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Abstract: Five Chromodoris species from North Sulawesi, Indonesia, were investigated for their
sequestration of marine natural products. The cytotoxic 2-thiazolidinone macrolide latrunculin A
(LatA) was the major metabolite in all examined Chromodoris species, as well as in one of the associated
sponges Cacospongia mycofijiensis (Kakou, Crews & Bakus, 1987), supporting a dietary origin of LatA.
Furthermore, LatA was secreted with the mucus trail, suggesting a possible use in short-range
chemical communication. MALDI MS-Imaging revealed an accumulation of LatA throughout the
mantle tissue, mucus glands, and especially in vacuoles of the mantle dermal formations (MDFs).
Cytotoxicity of the isolated LatA was tested in HEK-293 cells, confirming that LatA targets the
actin cytoskeleton. In vivo toxicity experiments with the sacoglossan Elysia viridis (Montagu, 1804)
showed 100% mortality, but 100% survival of Chromodoris specimens, demonstrating resistance to
LatA. A novel actin isoform was detected in all investigated Chromodoris species with two amino
acid substitutions at the ‘nucleotide binding’ cleft, the binding site of LatA. These are suggested
to cause insensitivity against LatA, thus enabling the storage of the toxin within the body for the
slugs” own defense.

Keywords: actin; Chromodoris; cytotoxic; heterobranchia; latrunculin; nudibranchia; resistance

1. Introduction

Nudibranchia sea slugs (Gastropoda, Mollusca) have completely reduced their shell [1].
This represents several advantages, such as less energetic costs of developing and transport-
ing a shell, as well as other respiratory and excretory benefits [2,3]. However, the exposed
soft body makes them more susceptible to predation [4-8], which is compensated for by
developing elaborate defense strategies. In particular, the selective uptake, sequestration
and storage of toxic chemicals from their prey is considered a very effective defense system.
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This is well-studied in many nudibranch sea slugs, including the colorful Chromodoridi-
dae (Doridina) [3,9-15]. Their aposematic colors and patterns are assumed to be part of
Miillerian and quasi-Batesian mimicry with other slugs or metazoan life forms [16-20]. So
far, the only observed predation on Chromodoris nudibranchs has been by the carnivorous
dorid nudibranch genus Gymnodoris [21].

Currently, 22 described and other putative 18 undescribed Chromodoris species are
distributed throughout the Indo-Pacific Ocean and the Red Sea [17]. However, species
delimitation for this genus is subject to ongoing research due to unique challenges, such
as extraordinary cryptic diversity, mimicry and recent radiation with described intro-
gression, mitochondrial capture and hybridization, and could therefore undergo further
revisions [16-19]. Of these putative 40 Chromodoris species, 12 have been chemically inves-
tigated and were included in several reviews [3,12-14,22]. They all contained diet-derived,
bioactive, often cytotoxic, marine natural products (MNPs) with variations in relation
to prey availability. The MNPs play key roles, not only as a defense against predators,
pathogens and overgrowth by fouling organisms, but also as semiochemicals for inter- and
intra-specific communication, in reproduction and development [3,9,23-33]. Therefore,
they can be traced in certain body parts, in the epidermis, mantle tissue and mantle dermal
formations (MDFs, Figure 1B,C), and even in the mucus of the slugs. Most notable is the
selective uptake and storage of the cytotoxins latrunculin A (LatA, Figure 1A) and latrun-
culin B (LatB) by Chromodoris species [11]. Until now, the incorporation of latrunculins
has been reported only for this heterobranch genus [11,34-39], and here especially for
Australian Chromodoris annae Bergh, 1877, C. elisabethina Bergh, 1877, C. kuiteri Rudman,
1982, C. lochi Rudman, 1982, and C. magnifica (Quoy & Gaimard, 1832) [11,15,35,37,39],
South and East African C. hamiltoni Rudman, 1977 [36,40], as well as C. quadricolor (Riippell
& Leuckart, 1830) [41,42], and C. africana Eliot, 1904 from the Red Sea [43]. Usually, the
sponges of the genera Negombata and Cacospongia, which serve as food sources for Chro-
modoris nudibranchs, are considered as the source of latrunculins, especially LatA [44].

Figure 1. (A) Chemical structure of latrunculin A (LatA). The rare 2-thiazolidinone moiety is indicated
in red. (B) Mantle dermal formation (MDF) of Chromodoris lochi. (C) MDF of Chromodoris annae.
Arrows indicate the nucleus of a glandular cell inside the MDF. Scale bar: 100 um.

Latrunculins are cytotoxic 14- and 16-membered macrolides with an attached rare 2-
thiazolidinone moiety (Figure 1), derived from mixed polyketide synthase/non-ribosomal
peptide synthetase (PKS-NRPS) biogenesis and are unique to the marine environment [44,45].
They have been studied for more than 40 years, especially with regard to their mechanism
of action and potential for therapeutic applications [38,44,46-83]. This substantial interest
in latrunculins is primarily based on their actin filament depolymerizing effect and LatA
has become the most widely used small molecule to study actin-based processes, micro-
filament organization, cytoskeleton dynamics, mechanisms of cellular function and the
potential of latrunculins as a treatment against cancer, neurological disorders and infectious
diseases [51,55,66,72,79,82,84].
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Actins are highly conserved proteins that are ubiquitously expressed in every eukary-
otic cell. They play key roles in cytoskeleton formation, movement, intracellular transport,
transcriptional regulation and DNA replication [85-97]. However, their vital importance,
evolutionary age and high conservation make them a perfect target for toxins. Several or-
ganisms have evolved the ability to produce or acquire actin-targeting toxins, thus ensuring
effectiveness, even lethality, against a broad spectrum of organisms [72,82,84,98]. Latrun-
culins are unique in their bioactivity because they are the only currently known toxins that
bind to the ‘nucleotide binding’ cleft of G-actin (Figure 2, SI Table S3) [51,55,60,72,79,90].
Previous studies have shown that one amino acid mutation of G-actin is enough to cause
resistance to latrunculins. Up to now, fifteen actin amino acid positions have been identified,
which can cause latrunculin resistance when mutated (SI Table S3) [51,52,55,60,99-105].

B nucleotide binding cleft

nucleotide binding cleft

Figure 2. Surface model of native G-actin and its subdomains I-IV (green, PDB: 3HBT) with reported
sites of amino acid mutations (black), each leading to the inhibition of latrunculin binding (see SI
Table S3). (A,B) Front and back view of G-actin.

So far, it is unknown how heterobranch sea slugs can withstand the toxicity of actin-
binding toxins. This is also true for LatA, its effect on actins within Chromodoris nudibranchs,
and how they avoid autotoxicity. Organisms that produce or acquire toxic natural products
must be resistant to the action of these substances to gain an advantage [106-110]. One way
to avoid autotoxicity is to use compartmentalization, or (sub)cellular localization, where
toxins are concentrated in vesicles, vacuoles, compartments or glands. The compartmental-
ization of cytotoxic compounds has frequently been observed in sponges, including the
food of Chromodoris species, Negombata [81,111-119].

