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ECOLOGY

Defensive polyketides produced by an abundant
gastropod are candidate keystone molecules in

estuarine ecology

Paul Scesa', Helen Nguyen?, Paige Weiss?, Alejandra P. Rodriguez?, Matthew Garchow?,
Shannon I. Ohlemacher®t, Evangelia Prappas?, Serena A. Caplins®, Carole A. Bewley?,
Laine Bohnert>, Amanda J. Zellmer®, Eric M. Wood?, Eric W. Schmidt’, Patrick J. Krug®*

Secondary metabolites often function as antipredator defenses, but when bioactive at low concentrations, their
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off-target effects on other organisms may be overlooked. Candidate “keystone molecules” are proposed to affect
community structure and ecosystem functions, generally originating as defenses of primary producers; the broader
effects of animal chemistry remain largely unexplored, however. Here, we characterize five previously unreported
polyketides (alderenes A to E) biosynthesized by sea slugs reaching exceptional densities (up to 9000 slugs per
square meter) in Northern Hemisphere estuaries. Alderenes comprise only 0.1% of slug wet weight, yet rendered
live slugs or dead flesh unpalatable to three co-occurring consumers, making a potential food resource unavailable
and redirecting energy flow in critical nursery habitat. Alderenes also displaced infauna from the upper sediment
of the mudflat but attracted ovipositing snails. By altering communities, such compounds may have unexpected
cascading effects on processes ranging from bioturbation to reproduction of species not obviously connected to

the producing organisms, warranting greater attention by ecologists.

INTRODUCTION

For over 50 years, ecological theory has recognized the dispropor-
tionate impact of keystone species, taxa that control tipping points
between alternative states and have many strong links in interaction
networks relative to their abundance (1-4). Advances in chemical
ecology led to the hypothesis that “keystone molecules” may analo-
gously affect food webs and community structure, altering expected
patterns of energy flow and species distributions at low relative con-
centrations (5-10). Such compounds may mediate diverse ecologi-
cal processes because chemosensory mechanisms are evolutionarily
conserved among taxa, and molecules often persist and propagate
through food webs. For instance, the same toxin can deter general-
ists yet attract specialist feeders that accumulate it for their defense;
other life stages or species may then detect or deploy that toxin as
a pheromone or alarm cue (9). However, keystone molecules are
not well integrated into theories of community or ecosystem-scale
processes (7-9).

Food webs based on marine phytoplankton are often affected in
complex ways by algal defensive molecules. Compounds like saxi-
toxin produced by harmful algal blooms become concentrated at
higher trophic levels and can be used by resistant species in defense
or as chemosensory cues; by altering foraging behavior of predators,
such toxins influence community structure and drive large-scale ef-
fects associated with red tides (7, 10, 11). In pelagic systems, di-
methyl sulfide (DMS) is produced enzymatically as a breakdown
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product when phytoplankton are ingested and may directly affect
grazing rates and gut physiology of consumers at low trophic levels
(12). DMS also attracts foraging sea birds at great distances to high-
productivity patches where fish and crustacean consumers gather
(13, 14), and DMS signaling promotes energy transfer from marine
to terrestrial systems when seabirds excrete wastes on island roosts
(7, 15).

Pyrrolizidine alkaloids (PAs) from plants play similarly diverse
roles in terrestrial ecosystems, altering the composition of the rhizo-
sphere. PAs suppress hyphal growth in endophytic fungi associated
with species lacking PAs, but not mutualistic fungi of PA-producing
species (16). These compounds also act as oviposition cues for spe-
cialized arctiid moths, which sequester PAs as antipredator defenses
and as mate attractants (9, 17, 18). Microbial metabolites may also
regulate soil nutrient cycling and plant primary production, but
there is a lack of theory synthesizing the impacts of keystone mole-
cules across marine and terrestrial systems (19).

Notably, classic keystone species were recognized through top-
down effects, whereas most proposed keystone molecules influence
communities via bottom-up effects. However, many primary consum-
ers are chemically rich and rely on secondary metabolites for defense
and signaling, including insects (20), gastropods (21), and filter-feeding
invertebrates (22). Defensive compounds in abundant consumers
may affect food webs by limiting the energy from primary production
reaching higher trophic levels. Keystone molecule status may be war-
ranted when a feeding deterrent further links a consumer to other
community members in interaction networks through unexpected re-
sponses. For instance, many bioactive compounds show both anti-
feedant and antimicrobial activity, so they could deter predators while
changing the microbiome of surrounding sediments or surfaces (22).
The same secondary metabolite could alter community structure by
differentially attracting or repelling species that would not otherwise
interact with the producing organism or disrupting ecological process-
es regulated by chemical signaling like spawning or recruitment (23).
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Sea slugs (marine heterobranch gastropods) generally lack a pro-
tective shell and use alternative defenses such as sequestering diet-
derived compounds (21) and cnidarian nematocysts (24), or de novo
biosynthesis of deterrents (21). Ecological impacts of sea slugs have
primarily been recognized in disturbed systems: the loss of ptero-
pods due to ocean acidification (25), alteration of infaunal commu-
nities by invasive predators (26), or control of introduced macroalgae
by herbivores (27). However, bioactive metabolites of sea slugs may
play a keystone role by protecting impactful consumers that would
otherwise be abundant prey items while exerting unrecognized ef-
fects on the surrounding community (28). Here, we show that sea
slugs in the genus Alderia are exceptionally abundant grazers in bo-
real to warm-temperate estuaries throughout the Northern Hemi-
sphere, but a chemical defense protects this potential food resource
from predation, shunting substantial energy away from higher tro-
phic levels. The compounds are released in slug pedal mucus and
potentially in concentrated pulses during mass die-off events. Field
experiments reveal that slug compounds trigger rapid changes in the
abundance of nearby infauna; thus, defensive metabolites have unex-
pected effects on food webs and community structure, with potential
ecosystem-level implications.

RESULTS

Boom-and-bust population dynamics of Alderia, an
abundant estuarine grazer

The yellow-green (heterokont) alga Vaucheria is a dominant prima-
ry producer in the high intertidal zone of mudflats, forming mossy
mats that stabilize sediment. In Northern Hemisphere estuaries,
amphibious sea slugs in the genus Alderia specialize on Vaucheria,
surviving in nearly fresh water to fully marine conditions and living
out of water for extended periods (29-31). European slugs are Alderia
modesta (Lovén, 1844), while a divergent but externally cryptic spe-
cies, A. cf. modesta, is widely distributed from San Francisco Bay,
USA throughout the North Pacific and western North Atlantic (32-34).
A distinctive congener, Alderia willowi [Krug, Ellingson, Burton, and
Valdés, (35, 36)], is found in California, USA.

Alderia spp. are small, 2- to 12-mg wet weight (37, 38), but often
extraordinarily abundant (table S1). Pooling data across all three
species, mean slug density throughout the year increased with lati-
tude (Fig. 1A, and results of a linear regression: P < 0.0001). Most
populations averaged from 100 to 800 slugs/m?, but the highest lati-
tude population of A. modesta had a mean of ~5000 slugs/m* (31).
Peak density for a year also increased with latitude (Fig. 1B, and re-
sults of a linear regression: P < 0.0001). Most populations peaked at
1000 to 5000 slugs/m?, but at the highest latitude, maximum density
was a remarkable ~9000 slugs/m”. Even low-latitude populations of
A. willowi achieved high mean (>150 slugs/m?) and peak densities
(>1000 slugs/mz).

Population dynamics of both A. cf. modesta and A. willowi were
tracked for several years in Mill Valley, San Francisco Bay (Fig. 1, C
and D) (38). Each species had one peak in annual abundance follow-
ing a major recruitment event. Densities of A. cf. modesta peaked in
February and March when most individuals were juveniles (<2-mg
wet weight) (Fig. 1C); although mean densities for Mill Valley ranged
from 650 to 1150 slugs/m* (N = 3 years), peak local densities ex-
ceeded 11,000 slugs/m®. However, 1 month later, densities declined
by 72% (£8% SE; N = 3 years). Maximum annual mud temperatures
occurred each in April and May, coinciding with observed mass die-off
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events. In April 2008, maximum mud temperature during low tides
was 41.1°C on a transect where 82.8% (+9.4% SE; N = 4 quadrats) of
slugs were discolored and dying in the field; mortality was con-
firmed by microscopic examination over several hours after collec-
tion. In April 2009, 36.5% (+14.9% SE; N = 4) of slugs from the
same transect were dead in the field on a day when maximum mud
temperature was 34.4°C, as were a smaller proportion of slugs from
two nearby transects (Fig. 1E). Such temperatures exceed the toler-
ance of Alderia spp. (39). Surviving slugs grew larger but rarer
through summer; although the population declined by >99%, A. cf.
modesta was present year-round.

