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Abstract

Background: Phagocytosis is a universal physiological process in eukaryotes with many
important biological functions. In nudibranch gastropods, a novel form of phagocytosis called
nematocyst sequestration is specialized for the uptake of venomous stinging organelles stolen
from their cnidarian prey. This process is highly selective. Here we use the emerging model
nudibranch species Berghia stephanieae and Hermissenda opalescens to identify genes
enriched within the body regions where nematocyst sequestration occurs, and investigate how
the expression profile of phagocytosis, immune, and digestive genes differs between
nematocyst sequestering regions relative to those where other phagocytic functions occur.
Results: We identified 166 genes with significantly higher expression in sequestering regions in
B. stephanieae, including genes associated with development, membrane transport, and
metabolism. Of these, 41 overlap with transcripts upregulated in H. opalescens sequestering
tissues. Using Hybridization Chain Reaction in situs, we show that at least two of these genes
were localized to sequestering cells in B. stephanieae, including a putative C-type lectin
receptor and a collagen. Genes annotated with phagocytosis, digestion, or immunity GO terms
were often expressed in both sequestering and non-sequestering tissues, suggesting that they
may also play a role in sequestration processes.

Conclusion: Our results suggest that phagocytosis genes likely play a role in the sequestration
phenotype, and that a small subset of genes (e.g., collagen) may play unique functions yet to be
uncovered. However, we also show that genes categorized in GO terms related to endocytosis,
immunity, and digestion show a clear decrease in overall expression in sequestering tissues.
This study lays the foundation for further inquiry into mechanisms of organelle sequestration in

nudibranchs and other organisms.
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Background

Phagocytosis, or the process by which certain living cells ingest or engulf other cells or particles,
is a universal physiological process across eukaryotes [1]. Phagocytosis is critical for basic
biological functions including innate and adaptive immune responses, tissue homeostasis, and
intracellular digestion [2,3]. Thus far, much of the work on phagocytosis has focused on
“professional” phagocytes (i.e., cells where phagocytosis is the primary function, such as
macrophages and neutrophils) from in vitro mammalian models and cell lines [4—6], along with a
few other vertebrates [7] and ecdysozoans such as Drosophila [8] and C. elegans [9]. These
studies largely center on immunity and homeostasis (anti-pathogen and clearance phagocytosis
[10]). However, other phagocytes, such as digestive cells that perform intracellular digestion,
are also common across Metazoa [11]. Among these groups, some nudibranch gastropods
have evolved to steal stinging cells (i.e., nematocysts) from their cnidarian prey for defense,

termed nematocyst sequestration [12,13].

In nudibranchs, nematocyst sequestration takes place at the distal edges of the digestive tract in
an organ called the cnidosac, and within an evolutionarily novel cell type called a cnidophage
[13-15]. This organ is at the distal end of the ceras (Fig. 1), which is made up of a number of
tissue types, including neurosensory, epidermal, muscle, and digestive [18,21]. Some cell types
are known to be found distributed across the ceras, including sensory cilial tufts and hemocytes
(Fig. 1C). In the cnidosac, sequestered nematocysts appear to provide a defensive function
[15-17] for the nudibranchs, as they do in their native cnidarians [18,19], but we know very little
about how they are phagocytosed and stored. Previous research on phagocytosis in mollusks
has focused on the bivalve immune response (e.g., within hemocyte cells [20,21]), including
environmental effects on phagocytosis and immunity, but have rarely extended to molecular

mechanisms [22-25]. Furthermore, mollusk immune cells are primarily generalists with regard
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to foreign targets, often expressing many different receptors in each cell [26]. In contrast,
cnidophages exhibit a highly selective form of phagocytosis that exclusively targets nematocysts

separated from their original cnidarian cnidocyte cell (Fig. 1C) [14].

Figure 1. Specialized phagocytosis (i.e., nematocyst sequestration) of nematocysts in (A) Berghia
stephanieae, and (B) Hermissenda opalescens. (C) Generalized cnidosac schematic modified from
Goodheart et al. 2018 [14] (under CC BY 4.0 Creative Commons License) highlighting the main features
of the cnidosac. (Inset) Nematocysts (n) are phagocytosed by cnidophages inside the cnidosac (cs).
Abbreviations: ¢, cerata; ci, cilia tufts; cp, cnidophage, dg, digestive gland; e, entrance to the cnidosac;
ep, epithelium; ex, exit from the cnidosac; he, hemocytes; m, musculature; n, nematocysts.

Here we use the emerging model nudibranch species Berghia stephanieae (Valdés, 2005) [27]
(Fig. 1A) and the Opalescent nudibranch Hermissenda opalescens (Cooper, 1863) (Fig. 1B) to
identify candidate genes and processes used by cnidophages to steal stinging cells. We

compare the expression of phagocytosis, immune, and digestive genes between nematocyst-
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sequestering regions (Distal Cerata) and non-sequestering digestive regions (Proximal Cerata)
in adult and juvenile cerata tissues. The molecular machinery necessary for phagocytosis often
includes a diverse array of recognition receptors, particle internalization proteins, and
phagosome maturation proteins [28—30]. We would therefore expect some mechanistic
conservation in the phagocytic processes of cnidophage cells compared to other digestive cell
types. However, we do not expect all molecular signatures of traditional phagocytes to be
present in the cnidosac, because cnidophages must identify nematocysts using a more specific
form of target recognition [31], and phagosome maturation may be arrested to prevent
nematocyst degradation. Instead, we hypothesize that we would find a narrowing of phagocytic,
digestive, and immune function in cnidophages compared to other, more broad phagocytic
tissues such as the digestive system, and that the cnidosac may express genes specific to
targeting and engulfment of nematocysts. We predict that this will be in the form of

phagocytosis, digestion, or immunity genes being downregulated in sequestering tissues.

