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​Summary​

​Candidate gene approaches have positioned the​​Platynereis dumerilii​​mushroom bodies as an​

​interesting evolutionary case study. With resemblances to both the vertebrate telencephalon​

​and to similarly structured insect mushroom bodies, the neurons making up these brain​

​regions have been thought to stem from an ancestral cell type family. Single cell​

​transcriptomics is enabling the investigation of such evolutionary questions based on a cell's​

​entire​​repertoire of expressed genes. The present investigation used single​​nucleus​​RNA​

​sequencing to characterise the neurons of this structure in adult​​P.dumerilii​​. This revealed a​

​gene signature comprising known and novel genes that can now be compared to closely and​

​more evolutionarily distant species. This approach also uncovered the stage - specific​

​expression of a ciliary opsin -​​cOpsin1​​-​​and a possible​​emx​​paralog -​​emx2​​- in a subset of​

​these neurons, which appear to undergo dramatic restructuring upon sexual metamorphosis.​

​Incorporating publicly available datasets of similar stages further showed that this subset of​

​neurons may reflect vertebrate - like mechanisms of adult neurogenesis influenced - either​

​directly or indirectly - by​​cOpsin1​​. These findings are interpreted in light of recent work​

​characterising a neurogenic region adjacent to the rhabdomeric eyes and responsible for​

​their growth during sexual metamorphosis, a process that​​also​​seems to involve the​

​expression of​​cOpsin1​​(Milivojev et al., 2024). In addition to this unexpected finding, the​

​present work attempts to compare the overall mushroom body gene signature across distant​

​species, finding​​mef2c​​to be a common gene shared among​​P.dumerilii​​and insect mushroom​

​bodies, as well as cephalopod vertical lobe neurons. It also highlights how the diversity​

​within Annelida can help resolve outstanding questions of whether these neurons represent​

​an ancestral cell type and how future transcriptomic investigations on diverse annelid brains​

​will provide macro- and microevolutionary insights.​
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​Zusammenfassung​

​Kandidatengen-Ansätze haben die Pilzkörper von​​Platynereis dumerilii​​zu einem​

​interessanten Fallbeispiel für die Evolutionsforschung gemacht. Aufgrund ihrer​

​Ähnlichkeiten sowohl mit dem Telencephalon von Wirbeltieren als auch mit ähnlich​

​strukturierten Pilzkörpern von Insekten wurde angenommen, dass die Neuronen, aus denen​

​diese Teile des Gehirns bestehen, von derselben Zelltyp-Familie des letzten gemeinsamen​

​Vorfahren abstammen. Die Einzelzell-Transkriptomik ermöglicht die Untersuchung solcher​

​evolutionären Fragen auf der Grundlage des gesamten Repertoires der exprimierten Gene​

​einer Zelle. In der vorliegenden Untersuchung wurden die Neuronen dieser Struktur in​

​adulten​​P. dumerilii​​mittels Einzelkern-RNA-Sequenzierung charakterisiert. Dabei wurde​

​eine Gensignatur aus bekannten und neuen Genen identifiziert. Dieser Ansatz deckte auch​

​die stadienspezifische Expression des Sehpigments​​cOpsin1​​und eines emx-Paralogs –​​emx2​​–​

​in einer Untergruppe dieser Neuronen auf, die sich nach der sexuellen Metamorphose​

​dramatisch umstrukturieren. Die Einbeziehung verfügbarer Datensätze ähnlicher Stadien​

​zeigte darüber hinaus, dass diese Untergruppe von Neuronen möglicherweise Mechanismen​

​der adulten Neurogenese aufweist, die denen der Wirbeltiere ähneln und direkt oder indirekt​

​durch​​cOpsin1​​beeinflusst werden. Diese Ergebnisse werden im Zusammenhang mit neuen​

​Arbeiten interpretiert, die eine​​c-opsin1-​​abhängige neurogene Region beschrieben haben, die​

​an die rhabdomerischen Augen angrenzt und für deren Wachstum während der sexuellen​

​Metamorphose verantwortlich ist (Milivojev et al., 2024). Zusätzlich zu diesem unerwarteten​

​Ergebnis versucht die vorliegende Arbeit, die Gensignatur der Pilzkörper zwischen​

​entfernten Arten zu vergleichen, und stellt fest, dass​​mef2c​​ein gemeinsames Gen ist, das​

​sowohl bei​​P. dumerilii​​als auch bei Insekten sowie bei Neuronen des Vertikallappens von​

​Kopffüßlern vorkommt. Sie unterstreicht auch die Bedeutung  vergleichender​

​Einzel-Transkriptomik an verschiedenen Annelidengehirnen für die makro- und​

​mikro-evolutionäre Forschung.​
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​needed for its function (Hobert, 2016), is useful for defining neuron types based on such​

​regulatory programs. It is especially useful for comparing neuron types across long​

​evolutionary distances (Arendt et al., 2016, 2019).​​Figure 1​​schematises the definition put​

​forward in Arendt et al. (2019),  which suggests that related cell types may share part of a​

​regulatory program inherited from a common ancestor and can be considered a​​cell type​

​family​​, with an expectation that older families will be seen across many species, while newer​

​sub families or cell types will be phylum , genus, or even species - specific.​

​Reconciling these transcriptomic signatures with neuron morphology and function,​

​however, has become a  nuanced endeavour (Özel & Desplan, 2025). For example, some​

​morphologically and functionally distinct neurons are actually transcriptomically similar, as​

​seen in the zebrafish tectum (Shainer et al., 2025).  Furthermore, the lifelong processes of​

​development present an ever changing transcriptomic signature, adding another variable to​

​consider in the quest to define cells by terminal selectors (Arendt et al., 2019; Oel et al.,​​in​

​prep.​​). High resolution connectomics is able to classify each bilateral pair of neurons in​

​P.dumerilii​​as a different cell type,  but this level of detail is only achieved when considering a​

​small percentage of neurons, omitting differentiating neurons and those with few synapses​

​(Jékely et al., 2024). Yet, such developmental cell states can, on the contrary, provide great​

​comparative insights, as in the evolution of the telencephalon, where similarities in​

​embryonic stages of sharks and mice make it possible to infer relatedness between neuron​

​progenitor populations (Quintana-Urzainqui et al., 2025). In flies, certain cell types can​​only​

​be distinguished by their transcriptomes in earlier developmental stages, becoming​

​indistinguishable in adult stages (Li et al., 2017).  Despite this nuance, comparisons between​

​different nematode species have shown that transcription factor expression and​

​neurotransmitter usage seem to remain stable among comparable neuronal cell types  (Toker​

​et al., 2024), information that can be obtained from single cell sequencing approaches. This​

​does not seem to be the case for neurotransmitter receptors and neuropeptidergic signaling,​

​which is more variable (Toker et al., 2024). On the other hand, terminal effector genes​

​16​



Figure 1. A hypothetical depiction of cell type evolution from Arendt et al. (2019). Blue
branches depict oldest cell type families likely to be most conserved across long evolutionary 
distances. Black branches represent the species-specific cell types that are part of larger 
conserved cell type families.



​(hormones, neuropeptides) were reported to indeed be rather constant between different​

​teleost fish species (Shafer et al., 2022).​

​Bearing this nuance in mind, single cell transcriptomics remains a practical approach to​

​define cell types based on their regulatory programs and draw evolutionary inferences about​

​ancestral cell types and families, since it is hypothesized that across large distances cell type​

​families rather than specific cell types will be conserved (Arendt et al., 2019; Musser et al.,​

​2021). It is also an accessible approach for species yet to be functionally characterized in​

​detail.​

​1.2.​​Platynereis dumerilii​​as a model​

​As previously mentioned, to draw evolutionary inferences about related neuron types and​

​families present in the brains of extant bilaterians, it is important to sample a variety of​

​species spanning different phyla. Well-established models - mouse, fish, fly - exist among the​

​deuterostomes and ecdysozoans, and such models have been expanded to include​

​lophotrocozoan species such as​ ​Platynereis dumerilii​​- a marine annelid with spiral cleavage​

​(Arendt et al., 2021; Fischer et al., 2010). This model can be cultured in the lab and also​

​collected from the wild during either its pelagic spawning (epitoke) stage or during its​

​benthic tube-dwelling (atoke) stage​​(Fischer & Dorresteijn,​​2004; Legras et al., 2023; Özpolat​

​al., 2021).​​Figure 2​​depicts this life cycle (Legras​​et al., 2023). This life cycle consists of three​

​dramatic metamorphoses described in detail by others (A. Fischer & Dorresteijn, 2004; A. H.​

​Fischer et al., 2010; Hauenschild, 1966) and summarised as follows. The first occurs when the​

​planktonic larvae settle and begin their benthic growth phase of eating and adding​

​segments. The second, cephalic metamorphosis, occurs soon thereafter and involves the​

​incorporation of the first trunk segment into the head, at which point the body plan is set​

​until sexual metamorphosis. During this time the worm remains on the benthos in a self -​

​spun tube, feeding and adding segments. Finally, at around 70 segments, gametes begin​

​17​



Figure 2. A schematic representation of the P.dumerilii life cycle. Artwork by Giulia 
Ghisleni from Legras et al. (2023). Note the pelagic - to - benthic transition followed by a 
return to a pelagic lifestyle after sexual metamorphosis.



​maturing in the body cavity. Soon after, food intake stops and the final metamorphosis -​

​sexual metamorphosis - takes place. This is when the rhabdomeric eyes grow in size, the​

​dorsal chromatophores disappear, the females appear yellow in colour due to the oocytes​

​they carry, while the males have a white anterior section and red posterior section indicative​

​of sperm cells and muscle, respectively. Only at this point is it possible to​​visually​​distinguish​

​reproductive male versus female worms, although earlier transcriptomic differences are​

​apparent (Ribeiro et al., 2024).​

​Via an array of opsins and cryptochrome proteins, this maturation process occurs in time​

​with the circadian and monthly lunar cycles, in order to synchronise spawning events with​

​the new moon (Hauenschild, 1960; Pende et al., 2020; Poehn et al., 2022; Wulf et al., 2025;​

​Zantke et al., 2013; Zurl et al., 2022). This final metamorphosis has long been known to be​

​triggered via brain hormones, such that headless worms matured​​faster,​​indicating that the​

​reduction of brain hormone release is needed for sexual metamorphosis to occur​

​(Hauenschild, 1966). The hormone methylfarnesoate was later discovered as a key player in​

​this process, showing the ability to directly suppress oocyte maturation and either directly or​

​indirectly maintain a worm’s premature - specific posterior regenerative ability (Schenk et​

​al., 2016). Together with recent work showing that​​gnRH​​- like (​​gonadotropin - releasing​

​hormone​​) peptides get upregulated in the brains of reproductive worms, and at critical points​

​in the lunar cycle (Andreatta et al., 2020), it is clear that an interplay of metabolic signaling,​

​lunar cycle, as well as seasonal changes (Veedin Rajan et al., 2021), influence the timing of​

​sexual metamorphosis.​

​Overall, with a body plan resembling an early Cambrian fossil polychaete (Parry & Caron,​

​2019) and an intron - rich gene structure resembling that of humans (Raible et al., 2005),​

​P.dumerilii​​is a useful model to include when exploring​​neuronal cell type evolution.​
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​1.3. Aims of this thesis​

​In this thesis, I aim to broadly characterize the neuronal cell types of the maturing​​P.dumerilii​

​brain using single nucleus transcriptomics, which will be the focus of Chapter 2. I focus on​

​one neuronal cell type - the mushroom body interneurons - that, according to candidate gene​

​approaches and previous functional studies, are likely involved in associative functions in the​

​brain of​​P.dumerilii​​(Arendt et al., 2021; Chartier et al., 2018; Tomer et al., 2010; Vergara et al.,​

​2021)​​.​​With this gene signature in hand, in Chapter 3, I attempt to compare this cell type to​

​other bilaterian species to explore whether it - or at least molecular mechanisms used by it -​

​may indeed be ancestral.  The fourth chapter of this thesis explores these insights from a​

​microevolutionary perspective, by setting the foundation for further transcriptomic​

​comparisons among the brains of annelids living in various environmental contexts. It​

​touches on the diversity of brain structures that exists even within Annelida, and how future​

​transcriptomic comparisons among the brains of diverse annelids - including those within​

​the​​Platynereis spp.​​species complex - will further​​resolve outstanding questions of whether​

​the cell types introduced in earlier chapters are indeed ancestral. For this to work, careful​

​classification of the specimens of this species complex is an important first step.​
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​2.  A transcriptomic exploration of the maturing​
​P.dumerilii​​brain​

​2.1. Contributions​

​As with this entire thesis, this chapter would not have been possible without the support of​

​my EMBL colleagues and lab members.  I did the downstream analyses myself with the​

​guidance of Phil Oel, Tobias Gerber and Niko Papadopoulos and others. Initial 10x captures​

​were done by Leslie Pan and Phil Oel. I joined the team for dissections, extractions and​

​captures after the sn022/23 library. Library preparation was done by Leslie Pan. Tobias​

​Gerber mapped sequencing reads to the Platynereis genome and disentangled multi-species​

​captures. R analysis code was based on Seurat pipelines and custom functions from Phil Oel​

​and Niko Papadopoulos, who, along with Tobias Gerber, guided my analysis. OpenAI​

​technology assisted with quick code modifications or errors. I performed the relevant​​in situ​

​validation, nuclear stains, and imaging myself with the guidance of Luca Santangeli, Matt​

​Benton and members of the ALMF, as well as image processing tips from Phil Oel, Idoia​

​Quintana - Urzainqui and Leslie Pan. Lastly, the preprint dataset  from Milivojev et al. (2024)​

​was incredibly helpful in the interpretation of my findings and reassuring to see that​

​different labs, methods, and worm cultures led to reproducible results.​
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​2.2. Background​

​2.2.1. The​​P.dumerilii​​mushroom body as an interesting​​case study​

​The​​P.dumerilii​​mushroom bodies (MB) are thought to​​be a centre for information integration​

​and association since, functionally, they respond as part of a chemosensory circuit with a​

​slight delay after stimulus onset (Chartier et al., 2018). They express patterning genes similar​

​to the vertebrate pallium (Tomer et al., 2010; Vergara et al., 2021), and in older post-cephalic​

​metamorphic developmental stages they structurally resemble insect mushroom bodies​

​(Heuer et al., 2010, 2012; Tomer et al., 2010).  More specifically, the anatomical structure of​

​the MB - with dense nuclei forming dendritic connections in distinct calyces and axonal​

​tracts exiting via dorsal and ventral peduncles - resembles those of insects both at 6dpf​

​(Vergara et al., 2021) and more clearly in adult stages, where this region is easily​

​distinguishable from surrounding nuclei (Heuer et al., 2010, 2012; Tomer et al., 2010).​

​Regarding a transcriptomic signature, already at 48hpf the mediolateral as well as​

​anterior-posterior anlage of the anterior brain - defined by​​pax6​​,​​nkx2.1/2.2​​and​​otx​

​respectively - is similar to mouse pallium development, with the MBs developing from an​

​emx​​- expressing subregion of the​​pax6​​region (Tomer​​et al., 2010). The similarities between​

​early patterning genes of the vertebrate pallium and the annelid MB are depicted in​​Figure​

​3A - C​​. The structural and transcriptomic similarities​​to distant model Bilaterians make the​

​neurons of the​​P.dumerilii​​MBs a good candidate to​​classify and compare using single nucleus​

​RNA sequencing (snRNAseq).​

​2.2.2. Gene signature for​​P.dumerilii​​MB neurons​

​Candidate gene approaches offer good insight into what genes to look for when using single​

​cell transcriptomic datasets to define the MB neurons. As mentioned above, in early​

​development, the​​P.dumerilii​​MBs emerge from an​​emx​​and​​pax6​​expressing anterior brain​

​region (Tomer et al., 2010).  Later at 6 dpf (days post fertilisation), this region begins​
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Figure 3. Schematic comparison of vertebrate pallium (left panel) development and 
annelid MB (right panel) development. Figure from Tomer et al. (2010) with minimal 
adaptations. (A) Anterior - posterior (otx, gbx, hox) and mediolateral (pax6, nkx2.1, nkx2.2) 
patterning genes are similar in both vertebrate and annelid early development, with the 
pallium and the MBs emerging from the anterior pax6+ region. Regionalisation of the 
vertebrate telencephalon and annelid anterior brain as (B) a schematic representation and 
(C) colour - coded gene signatures matching B. Note the specificity of pax6 and emx to 
both the vertebrate pallium and the annelid MBs. (D) Parasagittal sections showing the 
resulting divergent adult structures. Abbreviations: MB: mushroom bodies, PAL: pallium, 
LGE and MGE: lateral and medial ganglionic eminences, M: mesencephalon, HT: 
hypothalamus.



​expressing​​arx​​, part of it remaining proliferative - labeled by EdU and expression of​​soxb2​

​paralogs  (Arendt et al., 2021; Vergara et al., 2021). There is also co-expression of​​arx​​and​​ptf1​

​in a portion of the 6dpf MB - the dorsal calyx of the ventral peduncle -  at the 6dpf stage​

​(Vergara et al., 2021). Furthermore, these neurons express vesicular glutamate as well as​

​acetylcholine transporters, indicating possible co-transmission (Arendt et al., 2021). They​

​also express neurosecretory markers like prohormone convertase 2 (​​phc2)​​(Achim et al., 2015;​

​Vergara et al., 2021).​

​The transcription factor signature -​​arx, dlx, lhx6/8​​and​​nkx2.1​​in part​​- of the 6dpf​​P.dumerilii​

​MBs is also reminiscent of genes specifying broader vertebrate GABAergic  interneuron​

​families that populate the telencephalon (Arendt et al., 2019, 2021; Zeisel et al., 2018). Of​

​these transcription factors,​​arx​​is responsible for​​the fate specification and  migration of​

​cortical GABAergic interneurons in vertebrates (Marsh et al., 2016; Tsuboi & Yoshihara,​

​2025).  The​​P.dumerilii​​MB interneurons, however,​​consistently show cholinergic​

​neurotransmitter identity, and possible co-transmission with glutamate, more reminiscent of​

​vertebrate​​cholinergic​​striatal interneurons which​​do not show evidence of being determined​

​by​​arx​​, but do show a role for​​lhx8, nkx2.1​​in their​​specification (Ahmed et al., 2019; Kljakic et​

​al., 2017). Interestingly, the​​arx​​+​​cholinergic​​interneurons​​are characteristic of the more closely​

​related cephalopod associative vertical lobe region (Bidel et al., 2023; Styfhals et al., 2022).​

​Another characteristic marker,​​ptf1a,​​is known in​​vertebrates to specify inhibitory neurons​

​outside of the telencephalon in the cerebellum and spinal cord (Glasgow et al., 2005; Hoshino​

​et al., 2005; Leto et al., 2008), while also playing a role in neuronal maturation of the​

​vertebrate forebrain (Fujiyama et al., 2018). Interestingly, when considering the whole 6 dpf​

​larva,​​ptf1a​​seems to also specify GABAergic interneurons​​in other regions of the body​

​outside the MBs (Oel et al.,​​in prep.​​). Overall, it​​appears that the​​P.dumerilii​​MB neurons​

​comprise gene signatures from different vertebrate interneuron populations, in addition to​

​reflecting telencephalic patterning genes as described previously (Arendt et al., 2021; Tomer​
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​2.3. Materials and methods​

​2.3.1. Animal culture and sampling​

​Platynereis dumerilii​​were grown in rectangular plastic​​containers containing filtered artificial​

​sea water (FASW) at 18°C under an artificial moon cycle - three weeks of darkness, followed​

​by one week of artificial moonlight (Fischer & Dorresteijn, 2004; Hauenschild, 1960; Kuehn​

​et al., 2019). Worms over 2 cm that still contained food in their digestive tract were selected​

​for all experiments. For sequencing experiments these large premature worms were all over​

​55 segments. The heads of sexually mature males and females were obtained from worms​

​taken from spawning events in the lab culture. Worms of similar size were sampled for​​in situ​

​validation experiments. For​​cOpsin1​​stainings, I specifically sampled worms above and below​

​60 segments across a small time course spanning the shift from darkness to moonlight (day 1:​

​moon off, day 2: moon turned on, day 3: one day with moon on). Sexually mature worms used​

​for imaging experiments were selected based on colour change (​​Figure 2​​) as well as actively​

​spawning worms to match the single nucleus captures.​

​2.3.2. Nuclei extraction​

​This protocol was adapted from Lamanna et al. (2023), the adapted version is recently​

​reported in Quintana-Urzainqui et al. (2025). On different occasions, four premature worms​

​over 55 segments, as well as four sexually mature worms (2 males and 2 females) collected​

​from a spawning event, were anaesthetized in a 1:1 solution of 7.5% MgCl mixed with FASW​

​(​​Figure 4A​​, schematic workflow).​​Snapshots were taken at a brightfield Leica MZ16​

​dissection scope in order to later count the segments using the Adobe Photoshop 2024​

​(25.12.0 release) counting tool. Heads were dissected above the pharynx, just behind the​

​nuchal organs. In all except the one dissection (sn022/23), sensory appendages (cirri,​

​antennae, and palps) were trimmed in order to enrich cells of the central brain. Immediately​

​after dissection, head tissues were placed in 1.5ml Eppendorf LoBind tubes and flash-frozen​
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​in liquid nitrogen for storage or immediate use. On ice, tissues were homogenised for 5​

​minutes in 300µl of Homogenization buffer (HB) using micro pestles (Axygen). All following​

​steps were performed on ice and using a tabletop centrifuge (Eppendorf) at 4 °C. Any unlysed​

​tissue was pelleted by centrifugation at 100 x g for 1 minute. The supernatant - containing​

​nuclei - was transferred to a new tube and centrifuged at 400 x g  for 4 minutes.  The​

​supernatant was discarded and the nuclei - containing - pellet was washed and resuspended​

​in 300µl of fresh HB buffer. Nuclei were pelleted again at 400 x g for 4 minutes. The​

​supernatant was again discarded  and the pellet of nuclei was resuspended in 50 - 100µl of ice​

​cold Dulbecco’s PBS supplemented with 1µM DTT, 0.4 U/µl Murine RNase Inhibitor (NEB),​

​and 0.2 U/µl Superase-In (ThermoFisher). This suspension was passed through a 40µm Cell​

​strainer (Falcon™ ) to remove any aggregates. Nuclei quality and concentration was checked​

​by staining 5µl of the suspension with SYBR Safe DNA stain (Invitrogen) and imaging on a​

​Zeiss Axio Imager using a C-Chip hemocytometer (Neubauer improved).​

​2.3.3. Single nuclei capture and library preparation​

​Single nuclei capture and library preparation were performed using the Chromium Single​