In contrast, A. willowi was absent from San Francisco Bay from March
to August, recruiting in late summer (Fig. 1D). Abundance peaked in
October and November; maximum density was 1393 + 387 slugs/m*
in 2008. A. willowi produces both dispersive larvae and also nondis-
persive offspring that recruit locally (36, 38); cohorts therefore over-
lap, and size and density were uncorrelated (Fig. 1D). Although mass
die-offs were not directly observed, seasonal mortality was equally
marked for A. willowi, with abundance falling by 51 + 5% (+SE;
N = 2 years) within 1 to 2 months of peak density, and >99% by
January and February for each annual cohort. Although lacking de-
tailed surveys, similar population cycles were inferred for Alderia
spp. at more northern latitudes (29-33, 37).

Assuming brackish emergent tidal marsh represents suitable hab-
itat for Alderia, mean fall biomass was estimated as 170 kg for Mill
Valley (Fig. 1E) and >15,000 kg for all mudflats in San Francisco Bay;
mean estimates for spring were 860 kg in Mill Valley and >75,000 kg
for San Francisco Bay. At peak densities, estimated biomass of A. willowi
was >1100 kg for Mill Valley and >100,000 kg for San Francisco Bay,
and for A. cf. modesta, >2300 kg in Mill Valley and >200,000 kg in San
Francisco Bay. If even a fraction of tidal marsh is colonized by slugs,
Alderia populations may thus represent a large potential food source
for invertebrate predators, juvenile fish, and migratory waterfowl or
resident shorebirds (33).

Polyketides and their biosynthesis in Alderia

Slugs on the mudflat lack obvious defenses, but if slugs are chemically
defended, primary production from Vaucheria may be shunted away
from higher trophic levels. As both consumers and potential prey, the
role of Alderia in estuarine food webs thus remains an open question
with implications for resource distribution in sensitive nursery habitat
across the Northern Hemisphere (39-41). Boom-and-bust population
dynamics also suggest that defensive chemistry might be released into
the environment during episodic mass die-offs with potentially wide-
spread community effects.

Alderia have a pungent scent, but no prior study analyzed their
secondary metabolite profile. Phylogenetic evidence suggested that
Alderia might biosynthesize polyketides (PKs), secondary me-
tabolites with a range of biological activities. Superorder Sacoglossa
contains superfamilies Plakobranchoidea—comprising chloroplast-
retaining, photosynthetic species—and Limapontioidea—comprising
largely nonphotosynthetic taxa (including Alderia) with dorsal
appendages termed cerata that may autotomize (42). We recently
characterized a previously unrecognized branch of PK-synthesizing
enzymes [animal fatty acid-like polyketide synthases (AFPKs)] in
protostome bilaterians (43-45). In highly photosynthetic species in Pla-
kobranchoidea, the enzymes EcPKS1 and EcPKS2 produce unsaturated,
medium- and long-chain pyrones using methylmalonyl-coenzyme
A as a substrate, otherwise unknown in animal lipid metabolism. The
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Fig. 1. Density and population dynamics of Alderia spp. (A and B) Exceptional mean (A) and peak (B) population densities scale with latitude in A. modesta (blue), A. cf.
modesta (green), and A. willowi (red). (C and D) Seasonal abundance and growth of Alderia spp. cohorts in San Francisco Bay from 2008 to 2010. Mean number (+ SE) of
slugs/m? plotted for A. cf. modesta (green circles) and A. willowi (red circles), with wet weight (gray squares, dashed lines); N = 16 quadrats per survey. (E) Mass die-offs in
A. cf. modesta coinciding with peak annual mud temperatures in April of 2008 and 2009. Inset, map of Mill Valley, San Francisco Bay, showing four permanent transects.

longer unsaturated pyrones may facilitate animal photosynthesis due to
their antioxidant or photoprotective properties, usually forming addi-
tional cyclic motifs (43). In contrast, cerata-bearing slugs expressed
different lineages of AFPKs (44), and all species studied to date con-
tained short-chain, monocyclic PKs of unknown function. AFPKs are
prevalent in shell-less gastropods that otherwise lack strong diet-
derived defenses, suggesting a potential antipredator function (45).
However, large fish and crab species consumed Alderia over a 3-day
trial in one prior study (46).

Inspired by their odor and abundance, we chemically character-
ized both Alderia spp. from California. Liquid chromatography-
mass spectrometry (LC-MS) analysis of acetone extracts of individual
A. cf. modesta and A. willowi revealed peaks with fragmentation
patterns and molecular masses consistent with sacoglossan PKs
(Fig. 2A and table S2). Individually analyzed A. cf. modesta (N = 7)
contained at least five PKs in proportions that varied only slightly
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among individuals (fig. S1). Two of the compounds (1 and 5) were
also present in A. willowi, again in proportions that varied minimally
among individual slugs (N = 7).

Acetone extraction of ~200 whole A. modesta specimens, followed by
dichloromethane extraction and LC-MS, revealed the presence of at least
five PK metabolites, each with five degrees of unsaturation and varying
degrees of methylenation. Reversed-phase flash chromatography on C,g
followed by semi-preparative high-performance LC (HPLC) on a phen-
ylhexyl column led to the purification of five new cyercene-class metab-
olites, alderenes A to E (1 to 5) (Fig. 2B). Structures were elucidated
by one-dimensional (1D) and 2D nuclear magnetic resonance (NMR)
experiments [heteronuclear multiple-quantum coherence, heteronu-
clear multiple-bond correlation (HMBC), and correlation spectroscopy
(COSY)] plus tandem MS. All alderenes exhibited strong ultraviolet
(UV) absorptions with Ay values between 232 and 235 nm, and infra-
red (IR) bands around 1712 cm™ typical of a-pyrones. Compared to
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Fig. 2. Alderenes A to E, new PKs isolated and characterized from Alderia. (A) Overlaid LC-MS traces of acetone extracts of an individual A. cf. modesta (green) and
A. willowi (blue), showing the molecular masses of five PKs, two from both species (1 and 5) and the remainder from A. cf. modesta. (B) Structures for alderenes A to E
(1 to 5). (C) Structure elucidation and relative configuration of alderene A (1) determined by 2D NMR experiments. (D) Comparison of experimental versus calculated ECD

spectra confirmed the structure and absolute configuration of 1 as diagrammed.

polypropionate pyrones reported from related molluscs (47-51),
these data indicated that the Alderia metabolites represented a class of
dihydro-a-pyrones with a reduced head group, unprecedented from
sacoglossans. Metabolites differed from one another on the basis of
various degrees of methylenation, likely reflecting the incorporation of
malonyl versus methylmalonyl precursors during PK chain extension.

Scesaetal., Sci. Adv. 10, eadp8643 (2024) 30 October 2024

Electrospray ionization (ESI)-MS spectra of alderene A (1) sug-
gested the molecular formula Cy4H20O3 with an observed ion at
mass/charge ratio (m/z) 259.1310 [M + Na]* (calc. m/z 259.1305),
which was also supported by the overall ’C NMR data (Table 1).
An intense IR band at 1711 cm ™" together with a >C NMR signal at
d¢c 163.9 indicated the presence of a conjugated ester with a UV
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maximum at 232 nm. The y-pyrone ring of 1 was characterized by
">C NMR resonances of 8¢ 167.3 (C-2), 89.7 (C-3), 175.8 (C-4), 34.3
(C-5), and 88.8 (C-6), as well as by four 'H NMR signals at 8y 5.11
(H-3),3.74 (Me-0), 2.80 (H-5), 4.35 (H-6), and 1.04 (Me-5) (Table 1,
Fig. 2B, and Supplementary NMR data). Correlations in the 2D
COSY spectrum between H-5 and H-6 supported the structure of
the dihydro-a-pyrone; this structure was confirmed by correlations
in the 2D HMBC, with the position of the enol ether indicated by
the cross-peak between the Me-O proton resonance and the C-4
resonance. The presence of the lactone was confirmed by cross peaks
between H-6 and C-2 resonances (Fig. 2C and Supplementary NMR
data). The "H NMR spectrum of 1 also showed two downfield reso-
nances, oy 5.91 (H-8) and 5.43 (H-10), that were attributed to the

protons of two side-chain double bonds, as well as three olefinic
methyl resonances, 8y 1.80 (Me-7), 1.74 (Me-9), and 1.68 (C-11)
(Table 1). The presence of four additional olefinic resonances in
the °C NMR at 8¢ 129.2 (C-7), 135.8 (C-8), 132.5 (C-9), and 126.1
(C-10) further supported the presence of this side chain. The con-
nection of the pyrone ring with the unsaturated side chain and the
respective position of each methyl group was unambiguously as-
signed by an array of cross peaks in the HMBC spectrum (Fig. 2C).