Results

Differential expression across cerata tissues

The results obtained from each of the two species were collected under different experiments,
so we present them separately here. For B. stephanieae, we used existing RNA-seq samples
[32] for the distal and proximal cerata to perform our analyses (three of each), where the distal
cerata were separated from proximal cerata just proximal to entrance of the cnidosac (Fig. 1C).
The primary difference between the two regions is that the Distal Ceras contains the cnidosac,
or the organ for nematocyst sequestration, and the Proximal Ceras contains primarily digestive
tissues. The number of read pairs ranged from 23.7 million (SRX21326248, Distal Ceras) to

28.8 million (SRX8599772, Proximal Ceras) across all six samples (x_ = 27.1 + 2.3 million
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reads per sample; Table S1). On average, 75.9% (+ 4.3%) of read pairs mapped uniquely to the
B. stephanieae genome, and mapping percentage ranged from 68.5% of read pairs
(SRX21326249, Proximal Ceras) to 80.6% of read pairs (SRX8599773, Distal Ceras). We
identified expression (counts >10 across all tissues [33]) of ~86.1% of genes (21,498 out of
24,960 predicted genes). Genes with a Log2 Fold Change > 2 and adjusted p-value < 0.05 were
considered upregulated in a given tissue. Distal and Proximal Ceras tissues were found to have
distinct expression profiles, though there were many similarities (Fig. S1-S2). We identified 166
genes with significantly higher expression in the Distal Ceras, including genes often associated
with membrane structure and reorganization, such as Collagen, Actin, and alpha tubulin, genes
associated with lysosome activity, such as Cathepsin L and Battenin, and genes associated with
receptor-mediated endocytosis, such as C-type lectin Macrophage Mannose receptors and a
Sortilin-related receptor (Table S3). By contrast, our analysis identified 458 genes with
significantly lower expression in the Distal Ceras, including many putative phagocytosis genes
such as C1qg-like proteins and antigen-like proteins (Table S5). However, we also found
extensive overlap in the genes expressed in the Distal Ceras and Proximal Ceras in B.
stephanieae (~87% of the total genes expressed, Fig. S3), including many other phagocytosis
genes such as non-opsonic receptors, activation of internalization, phagosome formation and

activation, phagocytosis-related responses, and phagocytosis efficiency genes (Table S2).

For H. opalescens, RNA-seq samples for the distal and proximal cerata ranged from 41.2 million
(SRR32330747, Distal Ceras) to 96.5 million (SRR32330750, Distal Ceras) read pairs (x1 =
27.1 £ 2.3 million reads per sample; Table S1). The constructed reference transcriptome for H.
opalescens included 19,347 transcripts, with an average sequence length of 1,202 nucleotides
and an N50 of 1,839. The metazoa_odb10 BUSCO analysis indicated 75.3% completeness
(C:75.3%[S:71.4%,D:3.9%],F:10.6%,M:14.1%,n:954). On average, mapping rates were low

(Table S1), with 42.1% (+ 9.1%) of read pairs mapped uniguely to the existing H. opalescens
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transcriptome, and mapping percentage ranging from 26.8% of read pairs (SRR32330748,
Proximal Ceras) to 58.7% of read pairs (SRR32330742, Distal Ceras). Due to these low
mapping rates, and because H. opalescens data were more variable compared to our results in
B. stephanieae (Fig. S3-S6), we used the Hermissenda opalescens results as a comparison to
our findings in B. stephanieae rather than focusing our deep analysis efforts in this species. In
H. opalescens, a total of 191 transcripts were found to be upregulated in the Distal Ceras, which
were clustered within 159 orthologous groups by our OrthoFinder analysis. Thirty-six (36) of
these orthologous groups (containing 71 H. opalescens transcripts and 41 B. stephanieae
genes) were found to be upregulated in
A g s the Distal Ceras in both species (Fig. 2A,
. | Table 1). The transcripts upregulated in

o . the H. opalescens Distal Ceras include
| B. stephanieae \H. opalescens

1 06 f 36 ' 1 23 | known phagocytosis genes, including

those annotated as Collagen alpha-1(VIII)
chain, Cathepsin L, multiple sodium-
dependent transporter genes, and a C-

type lectin macrophage mannose

B 1e+0p5 cola8al clect Species
e receptor.

® Ho
®
Figure 2. Select Hermissenda and Berghia
gene expression comparisons. (A) Venn
Te+03 diagram indicating the proportion of
' orthologous groups containing genes
upregulated in the Distal Ceras overlapped
beteween species. (B) Plots showing gene
expression levels between the distal and
1e+01 proximal ceras for two orthologous
phagocytosis genes in Berghia and
Hermissenda, including OG0034465
_ _ (Collagen alpha-1 chain, or cola8al) and
e G R L 0G0000472 (Macrophage mannose receptor
1, or clect). Expression profiled for these two

Normalized Counts (by species)
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genes are shown in Figure 3.

Table 1. Shared upregulated genes in the Distal Cerata of B. stephanieae and H. opalescens clustered
into orthologous groups. Also included are the Accession Number(s) of the best BLAST hits to NCBI and
the associated protein annotation(s) from Goodheart et al. 2024 [32].

