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ABSTRACT OF THE DISSERTATION

The Sensory Basis for Ecological Paradigms on Wave-Swept Shores

Graham Andrew Ferrier
Doctor of Philosophy in Biology
University of California, Los Angeles, 2010
Professor Richard K. Zimmer, Co-chair

Professor Cheryl Ann Zimmer, Co-chair

Sensory systems provide critical filters that enable organisms to detect and recognize
valuable resources. Trophic cascades, structuring populations and communities, are
determined to a large degree by trait-mediated interactions that rely on sensory inputs.
Certain molecules serve as chemosensory stimuli and play keystone roles in determining
outcomes of predator-prey dynamics at multiple trophic levels. Here, a surface-adsorbed
glycoprotein signal molecule, MULTIFUNC:In, is fully identified and its role in wave-
swept rocky intertidal community dynamics investigated. Barnacles (Balanus glandula),
are constrained to produce MULTIFUNC:in for cuticle/shell formation. This compound

evoked settlement by conspecifics larvae in field assays, and thus, operates as seminal
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cue for recruitment. Moreover, the same substances triggered predation by a numerically
dominant whelk species (Acanthinucella spirata) on barnacle juveniles and adults in lab
and field experiments. This glycoprotein, therefore, balances simultaneous demographic
processes that enhance, and diminish, barnacle populations. As dominant competitors for
space, the relative equilibrium between barnacle recruitment and predation mortality has
strong, cascading direct and indirect effects on community dynamics. Hence,

MULTIFUNCIn plays a keystone role within rocky intertidal habitats.
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Chapter 1: Whelk-barnacle interactions, the energetics of prey choice, and the

sensory basis for an ecological paradigm

ABSTRACT

The rocky intertidal has provided stunning examples of prey stabilization by
predators, but the mechanisms used by predators for prey location remain elusive. In a
seminal work, Murdock (1969) suggested that predators can stabilize prey populations
via density-dependent switching to alternate species. At sites along the southern
California coast, we revisited this hypothesis and found the predatory whelk
Acanthinucella spirata exhibits a strong preference for barnacle prey (Balanus glandula)
regardless of the densities of alternate prey (Mytillus spp. and Tegula Funebralis).
Experiments showed that, of the three prey species, barnacles yield the greatest net
energy gain per unit handling time thus, A. spirata forages optimally, switching only after
prolonged searches. The efficiency with which whelks find live barnacles in a bed is
explained by their ability to locate contact cues associated with B. glandula. Feeding
assays using carboxymethyl cellulose gels infused with barnacle extracts showed that
A. spirata is attracted to, and induced to feed on, a surface adsorbed protein of low
solubility found in the barnacle. Finally, these results allow for predications of the
relative importance of waterborne vs. contact cues in the wave-swept rocky intertidal
from which a model describing a general, and ecologically important, pattern of directed

motion and foraging is developed.



INTRODUCTION

Identify the consequences of species interactions on community dynamics has
been a perennial theme of ecology. Accordingly, studies aimed at defining interaction
strengths and outcomes have proliferated in the literature, the results of which have
shaped current ideas of how communities are structured. In terrestrial, marine, and
aquatic habitats, biological factors such as competition, predation, and parasitism have
been identified as critical determinants of community organization, which singularly, or
collectively, set species distributions (Connell, 1961a,b, 1970; Dayton, 1971; Paine 1974,
Chase et al., 2002), regulate population density, (Murdoch, 1969; Paine, 1974; Menge
and Sutherland, 1976; Lively and Raimondi, 1987; Murdoch, 1994; Schmitz, 2003;
Trussel et al., 2006a), and direct settlement and recruitment (Gaines et al., 1985; Menge
and Sutherland, 1987, Bertness et al., 1992). Despite this wealth of information, there are
lingering questions regarding underlying mechanisms and relative contributions of direct
and indirect species interactions on the formation and maintenance of natural
communities.

