contradict both relationships discussed above with apomorphic features lacking
391 for both hypotheses [53]. Instead, Embletoniidae shows an uniserial radula with central teeth
392 more similar to various aeolidids.

393

394 Evaluation of alternative positions of Embletoniidae and possible confounding signal

395 To gain more insights into one of the obtained positions of Embletonia and to investigate
396 alternative positions (see Fig. 2), further analyses were conducted. Note, that we consider
397 the strict data set as most reliable, since it has full gene coverage for all species, following
398 the rationale of Dell’Ampio and colleagues [58] and Misof and colleagues [40], who showed
399 that inferred positions with high statistical support can be simply due to non-phylogenetic
400 signal, e.g., the distribution of missing data. However, we also performed some of the
401 analyses on the intermediate data set.

402 We applied approximately unbiased (AU) tests [38] for alternative positions of Embletonia on
403 the intermediate and strict data set. An AU test always takes the complete tree topology into
404 account and not only single splits. Further, it does not test whether or not confounding signal
405 is inherent in the data set, e.g., due to non-randomly distributed data and/or among-lineage
406 heterogeneity violating SRH conditions. We therefore also applied Four-cluster Likelihood
407 Mapping (FcLM) [39] along with a permutation approach on the strict data set. By testing all
408 three possible quartet topologies around Embletonia we evaluated whether or not there was
409 an alternative signal. Further, we checked for any sign of confounding signal (see [40]). To

410 this end, we defined four groups (Supplementary Table S12, Additional File 2) considering
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411 group 4 as outgroup. We performed separate analyses for two outgroup variations: first, with
412 19 species including Anthobranchia and Pleurobranchomorpha and second, only with the 15
413 remaining cladobranch species. We drew gquartets on the original data set and on three
414 artificial data sets, from which any existing phylogenetic signal was removed in three
415 different ways (see Materials and methods, Supplementary Text, Additional File 1, and [40]):
416 (a) by destroying the phylogenetic signal but leaving the distribution of missing data and the
417 compositional heterogeneity, which can lead to violating SRH conditions, untouched; (b) by
418 leaving the distribution of missing data untouched but making the data set completely
419 homogenous (no SRH model violation possible), and (c) by randomizing the missing data
420 distribution and making the data set completely homogenous. For all details see
421 Supplementary Text, Additional File 1.

422

423 Interestingly, the results of the phylogenetic trees and the results of the FcLM
424  (Supplementary Table S13, Additional File 2) and AU tests (Supplementary Table S14,
425 Additional File 2) were quite contradicting:

426 (i) Although the ML trees of the unreduced and strict data sets suggest that Embletonia is
427 sister to Proctonotoidea and although the AU test was unable to reject this topology (p >
428 0.05), it received the lowest proportion of quartets (< 20%) in the FcLM approach. Thus, this
429 relationship can only be explained by confounding signal (see original and permutation
430 results in Supplementary Table S13, Additional File 2).

431 (ii) Although the best ML tree of the intermediate data set suggests Embletonia to be sister
432 to all remaining Aeolidida, a position that is not rejected by the AU test (p > 0.05), the FcLM
433 results indicate only minimal support for such a relationship: the proportion of supporting
434 quartets, excluding those that can be explained by confounding signal, was only around 3%.
435 This also implies that AU tests, irrespective of whether or not a topology for the data set is
436 significantly rejected, cannot be used to check if the signal is confounding.

437  (iii) A sister group relationship of Embletonia to a clade Aeolidida + Proctonotoidea, which

438 received strongest support in the FcLM analyses (8-16% of all quartets after excluding the
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439 proportion of supporting quartets that can be explained by confounding signal, see
440 Supplementary Table S13, Additional File 2), was equally rejected by the AU test.

441

442 There is only very little signal that is not confounding (around 3-8%, compare quartets of
443 original with permuted approaches, Supplementary Table S13, Additional File 2), which
444  would support either Embletonia + Aeolidida (position ii in Fig. 2) or Embletonia as sister to a
445 clade Aeolidida + Proctonotoidea (position iii in Fig. 2). Thus, these results clearly indicate
446 that the position of Embletonia as a sister taxon of Proctonotoidea is not due to any
447 informative phylogenetic signal, but only due to confounding signal in our data set, and again
448 leaves the phylogenetic position of Embletonia as an enigma.