The relative configuration of 1 was determined by NMR data
analysis, using nuclear Overhauser effect and J coupling relationships
as well as chemical shift arguments. A lack of 2D nuclear Overhaus-
er effect spectroscopy (NOESY) correlations between H-8 and the
Me-7 'H; resonances, as well as between H-10 and the Me-9 'Hj

Table 1. Chemical shifts for alderenes A to E (1 to 5) in CDCls, based on >*C NMR and '"H NMR experiments.
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resonances, suggested an E,E-geometry of the side chain; this con-
figuration was further supported by the relatively low *C chemical
shifts for Me-7 (8¢ 13.0) and Me-9 (8¢ 16.5), which are typical of
E-configured polypropionates (46, 48). Comparing molecular mod-
els for each diastereomer in its various conformational states, as-
sisted by density functional theory (DFT) optimization and free
energy calculations, facilitated analysis of NOESY data. It was deter-
mined that the E,E-diene preferred two near S-cis conformations
twisted out of plane by +45° in either direction, likely due to sub-
stantial A™ strain between Me-7 and Me-9. For the pyrone ring in a
trans configuration, two half chair conformations were determined,
with H-5 and H-6 adopting a preferred axial orientation. Another
conformational state with H-5 and H-6 equatorial likely accounts
for the 10-Hz coupling between these protons. This overall structure
was confirmed using NOESY correlations (Fig. 2C). NOESY cross
peaks between H-5 and Me-7 and between Me-7 and H-10 indicat-
ed that the planes of the diene chain and pyrone ring were nearly
orthogonal, with these protons oriented toward the a-face of the
ring. NOESY correlations between Me-5 and H-6 indicated their cis
orientation on the ring, and correlations from H-8 to Me-5, H-6 and
Me-9 demonstrated that these protons were all oriented toward the
f-face of the pyrone ring. Overall, these data indicated that 1 had
the trans-pyrone ring with two E-double bonds. To determine the
absolute configuration, four conformers of this diastereomer
were Boltzmann weighted and the electronic circular dichroism
(ECD) spectra computed by time-dependent DFT (TD-DFT).
The experimental ECD spectrum was consistent with the pre-
dicted spectrum for 1 (Fig. 2D), allowing determination of the
5S,6R-absolute configuration.

The structures of 2 to 5 were determined primarily by compari-
son of NMR data to that of 1 (Table 1). Alderenes 1 to 5 all showed
similar IR and UV spectra, indicating pyrone and diene functional-
ities. Different methylation patterns were consistent with the NMR
spectroscopic dissimilarities between compounds. Alderenes 2 and 4
had an additional olefinic methyl resonance and an increased chem-
ical shift at C-3, indicating methylation at this site. Alderenes 3 and
4 lacked the Me-11 olefinic methyl doublet, showing instead an ali-
phatic methyl triplet and additional allylic methylene. Furthermore,
3 and 4 showed an olefinic methine triplet at C-10, indicating that
these metabolites were C-11 homologs of 1. These proposed struc-
tural variations were consistent with high-resolution MS and 2D
NMR data (fig. S2 and Supplementary NMR data). Alderenes 1 to 4
showed optical rotations of the same sign, and 1 and 3 showed very
similar ECD spectra. Hence, 1 to 4 were determined to be of the
same absolute configuration on the basis of these properties, while 5
is likely of the same absolute configuration on biogenetic grounds.

Major alderenes are secreted in the pedal mucus of crawling slugs.
LC-MS analysis of Vaucheria patches on which slugs had recently
crawled detected alderenes 1 and 5, whereas analysis of egg masses
did not detect any PKs (fig. S3). In a standard bioassay for antimicro-
bial activity, alderene A (1) inhibited growth of Staphylococcus aureus
at 25 pg/ml but not Escherichia coli or Acinetobacter baumannii.

We identified AFPKs in the transcriptome of A. cf. modesta
(AmPKS1 and AmPKS2) that grouped with EcPKSI and EcPKS2
from E. chlorotica in the sacoglossan-specific mo-clade 1 (Fig. 3).
AmPKS enzymes belong to a subgroup predicted to biosynthesize
short-chain pyrones (44). Thus, the sequenced genes expressed by
A. cf. modesta are consistent with the structures of the alderenes.
Factors leading to the unprecedented reduced dihydro-pyrone ring
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have yet to be elucidated. Expression of AmPKSI was three to five
times lower than that of the FASI and FAS2 genes, normalized to
glyceraldehyde-3-phosphate dehydrogenase, whereas expression of
AmPKS2 was comparable to FAS2 but still less than half that of FAS1
(Fig. 3, inset).

PKs deter co-occurring predators

We hypothesized that in Alderia, PKs primarily function as an ad-
aptation to deter benthic predators likely to encounter small slugs.
Antifeedant assays were performed using three size-appropriate, co-
occurring mudflat predators: the arrow goby fish Clevelandia ios,
the polychaete worm Neanthes arenaceodentata, and the lined shore
crab Pachygrapsus crassipes. All worms made repeated predation at-
tempts on live A. cf. modesta, attacking slugs 2.3 times +0.4 SE more
often than squid mantle (positive control), which was consumed
after one bite (sign test, P = 0.002). Every worm (N = 20) ultimately
rejected the slug but consumed squid controls (Table 2; Fisher’s ex-
acttest, P=7 X 10_12); worms often demonstrated a stress response
such as shaking the head, repeatedly everting the proboscis, or back-
ing away from slugs (movie S1). Similarly, crabs (N = 9) rejected all
live A. cf. modesta but ate squid controls (Table 2; Fisher’s exact test,
P=2x107°). Most crabs passed the slug over their mouthparts and
then dropped the slug. Two crabs attempted to feed on A. cf. modesta
but spent most of the trial pulling mucus strands from their mouth,
ultimately dropping the slug (movie S2). Controls were consumed
in a significantly shorter time, 25.1 s + 3.0 SE (fig. S4A). All slugs
survived for 7 days after crab predation attempts. Fish (N = 10)
attacked live A. cf. modesta 2.8 times + 0.3 SE (range, one to four
attacks) but made just one attempt per control (sign test, P = 0.002),
rejecting all live slugs while consuming squid controls (Table 2; Fisher’s
exact test, P = 5 X 107°). Fish spent significantly longer mouthing an
A. cf. modesta (29.4 s + 4.3 SE) compared to controls (8.1 s + 0.6 SE)
before finally expelling the slug (movie S3).

Responses to live A. willowi were comparable. Worms rejected all
live slugs (N = 10) (Table 2; P = 5 X 10™°) after making about twice
as many feeding attempts compared to controls (sign test, P = 0.002).
Crabs (N = 9) ate no live A. willowi (Table 2; P = 2 x 10™°); four at-
tempted to feed for the whole trial but consumed only 1 mm + 0.2 SE
of a slug’s body (5-mm mean length). Crabs spent most of the trial
removing mucus from their mouth, whereas controls were consumed
in only 11.5 s + 1.6 SE (fig. S4B). All slugs survived 7 days after at-
tempted crab predation. Fish (N = 10) consumed no live A. willowi
but ate all controls (Table 2; P = 5 x 107°), attacking slugs 4.1 times
+ 0.4 SE (range, one to six attacks) versus one attempt per control
(sign test, P =0.002). Fish spent 24.4 s + 3.8 SE mouthing A. willowi
versus 7.1 s + 1.0 SE to consume controls.

To determine whether active secretion of mucus was an essen-
tial component of slug defense, we tested the palatability of dead
slugs that had been flash-frozen and then thawed immediately be-
fore assays. All worms, crabs, and fish rejected every dead A. cf.
modesta offered but ate all controls (Table 2); behavioral reac-
tions of predators were comparable to feeding attempts with live
slugs. Fish spent 25.7 s + 3.2 SE mouthing slug bodies before rejection,
versus 7.5 s & 0.7 SE to consume controls. All predators similarly
rejected every dead A. willowi (Table 2), with fish again spending
about three times longer mouthing slug bodies before rejection
(21.8 s =+ 3.1 SE) versus time to consume controls (6.8 s + 0.6 SE).
Thus, mucus secretion was not required for slug tissue to repel hun-
gry mudflat consumers.
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Table 2. Predator response to potential prey items, compared to an identical number of positive control items that were 100% consumed in every trial.

Treatment Slug species Predator

# Prey items eaten Total # prey offered P value*

Live slug A. willowi

.Crab

~ Achtmodesta  Worm

...Crab

Dead 5|ug,mtact JEO A W,//OW, s

A. cf. modesta

Dead slug, solvent-

extracted
A. cf. modesta

Egg mass, intact A. willowi

s —————
Pelletorganiclayer,  Awillowi -

slug extract

Pellet:Pk-enriched  A.willowi _

Worm

illowi

10 5% 107°
B e
B
s

i

1(.)._.6 s

S I P P I

10 10
5 10

0 O 10 O 5)(10_6 R

*P value denotes significant difference based on Fisher’s exact test between proportion of prey items versus controls (comparably processed squid mantle)

consumed in a trial; n.s., not significant.

We next tested whether removing nonpolar secondary metabolites
would restore the palatability of slug tissue by offering predators intact
slug bodies that had been extracted twice with acetone to remove small
organic compounds. All worms, crabs, and fish consumed 100% of
extracted A. cf. modesta and A. willowi (Table 2). Worms (fig. S5, A
and D) and fish (fig. S5, C and F) consumed acetone-extracted slugs
of both Alderia spp. in the same time as extracted squid controls;
crabs took longer to consume extracted A. cf. modesta (fig. S5B; inde-
pendent ¢ test, t;=3.5,P <3 X 107%) and extracted A. willowi (fig.
S5E; independent ¢ test, t16 = 3.5, P < 3 X 107%) than squid controls.