Accession
Orthogroup Number Protein Annotation
0OG0000042 (P08537 Tubulin alpha chain [Cleaved into: Detyrosinated tubulin alpha chain]
0OG0000110 [P02556 Tubulin beta-4B chain (Tubulin beta-2C chain)
OG0017130 |XP_045194129.1 ([NA
0G0010884 |NA NA
0G0034465 |Q7LZR2 Collagen alpha-1(VIIl) chain
A disintegrin and metalloproteinase with thrombospondin motifs 13 (ADAM-
TS 13) (ADAM-TS13) (ADAMTS-13) (EC 3.4.24.87) (von Willebrand factor-
cleaving protease) (VWWF-CP) (VWWF-cleaving protease), Metalloprotease mig-
0G0004428 |Q769J6, Q20930 |17 (EC 3.4.24.-) (Abnormal cell migration protein 17)

Polcalcin Cup a 4 (Calcium-binding pollen allergen Cup a 4) (allergen Cup a

0OG0007351 |A0T2M3 4)
Macrophage mannose receptor 1 (MMR) (C-type lectin domain family 13
member D) (C-type lectin domain family 13 member D-like) (Human mannose
receptor) (hMR) (Macrophage mannose receptor 1-like protein 1) (CD antigen

0G0000472 |P22897 CD206)

OG0000003 |B4XSz6, Q8BNX1 |Snaclec A6 (C-type lectin A6), C-type lectin domain family 4 member G

Solute carrier family 13 member 5 (Na(+)/citrate cotransporter) (NaCT)

0G0000265 |Q86YT5 (Sodium-coupled citrate transporter) (Sodium-dependent citrate transporter)
OG0000305 |P86789 Gigasin-6

Pleckstrin homology domain-containing family A member 5 (PH domain-

containing family A member 5) (Phosphoinositol 3-phosphate-binding protein
0G0006880 |Q9HAUO 2) (PEPP-2)

DOMON domain-containing protein FRRS1L (Brain protein CG-6) (Ferric-
0OG0000297 |Q9POK9 chelate reductase 1-like protein)

Allene oxide synthase-lipoxygenase protein [Includes: Allene oxide synthase

(AOS) (EC 4.2.1.-) (Hydroperoxidehydrase); Arachidonate 8-lipoxygenase
0G0000227 |016025 (EC 1.13.11.40)]
0G0016312 |P60204 Calmodulin (CaMm)

Solute carrier family 22 member 6-A (Organic cation transporter 1-A) (Renal
0G0000129 (Q66J54 organic anion transporter 1-A) (ROAT1-A)
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Sodium- and chloride-dependent glycine transporter 1 (GlyT-1) (GlyT1)
(xGlyT1) (Solute carrier family 6 member 9), Sodium- and chloride-dependent
GABA transporter 2 (GAT-2) (Solute carrier family 6 member 13), Sodium-
and chloride-dependent glycine transporter 1 (GlyT-1) (GlyT1) (xGlyT1)

0OG0000017 [A7Y2W8, ASPJIX7 |(Solute carrier family 6 member 9)
0OG0000032 |Q9VCA2 Organic cation transporter protein
0G0042889 |XP_013068211.1 |Cytochrome b561 domain-containing protein
0OG0000034 |Q95NR9 Calmodulin (CaM)

0G0001611 |XP_013083621.1 |Uncharacterized protein

Phospholipase A2 (PLA2) (EC 3.1.1.4) (Phosphatidylcholine 2-acylhydrolase)
0G0001082 (P82971 (allergen Bomt 1)
0G0000431 |NA NA
0G0004703 |P45961 Calexcitin-2
0G0004376 |Q5RAA9 Protein NipSnap homolog 3A (NipSnap3A)

CD209 antigen-like protein C (DC-SIGN-related protein 2) (DC-SIGNR2) (CD
0G0000348 |Q91Z2W9 antigen CD209)
0G0000145 |042280 Protein Wnt-9a (Wnt-14)

Protocadherin-23 (Cadherin-27) (Cadherin-like protein CDHJ) (Cadherin-like
0G0008304 |Q6V1PY9 protein VR8) (Protein dachsous homolog 2) (Protocadherin PCDHJ)
0G0001852 [094778 Aquaporin-8 (AQP-8)
0G0029225 |NA NA

Thialysine N-epsilon-acetyltransferase (EC 2.3.1.-) (Diamine

acetyltransferase 2) (EC 2.3.1.57) (Spermidine/spermine N(1)-
0G0001176 |Q7PCJ9 acetyltransferase 2) (SSAT-2)

Long-chain-fatty-acid--CoA ligase (EC 6.2.1.3) (Long-chain acyl-CoA

synthetase) (Acyl-CoA synthetase), Medium-chain acyl-CoA ligase ACSF2,
0G0000116 [Q8XDR6, Q499N5 |mitochondrial (EC 6.2.1.2)

Ectonucleotide pyrophosphatase/phosphodiesterase family member 5 (E-
0G0000234 |Q9UJA9 NPP 5) (NPP-5) (EC 3.1.-.-)

Peptidase inhibitor 16 (PI-16) (Cysteine-rich protease inhibitor) (CD antigen
OG0000094 |Q9ET66 CD364)
0G0012001 |NA NA

Complement C1g-like protein 4 (C1q and tumor necrosis factor-related
0G0000018 |Q4Z2IM9 protein 11) (C1g/TNF-related protein 11) (C1gTNF11) (CTRP11)
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Confirmed expression of upregulated genes in B. stephanieae

To further localize gene expression (Table 1), we used in situ Hybridization Chain Reaction
(HCR) at different stages of cerata development in B. stephanieae [34]. First we examined the
spatial expression of a known cnidophage marker in B. stephanieae, bscola8al (OG0034465;
annotated as collagen alpha-1 VIlII), and that of a putative cnidophage marker bsclect
(OG0000472; annotated as c-type lectin) in both juveniles and adults. The expression pattern of
bscola8al was described in juveniles previously [32]. Prior to the formation of cerata buds, we
did not detect any expression of bsclect or bscola8al (Fig. 3A-B). In later staged juvenile (2-3
days post-feeding) [31], we detected co-expression of bsclect and bscola8al in the cnidosac at
the onset of cerata development (Fig. 3C-D). Both bsclect and bscola8al appear to have
restricted expression in the cnidosac (Fig. 3C), with bscola8al exhibiting a slightly stronger
signal than bsclect (Fig. 3D). To detect expression at a finer cellular level in the adult B.
stephanieae, we conducted HCR on paraffin-sectioned cerata tissue. We identified co-
expression of bsclect and bscola8al in cnidophages within the cnidosac of adult B. stephanieae
(Fig. 3E-F), with bscola8al again showing a stronger signal than bsclect. Together we found co-
localization of bsclect and bscola8al within the cnidosac at multiple stages of cerata

development (Fig. 3C-F).