​Cell 3’ Gene Expression Kit (v3.1 chemistry) and the Chromium Controller (10x Genomics).​

​Approximately 15,000 nuclei from the suspension were loaded per capture channel. Libraries​

​SN046, SN062, SN063, SN064, nuclei were loaded as multi-species captures (15000 nuclei​

​from each species) and demultiplexed later by mapping reads to respective genomes.  cDNA​

​amplification was performed with 15 cycles with a 3 minute extension time. The following​

​steps were performed by Leslie Pan. Libraries were quantified using a Qubit fluorometer,​

​and fragment size was checked on an Agilent Bioanalyzer. Libraries were sequenced with​

​250 million paired-end reads on an Illumina NextSeq 2000 using the following read​

​configuration: 28 cycles for Read 1, 10 cycles each for the 15 and 17 indices, and 90 cycles for​

​Read 2.​
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​2.3.4. Single cell analysis​

​Raw sequencing data were mapped to version 1.0 of the​​P.dumerilii​​genome (Mutemi et al.,​

​2025) using CellRanger v6.1.1 (v7.0.1 for library sn073) by Tobias Gerber.  Individual Seurat​

​objects were generated from the raw count matrices and basic filtering of extremely high or​

​low RNA counts was performed. Libraries from multi-species captures were mapped to a​

​pan- genome which comprised concatenated genomes of the species included -​​Platynereis​

​dumerilii​​(Mutemi et al., 2025),​​Pseudo - nitzschia multistriata​​(Basu et al., 2017)​​, Branchiostoma​

​lanceolatum​​(accession no.:GCA_900088365). Importantly, raw CellRanger count matrices​

​were used without applying any prefiltering for multi-species runs for further processing. A​

​mixed - species Seurat object was generated and a binarized presence-absence matrix across​

​all pan genes was established. By counting the frequency of gene presence for each species,​

​respectively, a species score was calculated. Each score was normalized by the number of​

​total genes in the respective species. To balance out potential differences in species - specific​

​gene detection rates, the obtained scores were normalised to the maximum value of each​

​species - specific score across all nuclei generating values ranging from 0 to 1. Obvious​

​species doublets were filtered out if the score was higher than 0.05 for all species in a​

​nucleus. The top 10000 variable features for each species were calculated and used to cluster​

​the mixed - species dataset. The normalised scores (calculated above) for each species were​

​plotted on this object with DimPlot(), and clusters were subset into single-species datasets​

​for downstream analysis by selecting clusters based on dominant species rate.​

​Doublets were removed from each library using Scrublet v0.2.3 and Python v3.9.18 on the​

​EMBL Jupyter server (Wolock et al., 2019). Here, a Scrublet score was assigned by comparing​

​each transcriptome of a given library to simulated doublets (summed counts of randomly​

​selected pairs of transcriptomes) of that same library.  A cell was considered a doublet if its​

​score exceeded the Boxplot threshold set for that library - in other words, if a score was​

​higher than the minimum outlier value calculated from the boxplot distribution of scores in​
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​a given library, it was flagged as a doublet. The score and binary doublet (1) or singlet (0)​

​information was saved in the libraries’ metadata so that doublets could be removed in​

​downstream Seurat analyses.  Analyses were performed using R Software v4.3.2 on the​

​EMBL RStudio server using the Seurat v5.0.1 (Hao et al., 2024), as well as some analyses -​

​namely Niko Papadopoulos’ custom cluster merging function - run in R v4.1.1 and Seurat​

​v4.2.1 (Hao et al., 2021).​

​2.3.4.1. Quality Control and Seurat analysis - whole head dataset​

​Integration and QC.​​Non-integrated data first underwent​​preprocessing steps:  normalisation,​

​variable feature selection (top 10% of genes), scaling, and PCA analysis with 200 principal​

​components. Upon inspection of Elbow and Scree plots, 80 principal components were used​

​for downstream analysis. Clustering (FindClusters()) and UMAP embedding (RunUMAP())​

​were used to assess pre-integration dataset dimensionality.  Libraries were integrated using​

​Seurat’s canonical correlation analysis (CCA) integration method for its ability to integrate​

​despite substantial differences in gene expression (Hao et al., 2021), which is expected​

​between premature and sexually mature states. For this integration, the IntegrateLayers()​

​function with all genes and default parameters was used, mitigating large batch effects​

​(​​Figure 4B - C​​).  The integrated dataset was clustered  as above using the Louvain algorithm​

​and a resolution of 1, resulting in 30 clusters with varying predicted doublet contributions​

​(​​Figure 5A - B​​).  Barcodes flagged as doublets (described above) were removed.​​Figure 5C​

​shows predicted doublet contribution to each cluster; doublet-dominated clusters (23 and 25)​

​did not persist after filtering. Upon further inspection, two Louvain clusters (1 and 3 - mostly​

​contributed to by libraries sn023 and sn073) seemed to be dominated by low features, low​

​RNA counts, and mostly ribosomal reads (​​Figure 6, 7​​). This was mitigated by setting​​nFeature​

​and​​nCount​​thresholds to a minimum of 500 and 1000​​respectively, leaving a final dataset​

​with 29542 nuclei. Clusters were coarsely annotated to the best of our knowledge,  based on​

​calculated marker genes using FindAllMarkers() with Seurat v4 parameters (logfc.threshold =​

​0.25, test.use = “wilcox”, min.pct = 0.1).​
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Figure 5. Contribution of predicted doublets. (A) Louvain clustering of integrated dataset 
produces 30 preliminary clusters. (B) Highlighted doublets - (1) in blue - based on the boxplot 
threshold for each library plotted on integrated UMAP. (D) Barplot showing ratio of predicted 
doublets across Louvain clusters.
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Figure 7. QC metrics across Louvain clusters. Violin plots showing (A) number of features/genes 
and (B) RNA count across Louvain clusters from Figure 5A. Note clusters 1 and 3 are dominated 
by nuclei with low number of features and RNA counts.



​Neighbour-joining tree analysis.​​These clusters were grouped into cell type families  by​

​generating a neighbour-joining tree based on the average expression across all genes for​

​each cluster. For this, the Seurat AverageExpression() function was run on the RNA assay of​

​the object, followed by a Euclidean distance calculation between clusters. This distance​

​matrix was used to build the neighbour-joining tree, using the nj() function, as well as the​

​boot.phylo() function from the ape v5.5 package to assess branch support with 10000​

​bootstrap replicates. Bootstrap values were extracted and annotated with the following​

​colour thresholds: black ≥80, orange 51–79, red ≤50.​

​Transfer annotations.​​The Seurat FindTransferAnchors() and TransferData() functions (Stuart​

​et al., 2019), were used to transfer the cluster identities of a single​​cell​​atlas of the same​

​species and tissue from  Milivojev et al. (2024) to the present​​nuclei​​dataset. The reference​

​published dataset was first filtered for the top 10,000 variable genes using the "vst" method,​

​of which 9,974 were also present in my query nuclei dataset and used as anchoring features.​

​Predicted identities were added to the query dataset metadata and cluster correspondence​

​was compared using DimPlot() to overlay original and transferred labels on an integrated​

​UMAP embedding of the single​​nuclei​​dataset.​

​2.3.4.2. Neuronal subset​

​Subclustering analysis was performed for the neuronal clade (9499 nuclei), selecting neuronal​

​clusters based on marker genes and whether they formed a well - supported clade in the​

​neighbour - joining tree. Subsetted data was split by library, and underwent normal​

​pre-processing and re-integration as above (​​Section 2.3.4.1​​).  In an attempt to achieve cell​

​type resolution the neuronal subset was overclustered at a Louvain resolution of 4 and then​

​iteratively merged, such that only clusters that exceeded 20 differentially expressed with a​

​minimum average log fold change of 2, remained as individual clusters. This left 20 neuronal​

​subclusters stemming from the original broader neuronal clades. Markers were calculated​

​using the same parameters as the previous section.​
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​2.3.4.3. Mushroom body subset​

​Mushroom body clusters from the single​​nuclei​​dataset as well as from the downloaded single​

​cell​​datasets (multi - stage dataset,​​cOpsin1​​knockout premature dataset, EdU premature​

​dataset) from Milivojev et al., (2024) were subsetted and integrated - across experiment and​

​stage -  using SCTransform v0.4.1 with glmGAMPOI v1.14.3  variance stabilization followed​

​by Seurat CCA integration with dims set to 50,  k.anchors set to 10, and k.weight set to 40​

​due to the lower number of cells/nuclei per condition. Standard log normalisation and​

​scaling produced many library - specific clusters, hence the SCTranform method was tried as​

​was done in Styfhals et al. (2022) who also integrated single​​nucleus​​and single​​cell​​data.​

​Elbow and scree plots suggested 10-20 principal components captured much of the variance.​

​Louvain clustering using 10 PCs at a resolution of 0.2 reproduced the three clusters found in​

​the nuclei - only neuronal subset and was used for downstream analysis, although one library​

​- specific cluster lacking specific markers was merged with a related larger cluster. Markers​

​were calculated with the same parameters as in previous sections.​

​Differentially expressed genes between WT and​​cOpsin1​​knockout libraries downloaded from​

​Milivojev et al. (2024) were performed using the Seurat FindMarkers() function for each of​

​the three subclusters of this subset, as well as with the whole dataset, and with the​

​remaining neurons in the dataset for comparison. Gene lists were filtered to retain the top​

​100 up and down regulated genes - based on average log fold change - in the​​cOpsin1​

​knockout library compared to its matched premature control dataset and compared using​

​the ggvenn() function from the ggvenn v0.1.10 package. Heatmaps, using the plot_heatmap()​

​function from the Scillus v0.5.0 package, were generated for the top 40 up and​

​downregulated DEGs for each subcluster, after filtering out unannotated and duplicated​

​genes, such that shared DEGs appeared only once.​
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​2.3.5.​​In situ​​validation​

​2.3.5.1. Whole - Mount Hybridization Chain Reaction (HCR)​

​This protocol is based on the HCR portion from Ćorić et al. (2023) and the v3.0 HCR protocol​

​from Molecular Instruments (Choi et al., 2018). Published​​P.dumerilii​​coding sequences (e.g.​

​cOpsin1​​,​​arx​​) or translated computationally-derived​​open-reading frames obtained from the​

​current genome were submitted to Molecular Instruments for probe design. Using Geneious​

​Prime ® 2024.0.5, probe sequences that produced BLAST (Altschul et al., 1990) hits in the​

​genome that did​​not​​correspond to the gene of interest​​were excluded. Probe sequences are​

​listed in​​Table S1​​in the​​Appendix​​.​

​Day 1 Fixation and storage.​ ​Worms of the desired size were anaesthetized in a 1:1 mixture of​

​7.5% (w/v) MgCl₂ and FASW. Heads were dissected just above the pharynx and transferred to​

​1.5 ml microcentrifuge tubes pre-filled with FASW on ice. FASW was then replaced with 4%​

​Paraformaldehyde (PFA) (ProSciTech) in PTW (PBS + 0.1% Tween-20), and samples were​

​fixed for 1 hour at room temperature under gentle shaking. Tissue was dehydrated through a​

​series of increasing methanol (MeOH) concentrations in PTW for three minutes each (25%​

​MeOH, 50% MeOH, 75% MeOH) followed by two 1-minute washes in 100% MeOH. Samples​

​were stored at -20°C at least overnight.​

​Day 2 Tissue clearing and probe hybridization.​ ​All​​PTW washes were 5 minutes with 1ml PTW,​

​unless noted as rinses in which 1ml PTW was added and immediately removed. On ice,​

​samples were rehydrated in decreasing MeOH concentrations (75% MeOH, 50% MeOH, 25%​

​MeOH) for 5 minutes each,  followed by one PTW rinse and two PTW washes. Samples were​

​treated with 100µg/ml proteinase K (PK) for 5 minutes at room temperature, then rinsed​

​twice and washed twice with PTW on ice. Post-fixation was performed in 4% PFA in PTW on​

​ice for 20 minutes, followed by one rinse and two washes in PTW. Tissue clearing was​

​performed according to Pende et al., 2020. Briefly, tissue was immersed in 1ml of pre-chilled​
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​acetone (Merck) for 30 minutes at -20°C, followed by one rinse and two washes in PTW.​

​Tissue was then incubated at 37°C under gentle shaking in 1 - 2ml of clearing​​Solution 1​​(see​

​Appendix​​for recipe) for 15-20 minutes or up to 60​​minutes for sexually mature stages, then​

​washed in PTW three times. Samples were incubated in 200µl pre-warmed Hybridisation​

​Buffer (HYB) supplemented with Ribonucleoside vanadyl complexes (VRC) (Merck, R3380) at​

​a concentration of 1:40 VRC:HYB for at least 30 minutes at 37°C. During this time the probe​

​solution was prepared such that the final probe concentration (1µM stock) would be 4nM in​

​the final 250µl volume of HYB/VRC solution. This solution was heated to 37°C, added to the​

​samples (i.e. 50µl of probe - containing solution was added to the 200µl already in the tube)​

​and incubated overnight at 37°C under gentle shaking.​

​Day 3 Amplification.​​Samples underwent four 15-minute washes at 37°C with 1ml​​preheated​

​Probe Wash Buffer (Molecular Instruments). Next, at room temperature, samples were​

​washed twice with 1ml 5x SSCT and equilibrated in 100µl Amplification Buffer (AMP)​

​(Molecular Instruments) for 30 minutes. Meanwhile, hairpins - in individual tubes of a PCR​

​strip -  for the desired fluorophore combinations were heated to 95°C in a preheated​

​thermocycler for 90 seconds and let cool to room temperature in the dark for 30 minutes.​

​Enough of each hairpin (e.g. a two-gene combination requires 4 hairpins:  B1h1-546nm,​

​B1h2-546nm, B5h1-647nm, B5h2-647nm) was snap-cooled for a final concentration of 60nM​

​per hairpin in a final amplification volume of 150µl. Cooled hairpins were added to the AMP​

​to reach a final volume of 50µl. This mix was added to the 100µl of AMP already in the​

​sample tube to reach the final 150µl volume per sample. Samples were incubated at RT​

​overnight protected from light with under shaking.​

​Day 4 Amplification termination and mounting.​​At room​​temperature, samples were washed​

​four times in 1ml 5x SSCT: twice for 5 minutes, once for an 1 hour and once more for 5​

​minutes. This was followed by a 25 minute incubation in 5µg/ml DAPI in 5x SSCT and two​

​more 5 minute washes in 1ml 5x SSCT. As much of the 5x SSCT as possible was removed and​
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​replaced, initially, with 5µl of SlowFade Glass mounting medium (Invitrogen, Refractive​

​Index: 1.52) for 15 minutes to equilibrate. This was then topped up to around 50µl SlowFade​

​and stored at 4°C  short term or mounted on slides immediately. Heads were mounted using​

​0.2mm - 0.3mm sticky spacers (Sunjin lab) topped up with 12 - 21 µl of mounting medium.​

​2.3.5.2. Whole - Mount Immunofluorescence (IF)​

​This protocol is based on the DEEPclear tissue clearing combined with immunofluorescence​

​protocol from Pende et al. (2020). Worm heads were dissected, fixed, dehydrated and​

​rehydrated as in​​section 2.3.5.1​​. All washes were​​performed at room temperature in 1ml PTW​

​for 5 minutes, except rinses, where 1ml of PTW was added and immediately removed. After​

​rehydration, samples were washed three times in PTW. Each sample was then incubated in​

​1ml of pre-chilled acetone for 30 minutes at -20°C. After another three washes in PTW,​

​samples were treated with a 75µg/ml PK solution for 6 minutes at room temperature.​

​Samples were rinsed twice and then washed three times with PTW. Samples were incubated​

​in 1ml clearing​​Solution 1​​for 15-30 minutes at 37°C in a preheated Thermomixer (Eppendorf)​

​and then washed three times in PTW. Samples were blocked in 1% molecular grade bovine​

​serum albumin (BSA) (3458509, Merck) in PTW for 1 hour at room temperature, then​

​incubated in a 1:200 dilution of primary mouse Anti-acetylated tubulin antibody (T6793,​

​Sigma) for 5 days at 4°C under gentle shaking. At room temperature, samples were rinsed​

​once with PTW, followed by 4 longer PTW washes ranging between 30 minutes - 1 hour​

​each. They were then incubated in goat anti-mouse - Alexa FluorTM 488  cross-adsorbed​

​secondary antibody (A11001, Thermo) at a concentration of 1:200 for 5 days at 4°C under​

​gentle shaking. Finally, samples were washed three times with PTW then stained with DAPI​

​and mounted as in​​section 2.3.5.1​​.​
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​2.3.5.3. Nuclear stains​

​I was lucky to get my hands on the same line of​​cOpsin1​​knockout worms used in Milivojev et​

​al. (2024)  from the Jekely lab at COS at the University of Heidelberg. Worm heads of​

​different stages and conditions (WT premature n = 8, WT female n = 8, WT male n = 6,​

​cOpsin​​KO premature n = 6,​​cOpsin​​KO female n = 6,​​cOpsin​​KO male n = 3) were dissected,​

​fixed, and cleared as described in​​section 2.3.5.1​​.​​The PK digestion and post-fixation steps​

​were omitted.  After the final PTW wash, samples were incubated in NucSpot650 (Biotium,​

​41034) or DAPI for at least 25 minutes and mounted as described previously.​

​2.3.5.4. Cryosectioning & Hematoxylin/Eosin stain​

​Worm heads were dissected and fixed in 4% PFA in PTW at room temperature as in​​section​

​2.3.5.1​​, but for 30 minutes. After three 5 minute​​washes in 1x pPBS, heads were dehydrated in​

​20% sucrose in pPBS overnight at 4°C. Samples were then incubated for at least 1 hour in a​

​1:2 mixture of TissueTek® O.C.T Compound (OCT):20% sucrose, followed by a 30 minute​

​incubation in 1:1 OCT:20% sucrose. Just before embedding the heads in cryomolds​

​(TissueTek®), the samples were moved to 100% OCT. Once oriented in the OCT, the mold​

​was pressed against dry ice until the OCT became opaque. Samples were stored at -20°C, or​

​-80°C for longer term storage. Tissue was sectioned horizontally at 10µm on a Leica​

​Cryostat, at a chamber temperature of -23 °C and an object temperature of -25 °C.​

​Slides with the cryosections were thawed overnight at room temperature. Remaining steps​

​occurred at room temperature by Idoia’s students Dori and Maite. Slides were washed in 1x​

​PBS for around 3 hours to remove excess OCT, followed by two 5 minute washes in dH20.​

​Slides were incubated in Mayer’s Hematoxylin stain (Thermo) for 5 minutes and washed​

​under running tap water for 10 minutes. This was followed by a 3 minute incubation in Eosin​

​(1:4 dilution in 96% ethanol, with 0.5% glacial acetic acid). Slides were rinsed quickly, then​

​washed twice for 5 minutes in 96% ethanol. This was followed by two 5 minute washes in​

​100% ethanol and two 5 minute washes in Xylene. Slides were left to dry for one minute​

​before mounting in EuKitt (Sigma-Aldrich) and visualised on a Zeiss Axio Imager.​
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​2.4.6. Confocal Imaging and Processing​

​Images were captured with a Leica Stellaris 8 confocal microscope with a white light laser​

​from the Advanced Light Microscopy Facility (ALMF), or a Leica SP8 CSU confocal​

​microscope for imaging of nuclear stains, using LAS X software (Leica). Images were​

​processed using Fiji/ImageJ software v2.14.0 (Schindelin et al., 2012). Image adjustments​

​were made per channel using Adobe Photoshop 2024 (25.12.0 release), such that the same​

​adjustment curves were applied to the same channel across images being compared within a​

​figure. Single focal planes are presented for MB images across depth, for negative controls,​

​and when a detailed view of MB nuclei for stage comparisons is needed. Other images are​

​maximum intensity z - projections for better visibility of regional expression.​
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​2.4. Results​

​2.4.1. snRNAseq captures cell type diversity in the​​P.dumerilii​​brain​
​A total of 8 adult​​P.dumerilii​​heads were dissected​​and trimmed of sensory head appendages.​

​Of these,  4 of premature stage - worms around 2mm with food still present in the gut -, 2​

​spawning male and 2 spawning female heads, were dissected and the extracted nuclei were​

​run in 4 separate experiments with each tissue sample its own 10x reaction (1 premature​

​tissue sample was captured in two separate 10x reactions as technical replicates - sn022/sn23)​

​(​​Figure 4A​​).  A first look at the single nuclei transcriptomic​​dataset after basic filtering​

​(​​section 2.3.4.1​​) showed separation by reproductive​​stage (sexually mature vs premature), and​

​by experiment - especially library sn073 (​​Figure 4B​​).​​This was mitigated upon integration​

​with the Seurat CCA method (​​Figure 4C​​).​

​Following additional filtering and doublet removal (​​section 2.3.4.1​​), 29542 nuclei were left,​

​giving rise to 31 clusters (​​Figure 8A​​) that were broadly annotated by myself and Phil Oel​

​based on differentially expressed marker genes using the FindAllMarkers() function. By​

​employing the Seurat TransferAnchors() function (Stuart et al., 2019), with my single​​-nucleus​

​dataset as a query dataset, these broad annotations were also consistent with those reported​

​in an independent single​​-cell​​dataset of the same species and stage (Milivojev et al., 2024).​

​Figure 8B​​shows how the predicted cluster annotations, although broader, correspond with​

​what was originally annotated in the present nuclei dataset. For some annotations -​

​including the mushroom body neuron cluster - this served as a validation, for other cell​

​types, whose gene-signature I was less-familiar with, this offered an alternative annotation I​

​did not suspect (e.g. non-astrocyte glia cluster). These annotations were also supported by an​

​unbiased neighbour-joining tree analysis to show the relationships between the different​

​clusters based on their overall gene expression. Here, the neurons form a well supported​

​clade, reproduced in over 80% of the bootstrap replicates (​​Figure 9​​).​
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​2.4.2. A distinct transcriptomic signature for MB neurons​

​Figure 10​​provides anatomical orientation of the MBs, helpful for the upcoming​​in situ​

​validations. The transcriptomic analysis from the previous section revealed a clear MB​

​cluster of neurons in the dataset.  This gene signature included the expression of candidate​

​marker genes​​arx​​(accession no.: GU169412.1) and​​ptf1​​(​​Figure 11A​​). These are primarily​

​cholinergic neurons, expressing ChaT (choline acetyltransferase, accession no.: EF384218.1),​

​while vGLUT+ (vesicular glutamate transporter,) more specifically marks other​

​mechanosensory (MS) and neurosecretory (NS) clusters.​

​Beyond known markers, this cluster showed a specific expression of​​pdfr​​(receptor for​

​pigment dispersing factor, accession no.: OL606759.1) and of newly identified markers​​emx2​

​(empty spiracles homeobox) and the neuronal calcium sensor​​ncald​​(neurocalcin delta) thus​

​far annotated by eggNOG-mapper (emapper) (Cantalapiedra et al., 2021). Note that gene​

​names for published​​P.dumerilii​​genes will have associated accession numbers. Remaining​

​gene names come from emapper - annotated protein sequences from the new genome and​

​are denoted by their XLOC - location on the genome - code (Mutemi et al., 2025). Any​

​paralog names, therefore, do not necessarily reflect the actual paralog use in​​P.dumerilii.​​For​

​the purposes of this thesis, gene names in figures will contain the gene​​XLOC​​code, its​

​emapper annotation/description if available, and the​​P.dumerilii​​gene name if known (e.g.​

​XLOC​​| emapper | pdu name). A summary,​​Table S2,​​of genes mentioned in text is in the​

​Appendix​​. In text, genes will be named by their published​​P.dumerilii​​name - if available - or​

​the emapper annotation if not.​

​To confirm​​in situ​​whether this gene signature localises to the MB region of the adult annelid​

​brain, HCR stainings of two of these markers -​​arx,​​ptf1​​- were performed on premature​

​stages of​​P.dumerilii.​ ​This revealed that, indeed, the co-expression of these genes - thus far​

​only shown in early developmental stages - localised to the dense nuclei of the MBs  (​​Figure​
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Figure 10. Premature P.dumerilii MB anatomy. Schematic, H&E stained cryosections, and 
whole-mount immunofluorescence images of (A) the dorsal region of the MB, 
immunofluorescence showing a 6μm z - projection, (B) the ventral region of the MB, 
immunofluorescence showing a 15μm z - projection, to capture the ventral MB branching. (C) 
Orthogonal projected image (134 slices) showing sagittal view through one MB. Z - step size is 
1.5μm. Immunofluorescence images acquired with a confocal 20x oil objective.
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Figure 11. MB gene signature and whole-mount HCR validation showing arx and ptf1 co-
expression in the MB. (A) Dotplot showing MB marker genes. (B - E) Representative dorsal MB z -
slice (F - I) Representative ventral MB z -slice. Top of MB images is anterior direction, left is lateral. 
(J - M) Orthogonal projected image showing sagittal view through one MB. Step size is 1µm, 168 z 
- slices included in the projected image. Top of the image panels is dorsal, the left is anterior. All 
images acquired with a confocal 20x oil objective. All scale bars 25µm. Dotted lines schematise 
dorsal and ventral MB peduncles. Asterisks mark regions of autofluorescence.