All worms and crabs consumed intact egg masses of A. willowi as
readily as squid mantle controls (Table 2), displaying no adverse reac-
tion to the egg mases during feeding. Half of the tested fish (N = 10)
rejected A. willowi egg masses but ate controls—a significant effect

Scesaetal., Sci. Adv. 10, eadp8643 (2024) 30 October 2024

(Table 2; results of a Fisher’s exact test: P = 0.03). Fish displayed no
adverse reactions to egg masses, but some appeared unable to handle
intact egg masses with their mouths. In contrast, all fish consumed
egg masses cut in half, exposing the gelatinous inner egg strand
(Table 2). The results suggested that the weak deterrent effect on fish
was due to the physical protection offered by the tough outer cover-
ing of egg masses and not to a chemical defense, while worms and
crabs were more easily able to penetrate the outer coat to feed on the
undefended eggs.

To confirm that the deterrent effects of slug tissue were due to al-
derenes, we tested organic extracts of Alderia incorporated into squid
pellets. Acetone extracts were concentrated and then partitioned be-
tween water and ethyl acetate, yielding an organic layer enriched in
PKs and nonpolar metabolites (lipids, chlorophyl from dietary algae).
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The organic layer was concentrated and tested at 100% of the natural
concentration per wet weight for both Alderia spp. Crabs rejected all
pellets incorporating A. cf. modesta extract but ate all control pellets
made with an equal volume of carrier solvent (Table 2; Fisher’s ex-
act test: P = 5 x 107°). Crabs passed extract-containing pellets over
mouthparts using chelae before discarding the pellets (2.7 s + 1.0 SE),
spending longer to consume control pellets (7.4 s + 1.0 SE, fig. S6A;
independent ¢ test, ;3 = 3.3, P < 4 X 107°). Fish ultimately rejected all
extract-containing pellets while consuming all control pellets (Table 2;
Fisher’s exact test, P = 5 x 10~°). Fish made more attempts on treated
pellets (3.0 + 0.5 SE; range = 1 to 5) before rejection, while controls
were attacked once and consumed (fig. S6B; results of a sign test,
P =0.002). After tasting extract pellets, some fish reacted by rapidly
opening and closing their mouth while fanning gills and everting pha-
ryngeal jaws. Similarly, the organic layer from extract of A. willowi
deterred all crabs compared to controls (Table 2) and hastened rejec-
tion of pellets versus time to consume controls (fig. S6C; independent
t test, ;g3 = 5.2, P < 107*). Fish also rejected all pellets containing
extract of A. willowi at 100% of natural concentration, with most
quickly abandoning treated pellets, whereas longer times were spent
fully consuming controls (fig. S6D).

For bioassay-guided fractionation, we further partitioned the or-
ganic layer between hexane, yielding a fraction primarily of fats and
sterols, and methanol, yielding a fraction that was ~95% alderenes by
NMR spectroscopy (fig. S7). Pellets containing the PK-enriched frac-
tion from A. willowi (100% of concentration in tissue by wet weight)
were rejected by fish, while controls were all consumed (Fisher’s exact
test, P = 5 x 107°), as were all pellets incorporating the hexane frac-
tion. We therefore compared the feeding response to pure alderenes
1 and 5 versus crude extract of A. willowi and solvent-only control
pellets. Because of limited quantities of pure metabolites, assays test-
ing either compound 1 or 5 used the smallest pellets that could be
made, which predators were sometimes able to ingest after repeated
attempts broke a pellet into pieces (whereas larger pellets were always
rejected). We therefore included small pellets with crude extract as a
positive control for aversion or deterrence, for comparison.

For crabs, pure compounds or crude extract did not reduce initial
prey-sampling time compared to controls (fig. S8) but induced aversive
reactions after feeding began. The same behaviors were induced by pel-
lets incorporating pure alderenes and crude extract, but not controls:
Crabs bubbled at the mouth, wiped mouthparts with appendages, or
rubbed mouthparts against the substrate. Reactions to 5 lasted roughly
twice as long as to 1 at both 25 and 50% of natural concentrations in
slugs (fig. S8, B and D; P < 0.01, Mann-Whitney test) but three times
longer for crude extract than for 5. Both 1 and 5 inhibited crab feeding
responses, halving the number of cheliped movements from pellets to
mouth at 25% (fig. S9A), 50% (fig. S9C), and 100% (fig. S9E) of the
natural concentration per slug wet weight as effectively as crude ex-
tract. All treatments differed significantly from controls except for 25%
of 1; pure alderenes were thus sufficient to inhibit feeding responses.
All concentrations of 1 and 5 also increased the number of times crabs
pulled material from their mouths after feeding by 10- to 20-fold, a re-
sponse induced by live slugs and crude extract but not controls (fig. S9,
B, D, and F; paired sign test, P < 0.005). All concentrations of 5 and
crude extract also significantly increased the proportion of crabs that
rubbed or pressed mouthparts against the substrate after ingesting
treated pellets, behavior not induced by 1 or controls (fig. S10).

Fish regurgitated two to three times more often when fed pellets incorpo-
rating 1 (paired sign test, P < 0.005) or extract (P < 0.01) at 50% of the natural
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concentration, significantly more than controls (fig. S11B); 5 had a
borderline effect (P = 0.07). Only crude extract induced regurgitation
at 25% of the natural concentration (fig. S11). Neither alderene nor
crude extract reduced prey handling time before initial feeding at-
tempts by fish (fig. S12, A and C; P > 0.1). However, both alderenes
increased the time fish spent mouthing, regurgitating, and trying to
ingest a pellet after the initial bite at 25% (fig. S12B; paired sign test,
P <0.05), and for 1 at 50% (fig. S12D; paired sign test, P < 0.01) of the
native concentration in slugs. Response to alderenes and crude ex-
tract was comparable at each concentration, with consumption times
usually extended four to sixfold. Overall, predator responses to puri-
fied alderenes were qualitatively and quantitatively comparable to
those with live and dead slugs, or to positive controls using organic
extracts, confirming that PKs comprise the antipredator defense.

Community effects of Alderia PKs

To test the hypothesis that Alderia PKs have effects beyond predator-
prey interactions, we treated paired patches of the surface of alocal mud-
flat with either the organic layer of A. willowi extract or an equal volume
of carrier solvent as a control. The single dose simulated the release
of PKs from Alderia during a mass die-off following peak densities
in California. After 24 hours, infaunal community composition changed
significantly in response to extract (Fig. 4 and Table 3). Most crusta-
ceans were amphipods (primarily Monocorophium spp.) and benthic co-
pepods. Abundance in extract-treated patches was significantly reduced
by half or more for amphipods (P < 0.01; Fig. 4A) and copepods (P < 0.001;
Fig. 4B and Table 3). The infaunal worm community was diverse, in-
cluding five common polychaete genera and abundant nematodes, as
well as less numerous oligochaetes and nemerteans (table S3). Treatment
with Alderia metabolites significantly reduced annelid counts by about
25% compared to controls (P < 0.01; Fig. 4C), but nematode density was
unaffected (Fig. 4D). Infaunal molluscs recovered in cores comprised juve-
nile bivalves and the heterobranch snail Acteocina inculta; abundance
decreased more than 10-fold in response to Alderia extract, a highly sig-
nificant change (P < 0.001; Fig. 4E and Table 3).

In contrast to the reduced infaunal abundance, extract-treated
sediment contained six times more eggs of the California horn snail,
Cerithideopsis californica (P < 0.001; Fig. 4F and Table 3). The
horn snail was the most common and conspicuous invertebrate
grazer sampled from the surface of the Vaucheria belt at the Salinas
de San Pedro salt marsh when Alderia was absent, with densities
ranging from 6.2 + 3.5 to 16.7 + 7.8 snails/m” in three surveys from
March 2022 to April 2023. Eggs were mostly recovered in treatment
cores proximal to vegetated areas where snails were abundant. Nota-
bly, eggs were sampled even in the winter deployment, whereas horn
snails primarily reproduce in summer months.

To assess whether there was an overall effect of PKs on species
richness, we calculated two indices of community diversity for all
cores and compared mean diversity metrics for extract-treated versus
control sediment. There was a borderline effect on species richness,
with PK treatment reducing the Shannon-Wiener diversity index by
more than 20% (Table 3), but no effect was seen on Simpson’s Dom-
inance index, which emphasizes the abundance of common taxa.

DISCUSSION

Abundant but inedible resources and estuarine food webs
Just as keystone species have a proportionately strong effect on com-
munity composition or function relative to their abundance, molecules
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Fig. 4. Changes in infaunal abundance in response to alderenes applied to mud surface. Box-and-whisker plots show lower and upper quartiles of counts per core
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mixed-effects models; *P < 0.01; **P < 0.001.

Scesaetal., Sci. Adv. 10, eadp8643 (2024) 30 October 2024 100f 18



SCIENCE ADVANCES | RESEARCH ARTICLE

Table 3. Results of generalized linear mixed-effect models (GLMM:s) testing effects of Alderia extract on abundance of major taxa, and community
diversity, in mudflat cores; boldfaced terms denote a significant change compared to controls.