Chromodorididae have been found to store higher concentrations of sequestered
secondary metabolites in specialized globular storage glands in the mantle tissue, composed
of cells with large, non-staining vacuoles: the so-called mantle dermal formations (MDFs)
(Figure 1B,C) [1,39,120-125]. These MDFs are highly concentrated chemical packages,
deterring predators which might not have been deterred by lower concentrations of the
metabolites when uniformly distributed in the mantle [126]. The MDFs are situated in
the outer area of the mantle, the mantle rim, which is often bright or aposematically
colored, drawing the predators’ attention towards this well-defended area [11,125-128].
The evolution of defensive mantle glands and MDFs is considered a key innovation that
has contributed to the extensive radiation and speciation of the Chromodorididae [127].
However, the storage of secondary metabolites and the defensive role of MDFs might
have evolved secondarily to their primary function as excretory or detoxification organs,
expelling toxic substances and avoiding autotoxicity [1,123,124,126,129]. The secretion of
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toxic waste material by mantle glands or its accumulation in MDFs might be an additional
selective advantage against predation in combination with the prevention of autotoxicity.

Here, we investigate the sequestration and distribution of LatA in five Chromodoris
species: Chromodoris annae, C. dianae Gosliner & Behrens, 1998, C. lochi, C. strigata Rudman,
1982 and C. willani Rudman, 1982 (Figure 3A-E). Additionally, we examine a possible
underlying molecular resistance mechanism in these nudibranchs, a prerequisite that
would allow them to sequester, survive and store the cytotoxin LatA. Our key objectives
in this study were to: (1) chemically investigate and characterize the major metabolite in
all five Chromodoris species, and their putative prey Cacospongia mycofijiensis (Thorectidae,
Porifera); (2) visualize the cross-sectional distribution of the main metabolite LatA in
C. annae and C. dianae nudibranchs by MALDI MSI; (3) examine and compare LatA’s
toxicity and mode of action in HEK-293 cells, and in vivo in Chromodoris and Elysia viridis
(Figure 3F) heterobranchs; and (4) investigate a possible molecular resistance mechanism
in Chromodoris nudibranchs, by comparison of actin nucleotide and amino acid sequences
obtained for Chromodoris species, with further heterobranch members, the sacoglossan
Elysia viridis, the anaspidean Aplysia californica J. G. Cooper, 1863, and the three cladobranch
species Flabellina affinis (Gmelin, 1791), Embletonia pulchra (Alder & Hancock, 1844), and
Armina tigrina Rafinesque, 1814.

B Chromodoris dianae

F Chromodoris willani F Elysia viridis

Figure 3. Photographs of the investigated Chromodoris species (A-E) and Elysia viridis (F).

2. Materials and Methods
2.1. Biological Material

The origin and further use of the individuals in the corresponding experiments are
summarized in Table 1. Specimens for chemical analyses were collected via scuba diving
from various sponge substrates between 2015 and 2018 and preserved in 98% EtOH. The
mucus of Chromodoris annae was collected by cleaning bowls with tissue, where slugs have
crawled and by patting the notum of the animals with a small piece of tissue. This tissue
was separately preserved in 98% EtOH. Eight specimens of C. annae and five C. dianae (5)
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were used for chemical comparison of the mantle rim, including the MDFs, and the rest
of the body. For this purpose, the mantle rim was dissected away from the rest of the
body. These parts were stored separately at —20 °C after fixation in 96% EtOH until further
extraction and processing in the laboratories at the University of Bonn. Live animals for the
MALDI imaging experiments were first kept in aerated aquaria matching the temperature,
salinity and density of the Indo-Pacific Ocean, before the single available C. dianae specimen
was snap-frozen with liquid nitrogen and stored at —80 °C, and the two C. annae specimens
were frozen in seawater.

Table 1. Species names and further details of the specimens analyzed in this study, and the experi-

ments in which the specimens were used. BNP Bunaken National Park, North Sulawesi.

Experl{rlenﬁlnv?lved Number of _Spec1men's Used Locality Fixation Further Treatment
Species and Sizes in Respective Experiment
Chemical analysis
Chromodoris annae 58 BNP 2015/16 96% EtOH Whole animals
(2045 mm)
C. annae . 96% EtOH and Bef01.re fixation mantle
6 Sangihe 2016 o rim and rest of
(20-27 mm) stored at —20 °C
body separated
C. annae mucus several Bangka Island 2019 96% EtOH
Chromodoris dianae 56 BNP 2015/16 96% EtOH Whole animals
(20-55 mm)
C. dianae 6 Sangihe 2016 9% EOHand  PeIoie P o mente
(27-45 mm) & stored at —20 °C
body separated
Chromodoris lochi 31 BNP 2015/16 96% EtOH Whole animals
(15-50 mm)
Chromodoris willani 32 BNP 2015/16 96% EtOH Whole animals
(20-70 mm)
Chromodoris strigata o . .
(20-25 mm) 2 Bangka Island 2019 96% EtOH Only preservation fluid
MALDI-MS Imaging
C. annae 2 BNP 2017 Frozen in seawater Stored at —20 °C
(—20°C)
Brought alive to
. Germany, then
C. dianae 1 BNP 2017 .
snap-frozen in
liquid nitrogen
In Vivo Toxicity Assay
. Kept in aquaria for
C. annae 1 BNP 2018 Brought alive 2 days before and
(30 mm) to Germany .
after experiments
. . Kept in aquaria for
C. dianae 2 BNP 2018 Brought alive 2 days before and
(35, 43 mm) to Germany .
after experiments
Kept in aquaria with
L Lo . C. fragile as food for
Elysia viridis 12 Figueira da Foz, Brought alive 2 days before and

(10-12 mm)

Portugal, 2018

to Germany

after experiments,
where appropriate

In vivo toxicity experiments were performed with live C. annae, C. dianae and Elysia viridis,
the latter kindly provided by C. Greve from the Mediterranean Sea. They were also kept
in aerated aquaria under their respective conditions until further experiments were con-
ducted. For details, see below. The nudibranchs were identified by H. Wéagele, N. Undap
and A. Papu at Sam Ratulangi University or at the Leibniz Institute for the Analysis of
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Biodiversity Change, Museum Koenig, Bonn, Germany [130,131]. The sponge was iden-
tified as Cacospongia mycofijiensis using methods described by Ackers et al. [132]; see also
Erpenbeck et al. [133].

When not completely used for the analyses, the specimens or part of the material is
now stored at the Sam Ratulangi University in the Reference Collection under the numbers
SRU2015/01, SRU2016/02, SRU2017/1, SRU2018/1.

2.2. Chemical Analysis

Chemical analyses were performed at the University of Bonn.

Extraction and Isolation. Preserved Chromodoris annae, C. dianae, C. lochi and C. willani
specimens were separated into species and location groups. They were separately frozen,
crushed, and ultrasonicated (30 s intervals) on ice, while submerged in a minimum
of first acetone (AC) and consecutively methanol (MeOH). Ethanolic storage solutions
were each combined with the respective AC/MeOH extracts and dried under vacuum to
give the crude extracts. Crude extracts were analyzed using HR-ESI-LCMS. Afterward,
crude extracts were separated, using liquid-liquid separation, between water (H,O) and
three times ethyl acetate (EtOAc). The EtOAc-solubles were again analyzed by HR-ESI-
LCMS. Location groups, of the same species, with a similar MS profile were combined
and further separated by RP-HPLC. A Macherey-Nagel Nucleodur C;g Pyramid column
(250 mm x 10 mm; 5 pm), with isocratic gradient elution, 82:18 (MeOH:H,0), and a flow of
1.0 mL/min were used for separation. The isolated main metabolite (LatA) had a retention
time of around 41 min.