​11B - M​​). The​​ptf1​​expression being broader than the​​arx​​expression, is something to keep in​

​mind for later sections. Indeed,​​arx​​expression seems​​sparse or absent in the nuclei around​

​the dorsal MB peduncle (​​Figure 11B - E​​). An older triple - staining on 10µm cryosections of​

​a premature head show that​​ncald​​also localises well to this region (​​Figure S1A - E​​). The poor​

​ptf1​​staining in this case is likely due to it being acquired in the very autofluorescent 488nm​

​channel. Further representative HCR controls are also shown in​​Figure S1F - Q​​. Here, the​

​general neuron marker,​​elav​​(accession no.: EF384209.1)​​,​​is compared to an MB specific gene,​

​ptf1​​(​​Figure S1F - I​​), a non-MB gene,​​brn3​​(accession no.: KC109636.1), shows no expression in​

​the MB compared to the MB gene,​​mef2c​​(Figure S1J - M)​​, and amplifier controls (relevant​

​fluorophore-linked hairpin sequences mixed with mis-matching probes) revealed​

​suspiciously overlapping signals in the tightly bundled axons of the MB peduncles that are​

​likely stuck hairpins (​​Figure S1N - Q​​).​

​All things considered, the markers used to define the MB cluster in the snRNAseq​​dataset​

​are also specific to this region​​in situ.​​While this chapter will now dive deeper into the​

​subpopulations of cells within this cluster, this signature becomes important for broader​

​evolutionary comparisons discussed in Chapter 3.​

​2.4.3. Neuronal subset reveals three​​cOpsin1​​expression domains​

​To explore subtler differences and cell populations that are not immediately apparent in the​

​full atlas, clusters from the neuronal clade were subsetted, re-integrated and re-clustered at a​

​high Louvain resolution. This over-clustered dataset was merged such that any clusters that​

​did not have a minimum of  20 genes with an of  average log fold change of at least 2 were​

​iteratively merged, leaving 20 neuronal subclusters (​​Figure 12A​​).​

​Unexpectedly, three regions of​​cOpsin1​​(accession no.: AY692353.1)​​- a vertebrate - type​

​ciliary opsin (Arendt et al., 2004) -  expression were apparent (​​Figure 12B​​).  First, in a small​

​cluster corresponding to the ciliary photoreceptors of the brain. Despite the low​​cOpsin1​
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​expression here, the specific expression of​​pedal-peptide 2​​(accession no.: KF515945.1),​​pde9​

​(Achim et al., 2018),​​cnga​​(accession no.:​​KM199644.1)​​, as well as​​NIT-containing guanylate​

​cyclase 2​​(Jokura et al., 2023), provided a clear​​ciliary photoreceptor signature. Published​

​sequences were blasted against the genome (Mutemi et al., 2025) to find the best XLOC​

​match for visualising on the single nucleus dataset. This gene signature can be seen in​

​Figure 12C​​, which plots known marker genes for the neuronal cell types, as well as specific​

​transcription factors from the marker gene list calculated with FindAllMarkers(). For these​

​reasons, despite the scarce​​cOpsin1​​expression, this cluster was annotated as the ciliary​

​PRCs, and thus represents the first region of expected​​cOpsin1​​expression. Further​​cOpsin1​

​expression was apparent in a  subcluster of the rhabdomeric photoreceptors in line with the​

​recently reported progenitor cells responsible for adult eye growth during sexual​

​metamorphosis (Milivojev et al., 2024). Lastly,​​cOpsin1​​was surprisingly expressed in two MB​

​subclusters that also specifically expressed​​emx2​​(​​Figure 12B - C​​).​

​This​​emx2​​gene, could be a possible paralog of the​​emx​​(accession no.: GU169418.1) published​

​for​​P.dumerilii,​​since its protein sequence is grouped with vertebrate​​emx​​sequences in a​

​phylogenetic tree analysis (​​Figure 13)​​using the EMBL Job Dispatcher MUSCLE alignment​

​and Simple Phylogeny tools (Madeira et al., 2024), and visualised with​​phylo.io​​(Robinson et​

​al., 2016). Furthermore, BLASTn analysis of the open-reading frames of​​emx2​​and of the​

​published​​P.dumerilii emx​​aligned to separate regions of the new- yet to be annotated - HiFi​

​assembled​​P.dumerilii​​genome (Mutemi et al., 2025), as well as different sequences of a​

​P.dumerilii​​long read Iso-Seq transcriptome in the lab, that is incomplete for technical​

​reasons, but able to provide additional annotations and insights for RNA sequencing​

​experiments as was seen in Shields et al. (2021).  Therefore, from a computational stand​

​point, it appears that these are two separate​​emx​​paralogs.​
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​Next, I wanted to check if probes designed against this​​emx2​​gene were indeed localised to​

​the MB region, or part of it.​​Figure 14​​shows that this is indeed the case. When compared to​

​the known MB marker​​arx, emx2​​expression seems localised to the ventral regions of the MB.​

​Interestingly, despite being a broad but sparse marker in the single nucleus dataset,​​arx​

​expression again seems to be sparse or absent in the nuclei surrounding the dorsal peduncle​

​(​​Figure 14 A - D​​), similar to what was seen in​​Figure 11​​.​

​Further validating this subpopulation, HCR co-staining of​​emx2​​and​​cOpsin1​​in premature​

​worms also showed co-expression in the ventral region of the mushroom body (​​Figure 15A -​

​H​​). This​​cOpsin1​​expression, however, seems tied to segment number, such that only worms​

​over 60 segments expressed​​cOpsin1​​the ventral MB (​​Figure 15I - L​​), despite detectable​

​cOpsin1​​expression in the presumed dorsal brain cPRCs (​​Figure 15M - P​​)​​.​​Interestingly,​

​although in the snRNAseq dataset all premature worms (>55 segments) showed​​cOpsin1​

​transcripts in the MB subcluster, HCR experiments showed that only 60% of worms over 60​

​segments showed​​cOpsin1​​expression in the MB, and in some cases, worms below this​

​segment threshold also showed expression in the ventral MB (​​Table 1​​).​ ​Examples of these​

​exceptional cases are shown in​​Figure S2.​​Once again the absence of​​cOpsin1​​in the MB is​

​unlikely to be technical considering its expression in other parts of the head; in this case the​

​growing rhabdomeric eye is depicted (​​Figure S2I - J​​). There was no correlation with the​

​artificial moon phase and all worms were fixed at the same time of day. Speculation on this​

​nuanced expression will be discussed in the​​Summary​​section. To better understand these​

​MB subpopulations I wanted to integrate my data with published data that included an even​

​earlier developmental stage, as well as a​​cOpsin1​​knockout premature stage.​
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Figure 14. Patterns of co-expression of emx2 and arx in the premature P.dumerilii MB from dorsal 
to ventral MB regions. (A - D) z33, (E - H) z52, ( I - L) z80, (M - P) z95. Z step-size 1µm. Top of 
images is anterior and right is lateral. All scale bars 25µm. Images acquired with a confocal 40x 
oil objective. Autofluorescence marked by asterisks.



Figure 15. Co-expression of emx2 and cOpsin1 in the ventral MB of premature worms. (A - D) 
Ventral MB of a 73 segment worm showing co-expression of both genes, 5µm z-projection (1µm 
step - size). (E - H) Ventral MB of a 65 segment worm showing co-expression of both genes, 5µm 
z-projections (1µm step - size). (I - L) Ventral MB of a 51 segment worm showing expression of 
emx2 but not cOpsin1 in the ventral MB, 7.5µm z-projections (1.5µm step - size). Top of images is 
anterior and right is lateral in all MB images. (M - P) Same 51 segment worm as in previous panel 
showing that cOpsin1 is expressed in the dorsal brain cPRCs, indicated by white arrow heads. (M -
N) A 3µm z - projection (1.5µm step - size) of the dorsal brain. (O - P) A 6µm z - projection (1.5µm 
step - size), of the dorsal brain moving further ventrally. Bottom of dorsal brain images is anterior. 
All scale bars 25µm. Images acquired with a confocal 40x oil objective. Asterisks indicate 
suspiciously overlapping signals, likely stuck hairpins (see Figure S1).



​Table 1.​​Summary of​​cOpsin1​​expression in the MB detected with WM-HCR according to​
​segment number. Not all experiments were co-stainings of this gene combination, hence​
​some cases of missing data for​​emx2.​

​Worm size​ ​Emx2​​detected in MB​ ​cOpsin1​​detected in MB​

​> 60 segments​ ​8/8​ ​4/7​

​51 - 60 segments​ ​3/3​ ​2/6​

​41 - 50 segments​ ​-​ ​0/1​

​30 - 40 segments​ ​-​ ​0/4​

​2.4.4. Gene signatures of the MB subpopulations​

​Towards this end, I subsetted and combined the MB clusters from my​​nuclei​​dataset with the​

​subsetted MB cluster of the single​​cell​​datasets published in Milivojev et al. (2024), producing​

​a combined MB subset. With a low Louvain cluster resolution, the three overarching​

​subclusters also seen in the nuclei neuronal subset emerged: an​​emx2​​/​​cOpsin1​​+ subcluster​

​(ventral MB),​​mef2​​/​​maf​​+ subcluster (possible transitional cell type),  and an​​emx2-​​but​​tll​​+​

​(dorsal MB)​​subcluster (​​Figure 16A - B​​). Beyond this dichotomy (presence and absence of​

​emx2​​expression), the ventral MB subcluster showed specific expression of serotonin​

​receptors (​​htr4, 7​​), a possible neuropeptide Y receptor, an adrenergic receptor​​adraa2b​​, as well​

​as collagens, a possible LIM-containing homeobox transcription factor, and voltage-gated​

​ion channels like​​hcn1​​, a hyperpolarization activated cation channel (​​Figure 16B​​). The dorsal​

​MB subcluster, defined additionally by the​​tailless​​(accession no.: GU169423.1) transcription​

​factor and an adenylate cyclase,​​adcy5,​​showed a different repertoire of receptors including a​

​possible neurokinin receptor -​​tacr2 -​​, a potential histamine receptor -​​hrh1 -​​, a potential​

​octopamine receptor (​​OctR​​),  and a dopamine receptor (​​DRD2​​).​
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​2.4.5. Ventral MB expresses proneural genes in premature worms​

​Interestingly,  the third subcluster, while sharing many marker genes with the other​

​subclusters, notably had​​mef2c​​and​​maf​​transcription​​factors among their top 20 calculated​

​marker genes (​​Figure 16B​​). This was suggestive of a transitional cell population, especially​

​considering that the brain of premature stages of​​P.dumerilii​​shows abundant EdU labeling​

​and a gene signature reminiscent of aNSCs (adult neural stem cells) compared to​

​reproductive stages (Milivojev et al., 2024). This proliferative - to - quiescent transition is​

​somewhat reflected in the MB subclusters, with the ventral​​emx2​​+ MB cluster showing a​

​proliferative and neurogenic signature,  the likely transitional​​mef2c/maf​​+ cluster beginning​

​to express some quiescence genes,  and the dorsal MB cluster expressing postmitotic genes,​

​although, quiescence and postmitotic markers are also apparent in the ventral MB cluster​

​(​​Figure16C​​). Despite forming a clear cluster, this transitional​​mef2c​​+​​population does not​

​seem localised to a specific region of the MB​​in situ​​(​​Figure 17A - F​​). Although,​​mef2c​​is a​

​broader marker considering both its broader expression in the snRNAseq neuronal subset​

​(​​Figure 12C​​), and its expression in the dorsal brain (​​Figure 17G - H​​).​

​2.4.6. Effect of​​cOpsin1​​on the ventral MB​

​Leveraging the​​cOpsin1​​knockout (KO) subset (Milivojev​​et al., 2024) contained within this​

​combined subset, I investigated what impact​​cOpsin1​​might have on these MB neurons. Top​

​differentially expressed genes (DEGs) were ordered based on average log fold change since​

​p-values​​can be deceptively small when using the FindMarkers()​​default method (Junttila et​

​al., 2022). To see if DEGs, for the​​cOpsin1​​KO versus​​the WT, were specific to the MB clusters​

​or a reflection of the general effect of the knockout, the top 100 DEGs for the entire dataset,​

​as well as for the combined non-MB neurons, were compared to those of the MB subset​

​(​​Figure 18​​). Indeed some of the genes upregulated in the MB of the knockout condition were​

​also upregulated in the entire dataset including a collagen (​​col4a2​​),​​mrlc​​(non - muscle myosin​

​(​​mrlc​​) implicated in cell division (Karess et al.,​​1991), the microtubule - associated gene​​Janus​
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Figure 17. Expression of mef2c across MB and dorsal brain. (A - B) Dorsal MB, z47, and (C - D) 
ventral MB, z88. Top of images is anterior and right is lateral. (E - F) Orthogonal projected image 
(136 slices) showing sagittal view through one MB. Top of images is dorsal, left is anterior. (G - 
H) Expression of mef2c in the dorsal brain, bottom of images is anterior. All scale bars 25µm. 
Images acquired with a 40x oil objective with a z - step size of 1.5µm.



​Kinase And Microtubule Interacting Protein​​1/2/3 (​​jkip3​​), and even an annotated​​creb - binding​

​protein​​(​​CBP​​) which may be acting as a coactivator​​for many developmental processes​

​(Goodman & Smolik, 2000). The MB genes upregulated and shared only with other neurons​

​were mostly genes encoding ribosomal proteins (​​Figure 18B​​). Considering the aNSC- like​

​signature reported for premature versus reproductive worms (Milivojev et al., 2024), it is​

​possible that the​​cOpsin1​​knockout worms are delayed​​in development and therefore show an​

​overall tendency to express genes necessary for protein synthesis and cell division,​

​characteristic of a more premature stage. This broad shift towards a neurogenic state is also​

​reflected in the MB downregulated genes. In the knockout condition, the MB subclusters all​

​shared the downregulation of transcription factors suggestive of neuronal differentiation,​

​such as the​​soxC​​gene reported by Milivojec et al. (2024) and known for its role in neuronal​

​differentiation in early​​Platynereis​​development (Kerner et al., 2009), as well as​

​emapper-annotated genes like​​mxl1​​(​​Figure 19, Figure 21A​​). The latter is also expressed in​

​rhabdomeric eye progenitors (​​Figure 12C​​) and is known for its role in switching from​

​proliferative states to differentiation (Okada & Shi, 2018; Quéva et al., 1998; Yuan et al., 1998).​

​The individual subclusters showed specific downregulation of some of their marker genes, or​

​emapper - annotated genes of the same type (e.g. transitional cluster - a​​Maf​​transcription​

​factor annotated as​​fosl2​​) (​​Figure 19​​). Interestingly, the ventral MB​​emx2​​+ subcluster showed​

​downregulation of a possible cAMP responsive element binding protein -​​crebzf​​- reported to​

​trigger both apoptosis or differentiation (Bodnarchuk et al., 2012; Valderrama et al., 2009),​

​and the transitional​​mef2c​​/​​maf​​population showed a specific downregulation of a possible​

​CCAAT enhancer binding protein - CEBPB (​​Figure 19​​), important for survival of newborn​

​neurons in the adult hippocampus (Cortes-Canteli et al., 2011; Herold et al., 2011; Hodge &​

​Hevner, 2011). On the other hand, all three subpopulations showed an upregulation of​​gfap,​​a​

​proneural marker reported by Milivojev et al. (2024), further suggesting an overall maintained​

​neurogenic state in the knockouts (​​Figure 20, Figure 21B​​). Interestingly, the ventral MB​

​emx2+​​population showed specific upregulation of​​arx,​​and the transitional​​mef2c/maf​​cluster​
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Figure 19. Heatmap of top annotated downregulated genes in the MB subclusters of the 
cOpsin1 knockout dataset compared to premature WT controls.



Figure 20. Heatmap of top annotated upregulated genes in the MB subclusters of the 
cOpsin1 knockout dataset compared to premature WT controls.





​showed specific upregulation of​​emx2​​(​​Figure 20​​), suggesting that these ventral MB marker​

​genes may be involved in maintaining a neurogenic state - possibly explaining why​​arx​

​expression in the MB was less uniform - even absent around the dorsal peduncle (​​Figure 11​

​and​​14​​).​​Genes involved in the​​cOpsin1​​cascade (​​pde9, cnga​​) of cPRCs were not apparent in​

​this analysis, however they were also not present in the marker genes of any subcluster. It is​

​possible that the link to​​cOpsin1​​lies in its ability to also directly affect the excitability of​

​neurons via Gβγ signaling (Tsukamoto & Kubo, 2023).​

​2.4.7. Ventral MB​​cOpsin1​​-expression is stage specific​

​In light of the neurogenic gene signature of the ventral MB cluster, I investigated whether​

​this expression changed across stages. Indeed the expression of​​cOpsin1​​was only detectable​

​in the​​premature​​libraries in the combined MB subset, although it did not reflect obvious​

​changes in cell type abundance (​​Figure 22B​​). Bearing in mind the different cell types per​

​sample,​​Figure 22C​​shows that​​emx2​​expression is present across stages, diminishing in​

​reproductive worms. It persists in​​cOpsin1​​knockout cells included from Milivojev et al.​

​(2024). On the other hand,​​cOpsin1​​expression in the MB is restricted to the WT premature​

​stage (​​Figure 22D​​). Interestingly, the premature EdU+ cells from the included single​​cell​

​dataset (Milivojev et al., 2024), did not show​​cOpsin1​​expression (​​Figure 22D,​​panel 3),​

​lending support to the fact that​​cOpsin1​​in these cells might lead to exit from an aNSC - like​

​state.​

​Although there was not a clear shift in relative cell type abundance when looking only at the​

​combined MB subset (​​Figure 22B​​), the​​emx2+​​ventral MB cluster and the​​mef2c/maf+​

​transitional cluster were overrepresented in premature worms compared to reproductive​

​worms when looking only at the snRNAseq neuronal subset from​​section 2.4.3​​, in contrast to​

​the dorsal MB​​emx2-​​/​​tll+​​cluster (​​Figure 23​​, highlighted). This discrepancy may be due to the​

​fact that the reproductive stages in the single​​nuclei​​dataset were from later - fast swimming​

​spawning stages -  compared to the single​​cell​​dataset - where only a colour change had taken​
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​place. The different normalisation methods used for the MB subset (SCTransform) compared​

​to the neuronal subset (log normalised and scaled) integration might also have an effect.​

​Interestingly, this change in relative cell abundance upon sexual maturation extends to other​

​neuronal cell types (​​Figure 23​​).  This includes the expected rhabdomeric PRCs (clusters 18 -​

​19) that are a cell type that has been shown to increase as a result of​​cOpsin1​​+ progenitors​

​(Milivojev et al., 2024).​ ​It also includes other neurosecretory cell types and, interestingly, the​

​ciliary PRCs (cluster 16), whose UV detection capabilities may be important for the return to​

​a pelagic swimming phase for spawning.  Overall, the results of this section prompted me to​

​explore whether these computational findings were reflected in anatomical differences​

​between the MBs of premature and reproductive stages.​

​2.4.8. Restructuring of MBs upon sexual metamorphosis​

​Nuclear stains were used to assess whether morphological changes were observable in the​

​dorsal and/or ventral MB as a result of sexual metamorphosis. Indeed, the ventral MB of​

​reproductive worms (both males and females) appeared smaller/restructured compared to​

​premature worms (​​Figure 24​​)​​.​​Reproductive worms were sampled after visible colour change​

​distinguishing males and females but not yet indicative of worms ready to spawn (​​Figure​

​24E - H​​and​​M - P​​), as well as fast swimming spawning worms (​​Figure 24I - L​​and​​Q - T​​).​

​This small sampling is indicative of a progressive restructuring specifically of the ventral​

​MB. This corroborates what is seen in the relative nuclei abundances of the​​emx2/cOpsin1+​

​ventral MB subcluster for reproductive stages from the previous section. Of WT MBs imaged​

​(premature MBs, n = 16, and reproductive MBs, n = 26), 22 of the reproductive MBs showed​

​this qualitative phenotype in the ventral MB. Of the​​cOpsin1​​knockout MBs imaged​

​(premature MBs, n = 12, and reproductive MBs, n = 18), 14 of the MBs from reproductive​