449

450 In order to analyse further possibilities of putative relationships of Embletonia, we tested four
451 alternative positions (iv - vii, see Fig. 2) of Embletonia, which have been discussed in the
452 literature before, by applying the AU test on the strict data set (see Fig. 2 and see below).
453  Note that none of these positions were inferred in any of our ML analyses.

454  (iv) Since Embletonia exhibits characters, which are shared with the Dendronotoidea, we
455 analysed a putative sister group relationship with this superfamily.

456 (v) Although an assignment to Tritonioidea is very unlikely, because Embletonia does not
457 share all the characters special for this superfamily, the position of the Arminoidea is variable
458 within the various published phylogenies [18, 59, 60] when including this superfamily.
459 Nevertheless, we tested this possibility.

460 The last two tests imply a closer relationship of Embletonia with Fionoidea, a relationship
461 that was assumed in former times and reflects the current systematics [50]. Therefore, we
462 tested (vi) a position of Embletonia as sister to Fionoidea and (vii) Embletonia as sister to
463 Unidentiidae and this clade being again sister to the remaining Fionoidea in restricted sense
464 [18, 53].

465
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466 AU tests significantly rejected (p < 0.05) all four alternative positions (iv - vii, see Fig. 2) of
467 Embletonia (see Supplementary Table S14, Additional File 2).

468

469 Despite our extensive molecular data sets and tests, we still cannot unambiguously assign
470 Embletonia to one of the superfamilies in our tree. Beyond only small putative phylogenetic
471 signal as indicated by our FcLM analyses, which is also in line with the negligible support
472 considering classical statistical support, a reason could be the lack of relevant taxa in our
473 data set that could positively influence the position of Embletoniidae in the cladobranch tree
474 (e.g., Doridomorpha, Charcotiidae, Notaeolidiidae). Interestingly, morphological traits are
475 also confounding and do not yet allow for an unambiguous assignment. Because of its
476 unresolved position, several evolutionary traits within the Cladobranchia cannot be
477  satisfactorily explained.

478

479 Conclusions

480 Due to the high number of orthologous single-copy genes that could be successfully
481 extracted from the transcriptomes, the high information content and up to full gene coverage
482 of the supermatrices, and the high resolution of all three phylogenies, we conclude that the
483 use of transcriptomic data is a valuable tool for analysing phylogenetic relationships within
484 Cladobranchia. Nevertheless, analyses of large data sets can be error-prone to systematic
485 bias and classical support values might be inflated as has been shown and discussed [61—
486 64]. Beyond careful data processing prior to phylogenetic tree inference, additional thorough
487 tests, e.g., AU tests, quartet approaches like FcLM and quartet puzzling as well as checks
488 for confounding signals on a variety of different data matrices become more and more
489 indispensable. Our study has revealed that, despite previous efforts, the position of some
490 families within this group, especially the Embletoniidae, requires further investigation and
491 possibly taxonomic revision. In future studies, the present data set should be extended by

492 increasing the number of group-specific orthologous single-copy genes and by including
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493 Charcotiidae, Notaolidiidae and other relevant species to shed light on the relationships
494 Dbetween families and superfamilies in Cladobranchia in order to draw a more complete
495 image of the evolution of this enigmatic group.

496

497 Materials and methods

498 An overview of the complete workflow is displayed in Fig. 3. Major steps are described here
499 while all details and settings can be found in the Supplementary Text, Additional File 1.

500

501 Taxon sampling and sampling of transcriptome data

502 For this study, we used recently published transcriptome data and generated new
503 transcriptome data for 21 species. We collected 19 species of Cladobranchia and two more
504 distantly related species of heterobranch sea slugs from different locations in the
505 Mediterranean Sea and the Sea of Japan (Supplementary Table S1, Additional File 2). The
506 specimens were preserved in RNAlater (Qiagen) or IntactRNA (Evrogen) and stored at -80
507 °C. The specimens collected on Elba island (Supplementary Table S1, Additional File 2)
508 were stored at -20 °C for approximately two weeks and then transferred to -80 °C until RNA
509 extraction. RNA extraction was performed using the Macherey & Nagel NucleoSpin RNA 1
510 kit. Preparation and amplification of the cDNA libraries were performed by StarSeq GmbH,
511 Mainz using the lllumina TruSeq Stranded RNA HT kit. Paired-end sequencing was also
512 conducted at StarSeq with a read length of 150 base pairs on an lllumina NextSeq 500
513 sequencing platform. Raw reads were submitted to the NCBI SRA database. All accession
514 numbers are provided in Supplementary Table S2, Additional File 2.