Major taxa

Estimate

Copepoda

Polychae

Nematoda

of keystone significance are proposed to act at concentrations that are
low relative to their ecological effects. Our findings support this hypoth-
esis, showing that alderenes may play substantial but unrecognized roles
in Northern Hemisphere estuaries. We characterized five new com-
pounds and their biosynthetic enzymes from two grazers and demon-
strated diverse effects of these metabolites on co-occurring predators
as well as surface-dwelling and infaunal members of the mudflat com-
munity. This work provides a system for exploring how small molecules
structure interaction networks, linking seemingly disconnected species
with unexpected implications for food web dynamics and community
diversity that may scale to ecosystem-level impacts.

Sea slugs are often discounted as major ecological players, but their
impacts are increasingly recognized in disturbed systems including the
loss of pelagic pteropods due to ocean acidification (25), alteration of
infaunal communities by invasive cephalaspideans (26), and local re-
moval of introduced algal species by sacoglossans (27). The deterrent
metabolites of sea slugs may play a keystone role in ecosystems where
slugs are impactful consumers and in turn, abundant potential prey
items. Alderia spp. reach exceptional densities on temperate to boreal
mudflats throughout the Northern Hemisphere. Along the U.S. West
Coast, slugs comprise ~99% of animal biomass in the Vaucheria belt of
many estuaries (33), with mean densities from 100 to 1000 slugs/m2
and peak densities averaging 1000 to 3000 slugs/m” but exceeding
11,000/m* on some patches. Primary production by mats of the alga
Vaucheria is potentially transferred to higher trophic levels almost ex-
clusively through these dense herbivore populations. Mudflats may
regularly have thousands of kilograms of slug biomass available to
consumers. Molecules that prevent the consumption of slugs there-
fore regulate substantial energy flow within estuarine food webs,
redirecting fixed carbon from algal mats to unexpected sinks.

Although the class of metabolites to which the alderenes belong
has been known from related molluscs for 30 years, their ecological
function was largely unexplored. The alderenes characterized here
are structurally similar to PKs from other species in the ceratiform
superfamily Limapontioidea but with a reduced pyrone ring not pre-
viously reported from sacoglossans (22, 43, 47-51). Most prior in-
vestigations tested slug PKs for toxicity against freshwater fish or in
ahydra regeneration assay (47-51); few screened for bioactivity against

Scesaetal., Sci. Adv. 10, eadp8643 (2024) 30 October 2024

co-occurring predators. Two large fish and two crab species ate A. cf.
modesta (and other temperate sacoglossans), but the predators were
more 20 times a slug’s length, were not typical mudflat species,
and were allowed to make repeated predation attempts for 3 days,
potentially exhausting a slug’s supply of defensive compounds (46).
The tropical species Cyerce nigricans was unpalatable to fish and a
specialized predator, the sea slug Gymnodoris; the crude organic
extract of Cyerce contained a blend of cyercene-class y-pyrones
and deterred fish in the field (52). However two pure cyercenes
did not inhibit feeding by wrasses in the laboratory (53). Thus,
sacoglossan PKs were not previously known to repel ecologically
relevant predators.

Here, we found that alderenes confer an effective chemical defense
against small, co-occurring invertebrate and fish predators. Live
Alderia spp. were unpalatable, secreting a mucus that predators found
distasteful and that appeared to clog mouthparts and gills; slugs were
attacked and often swallowed only to be spit out or dropped and sur-
vived all predation attempts. Dead slug tissue was also rejected by con-
sumers unless organic compounds were removed first. Slug extracts
conferred deterrent properties onto food pellets, and pure alderenes
were sufficient to cause pellet rejection or aversive behaviors at con-
centrations as low as 0.025%, demonstrating that alderenes are respon-
sible for the antifeedant properties of slugs.

Given their abundance in the high-productivity Vaucheria belt,
Alderia spp. could represent an important food source for a range of
invertebrate and vertebrate consumers. Instead, distasteful alderenes
shunt energy away from predators that would otherwise consume
Alderia. This represents a lost potential food resource for juvenile fish
and invertebrates in important nursery habitat and potentially for nest-
ing and migrating waterfowl if birds are similarly deterred. The fate of
carbon fixed by Vaucheria is thus unclear. Dead or dying Alderia could
be an important subsidy for mudflat scavengers and detritivores if de-
caying flesh is palatable, but slug tissue was equally repellent in preda-
tor assays. Given the high reproductive output of slugs (36), energy
flow may be redirected to the nearshore plankton by the tidal export of
Alderia larvae from mudflats, as slug embryos did not appear to be
chemically defended. Given the wide distribution of Alderia and the
high densities reached by slugs, the alderenes may thus have large-scale
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impacts on estuarine food webs. Follow-up studies using isotopes to
track nutrient flux through slug biomass are warranted to assess the
ecosystem-level impacts of alderenes.

Keystone molecules affect mudflat communities

Our findings further indicate that alderenes substantially alter the com-
position of mudflat infauna in the Vaucheria belt, causing mobile infauna
to leave sediment over one tidal cycle when exposed to ecologically real-
istic levels of alderenes. Treatment of surface sediment rapidly repelled
four of five major groups of infauna, significantly reducing amphipod,
copepod, annelid, and mollusc abundance. Only nematode roundworm
abundance did not respond to slug compounds; nematodes exhibit broad
tolerance to a range of extreme environments so may not be as susceptible
to the repellant effects of alderenes as other taxa.

Even a single application of extract also had a near-significant effect
on overall community diversity, indicating that slug compounds re-
duce diversity as well as abundance of mudflat meiofauna and macro-
fauna dwelling in the upper sediment layers. This strong response suggests
that the steady release of alderenes in slug pedal mucus, or in bursts
during episodic mass die-offs, may have large but unanticipated ef-
fects on the underlying community. The surface layers of mudflats are
nutrient-rich but quickly become anoxic; many processes that occur in
these sediments are subject to biodiversity-function effects, including
bioturbation, nutrient recycling, and primary production (54-56). By
reducing diversity and abundance of nearby infauna, dense slug popu-
lations may in turn affect such processes in complex ways that would
not be predicted from traditional interaction networks. Microbial pro-
cesses also profoundly affect the biogeochemistry of mudflats and may
be affected by alderenes given the antibiotic properties of many PKs
and the activity reported here; future work will examine the influence
of slug compounds on the microbiome of sediments in the Vaucheria
belt of estuaries.

In contrast to their deterrent effects on consumers and infauna, al-
derenes induced oviposition by a common co-occurring gastropod. The
California horn snail preferentially spawned in the presence of alderenes,
depositing egg cases that were rarely sampled in control cores. As horn
snails primary graze benthic diatoms, they do not compete with Alderia
for resources but may benefit from the local reduction in infauna trig-
gered by repellent slug exudates. Sediment devoid of small invertebrates
could represent a protected environment for vulnerable, encapsulated
snail embryos during their prolonged period of benthic development,
which lasts several weeks (57). Small crustaceans and worms may physi-
cally penetrate snail egg masses and allow entry by protists, directly and
indirectly causing embryo mortality. Facilitation of snail reproduction
by slug compounds could constitute a byproduct mutualism, with a
shelled herbivore (Cerithideopsis) exploiting the chemical defense of a
shell-less herbivore (Alderia) to increase the snail’s reproductive success
and hence fitness (58, 59).

A keystone molecule should have effects disproportionate to its
concentration, but no universal threshold for such a concentration
exists. Slugs steadily secrete a suite of alderenes in their mucus secre-
tions and must release larger pulses during mass die-offs; however,
the compounds are never expected to be abundant in the environ-
ment, outside of the slug tissue. Even within slugs, concentrations of
alderenes are notably low (0.1% for the major metabolite) compared
to chemical defenses of many marine invertebrates, which can ex-
ceed 10% of dry weight (58). We propose that alderenes are candi-
date keystone molecules given their strong community-level effects
on consumers, infauna, and surface grazers disproportionate to their
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concentration in the environment. These effects could potentially
scale to ecosystem-level impacts given the network of affected spe-
cies and broad distribution of Alderia spp., warranting further study
of the ecological roles of molluscan PKs.

Broader implications for ecology and evolution

Although few marine heterobranchs reach the exceptional densities of
Alderia, many invertebrates and algae are both locally abundant and
rich in secondary metabolites (22, 60-62). Allelopathy, in which the
fitness of competing species is reduced by compounds released from a
producing organism, has been well studied in terrestrial plants and
some marine organisms (63, 64). However, little attention has gone to
“off-target” effects of allomones leaking into the environment on neigh-
boring taxa that do not obviously interact or compete with the produc-
ing organism. Marine natural products are often highly bioactive and
could alter invertebrate and microbial communities in adjacent sedi-
ments and on nearby surfaces; any suppression in local species could
have cascading impacts on biodiversity-function effects. For instance,
sponges are the most chemically rich animal group and could alter their
environment via release of compounds into excurrent water flows or
shed cells (65, 66). Dense stands of chemically defended algae like
Caulerpa could similarly affect many taxa sensitive to their metabolites.
The extent to which chemistry weaves unexpected links in interaction
networks thus warrants further study by marine ecologists.