​stages showed this phenotype. The few reproductive MBs that appeared to be intact were all​

​female worms having only undergone a colour change. All premature MBs were intact.​

​Further quantification of size, and nucleus morphology is necessary to draw conclusions​

​about the effect of the knockout, but representative images are in​​Figure S3​​.​
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Figure 24. Restructuring of MB upon sexual metamorphosis visualised with nuclear stains. Dorsal
(left panel) to ventral (right panel) MBs shown. (A - D) Premature MB, z - step size 1μm. (E - H)
Colour changed female MB, z - step size 1.5μm. (I - L) Spawning female MB, z - step size 1μm. (M
- P) Colour changed male MB, z - step size 1.5μm. (Q - T) Spawning male MB, z - step size 1μm.
Arrowheads mark bright regions of male gametes stored in the head. For each image panel, top is
anterior, right is lateral. All scale bars are 20μm. Images acquired with a confocal 40x oil objective.
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​in postnatal stages,​​arx​​is also important for interneuron migration and differentiation from​

​the subventricular zone (Tsuboi & Yoshihara, 2025) and in the function of parvalbumin​

​interneurons (Joseph et al., 2020). The other known marker,​​ptf1a,​​is also an important player​

​in interneuron specification outside of the cortex (Glasgow et al., 2005; Hoshino et al., 2005),​

​possibly even for interneurons in other parts of the body in 6dpf​​P.dumerilii​​(Oel et al.,​​in​

​prep.​​). The new MB marker gene,​​neurocalcin delta​​(​​ncald​​), is also reported. It is part of the​

​neuronal calcium sensor family, able to transduce intracellular calcium into diverse signaling​

​pathways (Burgoyne, 2007), and has been shown in mice to increase in expression postnatally,​

​even being implicated in the process of hippocampal adult neurogenesis in a recent study​

​(Upadhyay et al., 2019).​

​The neurotransmitter signature of this cell type was cholinergic, similar to the case of​

​cephalopod vertical lobe interneurons (Bidel et al., 2023; Styfhals et al., 2022). Considering​

​that in vertebrates, both GABAergic and cholinergic telencephalic interneurons share a​

​common developmental origin (Marín et al., 2000; Su-Feher et al., 2022), and that there exist​

​interneurons with GABAergic and cholinergic co-transmission (Lozovaya et al., 2018) as well​

​as evidence for cholinergic and glutamatergic co-transmission (Kljakic et al., 2017; Vergara​

​et al., 2021), it is reasonable that this interneuron diversity stems from an ancestral cell type​

​that gave rise to the annelid interneuron population as well as the interneuron diversity seen​

​in other species. As the brains of more Lophotrocozoan species are investigated in such​

​detail, including in the context of full body atlases, this evolutionary history of interneurons​

​will be further uncovered.​

​Lastly, it is worth noting that at 6 dpf, spatially mapped​​in situ​​stainings revealed TF​

​signatures for eight regions of the developing MB (Vergara et al., 2021). These divisions were​

​not apparent in the present single nucleus dataset. This could be due to the fact that cells of​

​different morphology or function - and anatomical position -  can have very similar​

​transcriptomes (Özel & Desplan, 2025; Shainer et al., 2025). Alternatively, cell types may have​
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​distinguishable transcriptomes in early development but become indistinguishable in later​

​life stages (Li et al., 2017). The latter is somewhat unlikely, since a whole-body atlas of​

​P.dumerilii​​at 6dpf, shows the same two subclusters​​of the bonafide MB cluster - an​​emx2+​

​half, and an​​emx2-​​half (Oel et al.,​​in prep.​​).​

​2.5.1.2. Divergent gene signatures among MB neurons.​

​Differing gene signatures for the ventral and dorsal MB fits with previous functional and​

​anatomical reports of a dorsal versus ventral dichotomy of the​​P.dumeirlii​​MBs (Chartier et​

​al., 2018; Tomer, 2008)​​.​​In the present investigation the ventral MB cluster specifically​

​expressed receptors for serotonin and neuropeptide Y, as well as the adrenergic receptor​

​adrab2.​​On the other hand, the dorsal MB cluster specifically expressed a possible neurokinin​

​receptor (​​tacr2​​)​​,​​a histamine receptor (​​hrh1​​) and octopamine and dopamine receptors. Many​

​of these receptors have been implicated in olfactory learning in other MB - possessing​

​animals. Serotonin receptors in the fly mushroom body are necessary for olfactory learning​

​of reward stimuli (Ganguly et al., 2020; Lee et al., 2021), as are receptors for octopamine and​

​dopamine (Kim et al., 2013; Wu et al., 2013). Interestingly, in mice, neuropeptide Y is able to​

​signal hunger - via​​NPY5R​​-  and leads to the preference of food-related odours (Horio &​

​Liberles, 2021). The neuropeptide Y ortholog in flies also signals hunger, increasing​

​appetitive memory formation (Krashes et al., 2009), suggesting an evolutionarily old system​

​for signaling hunger. This offers one hypothesis, as to whether the ventral MB is responsible​

​for integrating hunger - related cues, which might be especially relevant for​​P.dumerilii’​​s​

​benthic growth phase and become less important upon the cessation of food intake​

​associated with sexual metamorphosis. Work by Chartier et al. (2018) did show that the​

​dorsal versus ventral MB responded differently to chemical stimuli, although only a few​

​stimuli were tested and both dorsal and ventral MBs responded to the food - related cue of​

​glutamate, with the dorsal MB even responding to sucrose.​
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​eyes, large size). It is therefore likely that the threshold for​​cOpsin1​​expression in the MB, and​

​likely its role in sexual metamorphosis, is influenced by other factors, such as metabolic state​

​which is another signal that needs to be integrated for the maturation process to occur​

​(Andreatta et al., 2020; Schenk et al., 2016). Nevertheless, this signature was clearly localised​

​to the ventral MB in stainings, whose relative abundance was reduced in the single nucleus​

​dataset for reproductive stages, and which appeared sparser in nuclear stains. This suggests​

​that the neurons of the ventral MB undergo restructuring during sexual metamorphosis,​

​either by acting as another neurogenic niche in the adult brain and/or via apoptosis.​

​Indeed  proneural genes reported in Milivojev et al. (2024), showed higher expression in the​

​ventral MB compared to the dorsal MB cluster, and genes that were broadly downregulated​

​in the MB of the​​cOpsin1​​knockout​​dataset included​​the conserved​​soxC​​transcription factor​

​implicated in early​​P.dumerilii​​neuronal differentiation​​(Kerner et al., 2009), as well as in​

​vertebrate adult neuronal fate commitment and glial reprogramming (Mu et al., 2012). This​

​coincided with an upregulation of​​arx​​in the ventral​​MB subcluster, known for its expression​

​in the proliferative region of the MBs at 6dpf (Arendt et al., 2021), suggesting​​arx​​may play a​

​role in maintaining this potential throughout the lifespan. It is also interesting that a​

​distinct transitional population appears in the single cell dataset; one that is similar in​

​expression to the ventral MB cluster but with​​mef2c​​and​​maf​​transcription factors among its​

​top markers, which together have been reported to lead to parvalbumin interneuron fate -​

​rather than somatostatin interneuron fate - from subventricular zone progenitors (Pai et al.,​

​2020).  This transitional cluster also showed a maintained expression of​​emx2​​in the knockout​

​dataset (Milivojev et al., 2024), a gene that in the vertebrate brain seems to be expressed in​

​adult neural stem cells (aNSCs) (Hong et al., 2007; Wei et al., 2011). Moreover, there was​

​specific downregulation of​​crebzf​​in the ventral MB​​and​​CEBPß​​in this transitional​

​population in the​​cOpsin1​​knockouts. While the former has been implicated in both​

​differentiation or apoptosis (Bodnarchuk et al., 2012; Valderrama et al., 2009), the latter basic​

​region-leucine zipper (bZIP) domain - containing transcription factor is known to ensure​
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​survival of new neurons during adult neurogenesis in the vertebrate hippocampus​

​(Cortes-Canteli et al., 2011; Herold et al., 2011; Hodge & Hevner, 2011). Lastly, and​

​importantly,​​cOpsin1​​has been reported to be expressed in progenitor cells leading to​

​rhabdomeric eye growth in​​P.dumreilii​​(Milivojev et​​al., 2024), forming a strong link between​

​its expression and the morphological changes occurring in the​​P.dumerilii​​brain associated​

​with sexual maturation.​

​The expression of an opsin in unconventional cell types is not surprising. In zebrafish and​

​medaka, opsins have even been found to be expressed in cholinergic interneurons as well as​

​motoneurons (Fischer et al., 2013). Such multi-sensory interneurons present in both​

​vertebrates and annelids lend further evidence to the notion that they may stem from an​

​ancestral cell type family.  It would be interesting to see if​​cOpsin1​​might also be  expressed​

​in interneurons of other Lophotrocozoan species, including other annelids with comparable​

​brain structures, and whether, in​​P.dumerilii,​​this opsin might also be expressed during​

​another dramatic morphological transition - cephalic metamorphosis. Especially considering​

​preliminary findings by my Master’s student Gülce Serka, showing that​​cOpsin1​​is expressed​

​in regions beyond the ciliary photoreceptors in worms ranging from 6dpf, 8dpf, 14dpf and 2​

​months old.​

​2.5.1.4. Anatomical restructuring of annelid mushroom bodies upon sexual metamorphosis.​

​Simple nuclear stains were able to highlight the dramatic restructuring of the MB in sexually​

​mature worms compared to premature worms. While the nuclei surrounding the dorsal​

​peduncle seemed intact, the ventral MB showed more sparse nuclei in line with tentative​

​relative cell abundance changes in the single nucleus atlas. Whether this restructuring is a​

​result of apoptosis, differentiation, or both, remains to be seen. Literature on the sexual​

​maturation of​​P. dumerilii​​describes a metamorphosis that involves the dedifferentiation or​

​transdifferentiation of many cell types (A. Fischer & Dorresteijn, 2004; A. H. Fischer et al.,​

​2010; Hauenschild, 1956, 1966, 1974; Schenk et al., 2016). Together with recent lines of​
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​evidence showing that posterior regeneration of premature worms (Stockinger et al., 2024),​

​as well as the restructuring of musculature during sexual metamorphosis to support the​

​behavioural changes associated with spawning (Dahlitz et al., 2023), are likely a result of​

​dedifferentiation of existing cell types, it would not be surprising that similar remodeling​

​mechanisms are at play in the MBs of maturing​​P.dumerilii.​

​2.5.2. Linking​​cOpsin1​​and​​P.dumerilii​​sexual metamorphosis​

​How then might​​cOpsin1​​impact this process? Qualitative​​inspection of the MBs suggests​

​that knockout worms​​do​​undergo the restructuring of​​the ventral MB, meaning that perhaps​

​the effect of​​cOpsin1​​is at the level of timing or​​synchronization. Further quantification is​

​needed to reveal if there are changes in the relative size of the dorsal MB - which visually​

​remains intact - and, importantly, how exactly the​​cOpsin1​​knockout affects this​

​restructuring. These changes are likely triggered in part hormonally, as suggested by the​

​receptor expression of the overall MB cluster in the snRNAseq dataset, including the​

​receptor for the circadian neuropeptide PDF (pigment dispersing factor) (Arboleda et al.,​

​2019; Shahidi et al., 2015). Furthermore,​​P.dumerilii cOpsin1,​​which responds to UVA/deep​

​violet light, has been shown to regulate the enzymes responsible for synthesis of​

​neurohormones including PDF and NPY (Tsukamoto et al., 2017; Veedin Rajan et al., 2021),​

​for which receptors were expressed in the MB subclusters explored. While during pelagic​

​larval stages,​​cOpsin1​​acts as a UV – sensing depth gauge as part of the cPRC circuit​

​(Verasztó et al., 2018), during the benthic growth stage, this opsin remains important since it​

​can sense the increased UVA light during summer time (Veedin Rajan et al., 2021). The​

​expression of​​cOpsin1​​in progenitor cells of the rhabdomeric eyes that sit in a stem cell niche​

​surrounding the lens (Milivojev et al., 2024), and now its expression in the ventral MB,​

​further suggest a role for​​cOpsin1​​in timing certain aspects of sexual metamorphosis. Relative​

​cell abundance analysis suggests that there are other cells of the brain that increase in​

​abundance upon sexual metamorphosis, and anatomical comparisons of the MBs point to a​

​51​



​reduction in the neurons of the ventral MB. It therefore seems plausible that other​

​aNSC-like niches exist in the brain of​​P.dumerilii​​that contribute to these cell type​​shifts.​

​Moreover,​​P.dumerilii​​cOpsin1​​is biased towards signaling​​in a Gβγ - dependent way, meaning​

​it can directly hyperpolarize a neuron by opening inwardly rectifying potassium channels​

​leading to fast self-inactivation (Tsukamoto & Kubo, 2023). It is also a bistable opsin, able to​

​convert between​​cis​​- retinal and​​trans​​- retinal, and therefore allowing it to function without​

​the need for a new retinal molecule in tissue without a large supply (Tsukamoto et al., 2017;​

​Tsukamoto & Kubo, 2023; Wietek et al., 2024). The specific expression of​​hcn1​​- a​

​hyperpolarization - activated, cyclic nucleotide - gated cation channel - in the​​cOpsin1​

​expressing ventral MB subcluster could be an important link. This channel is known for​

​sharpening the responses of vertebrate ciliary photoreceptors to light (Barrow & Wu, 2009),​

​as well as the ability to alter membrane excitability of neurons implicating it in a variety of​

​functions, including pacemaking and long - term potentiation (Bender & Baram, 2008; Biel et​

​al., 2009). This effect on membrane excitability, as well evidence suggesting that such​

​channels may directly conduct the ubiquitous second messenger, calcium (Michels et al.,​

​2008), provides another way of linking the expression of this​​cOpsin1​​to downstream gene​

​expression changes. While the exact downstream signaling needs further investigation, the​

​restructuring in the MB likely results from either a direct effect of​​cOpsin1 or​​an indirect​

​hormonal effect as mentioned above.​

​2.5.3. A proposed​​cOpsin1​​- dependent scheme for MB restructuring​

​Overall it appears that the maturing​​P.dumerilii​​MB​​has a subset of interneurons with​

​maintained neurogenic potential. I propose a​​cOpsin1​​dependent scheme for their​

​differentiation and/or apoptosis to be further investigated in future studies (​​Figure 25​​).​

​In sum,  at​​around​​60 segments - the exact threshold needs further investigation and is likely​

​defined by multiple factors - the ventral MB begins expressing the UV - sensing opsin,​

​cOpsin1​​. This opsin is able to detect seasonal changes in UVA/deep violet light intensity​

​52​





​(Veedin Rajan et al., 2021) which, together with hormonal and metabolic signals (Andreatta​

​et al., 2020; Schenk et al., 2016), might coordinate aspects of sexual metamorphosis. The​

​cOpsin1​​expression in​​emx2​​+ neurons of the ventral​​MB, may directly or indirectly lead to​

​their differentiation and/or apoptosis. The expression of the​​P.dumerilii​​soxC​​neuronal​

​differentiation marker and the transitional​​mef2c​​+​​/maf​​+​​population lends support to the​

​former possibility, as does the expression of​​cOpsin1​​in the rhabdomeric eye progenitors - a​

​neurogenic niche necessary for eye growth occurring during sexual maturation (Milivojev et​

​al., 2024). However, if these neurons are using vertebrate - like mechanisms of adult​

​neurogenesis, a balance of both processes is most likely (Ryu et al., 2016). Taken together, and​

​since the​​cOpsin1​​knockout worms are capable of maturing, the role of this opsin in the MB​

​neurons might be one facet of a timing mechanism that leads to the dramatic restructuring​

​of the brain during sexual metamorphosis.​

​2.5.4. Future perspectives​

​While characterizing cell type signatures for the purpose of drawing evolutionary​

​comparisons, I stumbled upon the unexpected expression of​​cOpsin1​​and​​emx2​​(a possible​

​paralog for the developmental​​P.dumerilii​​emx​​) in the mushroom bodies of late stage worms.​

​Single nucleus and single​​cell​​transcriptomics datasets revealed a potentially ancestral​​emx​

​based mechanism of adult neural progenitor maintenance (Hong et al., 2007; Kobeissy et al.,​

​2016) and a​​soxC​​based mechanism of​​adult​​neurogenesis (Kerner et al., 2009; Mu et al., 2012).​

​If adult neurogenesis is indeed the mechanism at play, it will be important to confirm the​

​occurrence of apoptosis and/or differentiation in the ventral mushroom body​​in situ​​, since a​

​balance of both processes are likely implicated (Ryu et al., 2016). A trajectory analysis would​

​offer further insights into whether these findings indeed represent a differentiation​

​trajectory, although it is yet unclear what the endpoints may be since many neuron types​

​change in abundance during this metamorphosis. A single cell sequencing time course​

​experiment, sampling worm heads regularly between premature and reproductive stages​

​would help in disentangling the fate of these ventral  MB neurons. Lastly, with on-going​
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​efforts to annotate the​​P.dumerilii​​genome (Mutemi et al., 2025) with detailed phylogenetic​

​analyses, the true annotations of some of the genes implicated in this chapter and how​

​similar they are to vertebrate orthologs, will be uncovered. This will further disentangle the​

​mechanisms at play.​

​Indeed, the​​cOpsin1​​knockout is a lifelong knockout, it is unclear how this may affect other​

​life stages especially during cephalic metamorphosis and the benthic growth phase.​

​However, the expression of​​cOpsin1​​- at least in the​​MBs - appears to be something that is​

​life stage specific, since it only appears during a small window before sexual metamorphosis​

​according to the single nucleus dataset. This selective expression might suggest that​

​dramatic changes to overall development are negligible in the knockout.​

​Overall, this chapter has shown how fruitful exploratory single cell transcriptomics can be in​

​terms of uncovering unexpected gene expression patterns in known and novel cell types.​

​What other levels of possible evolutionary conservation (or convergence) can be investigated​

​with this dataset? The next chapter revisits the broader MB cell type annotation in an​

​attempt to infer whether these interneurons might belong to an ancestral cell type family by​

​comparing the current dataset to those of animals with either similar structures - insects - or​

​those with neurons expressing similar candidate genes - cephalopods.​
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​3. Beyond candidate genes: Comparing​​Platynereis​

​dumerilii​​mushroom body neurons to distant​

​species​

​3.1. Contributions​

​The analysis performed in this chapter was thanks to a pipeline conceived by Phil Oel to​

​compare photoreceptor cell types across vertebrates, and who initially integrated the​

​P.dumerilii​​brain dataset with several distant Ecdysozoan and vertebrate species. I wanted to​

​use this pipeline and do a targeted integration of the Platynereis brain dataset with that of a​

​chemosensory insect species and a more closely related Lophotrocozoan species. I used the​

​Harpegnathos saltator​​dataset (Sheng et al., 2020)​​mined by Phil for the former aim. For the​

​latter, I mined for another Lophotrocozoan species dataset that was easy to access and​

​interpret. This led me to the​​Octopus vulgaris​​single-cell​​dataset (Styfhals et al., 2022).​
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​3.2. Background​

​3.2.1. How to compare across large evolutionary distances​

​Drawing inferences about ancestral cell types by comparing cell types in extant species​

​requires methods to bring the units of comparison into the same space. That means finding​

​common ground between proteomes with very different use of paralogs, or species-specific​

​paralog use. This chapter will not be a benchmarking chapter comparing different methods​

​of doing so, but rather a test of one such method, to see if it might provide insights into​

​whether the​​P.dumerilii​​mushroom body interneurons, as broadly defined in Chapter 2, might​

​be related to neurons in the brains of distant species deemed similar thus far based on​

​candidate gene approaches and/or anatomy (Arendt et al., 2021; Styfhals et al., 2022; Tomer et​

​al., 2010). The overall goal of methods being developed towards this aim, is to remove the​

​batch effect of​​species​​in order to compare cell types in a common space, something that​

​becomes difficult the more distant the species being compared (Song et al., 2023).​

​One such method designed for whole-body atlases, SAMap, does so by iteratively​

​determining protein sequence and mapping the single cell datasets into the same low​

​dimensional space  (Tarashansky et al., 2021). Here, complete cell type annotations are​

​important, and for distant species with less-well annotated genomes, this missing​

​information may be confounding (Song et al., 2023; Tanay & Sebé-Pedrós, 2021; Tarashansky​

​et al., 2021).  For​​P.dumerilii​​at least,​​paralogs​​are thus far inferred from emapper annotations.​

​Future work still needs to be done to resolve which gene duplications are real versus those​

​that may for now be computational artefacts. Furthermore, shorter genes (hormones,​

​neuropeptides) are missing from the emapper annotation used at the time of this analysis,​

​adding to the annotation sparsity.​

​Nevertheless, for the purposes of this chapter, the Seurat CCA approach will be used to​

​attempt to integrate brain single cell datasets from distant species (Song et al., 2023). This​
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​will be achieved by collapsing species-specific genes (as determined by emapper annotations)​

​into orthology groups or orthogroups (OGs) so that all species considered will exist in the​

​same “gene” space. This method has also been recently reported to corroborate findings by​

​SAMap, such that both methods were able to show correspondence of Cajal-Retzius cells​

​between the shark, mouse, and the salamander (Quintana-Urzainqui et al., 2025).​

​3.2.2. Selected comparison species​

​I first selected another Lophotrocozoan -​​Octopus​​vulgaris​​- because of the transcriptomic​

​similarity of its vertical lobe interneurons and the​​P.dumerilii​​MBs (Bidel et al., 2023; Styfhals​

​et al., 2022). Additionally, despite cephalopods being rather derived, they are more closely​

​related to​​P.dumerilii​​than the other phyla discussed​​(ecdysozoans, vertebrates). Lastly, I​

​wanted to include a species shown to have a transcriptomically similar cell type, but that did​

​not have the conserved mushroom body structure described for annelids and insects. Beyond​

​these reasons, data accessibility was a big factor in the datasets selected.​

​It was also worthwhile to include an insect comparison because of the similarity in both​

​structure (Heuer et al., 2010, 2012) and in transcriptomic signature with insect MBs (Tomer​

​et al., 2010). Furthermore, since the focus is on neurons of the MB, the​​Harpegnathos saltator​

​dataset proved well - suited (Sheng et al., 2020). Authors showed that, compared to​

​drosophila, the ant MB neurons - the Kenyon cells (KCs) - made up a much larger fraction of​

​the total cells of the brain, both in the explored single cell datasets as well as anatomically​

​(Sheng et al., 2020). Though these regions have evolved extensively in each lineage, the​

​hypothesis is that the major neuron types underpinning them may have been present in a​