The dissected tissues of eight C. annae and five C. dianae were separately extracted as
described above. Crude- and EtOAc-extracts of the mantle and body tissues were analyzed
using HR-ESI-LCMS. Additionally, ethanolic storage solutions of C. strigata, and mucus
collected with cellulose from the notum and foot of alive C. annae specimen, were examined
using HR-ESI-LCMS. For further information see supplementary information.

General Experimental Procedures. Optical rotations were measured with a Jasco DIP
140 polarimeter. All NMR spectra were acquired in MeOH-d, using the Bruker Avance
300 DPX spectrometer. Spectra were referenced to residual solvent signals with reso-
nances at dyy/c 3.35/49.00 (MeOH-d4). Mass spectra were recorded on a micrOTOF-Q
mass spectrometer (Bruker) with ESI-source coupled with an HPLC Dionex Ultimate 3000
(Thermo Scientific) using an Agilent Zorbax Eclipse Plus C;g column (2.1 x 50 mm, 1.8 um)
at a temperature of 45 °C. The MS data were acquired over a range from 100-3000 m/z
in positive mode. Auto MS/MS fragmentation was achieved with rising collision energy
(35-50 keV over a gradient from 500-2000 m/z) with a frequency of 4 Hz for all ions over
a threshold of 100. The UHPLC started with 90% HO containing 0.1% acetic acid. The
gradient began after 0.5 min to 100% acetonitrile (0.1% acetic acid) in 4 min. Two puL of a
1 mg/mL sample solution was injected to a flow of 0.8 mL/min. The HPLC was carried out
on a Waters Breeze HPLC system equipped with a 1525 p dual pump, a 2998 DAD detector,
and a Rheodyne 7725i injection system and with a Waters Alliance HPLC system equipped
with a Waters 2695 separation module and a Waters 996 PDA detector. A Macherey-Nagel
Nucleodur C;g Pyramid column (250 mm x 10 mm; 5 pm) and a Phenomenex Kinetex Cig
column (250 mm X 4.6 mm, 5 um) were used for separation. For further information on
NMR and MS data see supplementary information (SI).

2.3. MALDI-MS Imaging

Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-
MSI) has become a fundamental analytical tool for analyzing substances in biological
specimens. This method allows the correlation of spatial ion distribution with histological
features. The MALDI-MSI experiments were performed at the Institute of Inorganic and
Analytical Chemistry, Justus Liebig University Giessen, Germany. Matrix-assisted laser
desorption/ionization mass spectrometry imaging (MALDI MSI) was used to map the
distribution of the cytotoxin LatA. For this, the frozen specimens, two of C. annae and
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one of C. dianae, were thawed and embedded in 5% (w/v) gelatin aqueous solution and
refrozen at —80 °C for 60 min to form solid blocks. Afterwards, tissue sections of 20 um
thickness were sectioned using a cryomicrotome (HM 525 cryostat, Thermo Scientific,
Dreieich, Germany) at —20 °C. The embedding material was removed carefully with a
painting brush to prevent tissue distortion. Sections were thaw mounted on microscope
glass slides and stored at —80 °C before analysis. The samples were brought to room
temperature using a desiccator to avoid condensation of humidity. Optical microscopic
images of the sections were captured before matrix application (Keyence VHX-5000 digital
microscope (Keyence Deutschland GmbH, Neu-Isenburg, Germany).

A matrix preparation system (SMALDIPrep, TransMIT GmbH, Giessen, Germany) was
used to spray 100 pL (10 pL/min) of the matrix solution (30 mg/mL of 2,5-dihydroxybenzoic
acid in 50:50 (v/v) acetone:H,O (0.1% TFA) for low molecular weight compounds in positive
ion mode), on top of the tissue sections. This provided uniform coating of the microcrys-
talline matrix material needed for high spatial resolution MALDI-MS imaging [134]. Before
fixing the sample on the sample holder of the imaging source, homogeneity and crystal
sizes were controlled after matrix application by microscopy.

The MALDI-MS imaging experiments were performed with a high spatial-resolution
MS imaging ion source (AP-SMALD110®, TransMIT GmbH, Giessen, Germany) operating
at atmospheric pressure [135]. The minimum laser beam focus results in an ablation
spot diameter of 5 um [136-138]. However, for the experiment described here, the laser
focus size was set to 10 um. The samples were scanned by the movement of the x-,
y-, and z-stages placed in front of the transfer capillary of the mass spectrometer. For
desorption/ionization, a diode-pumped solid-state laser at 343 nm wavelength, operating
at 100 Hz, was used. Generated ions were co-axially transferred to a high mass-resolution
mass spectrometer (Q Exactive™, Thermo Fisher Scientific GmbH, Bremen, Germany, mass
resolution, R = 140,000 at m/z 200). Mass spectra in the mass range of m/z 250-850 were
generated, and the analyzer was operated in positive ion mode. For internal calibration of
mass spectra, a ubiquitous signal of the MALDI matrix was used as a lock mass, providing
a mass accuracy better than 2 ppm root mean square error. High-quality MS ion images
were generated using the Mirion software package [139]. A narrow image bin width of
Am/z = £+ 5 ppm was used for image generation. The MS images were normalized to the
highest signal intensity per image for each imaged analyte ion species. No additional data
processing steps, such as smoothing, interpolation, or normalization to matrix signals, were
employed. Red—green-blue (RGB) overlay images were generated for the selected analyte
ion signals to demonstrate the distribution of LatA in Chromodoris cross-sections. The red
ion signals were later edited to grey for better visibility.

2.4. Fluorescence Microscopy

To investigate and visualize the activity of LatA, we administered the extracted com-
pound to human embryogenic kidney cells (HEK293, obtained from Leibniz Institute,
DSMZ GmBH, Braunschweig, Germany, reference number ACC 305) and analyzed effects
under fluorescence microscopy. The HEK293 cells were cultivated in Dulbecco’s modi-
fied Eagle’s medium (DMEM), low glucose, pyruvate, supplemented with 100 units/mL
penicillin, 100 pg/mL streptomycin, and 10% fetal calf serum. The HEK293 cells and all
generated clones were maintained by ten-fold dilutions with fresh medium every 3—4 days
in 10 cm dishes. All cells were cultured at 37 °C and 5% CO,.