515 Our newly generated transcriptome samples were combined with the published
516 transcriptome data of another 40 samples that we downloaded from the NCBI SRA database
517 (Supplementary Table S2, Additional File 2) [27, 28, 65, 66]. The published data comprised

518 37 species of Cladobranchia as well as two dorids, Prodoris clavigera and Doris
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519 kerguelenensis, and one pleurobranchid, Pleurobranchaea californica (Supplementary Table
520 S2, Additional File 2).

521

522  De novo transcriptome assembly

523 All raw sequence reads of published and newly generated samples were gquality-checked
524  prior to and after adapter trimming using FastQC Version 0.11.5 [67]. Adapter trimming and
525 quality filtering were performed with Trimmomatic v0.36 [68] using a custom adapter file (see
526 Additional File 4).

527

528 Data from altogether 61 samples were assembled using six assembly tools: BinPacker v. 1.1
529 [69], IDBA-Tran v. 1.1.1 [70], Shannon v 0.0.2 [71], SOAPdenovo-Trans v. 1.04 [72], Trans-
530 ABySS v. 1.5.5[73], and Trinity v. 2.4.0 [74]. All assemblers were run with default settings
531 and all paired-end reads that survived the trimming process were used as input. We
532 additionally provided surviving single-end reads to those assemblers that were capable of
533 processing them (IDBA-Tran, SOAPdenovo-Trans, and Trans-ABySS).

534 Following identification of the best transcriptome assembly per species (see below), possible
535 foreign contaminants were identified upon submission of the newly sequenced
536 transcriptomes to NCBI Transcriptome Shotgun Assembly (TSA) database and subsequently
537 removed from the sequences. Details are provided in the Supplementary Text, Additional
538 File 1 and in Supplementary Table S7, Additional File 2. The five alternative assemblies for
539 each sample that has been sequenced in frame of this study are provided in Additional File
540 5.

541

542  Orthology prediction and generation of data matrices

543 We designed a custom-made orthologue set by selecting all genes that were listed by
544  OrthoDB version 9 [75] to be single-copy at the hierarchical level “Lophotrochozoa” and
545 downloaded the respective table with the IDs of the orthologue groups (called OGs

546 hereinafter). We additionally downloaded the official gene sets of three species with well-
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547 sequenced and annotated genomes, which we selected as reference species (i.e.
548 Biomphalaria glabrata, Official Gene Set (OGS) version 1.2 vectorbase [76], Crassostrea
549 gigas, OGS version Sep-2012 (ENA genebuild) [77], and Lottia gigantea, OGS version Jan-
550 2013 (JGI genebuild) [78]. We excluded five genes from this set due to defective sequence
551 headers, leading to a custom-made orthologue set comprising 1,992 orthologues. Orthology
552 prediction was performed using Orthograph v.0.6.2 [79], for which we used the
553 aforementioned orthologue set (Additional File 6). Details are provided in the Supplementary
554 Text, Additional File 1. To reduce the amount of missing data per species, three
555 transcriptome assemblies that covered less than 60% of the orthologue set were excluded
556 from further analyses: Pseudobornella orientalis (53% of the orthologue set missing),
557 Dermatobranchus sp. (46% missing), and Tritoniopsis frydis (51% missing). We then
558 removed all OGs for which less than 50% of the investigated species had a positive hit. This
559 resulted in 1,767 OGs for further analyses.

560

561 The quality of all transcriptome assemblies was further assessed with BUSCO v3.0.0 using
562 the metazoa_odb9 reference set genes comprising 978 BUSCO groups [42] and default
563 settings (Supplementary Table S5, Additional File 2). Because BUSCQO'’s general metazoa
564 data set is not very specific for nudibranchs and since there is no way to easily compile a
565 nudibranch-specific reference data set (R. Waterhouse, personal communication), we
566 devised a method that makes use of the output generated by Orthograph. For each
567 Orthograph run, we calculated the number of sequences that were assigned to OGs by
568 Orthograph as well as the cumulative length of these sequences. With the aim to maximize
569 the amount of data, the latter was used as a criterion to determine the best assembly for
570 each species (for details see Supplement Text, Additional File 1, Supplementary Table S6,
571 Additional File 2, and Additional File 7).