Competition and predation are two factors which have been implicated as critical
drivers of community structure. In many ecosystems, dominant competitors exclude
subordinates from resources, thus decreasing rates of consumption and colonization.

Such unidirectional interactions may result in the formation of monospecific communities
and the relegation of subordinate species to sub-optimal niche habitats (Connell, 1961a;

Carpenter et al., 1987; Petraitis, 1995). Selective predation on the dominant competitor,



however, can ease resource pressure on subordinates indirectly increasing their
populations in specific habitats (Paine, 1966; Murdoch, 1969; Connell, 1970). From this
generalized example, the consequences of predation are both direct (i.e. death to prey)
and indirect (1.e. reduced competition) with effects that often ripple through communities.
Extraordinary at that time, and now, these studies demonstrated how interactions among
relatively few, select, species can disproportionately affect community structure.
Completely unexplored, though, are the mechanisms responsible for driving predation,
for example: how do predators find and choose prey?

One habitat in which predator-driven trophic cascades have been well studied is
the rocky wave-swept intertidal. At the interface between land and sea, this environment
is characterized by steep gradients in temperature, evaporation, and hydrodynamic forces.
Thus, it is among the most physically challenging environments on earth (Tomanek and
Helmuth 2002). Despite these strenuous conditions, or perhaps due to them, the intertidal
exhibits high biodiversity with numerous organisms occupying unique niches, with
considerable overlap between species in physiological tolerances, and hence shared
spatial distributions. This feature creates a vibrant setting that offers exceptional
opportunities to examine the consequences of species interactions as they are defined by
events determined at the cellular, whole-individual, population, and community levels.

Community dynamics have been primarily studied in terms of direct, or
consumptive, effects of predators on prey population and the corresponding trophic
cascade. On rocky intertidal shores, as in many environments, top-down influences of a

single, or a few, predators determine densities of second- and third-tier consumers. A



classic example is the selective consumption of competitively-dominant species by
whelks (predatory gastropods) which releases a limited resource- space —for use by
subordinate species. Here, predation is an obvious means by which a predator influences
species distributions. The actions of predators, however, are not simply limited to
feeding. To the contrary, predators must also forage, find shelter and mates, all of which
may broadcast chemical, visual, and/or tactile signals throughout the environment. The
recognition of predatory cues can induce changes in prey behavior that may have wide-
ranging community effects (Abrams, 1995; Peacor and Werner, 2000; Trussell et al.,
2003; Schmitz et al., 2004). These indirect, non-lethal, species interactions have been
termed “trait-mediated”, and some have argued these are equally, if not more important,
than direct, consumptive, effects in shaping community dynamics (Peacor and Werner,
2001; Trussell et al., 2006a,b; Peckarsky et al., 2008). Correctly defining the relative
strengths of consumptive and non-consumptive effects of predators requires experiments
that are dynamically scaled in all aspects. No where is this more true than when sensory
cues have been suggested to play a role.

The theory behind trait-mediated interaction strengths involves the concept that
predator presence influences lower-tier consumer behavior, but many experiments
examining this are inappropriately scaled (chemically, physically, and/or biologically),
leading to an over-estimation of non-consumptive effects. This problem is particularly
relevant for studies on wave-swept rocky intertidal shores. For example, mesocosms are
routinely used in which intertidal predators (crabs, sea stars, fish) are placed in an

upstream portion of a flow-through tank separated, via a mesh barrier, from downstream