Figure 3. Hybridization chain
reaction (HCR) detected
expression of cnidosac markers
(bsclect and bscola8al) during
cerata development in Berghia
stephanieae. Early juvenile
expression of (A-A") bsclect and (B-
B’) bscola8al prior to cerata
development. Later juvenile co-
expression of (C-D) bsclect and
bscola8al at the beginning of
cerata development. Adult
expression of (E-F") bscola8al
and bsclect in the ceras tissue.
Abbreviated: cb, cerata buds; cs,

=
€
g
H
=
&
3

Adult Ceras
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cnidosac; cp, cnidophage; dg, digestive gland.

To examine spatial expression of putative digestive gland genes, we selected bsferritin
(jJ936533; annotated as soma ferritin) and bsbhmt (jg32975; annotated as betaine--
homocysteine S-methyltransferase 1) based on their upregulation in proximal cerata tissue from
our differential expression analysis and their putative role in digestion [35] and metabolism [36],
respectively. During early juvenile development (prior to the formation of cerata), we detected
strong expression of bsferritin in the anterior portion of the digestive gland (Fig. 4A-B). In
contrast, we detected very weak expression of bsbhmt in the posterior digestive gland tissue
(Fig. 4C-D). Further along in juvenile development (2-3 days post-feeding) [31], we found
expression of both bsferritin and bsbhmt throughout the entire juvenile digestive gland (Fig. 4E-
H). We did not detect any expression of bsferritin nor bsbhmt in the distal cerata where the

cnidosac is located (Fig. 4F and H).

@
‘€
:
2
@
"
3

Figure 4. Hybridization chain reaction (HCR) detected expression of digestive markers (bsferritin and
bsbhmt) during cerata development in Berghia stephanieae. Early juvenile expression of (A-B’) BsFerritin
and (C-D’) bsbhmt prior to cerata development. Later juvenile expression of (E-F’) bsferritin and (G-H’)
bsbhmt at the beginning of cerata development. Abbreviated: cb, cerata buds; cs, cnidosac; cp,
cnidophage; dg, digestive gland.

To identify any background fluorescence and/or hairpin trapping, we conducted HCR with

negative controls that were incubated without any HCR probes (Fig. S8). We found that both
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546 and 647 hairpins get trapped in epidermal tissue, and this is particularly prominent in

paraffin sectioned adult tissue (Fig. S8C-C”).

Predicted functional changes in the Distal Ceras

We predicted that a narrowing of function would occur in the Distal Ceras resulting in a
downregulation of phagocytosis, digestion, or immunity genes in sequestering tissues. To test
this hypothesis, we investigated the primary functions associated with GO terms of genes
upregulated in the Distal Ceras compared to those downregulated in the Distal Ceras in B.
stephanieae. Those upregulated in the Distal Ceras included some terms that make sense for
cnidosac function, like transmembrane transport (Fig. 5A), but also included some very specific
metabolic terms such as lactone metabolic process or cellular lipid metabolic process. The
primary GO terms associated with genes downregulated in the Distal Ceras include those

associated with immune response, endocytosis, and digestion (Table S6; Fig. 5B).
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GO0:0097069 - cellular response to thyroxine stimulus
G0:0072537 - fibroblast activation
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Figure 5. Plots describing the most common GO terms associated with genes upregulated in the (A)
distal and (B) proximal cerata in B. stephanieae. We used the Fisher statistic with the ParentChild

algorithm to determine which terms were significantly upregulated. The enrichment score is the —log10()
of the calculated p-value. The lines in the plot represent the enrichment score that aligns with significance

values at: p=0.05, small dotted line; p=0.01, middle dashed line; and p=0.001, thicker solid line.

Enrichment scores are also represented in the size and color of the points, with larger and more red
points representing lower p-values.

We further investigated genes related to Digestion (GO:0007586), Endocytosis (GO:0006897),
and Immune Response (GO:0006955) GO terms by comparing normalized and transformed
counts (see Methods for details) for all genes or only differentially expressed (DE) genes. We

found that in these GO terms, the differentially expressed sets of genes were on average
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expressed at a lower level in the Distal versus Proximal ceras (Fig. 6). When comparing all

orthologous genes across the Distal and Proximal Ceras, we found that these genes are not
more likely to be up- or down-regulated in the Distal Ceras (Fig. 6A-C). However, we noted a
clear pattern of directionality in differentially expressed genes, where these genes were more

likely to be downregulated in the Distal Ceras compared to the Proximal Ceras (Fig. 6D-F).
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Figure 6. Violin plots comparing VST transformed counts of genes in our analysis assigned particular GO
terms: (A,D) GO:0007586, Digestion (119 genes total; 9 DE genes); (B,E) GO:0006897, Endocytosis (525
genes; 33 DE genes); (C,F) GO:0006955, Immune Response (838 genes; 52 DE genes). Plots are for
subsets of genes associated with each of these three GO terms: (A-C) for all genes associated with each
GO term, and (D-F) for only differentially expressed (DE) genes across both tissues associated with each
GO term. Asterisks indicate level of significance between the two tissues (ns, p > 0.05; *, p <= 0.05; **, p
<= 0.01; ***, p <= 0.001; **** p <= 0.0001).