​common ancestor, and may be reflected in some mixed - species clusters upon integration.​
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​3.3. Materials and methods​

​3.3.1. Collapsing emapper predicted proteins into Orthology groups​

​In order to compare Seurat objects of these distant species, an estimated transcriptome of​

​the last Bilaterian ancestor was generated, meaning that for each species proteome, genes​

​were pooled to their orthology group (orthogroup or OG) - level gene identifiers.  The​

​O.vulgaris​​proteome was downloaded from UniProt (UP000515154​​,​

​https://www.uniprot.org/proteomes/UP000515154​​), which was estimated from the​​Octopus​

​sinesis​​genome also used in Styfhals et al. (2022). The​​H.saltator​​proteome was edited as​

​described by Phil and came from work by Shields et al. (2021) (GSE172309,​

​https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE172309​​).​​The​​P.dumerilii​​proteome​

​was estimated from its genome (Mutemi et al., 2025) and edited by Phil.  For each proteome,​

​the longest protein sequence per gene was kept. These curated proteomes were edited so​

​gene names of the proteomes matched those of the single cell objects. These proteomes were​

​run through emapper (v.2.1.3) using the​​emapper.py​​-m mmseqs -i​​command. The output​

​included not only the original gene names but also orthogroup codes for different taxonomic​

​levels. The Bilaterian orthogroup codes were used. From this annotation file, the top-scoring​

​orthogroup match per gene was kept, and orthogroup identifiers corresponding to Bilateria​

​were extracted. The count matrices of each original seurat object were pooled such that​

​counts for genes falling into the same orthogroup were summed , resulting in an​

​orthogroup-level count matrix used for the downstream cross-species analysis.​

​A schematic example of how this brings three species into a comparable gene space is shown​

​in​​Table 2​​and​​Table 3​​, which use​​mef2​​(​​myocyte enhancer​​factor 2​​) genes as a simple case to​

​show the schematic count matrices before and after collapsing by orthogroup, respectively.​

​All gene codes are actual species gene codes that were annotated as a​​mef2​​paralog (​​Table 2​​)​

​and the corresponding bilaterian OG identifier assigned by emapper (​​Table 3​​).​
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​Table 2.​​Hypothetical​​count matrices before pooling counts into orthology groups (OGs).​
​Species - specific gene codes are those annotated as a​​mef2​​gene according to emapper.​
​Despite all receiving the same annotation, count matrices cannot be integrated because of​
​species - specific gene names.​

​Pdum-​​gene​
​codes​

​Cell 1_​​pdum​

​XLOC-000048​ ​2​

​XLOC-049566​ ​0​

​Ovul-​​gene​
​codes​

​Cell 1_​​ovul​

​LOC115211031​ ​2​

​LOC115211138​ ​1​

​Hsal-​​gene​
​codes​

​Cell 1_​​hsal​

​LOC105192578​ ​1​

​Table 3.​​Combined count matrix after summing counts​​by orthogroups. For each species, all​
​gene codes annotated as​​mef2​ ​- regardless of paralog​​- are pooled by their common​
​bilaterian OG code, allowing datasets to be integrated.​

​OG gene​
​identifiers​

​Cell 1_​​pdum​

​3CRCH​ ​2​

​OG gene​
​identifiers​

​Cell 1_​​ovul​

​3CRCH​ ​3​

​OG gene​
​identifiers​

​Cell 1_​​hsal​

​3CRCH​ ​1​

​This method ignores species-specific use of certain paralogs in more recently evolved cell​

​types, however, for distant species, it serves as a good proxy for comparison, since such​

​nuanced differences were likely absent in the last common - in this case bilaterian - ancestor.​

​3.3.2. Cross-species integration analysis​

​These modified count matrices were used to generate OG-pooled seurat objects using the​

​CreateSeuratObject() function, then loading the metadata from the original seurat object.​

​The​​P.dumerilii​​object alone was also clustered based​​on OG-level gene identifiers using 80​

​PCs and a Louvain resolution of 1, in order to ensure that similar neuronal clusters were​

​recovered using this method. For the cross-species integration the OG-pooled seurat objects​

​were integrated using the Seurat CCA method with 30 dimensions and 80 k.anchors. This​

​was followed by standard clustering workflow, with 20 PCs based on Elbow plot inspection,​
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​and a Louvain clustering at a low resolution of 0.2, to see if broad cell type families formed​

​mixed - species Louvain clusters. Of note, the older version of this analysis (​​Figure S4​​)​

​between only​​P.dumerilii​​and​​O.vulgaris​​datasets used​​30PCs and a resolution of 0.5 for​

​clustering. Low dimensional UMAP embedding was used to visualise the integrated objects.​

​Markers were calculated with FindAllMarkers() with the same settings as in​​section 2.3.4.1​​.​
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​3.4. Results​

​3.4.1. Orthogroup - clustering maintains original clusters​

​To ensure that using OG -  level gene identifiers results in a clustering that matches what​

​was described in Chapter 2, the​​P.dumerilii​​neurons were clustered independently using the​

​same parameters from​​section 2.3.4.1​​, but using the​​OG - pooled seurat object. This resulted​

​in 18 neuronal clusters (​​Figure 26A​​). By visualising this dataset with the broad annotations​

​from​​Figure 8A​​and the more detailed neuronal annotations from​​Figure 12A​​, it is clear that​

​the OG - level gene identifiers were sufficient to recover the same broad neuron families​

​(​​Figure 26B​​) and most of the more detailed neuronal subclusters (​​Figure 26C​​) that were​

​reported in Chapter 2.​

​3.4.2.​​P.dumerilii​​vs​​O.vulgaris​​vs​​H.saltator​​comparison​

​Integrating this dataset with the octopus and ant datasets, prepared in the same way,​

​produced several  mixed-species clusters after low resolution Louvain clustering (​​Figure 27A​

​- B​​).  Cluster annotations are assigned based on original species - specific cell types​

​contributing 1) to at least 5% of cells of the cluster​​and​​2) making up at least 50% of the cells​

​from that species in the given cluster. Neurons labeled as unstable in the octopus dataset​

​were those deemed as such based on a Jaccard index below 0.6 (Styfhals et al., 2022), in future​

​iterations of this analysis, I would remove these clusters, as they likely obscure the​

​contribution of the different annotated neuron types to the Louvain clusters. For example,​

​the octopus glutamatergic, GABAergic, peptidergic, and serotonergic neurons, are hidden​

​within the larger neuronal Louvain clusters 1 and 2, despite being consistent with the other​

​dominant contributing cell types like​​P.dumerilii​​neurosecretory neurons. Higher resolution​

​clustering may also resolve this. The​​P.dumerilii​​rPRC - dominated clusters align with the fact​

​that this was the only dataset containing eye photoreceptors (​​Figure 27B​​). Further species -​

​specific clusters include the​​H.saltator​​hemocytes as well as the large glial cluster that is​
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​dominated by the octopus and ant cells because similar cell types from​​P.dumerilii​​were not​

​included in the analysis (​​Figure 27B​​).​

​Interestingly, 96% of the cells contributing to Louvain cluster 12 came from mushroom body​

​neurons (​​P.dumerilii​​), vertical lobe neurons (​​O.vulgaris​​),​​and class 1 Kenyon cells (​​H.saltator​​)​

​(​​Figure 27B​​). This cluster contained 92% of the​​O.vulgaris​​vertical lobe neurons. It contained​

​5% of the total​​H.saltator​​KCs, with the remaining​​ant KCs either distributed or found in the​

​H.saltator​​dominated cluster 0 (56%​​H.saltator​​KCs​​- 85% of the total KCs in the​​H.saltator​

​dataset). While it only contains 2,5% of the​​P.dumerilii​​MB neurons, of the​​P.dumerilii​​neurons​

​in this cluster, almost all of them came from the MB population (93%). The remaining​

​P.dumerilii​​MB neurons were either distributed, some​​in the​ ​H.saltator​​KC - dominated​

​cluster 0 (17%), and interestingly in cluster 4 (57%) which has an​​H.saltator​​glial cell type as its​

​other dominant cell type. With the focus being on neurons of the MBs, especially of​

​P.dumerilii​​, clusters 4 and 12 will be the focus of​​the marker OG analysis.​

​3.4.3. Marker Orthogroup identifiers​

​The top 50 (based on average log fold change) OG - markers for the integrated clusters 4 and​

​12 are shown in​​Figure 27C​​. The top markers for cluster 12 reflect the gene signature of the​

​O.vulgaris​​vertical lobe neurons. This includes​​arx​​(3D9IE) which is also apparent in the small​

​number of​​P.dumerilii​​- contributing cells, as well as LIMK1 (3CU22). While not among the​

​top 50 markers, the OGs for​​mef2​​genes​​also appeared on this list (3D7N1, 3CRCH). Most​

​other shared markers seem to be the OGs of effector genes like adenyl cyclases (3CRAW),​

​guanine nucleotide exchange factors (3CTIN), and synaptotagmin (3CWKM).​

​The top markers for cluster 4 are mostly ribosomal proteins, even showing expression in a​

​fraction of the​ ​O.vulgaris​​vertical lobe cells of cluster 12 (​​Figure 27C​​). The OG for a​​maf​

​transcription factor, discussed in the previous chapter, appears on this list, although it is​

​specific to the​​P.dumerilii​​cells of cluster 4. It is worth noting that the​​H.saltator​​glial cluster​
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​that contributes 57% of the cells of the mixed - species cluster 4 was left unannotated in its​

​original dataset, since it had glial markers but lacked specific markers (Sheng et al., 2020).​

​Perhaps the neurogenic signature described in Chapter 2 drives the clustering of​​P.dumerilii​

​MB neurons with this unannotated glial population, although the OG for​​gfap​​- a glial and​

​proneural marker - was not among the marker list.​

​A previous version of this analysis, including only​​P.dumerilii​​and​​O.vulgaris​​datasets - before​

​the additional filtering (​​section 2.3.4.1​​) of the​​P.dumerilii​​nuclei dataset  - also resulted in two​

​clusters (7 and 27) containing almost exclusively​​O.vulgaris​​vertical lobe and​​P.dumerilii​​MB​

​neurons (​​Figure S4A - A”​​). Cluster 27 was dominated by the​​O.vulgaris​​vertical lobe gene​

​signature, with many OG markers also expressed in the smaller number of contributing​

​P.dumerilii​​MB neurons (e.g.​​ret​​- 3CS9B,​​limk1​​- 3CU22) (​​Figure S4B)​​.​​While​​arx​​appeared​

​among the top 50 OG markers for both clusters, the larger cluster 7 mirrored the​

​three-species comparison, with many ribosomal proteins among the top markers expressed​

​in the contributing cells of both species (​​Figure S4B​​). Also as in the three - species analysis,​

​the​​mef2c​​OG (3CRCH) appeared as a marker for both clusters, just out of reach of the top 50.​
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​3.5. Summary and perspectives​

​Overall, this approach, although promising, requires more detailed optimisation and​

​comparison to other approaches in the literature. In future iterations, repeating this analysis​

​with only the most confidently annotated cell types (including cell types with expected​

​matches across datasets as well as those absent in some of the datasets as negative controls)​

​could clarify the feasibility of this integration method with distant species. It will also​

​benefit as the genome of​​P.dumerilii​​is further annotated.​​Even still, it does lend support to​

​known MB genes being shared across these very diverse species, including​​arx​​- between​

​cephalopods and annelids - as well as​​mef2c,​​common​​to both insect MB development,​

​octopus vertical lobe development (Crittenden et al., 2018; Styfhals et al., 2022), and based on​

​the previous chapter, also a marker for the annelid MBs. With further benchmarking by​

​looking at more closely related - species, this approach may provide annotations for​

​previously uncertain cell types. Importantly, it could also provide insights into the genes that​

​are driving mixed - species clusters together, and whether these are terminal selector genes​

​as proposed in Arendt et al. (2019), or effector genes involved in a cell’s state or function.​

​This was exemplified in the mixed species cluster containing​​P.dumerilii​​MB neurons and​

​H.saltator​​unannotated glia, which seemed to be driven​​together by genes encoding​

​ribosomal proteins. Bearing in mind the apparent neurogenic signature of​​P.dumerilii​​MBs in​

​Chapter 2​​and​​that the activation of aNSCs seems to​​be coupled to an increase in protein​

​synthesis machinery (Baser et al., 2019; Gao et al., 2025; Llorens-Bobadilla et al., 2015), this​

​result is not so surprising. Considering that the​​H.saltator​​dataset from Sheng et al. (2020) was​

​exploring an ant caste transition from worker to queen, and found that the ensheathing -​

​type glia increase during this transition, it is possible that glial progenitors exist in the​

​dataset and that these end up clustered with the​​P.dumerilii​​neurogenic MB cells​​based on a​

​shared increase in protein synthesis.​
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​This brings up another caveat, as the evolutionary distance between compared species​

​increases, determining comparable stages between them also becomes more difficult. In the​

​present analysis, the octopus dataset was a brain dissection of the paralarval stage (Styfhals​

​et al., 2022),  in contrast to the adult annelid and ant stages used, which can influence which​

​cell types are present or can be detected (Li et al., 2017).  Species-specific peculiarities such​

​as RNA editing mechanisms in cephalopods (Shoshan et al., 2021; Voss & Rosenthal, 2023)​

​add further complexity when trying to interpret cell type similarities based on​

​transcriptomic data alone, although detecting these edits with single - cell sequencing is an​

​on - going endeavour (Xu et al., 2023). Nevertheless, it would still be worthwhile to compare​

​the annelid brain to a basal chordate like amphioxus, since many of the transcriptomic​

​signatures described in the previous chapter also resemble what is known from the​

​vertebrate literature.​

​A better picture of ancestral and species-specific neuronal cell types will emerge as more​

​species within the Lophotrocozoan phylum are investigated, in the same way that the brains​

​of more and more vertebrate species are being compared using similar integration methods​

​(Hain et al., 2022; Quintana-Urzainqui et al., 2025; Song et al., 2023; Woych et al., 2022). This​

​way, the true diversity of bilaterian brains can be used to infer which neuronal cell types and​

​families were likely present in a Bilaterian ancestor.  Interestingly, the considerable diversity​

​of MB - like structures among annelids alone, make it difficult to conclude whether the​

​contributing cells can be considered the same type (Heuer et al., 2010), suggesting that​

​already by comparing non - model annelids, a lot can be learned about whether these MB​

​neurons are ancestral, at least within Annelida. While Chapter 4 will be a departure from​

​this storyline, it will show how a species complex such as​​Platynereis spp.​​and the phylum of​

​Annelida can offer insights into brain evolution at both the macro- and microevolutionary​

​scale.​
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​4. Lessons from the field and genotyping the​

​Platynereis spp.​​species complex​

​4.1. Contributions​

​I tackled this thesis during a time where the lab was dominated by the TREC (Traversing​

​European coastlines) expedition, part of EMBL’s theme of Planetary Biology, and this​

​chapter is a reflection of that. It was only possible thanks to the lab members who took on​

​extra roles as the Selected Model Species (SMS)  field team, especially Leslie Pan, Antonella​

​Ruggiero, Emily Savage, Phil Oel, Tobias Gerber, Luca Santangeli, Cyril Cros, and Alvin Han​

​who together were heavily involved in field sampling along with collaborators from the SMS​

​team (Liz, Hanin, Jill and students). Additionally, Leslie Pan and Evgeniia Moschogianni​

​came up with and optimized the initial in-field genotyping protocol.  Along with joining  5​

​field expeditions, I have been part of the genotyping endeavour together with Alvin Han and​

​Leslie Pan. Wet lab work was shared with Alvin throughout the process and Leslie provided​

​constant input on experimental design and insights into sequencing technologies. I had no​

​idea that fieldwork would be such a big part of my (and everyone’s)  time in the lab these past​

​few years. This chapter is mostly a reflection of the shift in focus of the lab, and EMBL,​

​towards studying model organisms in the context of their environment, and the associated​

​challenges. While related to previous chapters, it is mostly a standalone dive into the​

​adventure of fieldwork.​
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​4.2. Background​

​As suggested in the previous chapters, the question of convergence or conservation is not so​

​trivial to answer, especially when attempting to make inferences across very distant species.​

​Broadening in depth investigations to diverse Lophotrocozoan species can only be beneficial​

​in the quest to define and compare neuronal cell types on a transcriptomic basis. Annelida​

​alone represents a diverse group of animals, and in depth anatomical investigations of their​

​brains indicate that repeated loss of brain complexity - defined by clear sensory and​

​integrative structures like eyes and mushroom bodies respectively -  is something that has​

​occurred multiple times in annelid evolution (Beckers et al., 2019; Helm et al., 2022; Heuer et​

​al., 2010), and in some annelids is seen during the transition from a planktonic pelagic to a​

​more sedentary benthic life stage (Beckers et al., 2023; Helm et al., 2022).  This makes​

​annelids a group of animals with diverse brain anatomies suited for investigating ancestral​

​cell types, but also for linking changes in cell types or their expressed set of genes to an​

​environmental context.​

​4.2.1. The annelid brain from a macro - and microevolutionary​

​perspective​

​Among annelids, the mushroom bodies -  with their dense nuclei and lobed axon outputs -​

​are one indicator of brain complexity and are more commonly seen in errant annelids​

​compared to sedentary - filter feeding ones (Heuer et al., 2010). However, while this bilateral​

​mushroom body-like structure exists in many annelids, anatomical variability makes it​

​difficult to know whether the contributing cells represent the same ancestral neuron type​

​(Heuer et al., 2010). Comparing annelid brains at a transcriptomic level could tell us, on a​

​macroevolutionary​​scale, if the MB cell types - and​​others - are shared despite differences in​

​brain anatomy and organisation.​
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​On the other hand, dramatic differences in lifestyle can appear even between​

​morphologically similar sister species like​​P.dumerilii​​and​​P. massiliensis​​. As described in​

​Chapter 2,​​P.dumerilii​​transitions between a pelagic planktonic stage, then grows in segment​

​number during a tube - dwelling benthic phase, followed by a return to a pelagic stage for​

​broadcast spawning.​​P.massiliensis​​, on the other hand,​​is a brooder that spends its whole life​

​in a tube - dwelling phase, reflected in a loss of certain larval features like the larval eye and​

​ciliary bands characteristic of trochophore larvae (Helm et al., 2015; Schneider et al., 1992).​

​Interestingly, the brooder​​P.massiliensis​​, is more​​commonly found near acidic​​CO₂​​vents,​

​suggesting that this form of reproduction may be more protected (possibly by providing a​

​protected microclimate or by the buffering of nearby O₂ - producing algae) and suitable for​

​harsh environments (Calosi et al., 2013; Lucey et al., 2015; Wäge et al., 2017).  Therefore,​

​comparing members even within this species complex can tell us, on a​​microevolutionary​

​scale, how the environment might be shaping the brains of nearly indistinguishable annelids​

​at shorter timescales.​

​Chapter 2 showed that single nucleus RNA sequencing can successfully classify cell types of​

​the annelid brain from a small number of samples, while remaining comparable to single​​cell​

​datasets of similar resultant cell number but more input samples (Milivojev et al., 2024). This​

​utility means that, for species not easily cultured in the lab, or for precious samples collected​

​from the field, a more or less complete cell type complement is still achievable with this​

​approach. As more annelid genomes are generated and annotated - with projects such as the​

​Darwin Tree of Life (​​https://www.darwintreeoflife.org/​​) and the additional Platynereis​

​genomes (i.e.​​P.massiliensis, P.megalops​​) sequenced by Mutemi et al. (2025), the goal of​

​producing such comparative atlases for unconventional model species is becoming more​

​attainable. However, due to the striking morphological similarity between members of,​

​particularly the​​Platynereis spp.​​species​​complex, genotyping remains a necessary first step to​

​characterise these samples before committing to expensive single cell experiments.​
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​4.2.2. Classifying samples from the TREC expedition​

​The members of the​​Platynereis spp.​​species complex​​far exceeds the two sister species​

​described above. In general, because of the physical isolation of brooding species, they tend​

​to mix less and show more nucleotide diversity (Wäge et al., 2017). Work by Teixeira et al.​

​(2022) has classified members of this “hyper - diverse” species complex into MOTUs​

​(Molecular Operational Taxonomic Units) based on mtCO1 (~658bp),​​16s​​rDNA (~368bp), and​

​28s​​rDNA (~420bp) sequences. Although these MOTUs​​are only molecular definitions of​

​sister species, they are the categories that will be used to classify the collected expedition​

​samples. The EMBL 2023 - 2024 TREC expedition (Traversing European Coastlines)​

​provided an opportunity to collect a diversity of annelids - primarily from the​​Platynereis spp.​

​species complex -  along with metadata relating to anthropogenic activities, bioacoustics,​

​microbial communities, and co-habitating species (e.g. seagrasses, anemones, sponges) to​

​contextualise future findings. Sampling missions took place at 46 marine institutions, with​

​sites yielding suspected members of the​​Platynereis spp.​​species complex indicated in​​Figure​

​28A​​. These annelids were collected from both coastal seagrass (​​Posedonia oceanica​​,​​Zostera​

​marina​​), algae, and kelp. Mature animals were collected from spawning events during a​

​parallel expedition following the moon cycle. The latter expedition will not be discussed in​

​detail, although some reproductive worms from it were included in the genotyping​

​development process.​

​This chapter will describe some of the field sampling that took place over the course of this​

​expedition and the initial genotyping efforts to categorise this diverse species complex.​

​Focus will be on the mitochondrial​​cytochrome c oxidase subunit I​​gene (CO1), a ~700bp​

​fragment established for classifying diverse invertebrates (Folmer et al., 1994), with broader​

​taxonomic classification being achieved upon modifications of the original primers (Elbrecht​

​& Leese, 2017; Leray et al., 2013).  For the present chapter, which will only explore collected​

​polychaete samples, polychaete - specific CO1 primers (Carr et al., 2011; Teixeira et al., 2022)​
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​proved to be successful in amplifying this CO1 fragment from members of the​​Platynereis spp.​

​species complex as well as other non -​​Platynereis​​nereids. Combining these primers with​

​internal CO1 primers from Leray et al. (2013) to produce shorter amplicons was also​

​successful, setting the stage for future Next Generation Sequencing (NGS) approaches​

​(Kennedy et al., 2020).​
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​4.3. Materials and methods​

​4.3.1. Annelid field collection​

​Between 2023 and 2024 annelids were sampled in combination with other species during the​

​EMBL TREC expedition. This would not have been possible without the support of local​

​marine stations and divers as well as the TREC team - especially the SMS team.​​Figure 28A​

​shows a map depicting the collection sites visited. Of these sites, worms morphologically​

​characterised as belonging to the​​Platynereis spp.​​species complex were collected at 12 of​

​them. The preliminary results from this chapter cover a subset of samples from Crete,​