572

573 Multiple sequence alignments on translational level were generated using DIALIGN-TX

574 Version 1.0.2 [80] and checked for outlier sequences using a newly implemented version of
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575 the outlier script described in [40] (see Supplementary Text, Additional File 1 for details;
576 unfiltered alignments are provided in Additional File 8). Sequences identified as outliers as
577 well as all sequences belonging to the three reference taxa were removed from the
578 alignments (Additional File 9).

579

580 The amino acid multiple sequence alignments were examined with the program Aliscore
581 version 2.0 [81, 82] in order to identify ambiguous or randomly similar aligned sites. All
582 positions flagged by Aliscore (~ 29% of the originally aligned sites, see Supplementary Text,
583 Additional File 1) were discarded using AliCut version 2.31 [83] (Additional File 10). The
584 resulting masked amino acid alignments were concatenated into a supermatrix along with
585 the creation of a partition file using FASconCAT-G version 1.04 [84].

586

587 Compilation, evaluation and optimization of data sets

588 This amino acid supermatrix, with 58 species and including 1,767 genes, was analysed
589 using the software tool MARE version 1.2-rc [44] in order to assess the potential information
590 content (IC) of each gene partition, the overall information content of the matrix, and the
591 coverage in terms of gene partitions. The tool AliStat version 1.6 [45] was used to calculate
592 alignment diagnostics and the software SymTest version 2.0.47 [46—-48] was used to analyse
593 the compositional heterogeneity of the supermatrix in order to detect possible violations of
594 stationary, (time-)reversible, and homogeneous (SRH) conditions [49].

595

596 To reduce especially among-lineage heterogeneity (see Results and Discussion), we
597 excluded the species Doris kerguelenensis and Calmella cavolini from our data (see
598 Supplementary Figures S2 and S7, Additional File 3).

599

600 We repeated analyses with MARE, AliStat, and SymTest and compiled three final data sets,
601 allowing different levels of missing data (Supplementary Table S10, Additional File 2): an

602 unreduced data set with 56 species and all 1,767 gene partitions with 771,707 aligned
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603 amino-acid sites and allowing ~ 39% missing data; an intermediate data set in which data for
604 at least one representative of the defined groups (Supplementary Table S9, Additional File
605 2) had to be present, which led to a data matrix of 56 species and 667 gene partitions
606 (271,732 aligned sites) with 98% gene coverage and 18% of missing data, and our most
607 strict data set only including genes present in all 56 species. This led to a data matrix with
608 170,140 aligned sites, 446 gene partitions and less than 13% of missing data. Missing data
609 can lead to confounding signals in phylogenetic inference [40, 44, 58]. We therefore consider
610 our strict data set as most reliable. Details are provided in the Supplementary Text,
611 Additional File 1. The three supermatrices are provided in Additional File 11.

612

613 Phylogenetic tree inference

614 For all three data sets, maximum likelihood (ML) trees were calculated using IQ-TREE
615 version 1.6.12 [85]. The best fitting amino acid models for each partition were identified
616 using ModelFinder [86], which was run using an edge-link partitioned approach [87]. Out of
617 20 tree searches per data set, we selected the best ML tree according to the best log-
618 likelihood. Statistical support was derived from non-parametric bootstrap replicates ensuring
619 bootstrap convergence. Additionally, we calculated SH-like approximate likelihood ratio test
620 support [88] and approximate Bayes test support [89]. The best ML tree of each of the three
621 data sets was tested for the presence of rogue taxa using RogueNaRok v.1.0 [90]. Details
622 for each step including used settings are provided in the Supplementary Text, Additional File
623 1.

624

625 Testing for alternative topologies

626 Quartet puzzling

627 To analyse phylogenetic discordance, we applied the Quartet Sampling (QS) method [41],
628 which aims to identify the lack of branch support due to low phylogenetic information,

629 discordance due to lineage sorting or introgression, and misplaced or erroneous taxa (rogue
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630 taxa). Details on the analysis and interpretation of scores are provided in the Supplementary
631 Text, Additional File 1 and Supplementary Table S11, Additional File 2.