second-tier consumers (whelks, littorine snails, urchins). The purpose of these
experiments is to determine if a cue released by the predator influences the behavior (i.e.
refuge seeking, feeding, and/or growth rates) of second-tier consumers. The results of
such experiments often find that in the presence of a “predator cue” consumers seek
refuge habitats more frequently, and consume less of a given resource. Thus, in a three-
tier food web the non-consumptive effect of predator presence apparently affects the
densities of basal species (primary producers and consumers) by changing the behavior of
the next trophic level (Trussel et al., 2003, 2006a,b, 2008; Cotton et al., 2004; Freeman,
2006). Yet, the strength of the non-consumptive effects observed in this experimental
design are often artificially elevated, resulting in one or more of the following artifacts:
1) Predators were often continuously fed a diet of second-tier consumers without regard
to the potential for alarm cues originating in injured conspecifics, as opposed to signals
for the predator. Both energetics and sensory biology play a critical role in determining
second-tier consumer response. Many predators have hierarchical prey preferences that
may not include a large proportion of the secondary consumer in question. Furthermore,
little or no attempt was made to identify the sensory cue associated with the observed
behavior, or its natural concentration, which would facilitate accurate representations in
experiments. 2) With some exceptions, the predator, and to a lesser extent the next tropic
level consumer, are highly-mobile organisms. Many mesocosm experiments simply cage
a predator next to the consumer species, thus, artificially forcing an interaction
(chemosensory driven or otherwise) for an unrealistically extended length of time. Many

predators, and intertidal predators in particular, are very mobile and do not remain in one



area for long periods of time. Prolonging the exposure of second-tier consumers to
predators, therefore, artificially increases the time spent in refuge habitat. 3) Finally, for
intertidal habitats, the wave-swept shore is a physically dynamic environment. Water
flow must be scaled to represent intertidal turbulence, which could dilute a waterborne
chemical signal to below recognizable levels (Smee er al., 2008). Miscalculations in
scaling any of these parameters will likely introduce artifact(s) into experimental
mesocosms. Although the results of these experiments suggest that non-consumptive
effects are equally, if not more, important than direct consumptive effects in intertidal
habitats, there is a high likelihood that the strength of these interactions had been
artificially increased. Realistic studies of the cascading effects of biological interactions
(including both density- and trait-mediated interactions) must incorporate meaningful
aspects of community ecology, with emphasis on sensory biology (identifying and
characterizing active signals that drive behavior), individual and species-level behavior
(in response to an active signal), energetics of prey selection (likely a driving force in
foraging behavior), and utilizing correctly scaled experiments (e.g. signal concentrations,
flow speeds, space and time).

Chemical signals are used by organism in myriad ways including habitat
colonization (Matsumura et al., 1998, Raffa, 2001; Steinburg et al., 2002: Koehl and
Hadfield, 2004; Dreanno et al., 2006), mate recognition (Snell and Carmona, 1994;
Kelly and Snell, 1998), defense (De Moraes et al., 1998; Wolfe 2000; Pohnert ef al.,
2007), and feeding (Zimmer-Faust, 1993; Nevitt ef al., 1995; Zimmer et al., 1999; Ferner

and Weissburg, 2005). Historically, chemical ecology has focused on the role of



secondary metabolites as active molecules that have singular functions, but recent studies
have shown that chemical signals can significantly influence animal behavior at multiple
trophic levels, with community-wide implications (Ferrer and Zimmer, 2007; Zimmer
and Ferrer, 2007; Shabani et al., 2008). Feeding initiation, or suppression, signals are at
the core of these interactions as the chemistry (smell and taste) of food is a basic
functional-response relationship between predators and prey, irrespective of habitat type.
Whereas studies once asked only if a given predator consumed a given prey,
contemporary theory, technology, and experimental capabilities facilitate studies of what
exact, compound(s) trigger foraging, feeding, initiation of competition and, thus, what

sensory determinants drive density-dependent and trait-mediated interactions.

MATERIALS AND METHODS

Study species and field setting

Our experiments focused on a species of whelk, Acanthinucella spirata
(Gastropoda, Muricidae), widely distributed on Eastern Pacific rocky shores from Bodega
Bay (CA) to San Quintin (Baja Norte, Mexico) throughout the mid- and high-intertidal.
With a diverse diet that includes two competitively dominant foundation species,
barnacles and mussels, 4. spirata is an ecologically important predator. The effects of
whelk predation cascade through the mid- and upper-intertidal, and so A. spirata, as well
as other whelk species, may be considered keystone predators (Paine 1969; Power et al.,

1996).