The release of protective compounds also presents opportunities
for by-product mutualisms to evolve, allowing resistant species to
benefit from a chemical “shadow” and exploit the absence of suscep-
tible species near a producing organism. As by-product mutualisms
are thought to be one route to stable mutualisms and cooperative
behavior (58, 59), such relationships can have evolutionary conse-
quences for species interactions. The potential benefits of “leaky”
defenses for adjacent species thus deserve further exploration, both
in the Alderia-Vaucheria system and in diverse other marine ecosys-
tems. As abundant but unpalatable organisms also present models
for the evolution of Batesian mimics, their chemistry may trigger a
range of coevolutionary responses in associated species.

Recent work characterized the AFPKs, a previously unrecognized
PK-synthesizing enzyme family that is widespread in bilaterian inver-
tebrates but distinct from the canonical PK synthase enzymes found in
animals and other domains of life (43-45). Clade Sacoglossa contains
a private lineage of AFPK enzymes not detected in other gastropods,
with distinct enzymes in photosynthetic (e.g., Elysia) versus nonpho-
tosynthetic (e.g., Alderia) species (44, 45). The AFPK genes identified
here are among the first animal genes identified that produce a non-
venom chemical defense. Together, our findings thus far indicate saco-
glossans evolved to produce longer-chain PKs (potential antioxidants
and sunscreens) in photosynthetic species from an ancestral defensive
role for AFPKs, making shorter-chain antifeedants like the alderenes
(44, 45). Comparing the AFPKs identified here, which biosynthesize
smaller defensive molecules, to the AFPKs that generate bicyclic py-
rones in Elysia spp. should inform our understanding of how meta-
bolic pathways evolve novel functions. This work should also contribute
to the development of the “keystone genes” concept (67) by linking
variants in biosynthetic pathways to functional differences that change
the properties of secreted chemicals, which in turn alter community
structure and ecosystem function. Sacoglossans are sister to Pneumo-
pulmonata, a hyperdiverse radiation that includes several lineages that
evolved amphibious to fully terrestrial lives (42). As several air-breathing
lineages (Siphonaria and Onchidium) also biosynthesize PKs (68), AFPK
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enzymes may have facilitated gastropod transitions to semiterrestrial
habitats and been important preadaptations underlying this explosive
radiation. The role of this pathway in animal diversification also war-
rants further evolutionary study.

MATERIALS AND METHODS

Alderia abundance and population dynamics

Mean and peak densities for California populations of A. willowi and
A. cf. modesta were estimated where the two species co-occur over a
100-km overlap zone along California’s northern coast, from Bodega
Harbor (northern range limit of A. willowi) to San Francisco Bay
(southern limit of A. cf. modesta) (38). Monthly to quarterly surveys
were performed in four estuaries within this overlap zone from
December 2007 through March 2010, with supplemental surveys
conducted before and afterward. Permanent 30-m transect lines
were established along the Vaucheria belt parallel to tidal channels or
the shoreline in Bodega Bay (N = 2), Tomales Bay (N = 2), Bolinas
Lagoon (N = 1), and Mill Valley, San Francisco Bay (N = 4). Transect
midpoints were recorded using a Garmin eTrex hand-held GPS unit.
Temperature data loggers (Onset Corp; Bourne, MA) were attached
to steel rebar anchored into the mudflat next to each transect at the
same tidal height. Sensors were buried just under the mud surface to
measure ecologically relevant temperatures experienced by Alderia
at 5-min intervals. Daily maximum temperature of the mud surface
was extracted for days when mass die-offs were observed.

Surveys were performed over one to two low tides by placing three
to four quadrats (0.5 m”) at 10-m intervals along a transect, remov-
ing all Alderia specimens by hand. A quadrat was surveyed by one to
two collectors for up to 2 hours until 5 min passed without finding
any slugs [full details in (38)]. Live slugs were typed to species by
microscopic examination or for ambiguous specimens by multiplex
polymerase chain reaction using custom primers to amplify species-
diagnostic fragments differing in size for the mitochondrial COI gene).
A haphazardly chosen subset of slugs from each transect (N = 15)
were individually blotted dry and weighed to +0.1 mg to assess size
distributions and recruitment. A nonparametric Spearman’s rank
correlation was used to test for a relationship between abundance
and size for each species in San Francisco Bay over the survey period.

Surveys for A. willowi were performed in 2022 and 2023 at two sites
in Los Angeles, California, USA by establishing permanent transects
and monitoring at monthly intervals as above. Surveys for ecologically
relevant predators were also performed at these sites. Additional den-
sity data for A. modesta (Europe) and A. cf. modesta (Oregon, Russia)
were taken from (29-33) and corrected for species identity (table S1).
Linear regressions were performed for density, pooled for all Alderia
spp.» versus latitude (33). As the highest latitude site (Norway) also had
the highest reported mean and peak densities, analyses were repeated
excluding Norway as a potential outlier (fig. S13), both using raw counts
and after natural log-transforming both variables. These sensitivity anal-
yses indicated that removing Norway had little effect on the positive
relationship between density and latitude, or on the goodness-of-fit as
measured by R?, and thus Norway was not driving the result.

To estimate total biomass of Alderia spp. in San Francisco Bay, bi-
otic habitat classifications were downloaded from the West Coast USA
Estuarine Biotic Habitat data layer of the Pacific Marine & Estuarine
Fish Habitat Partnership (PMEP) (https://pacificfishhabitat.org/data/
estuarine-biotic-habitat/). After subsetting the dataset for brackish emer-
gent tidal marsh, the total habitat area (m*) was quantified for (i)
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Mill Valley sites illustrated in Fig. 1, and (ii) San Francisco Bay. To
estimate total biomass for an estuary, we then multiplied the habitat
area by the average slug biomass per square meter calculated two
ways. First, we multiplied mean density by mean wet weight during
the peak season for A. cf. modesta (February to April) and A. willowi
(August to October) from 2008 to 2010, to calculate biomass per
square meter in peak season. Second, as an estimate of maximum
peak biomass, we multiplied mean density by wet weight in the month
with the highest recorded abundance for each species over the census
period (A. cf. modesta, February 2010; A. willowi, October 2008).

Isolation and structure elucidation of alderenes

Live A. willowi were collected in November 2020 from San Pedro,
CA under a Scientific Collecting Permit (SC 001494) from the CA
State Department of Fish and Wildlife. Some slugs (N = 7) were in-
dividually preserved in EtOH, while two bulk collections (N = 50)
of a combined 50-mg wet weight were frozen at —20°C before ship-
ment on ice to the National Institutes of Health in Bethesda, MD. MS
of extracts was conducted to establish the relative masses and frag-
mentation patterns of compounds and variability among individu-
als. Aliquots (750 pl) of single-slug extracts were dried under N,
gas, resuspended in 200 pl of methanol, and centrifuged at 20,000g
to remove particulates. The samples were analyzed on an Agilent
6545 quadrupole orthogonal acceleration-time of flight (Q-TOF)
equipped with an Agilent 1290 Infinity IT Quaternary UHPLC sys-
tem, ZORBAX Eclipse Plus C18 column (50 mm by 2.1 mm, 1.8 pm),
and Dual AJS ESI source. Samples were eluted with a 5 to 90%
acetonitrile gradient over 9 min (mobile phase A, 0.1% formic acid
in water; mobile phase B, acetonitrile) with a mass range of 100
to 1700 m/z.

Compounds 1 to 5 were isolated as follows: 150 whole A. cf. modesta
(2.3-g wet weight, collected on 31 October 2020 from San Pablo Bay,
38°09'07.6"N, 122°26'12.4"W) were extracted five times with acetone
under sonication in 5-min intervals. The extract was evaporated un-
der vacuum to produce an aqueous suspension, which was taken up
in brine (10 ml) and extracted three times with dichloromethane (10 ml).
The organic phase was evaporated under reduced pressure to afford
90 mg of green oil. This material was loaded onto HP20ss and the
resin bed washed with water, then methanol, and, finally, acetone (20 ml
each), and the eluent evaporated under reduced pressure. The ac-
etone fraction contained lipids including sterols; the methanol
fraction produced gold-colored oil (29 mg), with PKs the main com-
pounds noticeable by NMR analysis. The methanol fraction was sep-
arated by semi-preparative HPLC performed on a Hitachi Primaide
system equipped with a photodiode array detector (1110 pump and
1430 DAD) and a Phenomenex Luna Phenyl-Hexyl 100 A column
(10 mm by 250 mm, 5 pm), providing compounds 1 (570 pg), 2
(180 pg), 3 (350 pg), 4 (80 pg), and 5 (50 pg).

IR spectra were recorded on a Nicolet iS5 Fourier transform
IR spectrometer operating in attenuated total reflectance (ATR)
mode (Thermo Fisher Scientific). Optical rotations were recorded
on a PerkinElmer Model 343 polarimeter). High-resolution mass
spectra were obtained using a Waters Acquity UPLC linked to a Wa-
ters Xevo G2-XS Q-TOF. '"H NMR and *C NMR spectra were re-
corded on a Varian iNOVA 500 (‘H 500 MHz) NMR spectrometer
equipped with a 3-mm Nalorac MDBG probe, or a Varian iNOVA
600 (‘H 600 MHz) NMR spectrometer equipped with a 5-mm Var-
ian inverse cold probe operated using VNMR] 4.2. Data were pro-
cessed and analyzed using MestreNova 9.1.0. Chemical shifts were
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referenced to the solvent residual proton for '"H NMR (8 7.25 for
CDCl;) and the *C signal for 13C NMR (8 77.2 for CDCly).