632

633 Testing the position of Embletonia

634 Since the inferred position of Embletonia pulchra was not stable comparing the best ML
635 trees of the intermediate and strict data set, we tested various possible topologies with AU
636 tests (see Fig. 2) [38] as implemented in IQ-TREE version 1.6.12 (see Results and
637 Discussion, Supplementary Text, Additional File 1, and Additional File 12). To further
638 analyse whether or not the placement of Embletonia in our best tree inferred from the strict
639 data set was influenced by confounding signal and violating SRH conditions, and whether or
640 not there was putative phylogenetic signal for alternative positions of Embletonia, we
641 additionally performed Four-cluster Likelihood Mapping (FcLM), which is outlined in the
642 results section and in detail in the Supplement Text, Supplementary File 1 (see also
643 Additional File 13). In summary, we tested the following seven alternative hypotheses
644 concerning the position of Embletonia:

645 i) Embletonia is sister to Proctonotoidea (AU test + FcLM)

646 i) Embletonia is sister to all Aeolidida (AU test + FcLM)

647 iii) Embletonia is sister to (Aeolidida, Proctonotoidea) (AU test + FcLM)

648 iv) Embletonia is sister to Dendronotoidea (AU test)

649 v) Embletonia is sister to Arminoidea (AU test)

650 vi) Embletonia is sister to Fionoidea (AU test)

651 vii) Embletonia is sister to Unidentiidae and this clade is sister to remaining Fionoidea (AU
652 test).

653

654 Abbreviations

655 aLRT: approximate likelihood ratio test, AU test: approximately unbiased test, BS: bootstrap,

656 FcLM: Four-cluster Likelihood Mapping, IC: information content, ML: maximum likelihood,
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657 MSA: multiple sequence alignment, OG: orthologue group, OGS: official gene sets, QD:
658 Quartet differential, QS: Quartet Sampling, SRH: stationary, (time-)reversible and

659 homogenous, TSA database: Transcriptome Shotgun Assembly database, WoRMS:
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926 Figures

927 Figure 1: Best ML tree (phylogram) from the strict data set. Maximum likelihood (ML)

928 tree with bootstrap (BS) support values calculated on the strict data set. Black dots (e)

34


https://doi.org/10.1101/2020.09.22.307728
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.22.307728; this version posted September 23, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

929 indicate a BS support value of 100. The numbers represent splits that are discussed in the
930 main text and the surrounding coloured circles represent Quartet Sampling (QS) scores for
931 the corresponding split. QFreq. = Quartet frequencies. QC = Quartet concordance. QD =
932 Quartet differential. QI = Quartet informativeness.

933 Figure 2: Best ML tree (cladogram): AU tests + FcLM. Cladogram with summarized
934 major families/clades and images of representative species. Splits for which additional
935 testing was performed are marked with Roman numerals (i-vii) in a coloured circle (AU test)
936 and a triangle (FcLM, splits i-iii). The original position of E. pulchra as obtained from the strict
937 data set is marked by a blue branch (T1). Alternative positions of E. pulchra are indicated by
938 ared (T2) and yellow branch (T3), respectively. We thank Craig A. Hoover for providing the
939 picture of Flabellinopsis iodinea and Karen Cheney for permissions to use the picture of
940 Unidentia angelvaldesi.

941 Figure 3: Analysis workflow. Schematic workflow representing all steps from NGS data to
942 the testing of alternative topologies with major steps being highlighted in shades of gray.

943

944  Additional Files

945 Additional file 1 - Supplementary Text (pdf)

946

947 Additional file 2 - Supplementary Tables S1 - S14 (xIsx)

948 Table S1: Sampling information for the species collected for this study.

949 Table S2: NCBI accession numbers for all species used in this study.

950 Table S3: Statistics of raw sequence reads before and after trimming.

951 Table S4: Assembly statistics.

952 Table S5: BUSCO results.

953 Table S6: Results of the Quality Checker script and selection of the best assembly.
954 Table S7: Information on sequences removed during contamination filtering.

955 Table S8: Number of removed outlier sequences per species.
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956 Table S9: Group definitions to compile the intermediate data set.