Discussion

Phagocytosis, a conserved process for ingesting large particles, has been described largely

based on the function of immune cells in a few major model systems [37], and the extent to
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which these components are conserved or have diverged across the vast majority of metazoan
diversity is not fully understood. Mollusk (and particularly gastropod) immune cells and
phagocytes are especially useful for the study of phagocytosis, because many diseases,
including schistosomiasis (caused by flatworms), can be indirectly transmitted to humans by
these animals [38]. Mollusk models have also long been advantageous in studying cell types,

disease, and basic cellular processes [39,40].

Here, we hypothesize a few crucial steps for nematocyst sequestration, a modified version of
phagocytosis, to evolve in nudibranchs, including a narrowing of function identified by a
reduction in expression of many genes related to phagocytosis, immunity, and common
digestive functions. Prior research in B. stephanieae found that putatively “novel” genes are not
more commonly expressed in distal cerata compared to other, more conserved tissues such as
the nervous system [32]. This finding suggests that nematocyst sequestration is likely a mix of
subfunctionalization and neofunctionalization [41], where a more generalist phagocytic cell type,
likely digestive cells, evolved for specificity to nematocyst uptake and storage using largely
conserved processes [31,32,42]. Our results provide further support for this hypothesis, showing
that a body region (i.e., the Distal Ceras with the cnidosac) with a novel function (i.e.,
nematocyst sequestration) appears to express many genes associated with phagocytosis,
digestion, and immunity, but with lower expression than is found in other body regions with more
generalized phagocytic functions, like the Proximal Ceras (Fig. 5B, 6). We also show that
nudibranch mollusks like Berghia stephanieae and Hermissenda opalescens offer opportunities
for investigating how a conserved phenotype like phagocytosis results in a new phenotype like

sequestration.
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Distal cerata tissues have lower expression of digestion and

immunity genes

Cerata in nudibranchs are made up of a number of tissue types, including neurosensory,
epidermal, muscle, and digestive [14,17]. Although the digestive gland and the cnidosac are
only present in the proximal and distal cerata, respectively, many of the other functions of cerata
are common to both tissue types. For example, cilial tufts are often distributed across the
epidermis of the cerata, as are epidermal glandular cells [17], and hemocytes are often broadly
distributed within the hemolymph (Fig. 1C). The functions of many of these glands remain
unknown. It is unsurprising, therefore, that our results showed that the vast majority of genes
expressed in the Proximal Ceras are also expressed in the Distal Ceras (87.3% overlap in
Berghia). However, a clear separation in function exists between the proximal and distal cerata
due to the presence of digestive gland tissue in the Proximal Ceras and the cnidosac in the

Distal Ceras [14,31,43].

In the Proximal Ceras, the digestive gland is the primary internal tissue [14,44]. In the digestive
gland, at least two epithelial phagocytic cell types have been described, typically regarded as
digestive and basophilic cells [45]. Digestive cells are the most abundant cell type in the
digestive gland, and are characterized by an endocytic activity and intracellular digestion [45].
Basophilic cells, by contrast, are considered the primary cell type for secretion of enzymes for
extracellular digestion. Our results are consistent with these reported functions. For example,
we see downregulation of genes associated with digestion and immune function in the Distal
Ceras (Fig. 6; Table S6), with a higher expression of these genes in the Proximal Ceras
compared to the Distal Ceras. We also identified some genes associated with digestion that are

clearly only expressed in the digestive gland in B. stephanieae, including betaine--homocysteine


https://doi.org/10.1101/2025.02.13.637864
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.13.637864; this version posted February 17, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

S-methyltransferase (BHMT) and Soma Ferritin (Fig. 4), both of which are known to be used in
mollusk digestion and metabolism [46,47]. The expression of many of the other genes more
highly expressed in the Proximal Ceras still needs to be examined via in-situ hybridization

methods to confirm exclusive expression in the digestive gland.

Distal cerata tissues have higher expression of select conserved

genes

We hypothesized that cnidophages, the primary cell type of nematocyst sequestration, would
have a narrower phagocytic function compared to digestive cells, where fewer phagocytosis,
digestion, and or metabolism genes are expressed. Our results support the hypothesis that
nematocyst sequestration likely represents — in part — a subfunctionalization of digestive
processes. This subfunctionalization has resulted in only a small subset of metabolic, immunity,
and endocytic genes more highly expressed in the Distal Ceras compared to the Proximal
Ceras in both B. stephanieae and H. opalescens, including genes such as Cathepsin L,
Snaclec, alpha tubulin, and Calmodulin (Table 1). Included in this list are Collagen alpha-1(VIII)
and Macrophage mannose receptor 1, which we found are expressed exclusively within the

chidosac in both species (Fig. 3).

Many phagocytosis mechanisms are still crucial to the function of nematocyst sequestration,
including receptors that target nematocysts and genes involved with engulfment and
phagosome formation. We hypothesized that we would identify a complement of receptors in
the cnidosac that may be specific to nematocysts and thus relate to the neofunctionalization of
the cnidosac. We found in B. stephanieae that a subset of these putative phagocytic receptors
more highly expressed in the Distal Ceras compared to the Proximal Ceras, including multiple

C-type lectin macrophage mannose receptors, Sortilin-related receptors, and cation-dependent
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mannose-6-phosphate receptors (Table S8). Our results with B. stephanieae also showed that
Macrophage mannose receptor 1 (CLECT; Table S3, S8) was the putative receptor with the
highest expression in the Distal Ceras, and we found that it is co-expressed with Collagen
alpha-1(VIIl) exclusively in the cnidophages (Fig. 3). Our interpretation is further supported by
morphological work showing that digestive gland cells do not appear to endocytose and digest
nematocysts in most nudibranchs, as nematocysts have only rarely been found within digestive
cells in aeolid nudibranchs [18] and then only at the very distal parts of the digestive gland [58].
The lack of nematocyst endocytosis in the digestive gland may be because nematocysts must
be able to reach the cnidosac without being destroyed by digestive cells, and suggests that
some level of neofunctionalization has to have occurred in the cnidosac. However, previous
work in Hancockiidae nudibranchs, a group representing a second origin of nematocyst
sequestration in nudibranchs, has shown that nematocysts are endocytosed within the digestive
gland in addition to the cnidosac. This difference between aeolids and dendronotid nudibranchs

[42] provides an important distinction that would allow us to further test this hypothesis.