​Trieste, Naples, Ferrol, and Bilbao. Sampling was conducted in close collaboration with local​

​divers who collected algae, seagrass, and kelp for the team to sort for annelids​​Figure 28B.​

​Small samples of substrate were flash frozen for later identification.​​The sampling scheme​

​and downstream processing for genotyping is shown in​​Figure 28C​​. Briefly, small annelids​

​were placed directly into 200µl of DNA/RNA shield (Zymo, R1100-250) for storage. If enough​

​specimens of a type and of appropriate size (~2cm) were collected, each worm was dissected​

​into three pieces. First, and relevant for this chapter, the tail was cut and placed into 200µl of​

​DNA/RNA shield. The head was removed above the pharynx when possible and flash frozen​

​in liquid nitrogen for future comparative snRNAseq experiments. The trunk was also flash​

​frozen for future microbiome studies. The specimens used for this optimization were chosen​

​from diverse geographical locations known to harbour members of the​​Platynereis spp.​

​species complex​​(Crete, Trieste, Naples, Ferrol, and Bilbao). Sequencing results were checked​

​by aligning to known CO1 sequences, listed in​​Table S3,​​Appendix​​.​

​4.3.2. Genotyping​

​Back in the lab, 5 - 10 zirconia beads (ROTH, N039.1) were added to each tail sample for​

​tissue homogenization. Using a Omni Bead Ruptor Elite bead mill homogenizer (Revvity),​

​samples were homogenized for two 30s cycles at 2m/s. For a small number of samples a​
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​hand-held pestle was used. Maintaining sample order, 50µl of the homogenate was​

​transferred to 96 - well plates for easier pipetting. To extract DNA, 2µl of each homogenised​

​sample was added to 48µl of QuickExtract​​TM​ ​DNA extraction​​solution (Lucigen), already​

​prepared in a new 96 - well plate. Samples were mixed, centrifuged, then incubated in a​

​thermocycler at 65 °C for 6 minutes then 98 °C for 2 minutes.​

​The ~700bp mitochondrial CO1 fragment was amplified using​​polychaete​​- specific​

​LCOforward and HCOreverse primers - polyLCO, polyHCO (Carr et al., 2011; Teixeira et al.,​

​2022) - each at a concentration of 10µM. Primer sequences are listed​​in the​​Appendix​​(​​Table​

​S4​​). Each reaction was set up according to​​Table 4​​, and amplified with the cycling​

​conditions in​​Table 5​​, which successfully amplified the CO1 regions of samples collected​

​from diverse locations and consisting of specimens from within and outside the​​Platynereis​

​spp.​​complex. The low annealing temperature was selected after testing a variety of​

​temperatures with gradient PCR.​

​Table 4.​​Reaction set up using Q5® High-Fidelity 2X​​Master Mix (NEB, M0492S) or​
​NEBNext High-fidelity 2X PCR Master Mix (NEB, M0541S).​

​Component​ ​1 reaction (25µl)​ ​1 reaction (50µl)​ ​Final Concentration​

​Q5 2x High-fidelity​
​master mix​

​12.5µl​ ​25µl​ ​1x​

​10µM fwd primer​ ​2.5µl​ ​5µl​ ​1µM​

​10µM rev primer​ ​2.5µl​ ​5µl​ ​1µM​

​DNA Template​ ​1µl / sample​ ​2µl / sample​ ​<1000 ng​

​dH2O​ ​6.5µl​ ​13µl​ ​up to final volume​

​Total Volume​ ​25µl​ ​50µl​ ​-​
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​Table 5.​​Cycling conditions for CO1 amplification able to amplify​​Platynereis spp.​​and non -​
​Platynereis spp.​​CO1 regions.​

​Step​ ​Temp​ ​Time​ ​# cycles​

​Initial denaturation​ ​98°C​ ​30s​ ​1​

​Denaturation​ ​98°C​ ​10s​

​35​​Annealing​ ​45°C​ ​30s​

​Extension​ ​72°C​ ​20s​

​Final extension​ ​72°C​ ​2min​ ​1​

​Hold​ ​4 °C​ ​-​ ​-​

​After checking for successful amplification on a standard agarose gel, or a 2% e-gel (Thermo,​

​A42346), PCR products were cleaned using left - side size selection with SPRIselect magnetic​

​beads (Beckman Coulter, B23318) according to the manufacturer protocol. Briefly, 0.65x the​

​reaction volume of SPRIselect beads was added to each reaction, and mixed with a pipette 15​

​times. This solution was incubated for 5 minutes then placed on a magnetic rack in order to​

​remove the supernatant. Samples were washed twice with 200µl of fresh 80% EtOH,​

​incubating for 30 seconds each time. Tubes were spun down and placed back on the​

​magnetic rack. Excess EtOH was removed, and samples were left to air dry for no longer​

​than 2 minutes.  To elute, tubes were removed from the magnetic rack and 15 - 50µl of​

​nuclease - free water was added, mixed with a pipette and left to incubate for 5 minutes.​

​After being placed back on a magnetic rack, eluant was transferred to a fresh 96 - well plate​

​to check concentration and send for sequencing.​

​Staggered primers - meaning primers with added spacers to mitigate issues of low diversity​

​of bases (Wu et al., 2015) - were also tested for the two halves of the CO1 region (3’ part  -​

​319bp, 5’ part - 313bp) to keep amplicons small enough for future NGS applications (Leray et​

​al., 2013). Reactions were set up using the PCR product from the full length CO1​
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​amplification, using staggered versions of the polyLCO/HCO primers combined with​

​staggered internal CO1 primers from Leray et al. (2013). Staggered primers are listed in the​

​Appendix​​(​​Table​​S4​​); with 8 primers (4 forward, 4​​reverse) targeting the 3’ half of the CO1​

​region, and 8 primers (4 forward, 4 reverse) targeting the 5’ half. Primers were mixed in​

​equimolar amounts to a final total concentration of 10 µM. Reactions were set up as in​​Table​

​4​​, and amplified under the cycling conditions in​​Table​​6​​.​

​Table 6.​​2 - step PCR cycling conditions for amplification​​of two halves of the CO1 region​
​using staggered primers.​

​Step​ ​Temp​ ​Time​ ​# cycles​

​Initial denaturation​ ​98°C​ ​30s​ ​1​

​Denaturation​ ​98°C​ ​10s​

​10​​Annealing​ ​54°C​ ​30s​

​Extension​ ​72°C​ ​20s​

​Denaturation​ ​98°C​ ​10s​
​20​

​Annealing/extension​ ​72°C​ ​50s​

​Final extension​ ​72°C​ ​2min​ ​1​

​Hold​ ​4°C​ ​-​ ​-​

​The PCR products were cleaned in the same way as above, except by adding a​​1x​​volume of​

​SPRIselect beads due to the smaller amplicon sizes.​​Figure 29​​shows the successful​

​amplification using these staggered primers.​

​For the purposes of this thesis, though, only the initial CO1 product from the first PCR of a​

​few selected samples was sent for Sanger sequencing and will be discussed.​
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Figure 29. Amplification with staggered external and internal CO1 primers. Cleaned PCR 
products run on 2% e- gel. (A) 3’ CO1 fragment (319bp) across tail samples selected for 
optimisation. (B) 5’ CO1 fragment (313bp) across tail samples selected for optimisation.



​4.4. Results​

​The Sanger sequencing results of the test samples were aligned to the CO1 sequences from​

​Teixeira et al. (2022), using Geneious Prime ® 2024.0.5, with the built in Geneious alignment​

​tool and default parameters, followed by the built in neighbour - joining tree tool with​

​default parameters.​​Figure 30​​shows  a summary figure of the diversity of MOTUs -​

​described in Teixeira et al. (2022) - to which the tested expedition samples best aligned. All​

​sequences prefixed with​​TREC​​come from the expedition, while selected annotated reference​

​sequences are those from Teixeira et al. (2022). The full alignment and neighbour - joining​

​tree showing the relationship between the MOTUs can be seen in​​Figure S5​​.​

​Samples belonging to the​​Platynereis spp.​​species​​complex, as well as non​​Platynereis​​nereidids​

​(Pseudonereis, MOTU 11) were successfully characterised. With only a few of the collected​

​polychaetes sequenced so far, it is clear there is a diversity of MOTUs even within a single​

​sampling location in line with findings from Teixeira et al. (2022). A clear next step would be​

​to link this diversity to TREC metadata (e.g. bioacoustics, algal substrate, anthropogenic​

​impact), to better understand if the micro-environments that were sampled correlate with​

​the species present. Reassuringly, one of the Naples samples along with a lab positive control​

​sample (​​Figure 30​​, highlighted) both fell within MOTU 4 - since most​​P.dumerilii​​in lab​

​culture are thought to originate from Naples (Hauenschild & Fischer, 1969). Broadly, the​

​geographical locations for the TREC samples correspond to those where samples of the​

​same MOTU were reported by Teixeira et al. (2022), with the exception of the Ferrol sample​

​that aligned to MOTU 6, which was not reported in the Atlantic. However, the alignment​

​shows many divergent SNPS compared to the reference MOTU 6 sequences (​​Figure 30​​),​

​suggesting a possible technical error which will be clarified as more sequences are added.​
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​4.5. Summary and perspectives​

​This chapter showed that classic Sanger sequencing of only the CO1 region of samples​

​collected on the TREC expedition was able to categorise polychaetes of the​​Platynereis spp.​

​complex, as well as morphologically similar polychaetes collected from diverse locations​

​visited during the TREC expedition. Of the TREC samples, 282 have been categorised​

​morphologically as belonging to the​​Platynereis spp.​​complex and remain to be sequenced.​

​Therefore an aim for the immediate future is to further increase the scalability of CO1​

​barcoding (Kennedy et al., 2020), in particular because it would be prudent to include the​

​other primers - 16s rDNA (~368bp), and  28s rDNA (~420bp) -  used to define MOTUs in​

​Teixeira et al. (2022).​

​In the end, linking these findings to the associated metadata collected on the expedition as​

​well as on - going microbiome work in the lab will help correlate the collected species​

​diversity with an environmental context. So far from Trieste - on the Adriatic sea - both​

​premature broadcast spawning (MOTU 4) specimens, as well as a subset of brooders (MOTU​

​10) were collected from the same geographical location (45.726179, 13.689958). Linking these​

​results to the specific substrate from which worms were collected is an interesting next step,​

​to see if both MOTUs lived on similar or different algal substrates. Contrast this to Ferrol,​

​where the yet to be assigned MOTU 2 - which now can be more confidently classified as a​

​broadcast spawner - was​​only​​found during the parallel​​mission collecting actively spawning​

​mature worms. This MOTU was not among the tube - dwelling annelids collected from the​

​substrate of the same location, where only the brooding​​P.massiliensis​​(MOTU 9) was​

​detected. Though the number of samples tested so far is small, it will be interesting to see​

​whether Atlantic broadcast spawners versus brooders are found on different substrates or​

​depths compared to the Mediterranean sites, since the tides of the Atlantic might be another​

​harsh environment that may favour brooding over broadcast spawning, specifically for​

​worms living in more shallow intertidal zones.​
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​This is only the beginning of this large multi-disciplinary project, with the focus over these​

​past two years being on sample collection and characterisation. Nevertheless, the aim of this​

​chapter was to emphasize the challenges in characterizing members of this diverse species​

​complex, and that this complexity should not hinder future transcriptomic work - in this​

​case for the characterisation of cell types - but should be considered when interpreting​

​findings.​
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​5. Conclusion​

​5.1. Insights into the maturing annelid mushroom bodies​

​By using single cell transcriptomics to define and expand the transcriptomic signature of​

​P.dumerilii​​mushroom body neurons, I was also able to uncover new evolutionary insights​

​about the interneurons of this region. From a species - specific perspective, besides the​

​transcription factor markers known from larval stages -​​arx, ptf1​​(Vergara et al., 2021), the​

​ventral part of the maturing annelid MB interneurons also expressed a possible paralog of​

​emx​​-​​emx2​​-​​, a gene having undergone multiple duplication events in different lineages​

​(Minguillón et al., 2002; Noro et al., 2015). This was paired with the stage - specific​

​expression of a vertebrate - like opsin (Arendt et al., 2004) -​​cOpsin1​​- , which thus far, for​

​adult worms, has only been reported in brain ciliary PRCs and progenitor cells of the​

​growing rhabdomeric eyes (Milivojev et al., 2024). This expression pattern also adds further​

​evidence supporting the ancestral nature of sensory interneurons (Fischer et al., 2013; Wulf​

​et al., 2025). The functional implications of this opsin in​​P.dumerilli​​MBs might be an exit​

​from a maintained neurogenic state, since the expression of​​cOpsin1​​seems to coincide with​

​downregulation of​​arx​​and​​emx2​​, and the upregulation of​​mef2c​​and possible bzip​

​transcription factors with known roles in vertebrate adult neurogenesis and plasticity​

​(Cortes-Canteli et al., 2011; Herold et al., 2011; Hodge & Hevner, 2011) and apoptosis​

​(Bodnarchuk et al., 2012; Valderrama et al., 2009). This seems to be accompanied by a broad​

​increase in​​soxC​​expression​​,​​another vertebrate ortholog known for its role in neuronal​

​differentiation in early​​P.dumerilii​​development (Kerner et al., 2009). Overall, this suggests​

​that the neuronal restructuring in the adult​​P.dumerilii​​brain might use mechanisms​

​mirroring adult neurogenesis in vertebrates under the influence - either directly or indirectly​

​- of a ciliary opsin. From a broader comparative perspective, however tentative, it appears​

​the overall MB transcriptomic signature bears similarities to cephalopod vertical lobe​
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​neurons (Styfhals et al., 2022) and insect MBs (Sheng et al., 2020), with the​​mef2c​​orthology​

​group as one common link - not yet described for​​P.dumerilii​​MBs. Although in the present​

​analysis it is not clear whether these genes are actually driving cross - species clustering in​

​the method used. Exploring whether this MB transcriptomic signature exists among other​

​members of the more closely related​​Platynereis spp​​.​​species complex, as well as in more basal​

​annelids, or annelids without a clear MB structure will be important to better understand if​

​the evolutionary inferences being drawn indeed reflect an ancestral Bilaterian cell type.​

​5.2. Future perspectives​

​While Chapter 4 was a departure, it emphasised that for such transcriptomic comparisons to​

​work they must extend to a broad array of species, of various evolutionary distances. A first​

​proof of principle for any cross - species comparison for annelids, might be​​P.dumerilii​​and its​

​sister species​​P.massiliensis​​, a brooder rather than​​a broadcast spawner, adapted to living in​

​harsher environments (Lucey et al., 2015; Wäge et al., 2017). Exemplified in Chapter 4 and​

​highlighted by Teixeira et al. (2022), classifying members of this species complex is not so​

​trivial, for instance the reassigned​​P.agilis​​, is very similar in CO1 sequence to the brooder​

​P.massiliensis​​, but was classified as a separate species based on morphological differences​

​(e.g. less pigmentation, longer cirri). In fact, tube - dwelling worms in the Arendt lab, of​

​unknown origin but labelled as​​P.massiliensis​​, have since been classified as​​P.agilis​​based on​

​CO1 sequence, a distinction only possible with the detailed work of Teixeira et al. (2022).​

​Further classification of the TREC samples collected from intertidal, subtidal, and from​

​active spawning events, will provide the environmental context necessary for future deeper​

​transcriptomic comparisons. I hope this thesis highlights the layers of complexity in tackling​

​both macro- and microevolutionary questions, but the necessity for both levels in order to​

​make evolutionary inferences. I also hope to highlight that, with the plethora of published​

​datasets that exist - there is so much information contained within that remains to be​

​discovered.​
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Figure S2. Exceptional cases of cOpsin1 expression in ventral MB of premature worms. (A - H) 
5µm z-projection (1µm step - size) of the ventral MB region. (A - D) Ventral MB of a 53 segment 
worm showing co-expression of emx2 and cOpsin1. (E - H) Ventral MB of a 66 segment worm, 
where cOpsin1 expression is not detected. (I - J) Growing rhabdomeric eye of the same 66 
segment worm indeed shows cOpsin1 expression, single focal plane. All scale bars 25µm. Images 
acquired with a confocal 40x oil objective. Asterisks indicate suspicious signals in the MB 
peduncles that will not be considered (see Figure S1).



Figure S3. Restructuring of MB upon sexual maturation in cOpsin1 knockout worms visualised 
with nuclear stains. Dorsal (left panel) to ventral (right panel) MBs shown. (A - D) Premature MB. 
(E - H) Colour changed female MB. (I - L) Spawning female MB. (M - P) Colour changed male 
MB. (Q - T) Spawning male MB. Arrowheads mark bright regions of male gametes stored in the 
head. For each image panel, top is anterior, right is lateral. All step sizes 1µm. All scale bars are 
20µm. Images acquired with a confocal 40x oil objective.









Figure S5. Full sequence alignment and neighbour - joining tree of TREC samples sequenced so 
far embedded among CO1 sequences from Teixeira et al. (2022).



​Supplementary Tables​

​Table S1.​​Coding sequences (CDS) or open - reading frames extracted from the​​P.dumerilii​
​genome submitted to Molecular Instruments for HCR probe design. Accession numbers for​
​CDS in​​Table S2​ ​if the sequence is already published. Relevant for​​Chapter 2​​. Gene names​
​are in the form XLOC | emapper annotation |​​known Pdum name.​

​Gene name​ ​CDS​ ​Probe sequences​

​XLOC_044659​
​| ARX |​​arx​

​AUggUAAUUgCUAAUUgCCAUUgUgACgUCACCAUg​
​gAUCUAUCAAUUAAgAAACAACgCACAgCUUACgA​
​CAUAgCAAgCCUAAUAggCCCCgAAgCUACAAAAgU​
​UgAAAAAUggACUUCAUCAgAAAgCCCCCCUACUUC​
​UCCCCCggggAgACCCAgCUCAAUUUCCCggCAggAU​
​gACUUCgUCgCCAACUCUUCAgCCCCggAgCAUCCCC​
​CUUCCCCCCUUAgUgCUgAUgACCAAUACAAAAAA​
​CUgAUgUCACCCACAAUgCAUCUggCUCAUgACgUC​
​ACAgCUCgAAUCAUUCUAgCCAAUCACAgCCAAgAg​
​UUgCAgUCACgUgAUUAUgCUUAUgACCAAUCACAA​
​AggAggCAAAgUgUgAUgUCAUCAgACAgUgCUgCCA​
​CCAgCCUgAgAAAUgAUgAUAUAgAUgAUgAUgAAC​
​AgUUAUgUAUUgUggAUgAUgAUgAACCACUAAgUC​
​CUgUAAAUACCAgCCCAgUgCAgCCCUCggCCUCgAU​
​CCAggCACCgAAAgAAgUCAAAgUCCAggAAgACAA​
​CUUAUCgAUCUCCgAUggCgAUggCgACUUggAUgAA​
​AUgggAAAACgCAAACAAAgACgAUAUCgAACAACg​
​UUCACCUCCUUCCAgUUAgAAgAAUUAgAAAgggCC​
​UUCCAgAAgACgCACUACCCUgAUgUgUUCACUAgA​
​gAggAACUggCCAUgAgAAUCAACCUAACCgAAgCg​
​AgAgUUCAggUUUggUUUCAAAACAgACgAgCCAAg​
​UggAggAAgAAggAgAAAgUggggCCACAAUCgCAUC​
​CCUACggCCCUUUUgggggCggCCCUCCgACCgggCCA​
​UUgggCAUCCCAgggUUgggCCAAAgACCCCUCggCC​
​CACACACCACUUACACAgACUUgUUgAUCAAAUCU​
​UACgAAAACCAUCUCgCUCAgAAgUUUggUggUCCA​
​ggUAUgggUggAUUCUAUCCACCAggAUUAgggggAC​
​CggUCgCUgCCAUgggAgUCUUUCCCggAUUgCCCUA​
​UUCCggAUUgggUCAUCUgCAUCCggggAgUCACggA​
​gCggCCgCAgUCgUAgCCggAAgCUUUCAgAgUCUCC​
​UggCggCCAUgUCgAAUCCCgUCCCCggUggACAACC​
​UCACUCUCACUCUCAUCCUCAUgCgCCCCCUgUgCA​
​AgUUCCAACCUCgCCAAACgUAAACgUUgCUAUUCC​
​CCAgggUUCgCCgAACCUAACACCACAAAAUUUACg​
​gCggCCUggUUCggAgUCACCAgAUUCAAACAAAACg​
​CCCUCCCCCCACUCACCCCCUgUgUUgUACCCUCAg​
​CAggACACCCCCAgAAgUgACgUCAUCAAAUCgAAU​
​CCAgAAUCCCCCUCUgAgCAUgCUCAAgACAgACgA​
​UCCUCUAgCAUAgCAgCAUUgCgCAUgCgUgCCAggg​
​AgUAUgCCCUCAAgUUgCAgAUgggCCAACCAUgUg​
​ACAgUgCAgUCUAUUgA​