957 Table S10: Supermatrix diagnostics of data sets used in this study.

958 Table S11: Results of the Quartet Sampling analysis.

959 Table S12: Group definitions used for Four-cluster Likelihood Mapping (FCcLM) analyses.
960 Table S13: FcLM results testing the position of Embletonia.

961 Table S14: AU test results on the strict and intermediate data set.

962

963 Additional file 3 - Supplementary Figures S1 - S12 (pdf)

964 Figure S1: Species-pairwise site-coverage of the original unreduced and reduced data
965 sets.

966 Heat maps indicate species-pairwise amino acid site-coverage of the sequences of 58
967 species in the original data sets inferred with AliStat. Low shared site-coverage is in shades
968 of red and high shared site-coverage is in shades of green. AliStat scores are given in
969 Supplementary Table S10, Additional File 2. a) original unreduced data set. b) original
970 reduced data set.

971

972 Figure S2: Heat maps calculated with SymTest applying the Bowker’s test on the

973 original unreduced and reduced data sets.

974 Heat maps show the results of pairwise Bowker’s test as implemented in SymTest 2.0.47
975 analysing the original data sets unreduced and reduced. The percentage of pairwise p-
976 values < 0.05 rejecting SRH conditions are given in parentheses. a) original unreduced data
977 set (p-values < 0.05: 83.36%). b) original reduced data set (p-values < 0.05: 42.65%). Note
978 that especially Calmella and Doris are obvious with respect to violating SRH conditions.

979

980 Figure S3: Heat map visualising the information content of the final unreduced data
981 set calculated with MARE.

982 The information content (IC) is colour-coded in shades of blue, with darker shades

983 representing higher IC and white squares indicating missing data. Red squares indicate
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984 gene partitions with an IC = 0. Species are displayed in rows (x-axis) and gene partitions are
985 displayed in columns (y-axis). Supermatrix diagnostics of MARE are provided in
986 Supplementary Table S10, Additional File 2.
987
988 Figure S4: Heat map visualising the information content of the final intermediate data
989 set calculated with MARE.
990 The information content (IC) is colour-coded in shades of blue, with darker shades
991 representing higher IC and white squares indicating missing data. Red squares indicate
992 gene partitions with an IC = 0. Species are displayed in rows (x-axis) and gene partitions are
993 displayed in columns (y-axis). Supermatrix diagnostics of MARE are provided in
994  Supplementary Table S10, Additional File 2.
995
996 Figure S5: Heat map visualising the information content of the final strict data set
997 calculated with MARE.
998 The information content (IC) is colour-coded in shades of blue, with darker shades
999 representing higher IC and white squares indicating missing data. Red squares indicate
1000 gene partitions with an IC = 0. Species are displayed in rows (x-axis) and gene partitions are
1001 displayed in columns (y-axis). Supermatrix diagnostics of MARE are provided in
1002 Supplementary Table S10, Additional File 2.
1003
1004 Figure S6: Species-pairwise site-coverage of the final unreduced, intermediate, and
1005 strict data set.
1006 Heat maps indicate species-pairwise amino acid site-coverage of the sequences of 56
1007 species in the final data sets inferred with AliStat. Low shared site-coverage is in shades of
1008 red and high shared site-coverage is in shades of green. AliStat scores are given in
1009 Supplementary Table S10, Additional File 2. a) unreduced data set. b) intermediate data set.
1010 c) strict data set.

1011
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1012 Figure S7: Heat maps calculated with SymTest applying the Bowker's test on the final
1013 unreduced, intermediate, and strict data sets.

1014 Heat maps show the results of pairwise Bowker's test as implemented in SymTest 2.0.47
1015 analysing the final data sets unreduced, intermediate, and strict. The percentage of pairwise
1016 p-values < 0.05 rejecting SRH conditions are given in parentheses. a) unreduced data set
1017 (p-values < 0.05: 82.14%). b) intermediate data set (p-values < 0.05: 63.96%). c) strict data
1018 set (p-values < 0.05: 46.17%).

1019

1020 Figure S8: Best ML tree of the strict data set with aLRT and aBayes support.

1021 The phylogram is identical to the phylogram in Fig. 1. The first value displays branch support
1022 based on 10,000 SH-aLRT replicates, the second value displays support derived from the
1023 approximate Bayesian support.