As a direct developer, Acanthinucella spirata lays its eggs on, or around, the
dominant prey item of a respective beach. As a result the distribution potential of this
whelk is low, and populations tend to be variable throughout their range (~1-10
whelks/m?). Murdoch (1969) described this species as a general predator which feeds on
the numerically dominant species of a given beach. Furthermore, these whelks utilize
different strategies for consuming a variety of prey (drilling, use of paralytic venom, and
the use of labial spines to prop open valves of prey) suggesting that this species switches
prey with relative ease. A high degree of seasonality exists for this whelk in southern
California, with active foraging limited to April-November and a relatively dormant
period from December-March (author’s personal observation).

The California wave-swept community is dynamic, and species dominance within
each zone can change dramatically over relatively small spatial scales (Gaines et al.,
1985). Whelk prey preferences, hence, are dependent on the abundances of available
quarry at a given site, and so three test sites were established along the central and
southern California coastline that have markedly different abundances of the barnacle,
Balanus glandula, the mussel, Mytilus californianus, and the herbivorous black turban
snail, Chlorostoma funebralis.

Our first site, Latigo Canyon (Malibu, CA; 34° 1.573 N, 118°45.341 W), isa
sheltered point made up of large boulders (> 1m diam.) covered by extensive beds of
M. californianus. Although B. glandula is common at this site, the relative abundances
of this barnacle are significantly less than that of mussels and so whelks are most often

observed consuming mussels there. Sea surface temperatures at Latigo Canyon vary



between 13 °C (February) to 22 °C (August), and air temperature varies between a low of
8°C (January) to a high of 30°C (August) (NOAA Buoy # 46025, Santa Monica Basin;
data from 2007). Santa Monica Bay, and Southern California as a whole, experiences a
mixed tidal cycle in which the greatest tidal fluctuation is ~2.65 m. During the warm
months of summer the lower intertidal zone is exposed during the early morning hours
and generally escapes the heat of midday. However, the mid and high intertidal is
exposed in the morning, and again in the early afternoon where it is subject to relatively
high summer atmospheric temperatures.

A few miles northwest of Latigo Canyon, Broad Beach (Malibu, CA; 34° 2.074
N, 118° 695 W) is an exposed rocky point characterized by large slate and sandstone
formations dominated by extensive beds of B. glandula in the mid intertidal and
M. californianus in the low intertidal. The sea surface and air temperatures at this site are
near-identical to those found at Latigo Canyon, which is typical of the northern portion of
the Santa Monica Bay. Although the environmental conditions are similar, the
distribution of prey species between the two sites is not. With a larger population of
B. glandula, whelks of Broad Beach feed near-exclusively on barnacles.

The third site, on the central Californian coastline, Rancho San Marino (Cambria,
CA; 35°31.999 N, 121° 5.107 W) is a boulder-strewn point (boulder size: 0.25->1 m
diam.) dominated by algae (~95% cover) in the lower intertidal and large populations of
the turban snail, C. funebralis, from the mid to high intertidal. Densities of turban snails

in these upper zones can be as high as 200/m?, and algal cover is often < 5 %. Barnacle



and mussel cover throughout the tidal range of Rancho San Marino is orders of
magnitude less than either site in Malibu, and is normally < 5% for both B. glandula and
M. californianus. Despite the low density of barnacles and mussels, 4. spirata is
relatively abundant and can be observed consuming C. funebralis exclusively. Both sea
surface and air temperature remain cooler throughout the year at Rancho San Marino.
Typically sea surface temperature range from 9 °C (May) to 17 °C (September), and air
temperatures range from 6 °C (January) to 18 °C (September) (NOAA Buoy # 46028,
Cape San Martin; data from 2007). The tidal range on the central California coast is
comparable to southern California (~2.6 m maximum difference), and occurs ~ 40
minutes later in the day. Therefore the exposure to warm atmospheric summer conditions

is comparable between southern and central Californian sites.