The HEK293 cells were seeded in a density of 12,500 cells per cm? on 18 mm glass cover-
slips in DMEM, supplemented with 100 units/mL penicillin, 100 pg/mL streptomycin, and
10% fetal calf serum, two days before the fluorescence imaging. Glass coverslips were coated
using 50 pL of 0.1 mg/mL PDL solution for 30 min at 37 °C and were afterward washed
three times with 50 uL PBS. After the cells attached to the coverslips, either only DMSO as
control or 50 uM LatA (isolated and combined from several Chromodoris sea slug individu-
als) solved in DMSO, was added to the medium. When the cells of the DMSO-control group
reached a density covering 75-90% of the glass coverslips, the experiment was stopped,
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and cells were prepared for staining for further fluorescence imaging. To stain the cells,
the medium was exchanged with 1 mL methanol free 4% paraformaldehyde/10% sucrose
solution in PBS buffer and kept for 10 min at room temperature. This solution was ex-
changed with 1 mL 0.1% Triton in PBS buffer and was kept for 2 min at room temperature.
Afterwards, the cells were washed two times with PBS buffer. Coverslips were incubated
on parafilm, each with 50 puL Phalloidin-Atto 488-solution (1:500 in PBS/1% BSA) and
Hoechst stain (500 ng/mL), in darkness, for 45 min at room temperature. Subsequently,
coverslips were washed two times with PBS, one time with water, and were then mounted
on a slide using Mowiol as a mounting medium. Fluorescence imaging was conducted with
an Axiovert® 200 M microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) equipped
with a Colibri.2® LED system including a 365 nm LED, LD Achroplan 40x, NA 0.60 Korr.
objective, AxioCamMR3® camera, and filter set 49 (Excitation: G 365, Beam Splitter: FT 395
Emission: BP 445/50). The system was operated with Axiovision® Rev. 4.8.

2.5. In Vivo Toxicity Assay

Living specimens of Chromodoris annae (1) and Chromodoris dianae (2) were kept
in glass aquaria with artificial seawater (Instant Ocean®, synthetic sea salt, added ac-
cording to instructions), salinity around 33-34.5 PSU, relative density~1.025-1.026, at
26-28 °C, aerated via an oxygenation pump and air stone bubblers. Also, 12 living
Elysia viridis specimens were kept in glass aquaria, with artificial seawater (Instant Ocean®,
synthetic sea salt, added according to instructions), salinity around 36-37.5 PSU, rela-
tive density~1.0275-1.0286, at 17-19 °C, aerated via an oxygenation pump and air stone
bubblers. The 12 E. viridis specimens were separated into two groups. As a control, six
E. viridis were injected into the muscular foot with an isotonic solution (0.01 mL, 5% DMSO,
SI Table S4), the other six E. viridis, one C. annae and two C. dianae were injected with an iso-
tonic solution containing 75 uM LatA (0.01 mL, 5% DMSO). As only three live Chromodoris
specimens were available, all of them were injected with LatA and there was no additional
control Chromodoris group. Since all Chromodoris specimens survived the first experiment
with the same amount of LatA applied as in the E. viridis specimens, the experiment was
repeated a second time with a threefold and a third time with a fivefold increased amount of
LatA to account for the size difference and thus, a possible difference in the concentration of
LatA per body mass. Each injection was carried out with a fine dosage syringe (Omnifix®-F
Luer Duo, Braun, 1 mL, 0.01 mL graduation, DIN EN ISO-Norm 7886-1) and a sterile,
hypodermic Sterican® needle (25 G/0.5 x 26 mm, DIN EN ISO-Norm 7864). After injection,
all animals were kept in separate groups and observed over several hours, or days, where
appropriate. Symptoms, behavioral changes, including effects of a light stimulus, and
deaths, if occurring, were documented.

2.6. Comparative Analysis of Heterobranchia Actin Genes

Genomic DNA of 13 Chromodoris specimens (C. annae 4 sp., C. dianae 2 sp., C. lochi
2 sp., C. strigata 3 sp., C. willani 2 sp., material published by Undap et al. 2019) [18] and
of one Elysia viridis specimen (by courtesy of G. Christa), (see Table 1) were provided.
Based on available molluscan actin sequences from GenBank, NCBI [140], including several
actin isoform sequences of Aplysia californica (Heterobranchia, Anaspidea), degenerated
and subsequently, specific primers were designed for Chromodoris and the Elysia species.
The following primers were designed for Chromodoris species resulting in sequences of a
length of around ~ 885 bp: Forward “ActlF”: 5-CAG GGT GTT GGA GAA GAT CTG
GCA TC-3/, and the reverse primer “ActlR”: 5-TAG AAG CAC TTC CTG TGG ACA ATG
GA-3' (Table 2). The following specific primers were designed for Elysia viridis, resulting
in around 825 bp: Forward “F19_1": 5'-GGA GAA GAT CTG GCA TC-3/, and the reverse
primer “R19_1": 5'-GAT CCA CAT CTG CTG G -3'. Amplification (PCR) of the targeted
gene was performed by an initial step (98 °C for 30 s), followed by 32 touch-down cycles
of denaturation (98 °C, 10 s), annealing (61 °C, 30 s) and extension (72 °C, 30 s), with
a final extension step (72 °C, 2 min). The PCR products were separated using gel elec-



Diversity 2023, 15, 304

9 of 27

trophoresis (1% agarose, 110 V, 45 min) and stained with ethidium bromide (SI Figure S8).
The fragments were isolated from the gel and purified using either the Zymoclean ™
Large Fragment DNA Recovery Kit (Zymo Research Europe GmbH, Freiburg, Germany)
or the FastGene® Gel/PCR Extraction Kit (NIPPON Genetics Europe, Diiren, Germany),
according to the manufacturer’s instructions. Purified PCR products were sent to Eurofins
Genomics and sequenced by Sanger sequencing (Eurofins Genomics Germany GmbH,
Ebersberg, Germany). Sequences covering the coding region had a length of 885 bp
(Chromodoris species) and 827 bp (Elysia species). Consensus sequences were created for
each species (for accession numbers, see Table 2). Additional transcriptomic cDNA se-
quences of cladobranch species (Flabellina affinis, Embletonia pulchra, Armina tigrina) were
kindly provided by D. Karmeinski [141]. These species were selected to represent the sister
group of the Doridina.

Table 2. Specimens used for designing primers of the putative actin gene fragment and
accession numbers of the obtained consensus sequences of the five Chromodoris species and the
Elysia viridis specimen.

Species (Specimen Identifier) Accession Number
(Chan16Sa-9, Chaiﬁ?gogogiéﬂz%u6 Chel16Sa-1) OK074000
(ChaitgBars, Chelilomu-s) OK074001
(Chlc?llggf-()lg,lo(riﬁlflc 161]13u-2) OK074002
(Chmil6B(1T1P-lfrgilisct’;16s;atﬁ%ﬂ(§istl7Ba-1) OK074003
(Chfﬁ?gﬁiirghﬁlfgéu-z) OK074004
Elysia viridis OKO74005

(gDNA by courtesy of G. Christa)

The obtained Heterobranchia sequences (five Chromodoris, three Cladobranchia, one
Elysia species and the most similar isoform of the three recognized Aplysia actin sequences
(NM_001204640.1, Aplysia californica actin (LOC100533345), mRNA) [142], were aligned using
the MUSCLE algorithm implemented in MEGA X version 10.0.5 [143]. A network analysis
was performed using SplitsTree4 v4.16.2. [144], and ClustalX2.1 [145] was used for sequence
identity and distance analyses. New actin sequences were blasted in NCBI Genbank and the
closest hits were recorded. The new sequences are deposited in the NCBI GenBank database
(accession numbers see Table 2). An in silico hybrid-model of a combination of the amplified
and sequenced Chromodoris actin (286 aa) and subsequently added parts of an Armina tigrina
actin sequence (89 aa), to approximate missing amino acids for a complete actin protein
(375 aa), was created using the Phyre2 web portal for protein modelling, prediction and
analysis (SI Figure S9) [146]. The model was displayed and colored in the program PyMOL
Molecular Graphics System, Version 2.0 Schrodinger, LLC.