Outside of their need for target specificity, cnidophages still need to perform other conserved
phagocytosis functions, such as the engulfment of the material and phagosome formation,
which requires the conserved actin-myosin contractile system [48] and the microtubule system
[49]. We found alpha-tubulin upregulated in both B. stephanieae and H. opalescens (Table 1)
and both actin and myosin upregulated in the Distal Ceras in B. stephanieae (Table S3), which
is in agreement with our assertion. However, it is possible that some of these genes produce
different protein isoforms that have different functions between the two tissues [50], which would
not be detectable in our analysis. Finally, we cannot yet reject the hypothesis that cnidophages
are not the source of this difference; further analysis comparing expression profiles of
cnidophage cells with that of other phagocytes (using techniques such as single-cell RNA-seq)

are still necessary.
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The role of conserved genes in nematocyst sequestration

The role of conserved genes in nematocyst sequestration is still not fully resolved, but our data
suggest that conserved genes are likely critical to the novel function of nematocyst
sequestration in cnidophages. In other systems where cells or structures are engulfed and
stored intracellularly, such as cnidarian-dinoflagellate endosymbiosis, it is clear that cnidarian
cells use pattern recognition receptors (PRRs) to identify microbe-associated molecular patterns
like peptidoglycans and lipopolysaccharides [51]. Mollusks have also undergone a large-scale
expansion and molecular divergence of PRRs and signaling adapters, as well as significant
recombination of immune receptors and fibrinogen-related proteins FREPs [52]. This may be
part of the reason that mollusks like nudibranchs have evolved multiple types of phagocytic
specializations, including nematocyst sequestration [43], kleptoplasty [53], and endosymbioses
[54,55]. We found PRRs, and particularly Mannose receptors, expressed in the Distal Ceras of
both nudibranch species (Table S8), and expressed exclusively within the cnidophages of B.

stephanieae (Fig. 5), which supports this hypothesis.

However, some of these conserved genes may not necessarily retain precisely the same
functions across phagocytic tissues and across large phylogenetic distances. For example,
evidence suggests that in cnidarian-dinoflagellate endosymbiosis, activation of the host
Transforming growth factor beta (TGF) innate immune pathway actually promotes tolerance of
the symbiont rather than destruction [56]. This is consistent with the function of TGF immune
regulation in mammals, as this pathway plays an important role in maintaining peripheral
tolerance against self- and innocuous antigens [57]. We, and others [58], have found no
evidence to support the role of this pathway in maintenance of sequestered nematocysts or
symbionts in B. stephanieae or H. opalescens. It is clear that conserved genes are important in

the evolution of novelties like sequestration and endosymbiosis, but the mechanisms driving the


https://doi.org/10.1101/2025.02.13.637864
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.13.637864; this version posted February 17, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

recruitment and co-option of certain genes and pathways are complex, and may be different in

systems where specific organelles are the primary targets.

Conclusions

Nematocyst sequestration, a process by which stinging organelles from cnidarians are stolen
and stored intracellularly, is a novel function that relies on highly conserved phagocytic
functions. As such, it is an excellent system in which to investigate how conserved functions can
be modified to produce novel phenotypes. Our results clearly indicate that Distal Ceras tissues
have very high expression of certain genes known to be associated with phagocytosis, including
at least one that may be used for targeting nematocysts that we found expressed in the
cnidophage cells. We also found that sequestering tissues tend to have lower expression of
genes associated with digestion compared to digestive tissues. Although the role of conserved
genes in nematocyst sequestration is still not fully resolved, our data suggests that many are
critical to nematocyst sequestration despite the novel nature of this physiological process. From
these results, we hypothesize a more detailed model for the evolution of the molecular
mechanism of nematocyst sequestration, including: (1) the evolution of a means of specificity for
targeting nematocysts over other tissues and structures, (2) modifications to internalization and
phagosome formation pathways to accommodate multiple large and unusually shaped objects,
and (3) the loss of some functions related to phagosome maturation, immunity, and common
metabolic functions. This study lays the foundation for further inquiry into mechanisms of

organelle sequestration in nudibranchs and other organisms.
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Methods

Specimen collection

Hermissenda opalescens were collected from the wild at the Monterey Municipal Wharf #2
(36.60398, -121.88898) on 4 April 2019 and 14 September 2019 under permit SC-3726 from the

State of California Department of Fish and Wildlife to TJH.

We maintained adults of Berghia stephanieae in continuous culture in the Lyons Lab at the
Scripps Institution of Oceanography (SIO) or the Goodheart Lab at the American Museum of
Natural History (AMNH), broadly following techniques laid out by Goodheart et al. 2022 and
2024 [31,32]. The original Berghia stephanieae animals obtained for culture were purchased
from the company ReefTown. At SIO, we purchased E. diaphana from Carolina Biological
Supply, Burlington, NC; at AMNH we purchased E. diaphana from the Marine Biological

Laboratory, Woods Hole, MA.