(i) Alderene A (1): Clear oil; [a] +43.8 (c 0.160, CHCL3); UV
(MeOH) Amax (log €) 232 (4.2); ECD (0.35 mM, MeCN), Apax (A€)
219 (+19), 260 (—8.3) nm; IR (ATR) Vinay 2916, 1711, 1616, 1458,
1360, 1290, 1272, 1223, 1090, 1017; NMR see Table 1; HRESIMS
m/z 259.1322 (calculated for C;4H,003Na*, 259.1305).

(i) Alderene B (2): Clear oil; [a]3) +36.2 (c 0.051, CHCl;); UV
(MeOH) Amax (log €) 234 (3.3); ECD (0.11 mM, MeCN), Amax (A€)
259 (+5.3) nm; IR (ATR) viax 2923, 1713, 1615, 1459, 1362, 1291,
1271, 1220, 1064, 1015; NMR see Table 1; HRESIMS m/z 273.1484
(calculated for CsH,,03Na™, 273.1462).

(iii) Alderene C (3): Clear oil; [a] +31.0 (c 0.100, CHCL3); UV
(MeOH) Amax (log €) 231 (4.1); ECD (0.21 mM, MeCN), Amax (A€)
223 (+24), 263 (—2.4) nm; IR (ATR) Vinax 2922, 1713, 1617, 1458,
1361, 1290, 1272, 1223, 1065, 1017; NMR see Table 1; HRESIMS
m/z 273.1483 (calculated for C;5H,,03Na™, 273.1462).

(iv) Alderene D (4): Clear oil; [a]?’ +16.7 (c 0.024, CHCL); UV
(MeOH) Amax (log €) 235 (3.5); ECD (0.06 mM, MeCN), Amax (A€)
257 (+8.4); IR (ATR) vinax 2922, 2852, 1735, 1685, 1647, 1559, 1458,
1379, 1321, 1092; NMR see Table 1; HRESIMS m/z 287.1639 (calcu-
lated for C16H,403Na*, 287.1639).

(v) Alderene E (5): Clear oil; NMR see Table 1; HRESIMS m/z
259.1323 (calculated for C,4H,003Na*, 259.1305).

ECD spectral prediction

Alderene 1 was determined to be of the (5S, 6R) configuration by
comparison of predicted and experimental ECD spectra. Briefly, a
conformer search was performed manually using a combination of
Merck molecular force field (MMFF) calculations and comparison
to NMR data, primarily NOESY. Four major, nondegenerate con-
formers were identified including two pyrone conformational states
(with trans side chain and methyl groups either pseudo-equatorial
or pseudo-axial) and two diene conformational states (S-cis config-
ured E,E-diene system twisted out of plane plus or minus 45°). These
were optimized using DFT with a B3LYP functional and a 6-31G(d)
basis set in Gaussian v.16 (69). Electronic and thermal energy cor-
rections were calculated at 25°C using frequency calculations. The
ECD spectra were calculated using TD-DFT at the previous level of
theory along with an acetonitrile conductor-like polarizable contin-
uum model (CPCM) solvent model. Gaussview v.6 was used to plot
and export the ECD spectra, which were then Boltzmann weighted
and averaged. A correction factor (+25 nm) was added to account
for systematic errors in computed transition energies.

Metabolite quantification

A collection of A. cf. modesta (20.3 g) was separated into four groups with
a mean wet weight of 5.01 g + 0.48 SD. Each group was extracted in an
identical manner by sonicating in acetone (15 ml) three times and
pooling extractions for a group, yielding four replicate extracts of ~45 ml
each. The samples were diluted to exactly 50 ml in a volumetric flask
with acetone. An aliquot (20 pl) of each sample was diluted in methanol
(200 pl) in a glass insert and analyzed by LC-MS. The peak for compound
1 (R¢4.01 min) was integrated in each total ion chromatogram and the
area compared to a standard curve (prepared by analyzing solutions of
purified 1 in twofold serial dilution starting at 50 pug/ml). The concentra-
tion of 1 in each sample was calculated and determined to be on average
919 parts per million (ppm) (+0.00938 ppm SD), or 0.09% wet weight.
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Only compounds 1 and 5 were detected in A. willowi, at approx-
imately the same concentrations as in A. cf. modesta relative to tis-
sue weight. By integrating under the peaks on LC-MS traces of both
species, 1 and 5 were about sixfold less concentrated in extracts of
individual A. willowi (1.2 mg in mean weight), roughly six times
smaller than A. cf. modesta used for metabolite quantification
(8-mg mean weight). In both species, 1 was typically three times
more abundant than 5.

Identification and phylogenetic relationships of
biosynthetic AFPKs

Total RNAs were extracted from live A. cf. modesta (two pools of
10 slugs each) using TRIzol extraction (Invitrogen), and DNA was
removed using the DNA-free DNA Removal Kit (Invitrogen). Illu-
mina sequencing was performed at the Huntsman Cancer Institute
High Throughput Genomics Core. The Illumina TruSeq Stranded
mRNA Kit was used for library preparation with unique dual indexes
and the library sequenced using a NovaSeq S4 Reagent Kit to gener-
ate 150-base pair paired end reads and 2500 M read pairs total. The
raw reads were trimmed using Trimmomatic and trimmed reads de
novo assembled using SPAdes (70). The transcriptome was searched
by tblastn using sacoglossan AFPK protein sequences as queries (43).
Phylogenetic analysis was performed using a previously described set
of selected PKS, FAS, and AFPK protein sequences (43). An initial
alignment was made and aligned sequences trimmed to about 1300
amino acid residues. A second alignment was generated using Geneious
(alignment type, global with free end gaps; cost matrix, Blosum 45;
gap open penalty, 12; gap extension penalty, 3; refinement iterations,
3) and analyzed by maximum likelihood using the IQ-TREE web
tool (Los Alamos National Laboratory) with the following options:
number of sequences, 42; sequence type a substitution model, amino
acids, Blosum62; rate heterogeneity, none; state frequency, estimated
by ML; bootstrap branch support, none; single-branch test, none;
tree search, perturbation strength 0.5, # of unsuccessful iterations
to stop = 100; root tree, none (71). Transcripts were quantified
using Salmon (72). Values reported are the average of two biologi-
cal replicates.

Antifeedant assays: Whole slugs and egg masses

Three generalist predators co-occurring with Alderia in Californian estuaries
were used: the arrow goby C. ios, polychaete worm N. arenaceodentata,
and lined shore crab P. crassipes. Fish and crabs were collected by hand
using a small net under permit SC 001494. Polychaete worms were pur-
chased from Aquatic Toxicology Support LLC (Bremerton, WA). Slugs
were hand-collected in the field and maintained on algae in plastic bins in
an incubator at 16°C on a 14:10 light:dark cycle. Live slugs used in experi-
ments were housed for 1 week after a predation trial to assess delayed mor-
tality in glass dishes in 500 ml of aerated, 24%o artificial sea water (ASW),
with algae changed every 2 days. Predators were housed in individual con-
tainers and acclimated for 1 week before trials. Fish were individually
maintained in tanks with 19 liter of ASW following all federal and institu-
tional guidelines for vertebrate work (IACUC protocol number 1013-01).
Crabs and worms were housed in individual plastic bins with 100 or 500 ml
ASW, respectively, and appropriate substrate. Seawater was changed
three times/week. Predators were fed squid flesh every 2 days, and worms
were also fed dried algae (Enteromorpha). Prey items were offered via pi-
pet, and each predator was used only once per trial; predators that rejected
any prey item were then offered squid to confirm willingness to feed.
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In assays with live slugs, fish (N = 10), crabs (N = 9), and worms
(N = 20) were used after 2 days of starvation to ensure readiness to
feed. In separate trials, each predator was individually offered a live
A. cf. modesta or A. willowi, and a control piece of squid of equiva-
lent wet weight and volume to the slug. Predators were offered a slug
or control in a randomized order; any that rejected a slug were sub-
sequently offered squid to confirm that they were willing to feed.
Trials were observed and recorded for 5 min from the time a prey
item was introduced, scoring time to fully consume a meal and
number of attacks on a prey item. Because of nonnormality of the
data, time and number of attacks were compared between treatment
and controls using nonparametric sign tests, while the proportion of
live slugs versus controls consumed was compared using Fisher’s ex-
act test (61-62, 73).