3. Results
3.1. Chemical Investigation of Chromodoris Nudibranchs and Cacospongia mycofijiensis

The investigated extracts from the five closely related nudibranch species: Chromodoris
annae, C. dianae, C. lochi, C. strigata and C. willani (see Figure 3), as well as one of the
associated sponge prey, Cacospongia mycofijiensis (Thorectidae, Porifera), and the mucus
trails contained a shared metabolite with protonated ion fragments and adducts typical
for the 2-thiazolidinone macrolide LatA (m/z 386 [M + H-2H,0O]*, 404 [M + H—H,O]*,
422 [M + HJ* and 444 [M + Na]", SI Figures S1-54). The metabolite was isolated by HPLC
and conclusively identified as LatA (400 pg/specimen) by further 1D and 2D NMR spec-
troscopy (Figures 4, S5 and S6, Tables S1 and S2), optical rotation measurements, and
comparison to the literature [38,46,48,112,147,148]. The HPLC-MS analysis revealed espe-
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cially high concentrations of LatA in the extracts of the dissected mantle rim containing the
MDFs, in comparison to the body (SI Figure 52). LatA was also present in small amounts in
the mucus trail, as well as in the mucus removed directly from the notum (SI Figure S1).
We observed members of several Chromodoris species feeding on C. mycofijiensis in the
field (SI Figure S7), a finding not reported before. Isolation of LatA from the collected
nudibranch and respective sponge food (SI Figure S1), further supports this dietary rela-
tionship at least in North Sulawesi. However, not all specimens were found invariably
living and feeding on C. mycofijiensis. For example, we also found Chromodoris nudibranchs
on sponges belonging to the Thorectinae subfamily and the Petrosiidae family (SI Figure S7).
These findings may support the hypothesis that Chromodoris sea slugs have less specialized
alimentary habits than previously thought [11,149].
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Figure 4. 'H-NMR spectrum of latrunculin A in CDCls.

3.2. MALDI-MS Imaging

Our MALDI-MSI analyses revealed that LatA is stored in the mantle tissue, especially
in vacuoles of the mantle dermal formations (MDFs) (Figures 5 and S4). Additionally, LatA
was found in mucus glands and the mucus (Figure 5(A2,B2)). Especially the investigated
C. dianae exhibited a copious amount of stained mucus around the body (Figure 5(B2)),
whereas in C. annae, it concentrated between mantle rim and foot. Remaining traces of LatA
were also found in the pharynx and the marginal area of the digestive gland of C. annae
(Figure 5(A2)), further supporting a dietary origin of LatA.

3.3. Fluorescence Microscopy

Incubation of HEK-293 cells with 50 uM LatA, isolated and pooled from several
Chromodoris specimens, led to collapsed, deformed and rounded-up cells within the first
24 h, due to the destruction of the filamentous actin (Figure 6B). The process was also
confirmed after 44 h (Figure 6C). In contrast, the control did not lead to any deformation of
the kidney cells within the 44 h of measurement (Figure 6A). This indicates that LatA is
stored active and unaltered in the body of Chromodoris nudibranchs.
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MALDI MSI

MALDI MSI

Figure 5. Comparison of optical and MALDI mass spectrometry images, revealing the distribution
of LatA (green) in (A) Chromodoris annae and (B) Chromodoris dianae. (A1) Dorsal overview of a
Chromodoris annae specimen. (A2) Overview of the anterior and middle cross-sections (20 pm, dotted
lines) of C. annae by light microscopy and MALDI MSI, showing the distribution of LatA (m/z
4441813 [M + Na]*, 10 pm/pixel) in green. Square indicating MDF, which is shown as a close-up in:
(A3) Close-up view of a C. annae MDF, from left to right: histological section from another specimen,
optical and MALDI image. (B1) Dorsal overview of a Chromodoris dianae specimen. (B2) Overview
of the posterior cross-section (20 pm, dotted line) of C. dianae by light microscopy and MALDI MSI,
showing the distribution of LatA (m/z 444.1813 [M + Na]*, 10 um/pixel) in green. Square indicating
MDF, which is shown as close-up in: (B3) Close-up view of a C. dianae MDE, from left to right:
histological section (from another specimen), optical and MALDI image. Abbreviations: dg, digestive
gland; ft, foot; gc, gill circle; go, gonads; LM, light microscopy; MALDI MSI, matrix-assisted laser
desorption/ionization mass spectrometry imaging; MDF, mantle dermal formation; mm, mantle
margin; ph, pharynx; v, vacuole. Scale bars: A/B2 = 1000 um; A/B3 =200 pm.
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Figure 6. Cytoskeletal visualization of HEK-293 cells using fluorescent microscopy (FM, left) with
Phalloidin staining filamentous actin (green), and Hoechst staining DNA (blue), in comparison to
light microscopy images (LM, right column). Cells were incubated in DMEM medium (A) without
LatA (control, 44 h), (B) with 50 uM LatA, isolated from Chromodoris nudibranchs for 24 h, (C) with
50 uM LatA for 44 h. Arrows mark condensed actin. Scale bars: FM =20 um; LM = 50 um.

3.4. In Vivo Toxicity Assay

All specimens (Chromodoris and Elysia) showed defensive responses during the in-
sertion of the needle, by exposing the mantle area with the MDFs (Chromodoris) or the
parapodia (Elysia), contracting the foot and the rest of the body. This behavior likely deflects
attacks toward the defensive tissue and away from the vulnerable body parts containing
the viscera.

All six control group Elysia viridis specimens (isotonic solution only), survived the
injections, returned to their provided food source Codium fragile and continued feeding. In
contrast, the six Elysia specimens injected with the isotonic solution containing 75 uM LatA
died. They showed the same defensive response as the control group during the needle
insertion. Yet afterwards, they did not return to ‘normal’ behavior. Instead, their movement
was highly constrained within 1-3 min and they could not return to their food source.
These six E. viridis specimens were observed throughout the day, and they were declared
dead at the end of the day when no recovery, no general movement, and no response to
touch or light stimuli could be observed.

All three Chromodoris specimens injected with LatA, survived all three experiments.
No LatA intoxication or further defensive responses were observed for the Chromodoris
nudibranchs, neither during the first experiment, where the same amount of LatA was used
as in the Elysia specimens, nor during the second and third experiments, where the amount
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of LatA was increased threefold and fivefold, respectively, to account for the difference in
size. When an additional light source was switched on, the animals exhibited defense and
escape behavior, by either contracting their body or quickly moving away from the light, as
was also observed before the toxicity experiment.