Transcriptomic data analysis

We obtained Berghia stephanieae Distal (3 samples; SRR12072207, SRR25598596-
SRR25598597) and Proximal Ceras (3 samples; SRR12072208, SRR25598594-
SRR25598595) read mapping data from the previously published B. stephanieae genome paper
[32] through NCBI. To collect Proximal and Distal Ceras samples for B. stephanieae, we
removed cerata and separated the region with the cnidosac (Distal Ceras) from the region with

the digestive gland (Proximal Ceras) at the narrow entrance to the cnidosac (Fig. 1C) [14].
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Transcriptome data for H. opalescens (SRR32330727-SRR32330757) was obtained from an
experiment in which cerata were removed from field-collected animals and allowed to regrow.
During the regrowth period, nudibranchs were separated into two experimental groups and
maintained at 14°C in separate chambers. One group was fed daily with Aurelia aurita (moon
jelly) polyps; the other was fed a non-nematocyst food source such as mussel, squid, or
tunicate. Once the cerata were regrown (30-40 days later, [59]), we removed all cerata from the
right side of the body and sectioned each into three parts: (1) the cnidosac (“Distal Ceras”), (2)
“cer,” the region from between the cnidosac to about % the distance towards the body of the
animal, and (3) “sub” (“Proximal Ceras”), the remaining region closest to the body of the animal.
At this time, we also sampled foot tissue (i.e., not within the cerata) from each nudibranch. Total
RNA was extracted from 5-10 pooled cerata tissues (separated by individual and section type)
using TRIzol (Life Technologies), and mMRNA was reverse transcribed using NEXTflexTM
Poly(A) Beads (Bioo Scientific) and SuperScript® Il Reverse Transcriptase (Life Technologies).
The resulting cDNA was made into libraries using the NEXTflex Directional RNAseq Kit and
sent for two lanes of 2x150 paired-end sequencing on the Illumina HiSeq4000 at QB3

Genomics (UC Berkeley, Berkeley, CA, RRID:SCR_022170).

For reference transcriptomes, we used the unfiltered BRAKER2 gene prediction (59,494 genes,
61,662 proteins) in the published Berghia stephanieae genome paper [32] as our B.
stephanieae reference, and downloaded Hermissenda opalescens transcriptome data from
NCBI (SRR1950939, [60]) to build our H. opalescens reference transcriptome. The H.
opalescens reference transcriptome was generated using the protocol laid out in Goodheart et
al. (2024) [32]. Briefly, using the previously assembled version of the H. opalescens
transcriptome [61], we predicted open reading frames (ORFs) with TransDecoder (version 5.5.0;

[112]) and clustered predicted ORFs using CD-HIT-EST (version 4.8.1; [113, 114]) at 95%
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identity and word size of 11 (-c 0.95, -n 11). Post-clustering, we filtered transcripts with
alien_index (https://github.com/josephryan/alien_index); based on an algorithm described in
[115]). We removed all sequences with an alien index greater than 45 from the transcriptome.
We then compiled full transcripts for each predicted ORF sequence remaining from the

assembled transcriptome using a custom Python script (full_transcripts.py, [32]).

We mapped reads to the B. stephanieae genome using STAR v2.7.9a [62] with default
parameters plus additional flags (--readFilesCommand zcat --outSAMtype BAM
SortedByCoordinate --twopassMode Basic --sjdbGTFfeatureExon 'CDS'). We mapped reads to
the H. opalescens reference transcriptome using Bowtie 2 v.2.4.4 [63]. We counted reads using
the command htseq-count from the HTSeq framework v1.99.2 [64]. We analyzed counts using
the DESeq function from DESeq2 v1.26.0 [65] to perform differential expression analysis, and
generated the results using the results function. DESeq2 uses the median of ratios approach to
normalize the counts data taking into account sequencing depth and RNA composition. We
considered genes upregulated if the adjusted p-value (padj) was greater than 0.05 and
log2FoldChange was greater than 2. Genes were considered exclusively expressed in a certain
tissue if the average number of reads across all samples was >0.5 in that tissue and <0.5 in the
other, which would mean that gene had a count of 1 in at least two samples. Orthology of B.
stephanieae genes to H. opalescens transcripts was assigned using output from the

OrthoFinder [66,67] analysis in Goodheart et al. 2024 [32].

Putative gene function was assigned based on GO terms. To assess which GO terms were
significantly enriched in our two tissues, we used the Fisher's Exact test implemented in the R

package TopGO [68]. To directly compare expression of genes that fall under particular GO
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terms (Table S7), we performed a paired t-test implemented in ggpubr [69] that compared
variance-stabilizing transformation (VST) counts (transformation performed on DESeq2
normalized counts) from the same gene between Proximal and Distal Cerata. VST
transformation counts were used to make the data homoskedastic, and VST was selected
because the range of size factors was < 4 [65]. These comparisons were used to evaluate
whether genes associated with certain GO terms were more likely to be highly expressed in one

set of tissues over another, particularly those that were considered differentially expressed.

Tissue Fixation and Paraffin Section Preparation

We cultured and relaxed B. stephanieae juveniles using the same methods from prior B.
stephanieae imaging work [31,32,70]. Prior to fixation, we starved juveniles for 3 days. Post-
relaxation, we fixed juveniles using 4% Paraformaldehyde (PFA, diluted in Filtered Sea Water
from 16% ampules). We washed samples in a 50% 1X PBS / 50% Methanol solution for 10
minutes prior to three washes in 100% Methanol for 10 minutes, all at room temperature. We
stored samples in 100% Methanol at -20C for up to three months prior to HCR experiments. For
adult B. stephanieae, we incubated individuals at 4C until fully relaxed and then fixed adults with
a 4% PFA (diluted in DEPC-treated 1XPBS) incubation overnight at 4C. We washed and stored
samples following the same protocol described for juveniles. Fixed samples that were put into

paraffin immediately were dehydrated into 75% ethanol instead of 100% methanol.