1024

1025 Figure S9: Best ML tree of the intermediate data set with non-parametric bootstrap
1026 support.

1027  Statistical support was inferred from 300 non-parametric bootstrap replicates.

1028

1029 Figure S10: Best ML tree of the intermediate data set with aLRT and aBayes support.
1030 The first value displays branch support based on 10,000 SH-aLRT replicates, the second
1031 value displays support derived from the approximate Bayesian support.

1032

1033 Figure S11: Best ML tree of the unreduced data set with non-parametric bootstrap
1034 support.

1035 Statistical support was inferred from 100 non-parametric bootstrap replicates.

1036

1037 Figure S12: Best ML tree of the unreduced data set with aLRT and aBayes support.
1038 The first value displays branch support based on 10,000 SH-aLRT replicates, the second

1039 value displays support derived from the approximate Bayesian support.
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1040

1041 Additional file 4 - FASTA file in zip archive

1042 Archive S1: lllumina adapters used for adapter trimming.
1043

1044  Additional file 5 - FASTA files in zip archive

1045 Archive S2: Included in this archive are the five alternative assemblies for each sample that
1046 has been sequenced in the frame of this study (FASTA format). Note that the best selected
1047 assembly has been deposited at the NCBI TSA database. Pseudobornella orientalis (HW08)
1048 has been removed from the NCBI TSA database due to exceptionally low sequence quality.
1049 Its alternative assemblies are therefore also not part of this archive.

1050

1051 Additional file 6 - FASTA/txt files in zip archive

1052 Archive S3: This archive includes official gene sets of the three reference species

1053 Biomphalaria glabrata, Crassostrea gigas, and Lottia gigantea on translational and

1054 transcriptional level, the list of all orthologous sequence clusters (OGs) as required for
1055 Orthograph, and an exemplary Orthograph config file.

1056

1057 Additional file 7 — Python script/txt files in zip archive

1058 Archive S4: Included in this archive is the Orthograph_Quality Checker.py script, a manual,
1059 an example configuration file, and an example output file.

1060

1061 Additional file 8 — Alignment files in zip archive

1062 Archive S5: Unmasked multiple sequence alignments on amino acid level including Doris
1063 kerguelenensis and Calmella cavolini prior to the removal of outliers.

1064

1065 Additional file 9 — Python scripts in zip archive
1066 Archive S6: This archive contains two custom Python scripts. The remove_outliers.py script

1067 removes all identified outlier sequences from a given alignment. The
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1068 remove_reference_sequences.py script removes all sequences from the reference species
1069 Biomphalaria glabrata, Crassostrea gigas, and Lottia gigantea from the alignments.

1070

1071 Additional file 10 — Alignment files in zip archive

1072 Archive S7: 1,767 Multiple sequence alignments (FASTA format) on amino acid level, from
1073  which sequences belonging to Doris kerguelenensis and Calmella cavolini as well as

1074 ambiguously aligned sections and gap-only sites were removed. These served as the basis
1075 for compiling the final unreduced supermatrix.

1076

1077 Additional file 11 — Alignment/txt files in zip archive

1078 Archive S8: The unreduced, intermediate, and strict supermatrix (FASTA format) plus
1079 respective gene partition information including the selected substitution model used in the
1080 phylogenetic analyses.

1081

1082 Additional file 12 — Tree files (NEWICK format) in zip archive

1083 Archive S9: Seven tree topologies (NEWICK format) displaying differing positions of

1084 Embletonia pulchra that were tested using the approximately unbiased (AU) test with 1Q-
1085 TREE.

1086

1087 Additional file 13 - Alignment/NEXUS/txt files in zip archive

1088 Archive S10: Data used for Four-cluster Likelihood Mapping (FcLM). This archive includes
1089 two directories (one per approach, with a) 19 species included in Group 4 and b) 15 species
1090 included in Group 4; see section 17). Each directory includes four subdirectories: original,
1091 permutationl, permutationll, and permutationlll. In each subdirectory, the following files that
1092 served as input for the FcLM with IQ-TREE are provided: superalignment (FASTA format),
1093 partition file with gene boundaries and respective models, and the group file (NEXUS format)

1094 listing the species included in the defined groups (see Supplementary Table 13).
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