3.5. Comparative Analysis of Heterobranchia Actin Genes

We assumed that the protein target of LatA, i.e., actin is mutated in Chromodoris nudi-
branchs, and this way, they may be insensitive to the toxin. Thus, sequences encoding for
actin were evaluated in Chromodoris and compared to those in other related taxa. For com-
parison with the taxon Doridina, to which the genus Chromodoris is assigned, three species
of the sister taxon Cladobranchia were selected from published transcriptomes [141]. These
three species mainly protect themselves by incorporation of cnidocysts (Flabellina affinis),
or other secondary metabolites, but not LatA (Armina tigrina, Embletonia pulchra) [150].
Elysia viridis (sequenced new) and Aplysia californica (actin sequences extracted from Gen-
Bank, NCBI, [140]) belong to further different heterobranch taxa, the Sacoglossa and Anaspi-
dea, respectively. Members of both taxa feed on different algae and obtain their defensive
compounds from these algae. The newly obtained sequences covering the coding region
had a length of 885 bp (Chromodoris species) and 827 bp (Elysia species). Aligning these se-
quences together with the other extracted heterobranch sequences resulted in an alignment
with 808 nucleotides and 269 amino acid positions in length. Our comparative studies on
the 13 heterobranch species revealed a new actin isoform sequence in Chromodoris species
that differed considerably to that of the other heterobranch actin sequences, but only by few
mutations within the genus Chromodoris (Figure 7, Table 3). According to the reported mu-
tations in quite different lifeforms, including Picea, Saccharomyces, and Homo sapiens, which
cause LatA resistance (see SI Table S3 and references cited therein), we searched for similar
mutations in the heterobranch alignment. In this respect it is important to note that amino
acids differ in their physico-chemical properties, i.e., they are characterized as polar acidic
(i.e., can donate a proton), polar basic (i.e., can accept a proton), polar neutral (uncharged)
and nonpolar, affecting the structure of the respective protein and its biological function.
The here identified Chromodoris actin gene sequences show two crucial point mutations,
g.560A > G (p.D187G) and g.617G > C (p.R206T), that lead to amino acid substitutions
with changes in properties (Figure 7). The acidic aspartic acid D187 and the basic arginine
R206 usually form a hydrogen and ionic bond (a salt-bridge), essential for the stabilization
of the tertiary structure of actin and binding of latrunculins (see Figure 8) [55,101,151].
Their substitutions to the nonpolar amino acid glycine D187G and neutral threonine R206T
disable the formation of this salt-bridge, which results in alteration of the 3D actin structure.
This in turn could lead to a repulsion of LatA and thus, to resistance.

Several further differences in the latrunculin-binding region can be detected in all
investigated Chromodoris nudibranchs, of which most represent substitutions of amino
acids with similar chemical properties, such as lysine (polar basic) to arginine (polar
basic), serine (polar neutral) to asparagine (polar neutral), or threonine (polar neutral) to
serine (polar neutral). However, the flanking amino acids threonine T186 and arginine
R210 (Figure 7), which directly bind to latrunculins, are conserved in all investigated
heterobranchs, including Chromodoris. Distance analyses (percent identity matrices) and
network analyses of the Heterobranchia revealed near-identical actin sequences with >98%
DNA sequence identity (100% identity on AS level) (Figure 9, Table 3) between the five
Chromodoris species, but only >68% identity at the DNA level (>75% identity at the amino
acid level) with other heterobranch actin sequences. Cladobranchia actin sequences showed
higher similarity to the anaspid Aplysia californica and sacoglossan Elysia viridis (>82%
identity at the DNA level; >92% identity at the amino acid level) than to the Chromodoris
actin isoform sequences (Figure 9, Table 3).
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E. viridis TDYLMKILTERGYSFTTTAEREI VR
A. californica TDYLMKILTERGYSFTTTAEREI VR
F. affinis TRY LMKILTERGYSFTTTAERE | VIR
E. pulchra TDYLMKILTERGYSFTTTAEREIVR
A. tigrina TERY LMKILTERGYSFTTTAERBE | VIR
C. annae TERY LKRILHERGYNFDSSSEBME I VIR
C. dianae TEMY LKRILHERGYNFDSSSERME | VIR
C. lochi TERYLKRILHERGYNFDSSSERME I VIR
C. strigata TRYLKRILHERGYNFDSSSEBME I VR
C. willani TRYLKRILHERGYNFDSSSEBME I VR

Figure 7. Multiple consensus amino acid sequence alignments of the latrunculin-binding region of
heterobranch actins. Threonine T186 and arginine R210, directly interacting with latrunculins, are
framed with yellow rectangles. Aspartic acid D187 and arginine R206 forming a salt bridge (indicated
by arrows) are highlighted in green. The substitutions D187G and R206T are highlighted in blue.
Highly conserved amino acids are marked with an asterisk.

Table 3. Percent identity matrices of heterobranch actin sequences. (1) Identity matrix based on
808 nucleotide positions. (2) Identity matrix based on 269 amino acid positions. Values > 80% are
shown in bold.

1) C. annae C. dianae C. strigata C. lochi C. willani F. affinis A. tigrina E. pulchra A. californica E. viridis
C. annae 99 99 99 99 70 69 70 69 69
C. dianae 99 98 99 99 70 69 70 69 69
C. strigata 99 98 98 99 70 69 70 70 69
C. lochi 99 99 98 99 69 68 70 69 69
C. willani 99 99 99 99 69 69 70 69 69
F. affinis 70 70 70 69 69 82 87 85 87
A. tigrina 69 69 69 68 69 82 87 87 85
E. pulchra 70 70 70 70 70 87 87 88 89
A. californica 69 69 70 69 69 85 87 88 91
E. viridis 69 69 69 69 69 87 85 89 91
(2) C. annae C. dianae C. strigata C. lochi C. willani F. affinis A. tigrina E. pulchra A. californica E. viridis
C. annae 99 99 99 100 76 77 77 76 77
C. dianae 99 99 100 100 76 77 76 75 77
C. strigata 99 99 99 100 76 77 77 76 77
C. lochi 99 100 99 100 76 77 76 75 77
C. willani 100 100 100 100 76 77 77 76 77
F. affinis 76 76 76 76 76 92 93 93 93
A. tigrina 77 77 77 77 77 92 95 95 96
E. pulchra 77 76 77 76 77 93 95 97 97
A. californica 76 75 76 75 76 93 95 97 96
E. viridis 77 77 77 77 77 93 96 97 96

Overall, the newly obtained Elysia actin sequence and the Aplysia actin sequence,
obtained from GenBank (NCBI) [140], showed higher sequence identity to other Gastropoda
sequences available in the GenBank database, than to the newly obtained isoform from
Chromodoris sea slugs (SI Tables S5-510), which instead matched highest with lancelet
actins, Branchiostoma floridae < 79.5% amino acid identity, and predicted squirrel actins,
Urocitellus parryii < 72.4% DNA sequence identity. The obtained Elysia actin sequence
showed high sequence identity with actins of the Heterobranchia Plakobranchus ocellatus
van Hasselt, 1824, Elysia marginata (Pease, 1871) (98.5% amino acid sequence identity each),
Elysia chlorotica Gould, 1870, and Biomphalaria pfeifferi (Krauss, 1848) (97.8% amino acid
sequence identity each), whereas the Aplysia actin matched highest with another Aplysia
actin isoform (98.1% amino acid sequence identity) and the gastropods Littorina littorea
(Linnaeus, 1758) and Pomacea canaliculata (Lamarck, 1819) (97.8% amino acid sequence
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identity each). This shows high conservation of the Elysia and Aplysia actin isoform amino
acid sequences (>97%) even to more distantly related families, whereas the newly obtained
Chromodoris actin isoform sequences are more divergent, with the highest amino acid
sequence identity to other gastropods found for actin isoforms of Haliotis iris Gmelin,
1791 (>78%).