​TCAATTTCCCggCAggATgACTTCgTCgCCAACTCTTCAgCCCCggAgCATC​

​CATCTggCTCATgACgTCACAgCTCgAATCATTCTAgCCAATCACAgCCAAg​

​CAACgCACAgCTTACgACATAgCAAgCCTAATAggCCCCgAAgCTACAAAAg​

​AACTTATCgATCTCCgATggCgATggCgACTTggATgAAATgggAAAACgCA​

​TTgCAgTCACgTgATTATgCTTATgACCAATCACAAAggAggCAAAgTgTgA​

​gTgCAgCCCTCggCCTCgATCCAggCACCgAAAgAAgTCAAAgTCCAggAAg​

​ATggTAATTgCTAATTgCCATTgTgACgTCACCATggATCTATCAATTAAgA​

​CAgTTATgTATTgTggATgATgATgAACCACTAAgTCCTgTAAATACCAgCC​

​CAAAgACgATATCgAACAACgTTCACCTCCTTCCAgTTAgAAgAATTAgAAA​

​CCTTCCCCCCTTAgTgCTgATgACCAATACAAAAAACTgATgTCACCCACAA​

​gAAAAATggACTTCATCAgAAAgCCCCCCTACTTCTCCCCCggggAgACCCA​

​AAgTggAggAAgAAggAgAAAgTggggCCACAATCgCATCCCTACggCCCTT​

​gggggACCggTCgCTgCCATgggAgTCTTTCCCggATTgCCCTATTCCggAT​

​ggTCATCTgCATCCggggAgTCACggAgCggCCgCAgTCgTAgCCggAAgCT​

​CACTCTCATCCTCATgCgCCCCCTgTgCAAgTTCCAACCTCgCCAAACgTAA​

​ATgCgTgCCAgggAgTATgCCCTCAAgTTgCAgATgggCCAACCATgTgACA​

​CTCgCTCAgAAgTTTggTggTCCAggTATgggTggATTCTATCCACCAggAT​

​gTTgCTATTCCCCAgggTTCgCCgAACCTAACACCACAAAATTTACggCggC​

​CTCggCCCACACACCACTTACACAgACTTgTTgATCAAATCTTACgAAAACC​

​CAgAgTCTCCTggCggCCATgTCgAATCCCgTCCCCggTggACAACCTCACT​

​ggTTCggAgTCACCAgATTCAAACAAAACgCCCTCCCCCCACTCACCCCCTg​

​TCCCCCTCTgAgCATgCTCAAgACAgACgATCCTCTAgCATAgCAgCATTgC​

​TTgTACCCTCAgCAggACACCCCCAgAAgTgACgTCATCAAATCgAATCCAg​

​XLOC_003959​
​| PTF1A |​​ptf1​

​ATGGATGGAGTGGACCTGGTAGCACGGACACTCATA​
​GCGGACTACCCGGGCTACTCCTCCTACAACGACCTAG​
​ACAGCTCCCTCAGTTCCGGAAGTTCCCCCTACGGATC​
​TACCCTCGACGAGGACGAGGCCTTTTCCGGCAAAGT​
​ACGACACCGACGGCGCCGACGGTGCCCCGAGCAGC​
​AGGTCCACCAACGACAGGCGGCCAACCAGCGTGAA​
​CGGCGCCGGATGCAGTCGATCAACGAGGCCTTCGAG​
​GGCCTACGAGCGCACATCCCCACCCTGCCCTACGAG​
​AAGCGACTCTCGAAAGTAGACACTCTCCGCTTAGCC​
​ATCGGATATATCAGTTTCCTGACAGAACTTGTCCAGTC​
​GGACGCTCACTCGAAGGAGAACATCGGCACTCAGTG​
​TGGGGAACAGCCGAGGAAGGTCATTATCCATTGCCA​
​CAGAGGCTACCAAGATGAAGGAGAAAGATACGGCCT​
​CCCCCCGTTAGCAGGCCACTCGCTGTCTTGGACGGAT​
​GAGAAGAAACCACTGAGGGGTCCGGGGAATGTCATG​
​ACTGCTAAAATATGGACTCCAGAAGATCCAAGGAAA​
​ATCGGAAATATGGACTGTCAAACAACTGTTCTGGATA​
​CTTCCACGTTGGAATTATGA​

​ATggATggAgTggACCTggTAgCACggACACTCATAgCggACTACCCgggCT​

​TCCTCCTACAACgACCTAgACAgCTCCCTCAgTTCCggAAgTTCCCCCTACg​

​TCTACCCTCgACgAggACgAggCCTTTTCCggCAAAgTACgACACCgACggC​

​CgACggTgCCCCgAgCAgCAggTCCACCAACgACAggCggCCAACCAgCgTg​

​ATCggATATATCAgTTTCCTgACAgAACTTgTCCAgTCggACgCTCACTCgA​

​CACAgAggCTACCAAgATgAAggAgAAAgATACggCCTCCCCCCgTTAgCAg​

​CACTCgCTgTCTTggACggATgAgAAgAAACCACTgAggggTCCggggAATg​

​ATgACTgCTAAAATATggACTCCAgAAgATCCAAggAAAATCggAAATATgg​

​CCCACCCTgCCCTACgAgAAgCgACTCTCgAAAgTAgACACTCTCCgCTTAg​
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​XLOC_040379​
​| NCALD |​​NA​

​ATGGGCCATGGCAGCTCAGTGGATCTGCGCCCGGAG​
​GACCTCGTGAAACTGAAAGACCAGACTTACTTCCAA​
​CAAAATGAAATTCAGACGTTGTACGACAAATTCATCT​
​CGGAATTTCCATCTGGAATTATTACCAAGGAAGAATT​
​CATTGAAATGTACCAGGACATGTTTCCCGAGTCAGAT​
​GCCTCTCCGTTTGCGGAAAAAGTCTTCAGAGCGTATG​
​ATACGGACGGAAACGGAGTGATAAACTTCCGAGAAT​
​TCCTTTGCGCTTTGTCGGTCACCACCAGAGGGAGTGC​
​AGAAGAAAAACTCGGCTGGAGTTTCAATTTGTACGA​
​CGCAGACGGCGATGGGTATATTTCAAGAAAGGAAGC​
​TACTGACATTTTGGCAGCGATATTCCGACTCCAAGGC​
​AAAGCGGACATTCCAGGGAAAGCGGAAGAAGAGGC​
​TCTCAATTTATTTTCATCTATCGACAAAAACAAGGAC​
​GACCGTTTGTCTTTGAAAGAGTTTGTTTGCGGGGCCA​
​AGACATCAGACGCCATTGCGCAGTTCCTCAGAATTGC​
​CACAGAGGGCGAATAG​

​ATgggCCATggCAgCTCAgTggATCTgCgCCCggAggACCTCgTgAAACTgA​

​gACCAgACTTACTTCCAACAAAATgAAATTCAgACgTTgTACgACAAATTCA​

​TCggAATTTCCATCTggAATTATTACCAAggAAgAATTCATTgAAATgTACC​

​gACATgTTTCCCgAgTCAgATgCCTCTCCgTTTgCggAAAAAgTCTTCAgAg​

​TATgATACggACggAAACggAgTgATAAACTTCCgAgAATTCCTTTgCgCTT​

​TCggTCACCACCAgAgggAgTgCAgAAgAAAAACTCggCTggAgTTTCAATT​

​TACgACgCAgACggCgATgggTATATTTCAAgAAAggAAgCTACTgACATTT​

​gCAgCgATATTCCgACTCCAAggCAAAgCggACATTCCAgggAAAgCggAAg​

​gAggCTCTCAATTTATTTTCATCTATCgACAAAAACAAggACgACCgTTTgT​

​TTgAAAgAgTTTgTTTgCggggCCAAgACATCAgACgCCATTgCgCAgTTCC​

​XLOC_069317​
​| EMX2 |​​NA​

​ATGCTGCCCGTGGTGCCCTCGGCCAAAAGGGCCAGT​
​GGCTTCAGCATAGACTCGTTGATGTCGAAGGACAGG​
​ACAAGTCCCAGGAGCCCTCCGACTGTCAGCTCAGTTC​
​CAAGGGTGTCTTCGGCCTCCCCTCCTGCTTCTAGTTCG​
​GTCCCGAGTTCAGCTCCTAGACTGAGTTTGAGTCCAG​
​AGAGCATCTCGGCTGCTGCCGCTCATCATCACAGAGA​
​ACGGGGGGAGTTGAGAGGGGAGATGCGGGGTGATG​
​GCAGCAGACTGGATCCCCCCAGAGACAGAGACGGG​
​CCCCGGGAGCAACACCATCCCCGTGATCACCCTGTCA​
​GAGAACACACAATCGGAGGTTTGGGGTCAAGTTTTC​
​ACCCTGTGCACCCAAGCTCTGCTTTACTGAGTGGGTT​
​AAAGAACTTGCACGGGGGCTCAGGGCTAGGGCCGC​
​ATCCAGAATCGTACCCAGAGGGGCTGGCTGCTCTTGG​
​ACTGGCACCGGCAGCTCTCCAGGCCGGGGCTGCTGC​
​GCACCTCCCCCCTGGCCTGACCTTTCCCGGGGGCCTC​
​CCAGGCCCCCACCATGGACTACCTCACCACCCCGTGT​
​TCCTTGGGGCCGCCCAAAGAGACCCCCTAACCCTCTA​
​CCCCTGGCTACTCAGCAGACACGGCTCCTACTTCGGC​
​CACCCCAGGCTAGGAGGTCACGAAGCAAACTTCCTG​
​TTCCAACCCTTCCGGAAGCCGAAGCGGATCAGGACG​
​GCCTTCAGTCCTTCTCAACTCTTGAGACTGGAACACG​
​CTTTTGAAAAGAACCACTACGTTGTAGGCCAGGAGA​
​GGAAGGATCTAGCTGCTAATCTTAGCTTAACGGAAAC​
​ACAGGTCAGTCATATTGTAATATTGTTGTTTTCTTGCC​
​TAATTTGA​

​TACTTCGGCCACCCCAGGCTAGGAGGTCACGAAGCAAACTTCCTGTTCCAAC​

​ATGCTGCCCGTGGTGCCCTCGGCCAAAAGGGCCAGTGGCTTCAGCATAGACT​

​TTGATGTCGAAGGACAGGACAAGTCCCAGGAGCCCTCCGACTGTCAGCTCAG​

​CCAAGGGTGTCTTCGGCCTCCCCTCCTGCTTCTAGTTCGGTCCCGAGTTCAG​

​AGAGAACGGGGGGAGTTGAGAGGGGAGATGCGGGGTGATGGCAGCAGACTGG​

​CCCCCCAGAGACAGAGACGGGCCCCGGGAGCAACACCATCCCCGTGATCACC​

​GTCAGAGAACACACAATCGGAGGTTTGGGGTCAAGTTTTCACCCTGTGCACC​

​AGCTCTGCTTTACTGAGTGGGTTAAAGAACTTGCACGGGGGCTCAGGGCTAG​

​CCGCATCCAGAATCGTACCCAGAGGGGCTGGCTGCTCTTGGACTGGCACCGG​

​GCTCTCCAGGCCGGGGCTGCTGCGCACCTCCCCCCTGGCCTGACCTTTCCCG​

​GGCCTCCCAGGCCCCCACCATGGACTACCTCACCACCCCGTGTTCCTTGGGG​

​GCCCAAAGAGACCCCCTAACCCTCTACCCCTGGCTACTCAGCAGACACGGCT​

​TTCCGGAAGCCGAAGCGGATCAGGACGGCCTTCAGTCCTTCTCAACTCTTGA​

​CTAGCTGCTAATCTTAGCTTAACGGAAACACAGGTCAGTCATATTGTAATAT​

​CCTAGACTGAGTTTGAGTCCAGAGAGCATCTCGGCTGCTGCCGCTCATCATC​

​XLOC_000048​
​| MEF2c |​​NA​

​AUgggACgCAAAAAgAUCCAgAUAUCCAggAUUggA​
​gACgAgCgAAACAgACAggUUACAUUCACAAAgAgA​
​AAAUUUggCUUgAUgAAgAAAgCCUACgAgUUgAgC​
​gUgCUgUgUgAUUgUgAgAUCgCCUUgAUCAUCUUC​
​AACUCUgCCAACAAgCUAUUCCAgUAUgCCAgCACA​
​gACAUggACAAggUgCUCCUCAAAUACACUgAgUAC​
​AAUgAgCCCCAUgAgAgUAggACCAACAAAgAUAUC​
​AUUgAggCgUUgCAUAAAAAAgAAAACAAAggACAA​
​gAAAgCCCggAUgUUgACCAggACUCCCAgUACAUU​
​CUCACCCCACggACUgAAgAgAAgUUUCAgAAAAUC​
​ggACAAgAAUUUgAUAUgAUgAUgCACAggAAUgUC​
​AUgAACAACAgAggUCUACCAggAUACCAgAACCAA​
​ggAAUggCgggAAUgAUgCCCAUgUCAggACACUACC​
​ACCAAggACACCCCggACAgACCCUgAUgCCgCCCCA​
​CACCAUgUCACAACAAggAUCUCUUAgCCCACgACC​
​CAACUCUACUggCggAAUgAUggACAUgAACAACAg​
​UAACggAUACggAggAgCCggAUCgCCCAACCACCAC​
​CCAAUggCCggAAgUCCUUCgCCCggAAUgAUgAACA​
​gAUCgAAACACAgCCCACCgUCACCCggAUCCggACC​
​gAgAAACAACUUgAgAgUggCCAUCCCCAACUCCCg​
​UUCAgACCUgCCggUCAgUgAAgAUggUggACUCAgU​
​gACgAgAgUUUggUggAUUCAgAUUAUCUCACgCAg​
​CUUggCCCAgCCAgAgAUCUCUCUCUgAAUCACCUg​
​AAUCgAAgUAgUCACAACUCUAUgggAACCCCAgCU​
​gUCUCCAUggCAACCCCAAgCAUgACCggAUCUggA​
​AACUUCUCUgggUUgUCCCCUUUUCCgggUgACUUC​
​CCUUCAAUgAACAgCggCgAUUUACAUggACUAggA​
​AACUUCAgCUCUUCgggACUUCUCUCAggACAUUgg​
​UCgAAUCAgAUgUCUAUCACUUCAgCgCUACAACAC​
​ggAAUgAACAACAACUCUAUgAACCUAUCAgUgAgC​
​ACggCAAACAACggAAACAUgAgCAUCAAgAgCgAA​
​CCgAUAUCACCgCCUCgCgAgUCgACCACgCCAACUA​

​ATgggACgCAAAAAgATCCAgATATCCAggATTggAgACgAgCgAAACAgAC​

​gTgAgCACggCAAACAACggAAACATgAgCATCAAgAgCgAACCgATATCAC​

​TCTATCACTTCAgCgCTACAACACggAATgAACAACAACTCTATgAACCTAT​

​CTAggAAACTTCAgCTCTTCgggACTTCTCTCAggACATTggTCgAATCAgA​

​TTgTCCCCTTTTCCgggTgACTTCCCTTCAATgAACAgCggCgATTTACATg​

​AgAgATCTCTCTCTgAATCACCTgAATCgAAgTAgTCACAACTCTATgggAA​

​CTCAgTgACgAgAgTTTggTggATTCAgATTATCTCACgCAgCTTggCCCAg​

​AgAgTggCCATCCCCAACTCCCgTTCAgACCTgCCggTCAgTgAAgATggTg​

​AACAgATCgAAACACAgCCCACCgTCACCCggATCCggACCgAgAAACAACT​

​gCCggATCgCCCAACCACCACCCAATggCCggAAgTCCTTCgCCCggAATgA​

​CCCAACTCTACTggCggAATgATggACATgAACAACAgTAACggATACggAg​

​CAgACCCTgATgCCgCCCCACACCATgTCACAACAAggATCTCTTAgCCCAC​

​ggAATggCgggAATgATgCCCATgTCAggACACTACCACCAAggACACCCCg​

​ATgATgCACAggAATgTCATgAACAACAgAggTCTACCAggATACCAgAACC​

​CTCACCCCACggACTgAAgAgAAgTTTCAgAAAATCggACAAgAATTTgATA​

​AATgAgCCCCATgAgAgTAggACCAACAAAgATATCATTgAggCgTTgCATA​

​TTCCAgTATgCCAgCACAgACATggACAAggTgCTCCTCAAATACACTgAgT​
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​gUCAgCAUCACCUgCgACCACCgUCAAACggACACA​
​UgAgCgggCACgUUUCACCgCACCACAUgggCggCCA​
​UgUUUCACCACAUCACAUgAgCggACACgUUUCACC​
​gCACCACAUgAgUAACCAUAgCAACUCAUCgUCUCC​
​AgUggggCUCAACggCggCACCCCAACggACUUUgAC​
​gggCCgAgUAUgAAgCgCCCCCgCCUUgCCgAgUgggU​
​ggCCAgUUAg​

​gTgCTgTgTgATTgTgAgATCgCCTTgATCATCTTCAACTCTgCCAACAAgC​

​ggACACATgAgCgggCACgTTTCACCgCACCACATgggCggCCATgTTTCAC​

​CATCACATgAgCggACACgTTTCACCgCACCACATgAgTAACCATAgCAACT​

​XLOC_012133​
​|​​-​​|​​cOpsin1​

​ATGGATGGGGAAAATCTCACAATTCCAAATCCAGTGA​
​CAGAATTAATGGACACACCTATAAATTCCACTTATTTT​
​CAAAATTTAAATGCAGAAACTGATGGTGGGAATCATT​
​ACATCTACAACGCATTCACTGCCACAGACTACAACAT​
​CTGTGCAGCGTACCTATTCTTCATTGCCTGTCTTGGCG​
​TATCTTTGAACGTCTTAGTACTAGTTCTTTTCATCAAA​
​GACAGAAAGCTGAGATCCCCTAATAATTTCCTGTATG​
​TTAGTCTTGCCCTTGGTGATCTCTTAGTGGCCGTCTTT​
​GGAACTGCTTTCAAGTTTATCATCACAGCCAGGAAA​
​ACTTTACTCAGAGAAGAAGATGGCTTCTGCAAGTGG​
​TATGGCTTCATCACCTACTTGGGAGGTCTTGCAGCCC​
​TGATGACTCTTTCTGTAATTGCCTTTGTACGATGCTTA​
​GCCGTCCTGAGGCTTGGAAGTTTCACGGGCCTCACC​
​ACGAGAATGGGAGTGGCTGCGATGGCCTTCATTTGG​
​ATATACTCCCTTGCCTTTACTTTGGCACCACTTCTTGG​
​ATGGAATCATTACATACCTGAGGGTCTGGCCACCTGG​
​TGTTCAATCGATTGGTTATCAGATGAAACATCCGACA​
​AGTCTTACGTCTTTGCCATCTTCATATTTTGCTTTCTTG​
​TTCCTGTGTTGATAATTGTGGTTTCGTATGGTCTCATAT​
​ATGACAAAGTCAGAAAGGTGGCTAAAACTGGTGGAA​
​GTGTGGCCAAAGCTGAACGGGAAGTCCTCAGGATGA​
​CTTTGCTGATGGTCAGTCTCTTCATGCTTGCCTGGTCT​
​CCTTATGCTGTCATCTGCATGCTTGCATCTTTCGGACC​
​GAAGGATCTACTTCACCCTGTTGCAACGGTGATTCCA​
​GCTATGTTTGCCAAATCCTCAACGATGTACAACCCAT​
​TAATTTACGTCTTCATGAATAAGCAGTTCCGAAGATC​
​ATTAAAGGTACTTCTCGGAATGGGGGTCGAGGATTTA​
​AATTCAGAATCGGAAAGAGCCACAGGGGGCACTGC​
​AACCAACCAGGTGGCTGCTACCTGA​

​TACgCggggATTCAgCATTTgCAgTgTgACTgCAAAgCgAggAggATTAATT​

​ggATggggAAAATCTCACAATTCCAAATCCAgTgACAgAATTAATggACACA​

​TTACATCTACAACgCATTCACTgCCACAgACTACAACATCTgTgCAgCgTAC​

​CCTTggTgATCTCTTAgTggCCgTCTTTggAACTgCTTTCAAgTTTATCATC​

​AgCCAggAAAACTTTACTCAgAgAAgAAgATggCTTCTgCAAgTggTATggC​

​CATCACCTACTTgggAggTCTTgCAgCCCTgATgACTCTTTCTgTAATTgCC​

​TgTACgATgCTTAgCCgTCCTgAggCTTggAAgTTTCACgggCCTCACCACg​

​AATgggAgTggCTgCgATggCCTTCATTTggATATACTCCCTTgCCTTTACT​

​ggCACCACTTCTTggATggAATCATTACATACCTgAgggTCTggCCACCTgg​

​TTCAATCgATTggTTATCAgATgAAACATCCgACAAgTCTTACgTCTTTgCC​

​CATATATgACAAAgTCAgAAAggTggCTAAAACTggTggAAgTgTggCCAAA​

​TgAACgggAAgTCCTCAggATgACTTTgCTgATggTCAgTCTCTTCATgCTT​

​CTggTCTCCTTATgCTgTCATCTgCATgCTTgCATCTTTCggACCgAAggAT​

​ACTTCACCCTgTTgCAACggTgATTCCAgCTATgTTTgCCAAATCCTCAACg​

​gTACAACCCATTAATTTACgTCTTCATgAATAAgCAgTTCCgAAgATCATTA​

​ggTACTTCTCggAATgggggTCgAggATTTAAATTCAgAATCggAAAgAgCC​

​AgggggCACTgCAACCAACCAggTggCTgCTACCTgAAgAggAAAACATACA​

​CAgATCTACAAAATTCCAAAAATCAATTggCTgATgTCACAACTCATTgAAA​

​ACTTAgTTAAATTCgCCgAAAAgTATTTgTTgAAAgCATTTTCTAgAATgAg​

​TTAggAggATTTCATTTTTAAgAAgATTATAgCATAAggAgATCATATCACT​

​CATCAAAgACAgAAAgCTgAgATCCCCTAATAATTTCCTgTATgTTAgTCTT​

​CTTCATATTTTgCTTTCTTgTTCCTgTgTTgATAATTgTggTTTCgTATggT​

​AgCTAAgCATAgACAATTATTTTTAgAgACTggTTAgTTCATACAgggCTAA​

​XLOC_001549​
​|  exc-7 |​​elav​

​AUGCAGAUUACAGGUGGUAGCCCUAACCAAGAACCAG​
​CCAUGAUGGACACAAACAGCCAGACAUCCCAACAGAA​
​UGGAGGCUCCAACCAUUCGCCUGUCUCUCCUGGGGCG​
​GAGGACAGUAAAACCAACCUGAUCGUGAAUUACCUGC​
​CCCAGACCAUGACCCAAGAAGAAAUCCGCUCGCUCUU​
​CUCCAGCAUAGGAGAGGUGGAGAGCUGUAAGCUCAU​
​CCGAGACAAAGCAACAGAUCAGUCUUCAGGAACCUCA​
​AGUUGUCAGAGUUUGGGAUAUGGCUUUGUCAAUUAC​
​AAGAGACCAGAAGACGCAGAGAAGGCCAUCAACACAC​
​UGAAUGGUCUGCGCCUACAGAACAAAACCAUAAAGG​
​UCUCCUAUGCCAGACCCAGCAGUGAAAGCAUUAAAGG​
​AGCUAACCUCUAUCUAAGCGGACUACCCAAAUCCAUG​
​AGUGAACCGGAACUGCGAUCUUUAUUUUCUUCAUGU​
​GGAUCAAUUAUAAACUGCAGAAUUCUCUGUGACAAC​
​ACAACUGGGUUGUCCAAAGGGGUAGGGUUCAUCCGG​
​UUCGACCAGAGAGUGGAAGCAGAGCGCGCCAUCAAAC​
​AGCUGAACGGCAAGGUGCCCGAAGGAGCCACCGAACC​
​CAUCACAGUGAAAUUCGCCAACGCUCCCAGCUCCAAC​
​AAGAACCAACUGCCCAUCACGGCCAUGGCCACAUAUC​
​UGUCGCCAACCCGCCGAUUCCUCGGACCCAUCCACCA​
​UCCCGCUGGACGCUUCAGUUCUGCUUCCAGGUUCUCG​
​CCGUUGGAUGGAGGCCUGAUGCCCAACACCCUGCUGU​
​CCGGGAACGCCCUCAACGGAGCUGGUUGGUGCAUCUU​
​CGUCUACAACCUGGCUCCCGAGACCGAGGAGAACGUC​
​CUCUGGCAGUUGUUCGGACCAUUCGGAGCCGUGCAGA​
​GUGUCAAAGUCAUCCGCGACUUCCAGACACAAAAGUG​
​CAAAGGCUUCGGUUUUGUUACCAUGACAAACUAUGA​
​CGAGGCACUCAUGGCCAUUCAGAGUCUCAAUGGAUAC​
​ACCCUUGGCAACCGAGUAUUACAAGUCUCUUUCAAGA​
​CUAAUAACCGGAAAUCUUAG​