To prepare fixed adult B. stephanieae for paraffin wax embedding (paraplast wax), we first
placed the samples into 100% ethanol with two 100% ethanol washes for 2 minutes. We cleared
the samples with three 20 minute washes in Histosol on a shaker at room temperature. We

then washed samples in 50% Histosol 50% paraffin wax twice for 30 minutes each at 60 C. We

left the samples in 100% paraffin wax overnight at 60 C, and then performed four 1 hour paraffin
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washes at 60 C before embedding the sample in paraffin using a mold. We sectioned samples
using a Leica Biosystems RM2245 microtome to a thickness of 10uM. We floated sectioned
samples in water before mounting onto Fisherbrand™ Superfrost™ Plus slides (FisherScientific
#22-037-246). We then incubated the samples at 37 C overnight before storing them at room

temperature until further use.

Hybridization Chain Reaction

We designed all HCR probe sets using the HCR 3.0 probe maker with either the B1 or B2
amplifier (OzpolatLab-HCR, 2021, Kuehn et al., 2021) for up to 30 probe pairs (Tables S9-S13).
We ordered probe sets (500pmol DNA oPools Oligo Pool) from Integrated DNA Technologies
(Coralville, 1A), which we resuspended to 1 Jpmol/ul in 500mL TE buffer or RNase-free

ultrapure water and rna and stored at -20C.

For whole-mount juvenile HCR, we used a modified HCR 3.0 protocol for Berghia stephanieae
using the same solution recipes from Choi et al. (2018) [34] and modifications according to
Goodheart et al. (2024)[32]. Following the hoechst staining, we mounted samples in a 20% 5X
SSCT, 80% Glycerol solution and we followed the imaging process described in Goodheart et
al. (2024) [32]. For HCR on paraffin sections, we followed the protocol from Choi et al. (2018)
[34] with the modifications described in Criswell & Gillis (2020) [71]. We used the same probe
and amplifier concentrations described in Goodheart et al. (2024) [32] for both whole-mount and

paraffin section HCR.

Fluorescent Imaging

We imaged whole-mount HCR samples with a Zeiss LSM 710 inverted confocal microscope

with a AxioCamHRmM camera. We imaged paraffin section HCR samples with a Zeiss LSM.
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We analyzed and processed images with software ImageJ FIJI and AdobePhotoshop [72]
(Adobe Inc., California, USA). We stitched images together using the FIJI Pairwise Stitching

Plugin [73]. We created figures in Adobe lllustrator (Adobe Inc., California, USA).
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HCR - Hybridization Chain Reaction
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Supplementary Figure Legends

Figure S1. Hierarchical clustering of Distal and Proximal Ceras tissue based on normalized
expression profiles in DESeq2 in Berghia stephanieae.

Figure S2. PCA plot of Distal and Proximal Ceras tissue based on normalized expression
profiles in DESeq2 in Berghia stephanieae.

Figure S3. Venn diagram of genes expressed in Distal and Proximal Ceras tissues in Berghia
stephanieae. A total of 3,462 genes were not expressed in either tissue.

Figure S4. Hierarchical clustering of Distal (“cni”) and Proximal (“sub”) Ceras tissue based on
normalized expression profiles in DESeg2 in Hermissenda opalescens.

Figure S5. PCA plot of Distal (“cni”) and Proximal (“sub”) Ceras tissue based on normalized
expression profiles in DESeq2 in Hermissenda opalescens.
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Figure S6. Venn diagram of genes expressed in Distal (“cni”) and Proximal (“sub”) Ceras
tissues in Hermissenda opalescens. A total of 2,277 genes were not expressed in either tissue.

Figure S7. Hybridization chain reaction (HCR) controls. Early juveniles (A-A’), later juvenile (B-
B”), and adult (C-C”) samples were incubated with only the amplifiers indicated (B1647and
B2546) and no probes. Abbreviated: cb, cerata buds; cs, cnidosac; cp, cnidophage; dg,
digestive gland.

Figure S8. Violin plots comparing VST transformed counts of genes in our analysis assigned
particular GO terms. (A,D) GO:0007586, Digestion (119 genes total; 9 DE genes); (B,E)
G0:0006897, Endocytosis (525 genes; 33 DE genes); (C,F) GO:0006955, Immune Response
(838 genes; 52 DE genes). Plots are for subsets of genes associated with each of these three
GO terms: (A-C) for all genes associated with each GO term, and (D-F) for only differentially
expressed (DE) genes across both tissues associated with each GO term. Asterisks indicate
level of significance between the two tissues (ns, p > 0.05; *, p <= 0.05; **, p <= 0.01; ***, p <=
0.001; **** p <= 0.0001).

Supplementary Table Legends

Table S1. Read mapping statistics for Berghia stephanieae and Hermissenda opalescens.
Table S2. All genes expressed in Berghia stephanieae samples that were found to be
associated with the GO terms Endocytosis (GO:0006897) and Phagocytosis (GO:0006909) or
child GO terms associated with these processes.

Table S3. Genes upregulated in the Distal Ceras in Berghia stephanieae.

Table S4. GO terms associated with genes upregulated in the Distal Ceras in Berghia
stephanieae.

Table S5. Genes upregulated in the Proximal Ceras in Berghia stephanieae.

Table S6. GO terms associated with genes upregulated in the Proximal Ceras in Berghia
stephanieae.

Table S7. GO terms used to generate violin plots in Figure 6.
Table S8. List of orthogroups containing genes determined to be upregulated in both Berghia
stephanieae and Hermissenda opalescens. Annotations for the B. stephanieae genes within

each orthogroup are also provided.

Table S9. Summary of HCR probes used in the manuscript, including the sequence used to
generate each probe.
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Table S10. Details for probes generated to detect bsbhmt expression.
Table S11. Details for probes generated to detect bsferretin expression.
Table S12. Details for probes generated to detect bscol8al expression.

Table S13. Details for probes generated to detect bsclect expression.
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