THR-206

ARG-206

Figure 8. Overall comparison (upper left and right) and close-up comparison (lower middle) of a
model of native G-actin (green, upper left, PDB: 3HBT, 375 aa) and an in silico hybrid-model of a
combination of the amplified and sequenced Chromodoris actin (286 aa) and subsequently added
parts of an Armina tigrina actin sequence (89 aa), to approximate missing amino acids (blue, upper
right, 375 aa). Native aspartic acid D187 (ASP, acidic) and arginine R206 (ARG, basic), shown
in white, form a salt bridge (yellow lines, 3.1 and 2.7 A), whereas the substitutions glycine G187
(GLY, nonpolar) and threonine T206 (THR, neutral), shown in black, present in Chromodoris actin,
do not interact. Both substitutions are adjacent to the nucleotide binding cleft and are part of the
latrunculin-binding region.
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Figure 9. Unrooted phylogenetic split network of heterobranch actins, showing two distinct actin
groups. Separation is indicated by a dotted red line. The network is based on the core nucleotide
coding region (808 bp) of combined genomic gDNA (Chromodoris and Elysia) and transcriptomic
c¢DNA (Armina, Embletonia, and Flabellina) actin sequences. The Aplysia californica actin sequence
was obtained from GenBank. Sequences were aligned using the MUSCLE algorithm in MEGA X
version 10.0.5. The split network was generated using SplitsTree4 v4.16.2. and the NeighborNet
method. The scale bar indicates 0.01 substitutions/site.

4. Discussion

All members of the five investigated Chromodoris species were found to sequester
and store LatA as a major metabolite. Until now, the incorporation of latrunculins has
been reported for Australian Chromodoris annae, C. elisabethina, C. kuiteri, C. lochi and
C. magnifica [11,15,35,37,39], South and East African C. hamiltoni [36,40], as well as for
C. quadricolor [41,42], and C. africana from the Red Sea [43]. We therefore confirm here the
presence of LatA for members of C. annae and C. lochi from Indonesia, and describe the
compound new to C. dianae, C. strigata and C. willani.

LatA was also isolated from one of the respective sponge foods, C. mycofijiensis
(SI Figures S1 and S7), which supports a dietary origin of LatA and additionally broadens
the known food range of Chromodoris species to this special sponge species. Feeding traces
on C. mycofijiensis (SI Figure S7), as well as remnants of LatA in the pharynx and digestive
tract (Figure 5) further confirm the origin of this toxin from the food. Our studies show
that LatA was not biotransformed by Chromodoris nudibranchs, but instead stored actively
within the mantle rim, mucus glands and MDFs and thus retained its cytotoxic activity.
This was experimentally shown in HEK-293 cells (Figure 6), which died after they were
exposed to our extracted LatA. This is in contrast to other members of Heterobranchia,
even members of the Chromodorididae (Felimare, Glossodoris), where biotransformation
as a detoxification mechanism has been proposed [3,22,123,152-157]. However, these
sea slugs do not accumulate latrunculins in compartments, but other sequestered com-
pounds from their diet, such as the sesterterpenoid scalaradial, which is transformed
into related molecules, in particular 6-keto or 12-keto derivatives [3,22,123,152-157]. The
MALDI-MSI was used on cross-sections of C. annae and C. dianae (Figure 5) to visualize the
long-proposed hypothesis that MDFs of the mantle tissue act as important storage compart-
ments for toxic compounds and potent defensive toxin packages [1,111,120-126,158-160].
Hamilton et al. applied the same technique to a different Chromodoris species, C. kuiteri,
with similar results [39]. Chromodoris nudibranchs compartmentalize LatA, a mechanism
that is commonly used to prevent autotoxicity, indicating that the initial role of these
vacuoles and accumulation structures might have been excretory or auto-protection and
evolved later into a defensive organelle [129]. A similar compartmentalization was also
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described in a prey sponge N. magnifica in the Red Sea, storing high concentrations of LatB
within membrane-bound, actin-free vacuoles in archeocytes [54]. Future studies might
reveal that compartmentalization and storage of latrunculins in actin-free vacuoles is a
common mechanism to cope with these toxic substances among organisms producing or
sequestering them.

Furthermore, we found that LatA is present in the epidermis and mucus glands, as
well as in the mucus from the notum. This might indicate a continuous excretion of the
compound together with the mucus and thus, act as an additional repellent to putative
predators, or as an antifouling agent. We also found a small amount of LatA in the mucus
trail (SI Figure S1), which could serve as a chemical cue for additional purposes, such as
chemical communication [11,30,161]. LatA has low solubility in water (~0.02 mg/mL),
allowing for short-range chemical communication in aqueous environments through taste.
The use of LatA as a semiochemical in the mucus trail could simultaneously inform and
attract mating partners, while deterring predators from trying to follow the trail. For
gastropods, the production of mucus is vital, but costly, and several behavioral adaptations,
such as trail following, have evolved to compensate for energy losses [21,28,162]. However,
leaving a trail poses a risk, as it reveals the position not only to mating partners, but also to
predators. It has been shown that gastropod conspecifics and predators alike can pick up
various cues, allowing them to determine the polarity (i.e., direction) of the trail and follow
it to the mucus-producing organism [21,28]. Many, but not all, Chromodoris nudibranchs
are known to display bright and contrasting coloration where MDFs are distributed in
the mantle tissue, thus acting as visual signals, such as aposematic coloration and the
use of mimicry, to advertise their toxicity [11,18-20,125,128,129,160,163]. Addition of LatA
to the mucus would deter putative predators with poor vision or when visibility is not
guaranteed, therefore playing an important role in enhancing warning signals.

Every eukaryotic cell depends on the many structures and functions provided by the
evolutionary ancient protein actin or its variant isoactins [86,88,89,91-97,164-168]. With our
experiments, we were able to confirm that LatA targets the actin cytoskeleton. Therefore,
LatA is a highly effective defensive compound against any eukaryotic predator. This
potency was recently shown experimentally by Winters et al. who classified LatA as a
highly toxic and highly unpalatable toxin (Class I and II) to a number of potential model
predators [15]. However, this also requires the resistance of the user storing the toxin, in
this case, Chromodoris nudibranchs, to its cytotoxicity.