​AAATCCATgAgTgAACCggAACTgCgATCTTTATTTTCTTCATgTggATCAA​

​TTCATCCggTTCgACCAgAgAgTggAAgCAgAgCgCgCCATCAAACAgCTgA​

​ATgCAgATTACAggTggTAgCCCTAACCAAgAACCAgCCATgATggACACAA​

​gCggAggACAgTAAAACCAACCTgATCgTgAATTACCTgCCCCAgACCATgA​

​AACACACTgAATggTCTgCgCCTACAgAACAAAACCATAAAggTCTCCTATg​

​AgACCCAgCAgTgAAAgCATTAAAggAgCTAACCTCTATCTAAgCggACTAC​

​TACACCCTTggCAACCgAgTATTACAAgTCTCTTTCAAgACTAATAACCggA​

​CTCATCCgAgACAAAgCAACAgATCAgTCTTCAggAACCTCAAgTTgTCAgA​

​ATAAACTgCAgAATTCTCTgTgACAACACAACTgggTTgTCCAAAggggTAg​

​gAgACCgAggAgAACgTCCTCTggCAgTTgTTCggACCATTCggAgCCgTgC​

​ggCAAggTgCCCgAAggAgCCACCgAACCCATCACAgTgAAATTCgCCAACg​

​CCCAgCTCCAACAAgAACCAACTgCCCATCACggCCATggCCACATATCTgT​

​gCTTCCAggTTCTCgCCgTTggATggAggCCTgATgCCCAACACCCTgCTgT​

​gggAACgCCCTCAACggAgCTggTTggTgCATCTTCgTCTACAACCTggCTC​

​AgTgTCAAAgTCATCCgCgACTTCCAgACACAAAAgTgCAAAggCTTCggTT​

​gTTACCATgACAAACTATgACgAggCACTCATggCCATTCAgAgTCTCAATg​
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​AgCCAgACATCCCAACAgAATggAggCTCCAACCATTCgCCTgTCTCTCCTg​

​CCAACCCgCCgATTCCTCggACCCATCCACCATCCCgCTggACgCTTCAgTT​

​TTgggATATggCTTTgTCAATTACAAgAgACCAgAAgACgCAgAgAAggCCA​

​XLOC_000129​
​| POU4F |​​brn3​

​GGCAACCTCTTCGGGGGCCTGGATGACAGCCTCCTTGCC​
​CGGGCCGAGGCTTTGGCGGCAGCTGACATTGGCAAGAA​
​CTCCTCGCCGCCGCTGGTCAAGCCGGACTCCCTGTATGG​
​CCACCCTGAGATGGGCACCCAGCACCCGGGGAATCCCC​
​GCTCCCAGATGCCCCTGCATGGCTTCTCGGCCCCTGGGG​
​ACGCCATGCTGGACCAGGTGTCTCTTGGGATGTCGATGC​
​CCTTGACCGCCAGCATGGACCACACGGGCATCACCTCAC​
​ACGGGCACTCCCACCAAATGTACACTCCCGTGTACAGCC​
​ACCCCTCTAACGGAATGCACAATGCCCACCACCCAGGCC​
​TCGGCCCCCCCCACCACCCGCACGCGGTACACCCCCACG​
​GCGACGCCGACTGTGACCCTCGGGAGTTGGAGGCTTTTG​
​CCGAACACTTCAAGCAGCGACGCATCAAGCTAGGAGTG​
​ACCCAAGCCGACGTCGGCTCAGCCCTAGGCAAGCTCAA​
​ACTTCCAGGGGTGGGCTCTCTGAGCCAGAGCACGATCTG​
​CAGGTTCGAATCACTGACTTTGAGCCATAACAACATGAT​
​AGCCCTTAAACCGGTGCTGCAGGCCTGGCTCGAAGAGG​
​CCGAGGCAGCTGCTAGGGAGAGCAAGGCTAACGCTGAT​
​GCCCTCGGGGGAGCAGAGAAGAAACGCAAGCGCACGT​
​CGATCGCAGCCCCCGAGAAACGATCGCTGGAAGCTTAC​
​TTCGCCGTGCAGCCACGCCCCTCGGGCGAAAAAATCGCT​
​CAAATCGCTGAAAAGTTGGACCTCAAGAAAAATGTAGT​
​CAGAGTGTGGTTCTGCAACCAAAGACAGAAGCAGAAAA​
​GGATGAAATTCGCCTCAATGAACCACCCTGGTCAGCACG​
​GAGGCCCCCACCACTA​

​CTTgggATgTCgATgCCCTTgACCgCCAgCATggACCACACgggCATCACCT​

​CACgggCACTCCCACCAAATgTACACTCCCgTgTACAgCCACCCCTCTAACg​

​gCCCCCgAgAAACgATCgCTggAAgCTTACTTCgCCgTgCAgCCACgCCCCT​

​CACTTCAAgCAgCgACgCATCAAgCTAggAgTgACCCAAgCCgACgTCggCT​

​gCCCTAggCAAgCTCAAACTTCCAggggTgggCTCTCTgAgCCAgAgCACgA​

​gTgCTgCAggCCTggCTCgAAgAggCCgAggCAgCTgCTAgggAgAgCAAgg​

​CACCCCCACggCgACgCCgACTgTgACCCTCgggAgTTggAggCTTTTgCCg​

​TgCAggTTCgAATCACTgACTTTgAgCCATAACAACATgATAgCCCTTAAAC​

​AACgCTgATgCCCTCgggggAgCAgAgAAgAAACgCAAgCgCACgTCgATCg​

​ggCgAAAAAATCgCTCAAATCgCTgAAAAgTTggACCTCAAgAAAAATgTAg​

​AgAgTgTggTTCTgCAACCAAAgACAgAAgCAgAAAAggATgAAATTCgCCT​

​CTgTATggCCACCCTgAgATgggCACCCAgCACCCggggAATCCCCgCTCCC​

​ggCAACCTCTTCgggggCCTggATgACAgCCTCCTTgCCCgggCCgAggCTT​

​gCggCAgCTgACATTggCAAgAACTCCTCgCCgCCgCTggTCAAgCCggACT​
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​Table S2.​​Genes discussed in​​Chapter 2​​and sources if available. Gene Name column is in the​
​form XLOC | emapper annotation |​​known Pdum name if​​available.​

​Gene Name​ ​Source / Accession number​

​XLOC_044659 | ARX |​​arx​ ​Tomer et al. (2010)​
​GU169412.1​

​XLOC_003959 | PTF1A |​​ptf1​ ​Vergara et al. (2021)​

​XLOC_040379 | NCALD |​​NA​ ​-​

​XLOC_037643 | Pdfr-1 |​​pdfr​ ​Häfker et al. (2024)​
​OL606759.1​

​XLOC_026597 | unc-17 |​​vAChT/ChAT​ ​Denes et al. (2007)​
​EF384218.1​

​XLOC_008985 | SLC17A6 | vglut​ ​Tomer et al. (2010)​
​GU169424.1​

​XLOC_069321 | EMX1 |​​emx​ ​Tomer et al. (2010)​
​GU169418.1​

​XLOC_069317 | EMX2 |​​NA​ ​-​

​XLOC_000048 | MEF2C |​​NA​ ​-​

​XLOC_000375 | HCN3 |​​hcn1​ ​-​

​XLOC_012133 |​​-​​|​​cOpsin1​ ​Arendt et al. (2004)​
​AY692353.1​

​XLOC_066186 | Adenylyl/guanylyl cyclase​
​catalytic domain |​​NIT-GC 2​

​Jokura et al. (2023)​

​XLOC_045820 | PDE9A |​​pde9​ ​Achim et al. (2018)​

​XLOC_018600 | CNGA3 |​​cnga​ ​Tosches et al. (2014)​
​KM199644.1​

​XLOC_064003 | - |​​pedal-peptide2​ ​Conzelmann et al. (2013)​
​KF515945.1​

​XLOC_002678 | tll |​​tailless​ ​Tomer et al. (2010)​
​GU169423.1​

​XLOC_000129 | POU4F |​​brn3​ ​Backfisch et al. (2013)​
​KC109636.1​
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​XLOC_062588 | MXI1 |​​NA​ ​-​

​XLOC_037851 | crebzf |​​NA​ ​-​

​XLOC_040496 | CEBPB |​​NA​ ​-​

​XLOC_008123 | SOX4 |​​soxC​ ​Kerner et al. (2009)​
​FN357282.1​

​XLOC_064106 | SOX2 |​​soxB1​ ​ANS60443.1​

​XLOC_054004 | SOX21 |​​soxB​ ​Kerner et al. (2009)​
​FN357280.1​
​Stockinger et al. (2024)​

​XLOC_021539 | PROX1|​​prox​ ​Kerner et al. (2009)​
​FN357281.1​

​XLOC_056655 |​​-​​|​​neurofilament (gfap​​ortholog​​)​ ​Milivojev et al. (2024)​

​XLOC_004327 | PARD3 |​​par3a​ ​Nakama et al. (2017)​

​XLOC_027608 | MICU1|​​pcna_a​ ​HF935038.1​

​XLOC_025800 | PCNA |​​pcna_b​ ​-​

​XLOC_052210 | MKI67 |​​ki67​ ​Milivojev et al. (2024)​

​XLOC_060478 | BTG1 |​​btg1​ ​Milivojev et al. (2024)​

​XLOC_063920 | BTG4 |​​btg2​ ​Milivojev et al. (2024)​

​XLOC_002034 | foxo |​​foxo​ ​Milivojev et al. (2024)​

​XLOC_001549 |  exc-7 |​​elav​ ​Denes et al. (2007)​
​EF384209.1​

​XLOC_002600 | CELF2 | elav2​ ​Milivojev et al. (2024)​

​XLOC_000875 | SYT2 | syt​ ​Tessmar-Raible et al. (2007)​
​EF544397.1​
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​Table S3.​​Reference CO1 sequences relevant for​​Chapter 4​​.​

​Name and source​ ​Sequence​

​Lab_Pdu​
​(Arendt Lab culture)​

​CTTGAGTCGGGCCTCCTAGGAACCTCTATAAGCCTCTTAATCCGGGCTGAACTAGGTCAA​
​CCCGGATCGCTACTCGGGAGAGACCAACTATATAATACTATTGTTACAGCCCACGCATTC​
​CTAATAATTTTTTTCTTAGTTATACCCGTAATAATCGGAGGGTTTGGCAATTGATTGGTG​
​CCTTTAATATTAGGGGCCCCAGATATAGCATTCCCCCGATTAAATAACATAAGCTTCTGA​
​CTTCTTCCCCCCTCTCTGACTCTTCTTCTTTCTAGGGCAGCAGTAGAAAAAGGAGTGGGT​
​ACCGGCTGAACAGTCTATCCTCCTTTATCCAGTAATATTGCTCATGCTGGCCCTTCAGTA​
​GACCTGGCAATCTTTTCTCTTCACCTAGCGGGGGTGTCCTCTATTATAGGGGCCTTAAAT​
​TTTATTACCACAGTTATCAATATACGCTCAAAAGGACTAAAACTAGAACGTGTCCCTTTA​
​TTTGTATGATCTGTAGTAATTACAGCGGTTCTTCTACTATTAAGGCTTCCAGTGTTAGCG​
​GGTGCTATCACAATATTATTAACAGACCGAAACCTAAACACTGCGTTCTTTGATCCTGCT​
​GGAGGGGGAGACCCAATCCTATACCAGCACTTGTTTTGGTTTTTTGGACCCTGGAAAATT​

​Pdu_partialCOI​
​KP127954.1​
​(Lucey et al., 2015)​

​GCCTCCTAGGAACCTCTATAAGCCTCTTAATCCGGGCTGAACTAGGTCAACCCGGATCGC​
​TACTCGGGAGAGACCAGCTATATAATACTATTGTTACAGCCCACGCATTCCTAATAATTT​
​TTTTCTTAGTTATACCCGTAATAATCGGAGGGTTTGGCAATTGATTGGTGCCTTTAATAT​
​TAGGGGCCCCAGATATAGCATTCCCCCGATTAAATAACATAAGCTTCTGACTTCTTCCCC​
​CCTCTCTGACTCTTCTTCTTTCTAGGGCAGCAGTAGAAAAAGGAGTGGGTACCGGCTGAA​
​CAGTCTATCCTCCTTTATCCAGTAATATTGCTCATGCTGGCCCCTCAGTAGACCTGGCAA​
​TCTTTTCTCTTCACCTAGCGGGGGTGTCCTCTATTATAGGGGCCTTAAATTTTATTACCA​
​CAGTTATCAATATACGCTCAAAAGGACTAAAACTAGAACGTGTCCCTTTATTTGTATGAT​
​CTGTAGTAATTACAGCGGTTCTTCTACTATTAAGGCTTCCAGTGTTAGCGGGTGCTATCA​
​CAATATTATTAACAGACCGAAACCTAAACACTGCGTTCTTTG​

​Pmass_Ischia_N3_01​
​KT124680.1​
​(Wäge et al., 2017)​

​CCGGATCACTACTGGGAAGGGATCAACTATATAATACAATCGTTACAGCCCATGCCTTCT​
​TAATAATCTTTTTTCTCGTTATACCTGTAATAATTGGAGGATTTGGTAATTGACTAGTAC​
​CTCTAATATTAGGGGCACCGGACATAGCCTTTCCTCGATTAAATAATATAAGGTTTTGAT​
​TACTCCCCCCATCATTAACCCTTCTCTTATCTAGGGCCGCAGTAGAAAAGGGAGTCGGCA​
​CTGGTTGAACAGTATACCCCCCATTAGCAAGTAATATTGCACACGCTGGCCCCTCAGTAG​
​ATTTAGCTATTTTCTCCCTCCATCTAGCAGGGGTCTCCTCTATTATAGGAGCCCTAAATT​
​TTATCACAACAGTCATCAATATACGATCAAAAGGACTAAAATTAGAACGCGTTCCTTTAT​
​TTGTATGATCTGTAGTAATTACAGCAGTACTTCTTCTTTTAAGATTGCCAGTACTAGCAG​
​GAGCTATTACTATGTTATTAACAGACCGCAACCTAAATACTGCGTTTTTTGATCCTGCAG​
​GAGGAGGGGACCCCATTTTATACCAACA​

​Pmass_partialCOI​
​KP127953.1​
​(Lucey et al., 2015)​

​GGCTATTAGGGACGTCTATGAGTCTCCTAATTCGGGCCGAATTAGGACAGCCCGGATCAC​
​TACTGGGAAGGGATCAACTATATAATACAATCGTTACAGCCCATGCCTTCTTAATAATCT​
​TTTTTCTCGTTATACCTGTAATAATTGGAGGATTTGGTAATTGACTAGTACCTCTAATAT​
​TAGGGGCACCGGACATAGCCTTTCCTCGATTAAATAATATAAGGTTTTGATTACTCCCCC​
​CATCATTAACCCTTCTCTTATCTAGGGCCGCAGTAGAAAAGGGAGTCGGCACTGGTTGAA​
​CAGTATACCCCCCATTAGCAAGTAATATTGCACACGCTGGCCCCTCAGTAGATTTAGCTA​
​TTTTCTCCCTCCATCTAGCAGGGGTCTCCTCTATTATAGGAGCCCTAAATTTTATCACAA​
​CAGTCATCAATATACGATCAAAAGGACTAAAATTAGAACGCGTTCCTTTATTTGTATGAT​
​CTGTAGTAATTACAGCAGTACTTCTTCTTTTAAGATTGCCAGTACTAGCAGGAGCTATTA​
​CTATGTTATTAACAGACCGCAACCTAAATACTGCGTTTTTTG​

​Pagilis_partial CO1​
​OP347357.1​
​(Teixeira et al., 2022)​

​CACCTTATATTTTATCTTTGGCACCTGATCCGGACTACTAGGGACGTCTATAAGTCTCCTGATTCGGGCC​
​GAATTAGGACAGCCCGGCTCACTACTGGGAAGGGATCAACTATATAATACAATCGTTACAGCCCACGCCT​
​TCCTAATAATCTTTTTTCTCGTTATACCCGTAATAATTGGCGGATTTGGTAATTGACTAGTACCTTTAAT​
​ATTAGGGGCACCGGACATAGCTTTTCCTCGATTAAATAATATAAGGTTTTGATTACTCCCCCCATCATTA​
​ACCCTTCTCTTATCTAGGGCCGCAGTAGAAAAGGGAGTCGGCACTGGTTGAACAGTGTATCCCCCATTAG​
​CAAGTAATATTGCACACGCTGGCCCCTCAGTAGATTTAGCTATTTTCTCCCTCCATCTAGCAGGGGTCTC​
​ATCTATTATAGGAGCCTTAAATTTTATCACAACAGTCATTAATATACGATCAAAAGGACTAAAATTAGAA​
​CGCGTTCCTTTATTTGTATGATCTGTAGTAATCACAGCAGTACTTCTTCTGTTAAGATTGCCAGTACTGG​
​CAGGAGCTATTACTATATTACTAACAGACCGCAACCTAAATACTGCATTTTTTGACCCTGCAGGAGGAGG​
​GGACCCCATTTTATACCAACATCTATTT​
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​Table S4.​​Primer sequences used for CO1 barcoding (​​Chapter 4​​).​

​PrimerID​ ​Primer Name​ ​Sequence​

​LP403​ ​PolyLCO (fwd)​ ​GAYTATWTTCAACAAATCATAAAGATATTGG​

​LP404​ ​PolyHCO (rev)​ ​TAMACTTCWGGGTGACCAAARAATCA​

​LP448​ ​mlCOIintF​ ​GGWACWGGWTGAACWGTWTAYCCYCC​

​LP449​ ​mlCOIintR​ ​GGRGGRTASACSGTTCASCCSGTSCC​

​LP438​ ​PolyLCO_1​
​TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG​​GAYTATWTTCAACAAATCATAAAGATAT​
​TGG​

​LP439​ ​PolyLCO_N​
​TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG​​N​​GAYTATWTTCAACAAATCATAAAGATA​
​TTGG​

​LP440​ ​PolyLCO_NN​
​TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG​​NN​​GAYTATWTTCAACAAATCATAAAGA​
​TATTGG​

​LP441​ ​PolyLCO_NNN​
​TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG​​NNN​​GAYTATWTTCAACAAATCATAAAG​
​ATATTGG​

​LP442​ ​PolyHCO_1​ ​GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG​​TAMACTTCWGGGTGACCAAARAATCA​

​LP443​ ​PolyHCO_N​
​GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG​​N​​TAMACTTCWGGGTGACCAAARAATC​
​A​

​LP444​ ​PolyHCO_NN​
​GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG​​NN​​TAMACTTCWGGGTGACCAAARAAT​
​CA​

​LP445​ ​PolyHCO_NNN​
​GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG​​NNN​​TAMACTTCWGGGTGACCAAARA​
​ATCA​

​LP458​ ​mlCOIintF_1​
​TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG​​GGWACWGGWTGAACWGTWTAYCCYC​
​C​

​LP459​ ​mlCOIintF_N​
​TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG​​N​​GGWACWGGWTGAACWGTWTAYCCY​
​CC​

​LP460​ ​mlCOIintF_NN​
​TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG​​NN​​GGWACWGGWTGAACWGTWTAYC​
​CYCC​

​LP461​ ​mlCOIintF_NNN​
​TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG​​NNN​​GGWACWGGWTGAACWGTWTAY​
​CCYCC​

​LP462​ ​mlCOIintR_1​ ​GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG​​GGRGGRTASACSGTTCASCCSGTSCC​

​LP463​ ​mlCOIintR_N​ ​GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG​​N​​GGRGGRTASACSGTTCASCCSGTSCC​

​LP464​ ​mlCOIintR_NN​
​GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG​​NN​​GGRGGRTASACSGTTCASCCSGTSC​
​C​

​LP465​ ​mlCOIintR_NNN​
​GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG​​NNN​​GGRGGRTASACSGTTCASCCSGTS​
​CC​
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​Table of Buffer compositions​

​Name​ ​Composition​

​10x pPBS​ ​1.198 M NaCl​
​0.351 M Na₂HPO₄·2H₂O​
​0.025 M KH₂PO₄​

​PTW​ ​1x pPBS​
​0.1% Tween-20​

​Homogenization buffer​
​(2.5.2. Nuclei extraction)​

​250 mM sucrose​
​25 mM KCl​
​5 mM MgCl₂​
​10 mM Tris-HCl pH 8.0​
​0.1% IGEPAL​
​1 µM DTT​
​0.4 U/µl Murine RNase Inhibitor (NEB)​
​0.2 U/µl Superase-In (ThermoFisher)​

​5x SSCT​
​(2.5.5.1 WM-HCR)​

​5x sodium chloride sodium citrate (SSC)​
​0.1% Tween 20​

​Hybridization buffer​
​(Molecular​
​Instruments)​
​(2.5.5.1 WM-HCR)​

​50% formamide​
​5× sodium chloride sodium citrate (SSC)​
​9 mM citric acid (pH 6.0)​
​0.1% Tween 20​
​50 μg/mL heparin​
​1× Denhardt’s solution​
​10% dextran sulfate​

​Probe Wash Buffer​
​(Molecular​
​Instruments)​
​(2.5.5.1 WM-HCR))​

​50% formamide​
​5× sodium chloride sodium citrate (SSC)​
​9 mM citric acid (pH 6.0)​
​0.1% Tween 20​
​50 μg/mL heparin​

​Amplification buffer​
​(Molecular​
​Instruments)​
​(2.5.5.1 WM-HCR)​

​5× sodium chloride sodium citrate (SSC)​
​0.1% Tween 20​
​10% dextran sulfate​

​Clearing​​Solution 1​
​(2.5.5.1 WM - HCR)​

​10% Tris(hydroxyethyl)ethylenediamine (THEED) (Sigma)​
​5% Triton (Roth)​
​25% Urea in dH2O (Sigma)​
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​RMarkdown files​

​Code uploaded to:​​https://git.embl.org/grp-arendt/thesis_vw#​
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