Comparable assays were then run testing dead slugs to determine
whether active mucus secretion was an essential component of slug
defense. Slugs were flash-frozen at —80°C overnight and then thawed
for 1 hour. Control pieces of squid were frozen/thawed in parallel.
Fish and crabs (N = 10 each) were offered a frozen/thawed specimen
of A. willowi or squid in random order as described above. To test
whether solvent extraction (removing potential nonpolar feeding
deterrents) rendered slug tissue palatable, frozen slugs were incu-
bated in acetone for 24 hours and then rehydrated in seawater before
trials. A control piece of squid of equivalent wet weight and volume
to each individual slug was extracted and rehydrated in parallel to
ensure that feeding cues were not removed by acetone extraction.
Fish (N = 10), crabs (N = 9), and worms (N = 10) were offered an
acetone-extracted slug (separate trials for each Alderia species) and
a control in random order. The time spent consuming prey items
met assumptions of normality and was compared using indepen-
dent ¢ tests for trials on extracted slugs.

To test whether slugs incorporate defensive compounds into egg
masses, fish and crabs (N = 10 each) were offered an egg mass of
A. willowi and a control piece of squid in random order, and the
proportion of each consumed was compared by Fisher’s exact test
for each predator. A second trial was done cutting egg masses in half
to expose the gelatinous string of embryos to assess whether fish
(N = 10) would consume embryos more readily without having to
bite through the outer casing of the egg mass.

Antifeedant assays: Slug extracts and pure alderenes

Bioassay-guided fractionation was used to identify the compound(s)
responsible for the deterrent properties of slugs. Collections of A. cf.
modesta and A. willowi (N = 50 to 100 slugs per species, 100-mg
wet weight total per species) were separately extracted three times
sequentially with 50 ml of acetone for 24 hours. Combined extracts of
each species were concentrated by rotary evaporation and partitioned
three times between ethyl acetate and water; the organic layer was
concentrated and dried (~11 mg per species). An artificial food for
testing extract palatability was made by homogenizing squid mantle
in water at a 1:1 ratio by mass and adding sodium alginate to yield a
2% final concentration (59, 60). The mass of squid tissue homoge-
nized was equal to the mass of sea slug tissue extracted to ensure
that the extract was tested in proportion to the natural concentra-
tion in slugs; volumes of tissue were also equivalent. We homoge-
nized 89 mg of squid mantle plus 2 mg of sodium alginate in 0.1 ml
of water for each Alderia sp.; the corresponding organic extract (11 mg)
of each species was resolubilized in 50 pl of acetone and added to
the homogenate. The ingredients were mixed in a 1-ml syringe and
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extruded into 0.25 M CaCl, to solidify into slug-sized (4 mm) treat-
ment pellets. Solvent-only control pellets were made with 100 mg of
squid mantle blended in 0.1 ml of water with 2 mg of sodium algi-
nate and 50 pl of acetone added. After 2 days without food, each
predator was offered an extract-treated pellet versus a control
pellet and the proportion of pellets consumed compared using
Fisher’s exact test; separate trials were run for each Alderia sp. X
predator combination.

A collection of A. willowi made in November 2020 from San Pedro,
CA (N = 100 slugs; 99-mg wet weight) was frozen at —20°C, extracted
in acetone, and partitioned into organic and aqueous layers. The or-
ganic layer was further partitioned between a methanol fraction, high-
ly enriched in PKs (~95% pure by NMR), and a hexane layer containing
sterols and fats (fig. S7). Preliminary feeding assays indicated that the
deterrent effect of Alderia extract was contained in the PK-enriched
methanol fraction and not the hexane layer. To confirm that alderenes
were responsible for the antipredator activity of extracts, pure com-
pounds 1 and 5 were bioassayed following structure elucidation. A
collection of 150 A. cf. modesta (2.3-g wet weight) in March 2021 yielded
a semipurified extract (29 mg) that was mostly PK by NMR. Purification
by HPLC yielded 1.2 mg of pure PKs ranging from 80 to 570 ug per
metabolite for bioassays. Alderenes 1 and 5 were tested in crab and
fish assays at 0.025, 0.05, and 0.1% of tissue weight in pellets, or ap-
proximately 25, 50, and 100% of the natural concentration of alderene
1 estimated for A. cf. modesta by wet weight. A stock solution was
prepared by homogenizing 100 mg of squid mantle tissue in 0.1 ml of
water with 2 mg of sodium alginate. The appropriate amount of each
compound was taken up in 10 pl of methanol and added to 40 pl of
homogenate and then mixed with CaCl, solution to yield 10 food pel-
lets containing 10 pg (0.025%), 20 pg (0.05%), or 40 pg (0.1%) of
each alderene. Consumption was scored and compared to both positive
and negative controls prepared in parallel during 5 min trials. Nega-
tive controls were solvent-only control pellets; positive controls incor-
porated crude extract prepared freshly and made at 25, 50, or 100% on
a per-weight basis.

Because of limited quantities of pure compounds, pellets were
smaller than in previous assays and predators were more likely to
ingest at least a portion of treatment pellets. We therefore recorded
5-min feeding trials on video and scored behaviors indicating deter-
rence. For crabs, such behaviors included time processing pellets dur-
ing feeding attempts, time spent removing particles or mucus
from mouthparts, proportion of individuals that rubbed or pressed
mouthparts against substrate, number of cheliped movements into
the mouth during feeding attempts, and number of cheliped move-
ments pulling from the mouth after feeding. For fish, behaviors in-
cluded the number of times a pellet was regurgitated during feeding
attempts, the initial delay before a feeding attempt was made, and
total prey-handling time including repeated regurgitation or bites to
break pellets into smaller pieces. Fish behaviors could only be tested
at 25 and 50% of natural concentrations due to limited quantities of
pure alderenes. Response variables recorded as time or number
were compared for treatment pellets versus controls using a non-
parametric paired Sign test (both predators); the proportion of crabs
pressing mouthparts against the substrate was compared for treated
versus control pellets using Fisher’s exact test.

Field assays of community response to alderenes
Manipulative field experiments were performed at the Salinas de
San Pedro salt marsh to assess the response of mudflat community
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species to alderenes. In pilot surveys, dominant infauna were small
crustaceans (amphipods and benthic copepods), diverse worms,
and molluscs. The only common invertebrate on the mud surface in
the Vaucheria belt was the California horn snail, C. californica, but
snails were more abundant among cordgrass higher in the marsh.
We assessed the response of the mudflat community in two trials
performed in June and December 2022. Alderia had been present
year-round in this marsh before 2018, but at the time of each 2022
field trial, no Alderia were detected in surveys for >2 months dur-
ing a prolonged population crash. Specimens of A. willowi (N = 75)
were collected from the Golden Shores site (Long Beach, CA),
weighed (June: 519 mg; December: 467 mg), and extracted in
acetone twice for 24 hours. Pooled extracts were dried by rotary
evaporation and then partitioned three times between ethyl acetate
and water; organic layers were dried and weighed (June: 3.3 mg;
December: 3.0 mg).

Slug extracts were then applied to the mud surface to simulate
the release of PKs in slug mucus or during mass die-offs following
peak annual densities measured in northern California. The extract
was redissolved in 1 ml of methanol and divided into five aliquots.
Replicate pairs (N = 5) of treatment and control patches were marked
at 3-m intervals along a permanent transect. Each patch was a circle
on the mud surface to which an aliquot of extract (200 pl) was
applied by micropipetting extract onto the mud surface, or an
equivalent application of 200 pl or methanol (paired control patch-
es). Extract delivered the organic-layer PKs from 15 slugs spread
over ~40 cm” to approximate observed die-off events. Solvent even-
ly dispersed over the mud and was quickly absorbed. After 24 hours
(two high tides), each patch was cored to 2.5-cm depth using a pre-
marked 5 cm-by-12 cm cellulose acetate butyrate plastic liner tubes
for infaunal community analysis (74). Cores (~50 ml of sediment)
were fixed in 5% neutral buffered formalin for 2 days, then passed
over a 1-mm prefilter, and organisms retained on stacked 500- and
300-pm mesh sieves, transferred to 70% ethanol and stained with
Rose Bengal dye (75, 76). Macrofauna and meiofauna were separat-
ed under a dissecting microscope and identified to the lowest tax-
onomic group possible following (77). Crustaceans were treated as
infaunal as they were rarely observed on exposed mud patches
by stereoscopic examination but could be surface-active when im-
mersed at high tide. Annelids were identified to the genus level in
collaboration with L. Harris and archived in the Los Angeles Coun-
ty Museum of Natural History collection.

Field experiments included a fixed effect, paired treatment ver-
sus control cores, as well as a random effect of trial season. The R
package Ime4 (78) was used to create generalized linear mixed-effect
models (GLMM) with the glmer function, to compare mean abun-
dance for each taxonomic group. The Poisson distribution was used
for GLMMs as the response variable (abundance) was count data.
Analyses were run in R 4.2.3 (79).

To determine whether community diversity differed between the
treatment and control cores, the Shannon-Wiener Index and Simpson’s
Dominance Index were calculated for each core. Shannon’s index is
an information statistic index that assumes that all species were rep-
resented and randomly sampled in a community. Simpson’s index is
a dominance index that accounts for both the number of species
present and the relative abundance of each species in the commu-
nity. Mean values were compared between treatment and control
cores using the glmer function with a gamma distribution, as the
response variables were continuous and nonnegative.
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