This putative resistance against the toxic LatA, was confirmed here in in vivo experi-
ments with direct administration of LatA into living slugs. As was expected, the unrelated
sacoglossan heterobranch Elysia viridis showed 100% mortality, which is in accordance with
other toxicity assays where LatA also caused 100% mortality in mosquitofish and brine
shrimp [11,169]. In contrast, the Chromodoris specimens survived all the experiments and
returned to normal behavior shortly after the injection.

The injection evoked first some behavioral response within all specimens (control
as well as with LatA injected), similar to the descriptions of defensive behavior of other
nudibranchs [170-172]. Survival of Chromodoris specimens shows that the slugs are immune
to the toxic substance and that the slugs’ actin formation is not impaired.

Considering LatA’s mode of action [55,60,79], known established mechanisms for
the evolution of toxin resistance [107-109,173,174], and studies reporting individual cases
of resistance to LatA [51,52,55,60,99-105], prompted us to sequence and compare several
heterobranch actin genes to find a possible molecular resistance mechanism in Chromodoris
nudibranchs. This is the first time that any underlying molecular resistance mechanism
in heterobranch sea slugs toward sequestered toxic molecules has been investigated. We
identified a novel actin isoform in all examined Chromodoris species containing two crucial
amino acid substitutions at the ‘nucleotide binding’ cleft, the binding site of LatA (Figure 7).
In a previous study, a mutation of D187 has experimentally been shown to inhibit latrun-
culin binding in Norway spruce (see SI, Table S3) [101]. So far, latrunculin-resistant actins
have been found in yeast (Saccharomyces), Norway spruce (Picea abies), and human patients
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with Baraitser-Winter syndrome, in which a strengthened G-actin monomer—-monomer
interaction, increased F-actin content and stability, and an overall influence on the com-
position of actins in the F-actin pool and dynamics of polymerisation is suggested. These
changed properties are considered responsible for increased resistance against the depoly-
merizing activity of LatA [100,102,103,151,175]. Based on these reports and our results,
we infer that the substitutions D187G and R206T of the ‘nucleotide binding’ cleft lead
to target-site modifications, interfering with LatA binding, hence causing insensitivity to
LatA. The D187G/R206T isoactin could enable Chromodoris nudibranchs to sequester LatA
from C. mycofijiensis (and other sources) and compartmentalize it in their mantle tissue
for defense, without having to suffer from its cytotoxicity. Nevertheless, these results are
only a first step towards a better understanding of toxin resistance in nudibranchs and
do not exclude other possible resistance mechanisms that could be exploited in synergy.
Additional studies regarding heterobranch actins and their expression, as well as a full
characterization of the novel Chromodoris actin isoform, its physico-chemical properties and
the affinity of its binding sites, are needed to further investigate and verify this hypothesis.

In most eukaryotes, actin proteins consist of multiple isoforms with overlapping but
non-redundant functions, encoded by structurally related genes that evolved by duplication
and divergence from a common ancestral gene [89,91,97,164,166,168]. Convergent toxin
resistance, driven by gene duplications and substitutions, is commonly observed among
organisms in chemically defended, antagonistic predator-prey relationships [176-178].
Duplications of the actin gene with followed diversification are also common and known
from freshwater and marine gastropods [142,179-184]. The increased divergence of the
new Chromodoris actin isoform to the other heterobranch actins by >23% at the amino acid
level (Table 3, Figure 7) could be attributable to duplication events and further speciation
in chromodorid nudibranchs. In this case, mutations of the novel isoactin, leading to
resistance against latrunculins, would provide an inheritable evolutionary advantage to
Chromodoris nudibranchs. This additional isoactin would enable the slugs to forage on a
specific diet that contains latrunculins, while maintaining the functionality of the essential
native actin.

Still, little is known about the diversity, classification, expression and molecular evolu-
tion of actin isoforms in marine molluscs and this is the first study to investigate them for a
member of the Heterobranchia, which are known for a long time to sequester and store actin-
binding, cytotoxic metabolites. For example, the dorid sea slug Hexabranchus sanguineus
(Rippell & Leuckart, 1830) accumulates kabiramides and ulapualides [23,72,82,98,185-188],
and the anaspidean Aplysia kurodai Baba, 1937 sequesters the toxic macrolide aplyronine
A [72,82,189-192]. Kabiramides, ulapualides and aplyronine A have a similar mode of
action as latrunculins; however, they bind to the hydrophobic ‘target binding’ cleft be-
tween subdomains I and III of G-actin monomers, like all other actin-depolymerizing
macrolides, and unlike latrunculins to the ‘nucleotide binding’ cleft, between subdomains
II'and IV [55,60,79,90,193,194]. Another intriguing question is how members of the genus
Gymmnodoris (Doridina) developed toxin resistance, given that they are known to be fierce
predators of other sea slugs, including chromodorids [21]. Future studies may reveal
additional actin isoforms, which would allow a more detailed analysis of the evolution of
actin proteins in this so far neglected group and their importance in toxin resistance and
chemical defense.

5. Conclusions

We found that nudibranchs of the genus Chromodoris, collected in North Sulawesi,
Indonesia, sequester the highly cytotoxic macrolide LatA from one of their food sources,
which in this study was observed to be Cacospongia mycofijiensis. They accumulate LatA
untransformed in their mantle tissue and mucus glands. In particular, LatA was compart-
mentalized in high amounts in the vacuoles of MDFs, emphasizing their importance as a
subcellular toxin repository. Furthermore, LatA was secreted with the mucus, possibly as a
semiochemical to attract mating partners and deter predators. LatA’s cytotoxicity directly



Diversity 2023, 15, 304

19 of 27

results from its binding to one of the essential eukaryotic proteins, G-actin monomers,
prohibiting their polymerization and severing the F-actin network, ultimately resulting in
the collapse and death of the cell. However, in vivo experiments with direct administration
of LatA led to a mortality of 100% in Elysia viridis sea slugs and 0% mortality in Chromodoris
nudibranchs. We amplified, sequenced, and described a novel actin isoform from all in-
vestigated Chromodoris species, carrying crucial amino acid substitutions at the ‘nucleotide
binding’ cleft of actin, the binding site of LatA. Especially the amino acid substitutions
D187G and R206T, which usually form an important salt-bridge, have been identified
as possible underlying genetic mechanisms resulting in LatA resistance. This is the first
study investigating a molecular mechanism of resistance in a group of heterobranch sea
slugs and improving our understanding of a possible gene-based resistance mechanism
in Chromodoris sea slugs against the cytotoxin LatA. We hypothesize, that the resistance to
LatA is caused by a novel D187G/R206T isoactin, which would enable Chromodoris nudi-
branchs to sequester the toxin from their prey C. mycofijiensis (among others). Furthermore,
this would allow them to store LatA for a longer period in the mantle tissue and use it for
their defense, without suffering from its cytotoxicity.

Additionally, the bright or contrasting coloration of the mantle tissue where MDFs
are distributed would draw the attention of predators to this chemically well-defended
area [125,128,129,160,163].

We hope our work emphasizes the potential of toxin and resistance research in het-
erobranch sea slugs, by combining insights from a chemical, molecular, ecological, and
cell biological perspective. Many questions remain to be resolved and we hope to in-
spire future studies investigating marine gastropod isoactins, their evolution, expression,
physico-chemical properties and possible implications for cytotoxin resistances.
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