Distributions of Acanthinucella spirata and prey species

In order to characterize the natural environment, as well as to determine if this
reflects prey choice, field surveys were conducted every other month for two years
(2006-2008) at Latigo Canyon (Malibu, CA), Broad Beach (Malibu, CA), and Rancho
San Marino (Cambria, CA). At each site the densities and distributions of the whelk,
Acanthinucella spirata, and its primary prey species (Balanus glandula, Mytilus
californianus, and Chlorostoma funebralis) were quantified along three permanent 20 m
transects at equivalent tidal heights (above mean low water) at each site: 1.2 m (high
intertidal, barnacle zone), 0.75 m (mid intertidal, mussel zone), and 0.35 m (low, algal-

mussel zone). The percent cover of B. glandula and M. californianus were visually
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estimated (Deither ef al. 1993), and the numbér of A. spirata and C. funebralis counted,
in 0.25 m? quadrats at alternating meter markings along each transect. Furthermore, the
size frequency distribution of each prey species was quantified quarterly by placing a
0.25 m? quadrat with 10 randomly assigned points on a prey patch at alternating meter
markings along each transect and measuring the height and width of individuals found
below each dot.

Our study locations were picked because the resident whelks exhibited discreet
prey preferences. In order to determine if these preferences remained static through time
we surveyed feeding whelks every other month during our surveys. This was done by
removing the first ten whelks found actively feeding. Once removed the prey type was

recorded and its dimensions measured.

Quantifying prey size preferences of Acanthinucella spirata

Preferences for prey size was examined for Acanthinucella spirata collected from
each site along the coast of California in choice experiments so they may be compared to
feeding selections observed in the field. During the summer of 2006, twenty whelks from
each location were collected and transported to the S.E.A. Laboratory (Redondo Beach,
CA) in aerated coolers containing fresh sea water. Groups of 20 whelks were housed in
aquaria (0.27 x 0.1 x 0.17 m) supplied continuously with fresh seawater and acclimated
to the light and temperature conditions of the lab (12 h light : 12 h dark cycle) for a
period of one week prior to tests. Every three days, whelks were fed fresh barnacles,

mussels, or turban snails throughout the duration of their captivity.

11



To examine whelk prey size preferences, experimental arrays were created in
circular choice tanks (n=10 tanks; 0.333 O.D.). Three representatives of each of three
size classes (barnacle size classes: small <1-3mm, intermediate 4-6mm, large 7-10mm;
mussel size classes: small 10-20mm, intermediate 30-40mm, large >50mm: turban snail
size classes: small 5-10mm, intermediate 11-15mm, large >16mm) were randomly
affixed to the bottom of each tank using inert silicone grease (barnacles and mussels), or
1 cm of monofilament tether line secured to the bottom (turban snails), at one of nine
points 2 cm away from the tank wall and each other. Separate water supply lines
continuously fed each replicate tank fresh seawater at a rate of 1 L » m™. Excess water
exited the tanks as overflow. Trials were initiated by placing one whelk in the center of
each tank. Whelks then foraged until a prey item of a given size was consumed, or 24
hours passed, after which the whelk and prey were removed, the tanks cleaned, and a new
trial was initiated. Prey items, and whelks, were used in only one trial, and experiments
were repeated until 10 food items of a single size class had been consumed. Maximum

likelihood analysis was used to determine if whelks exhibited a size preference for prey.

Energy gained per unit time handled

Preferences for one prey type over another are often driven by the energy value
(energy gained * unit time handled™) of each respective prey. To determine if whelk prey
preference reflects the energy values associated with a specific prey item the caloric
content of barnacles, mussels, and turban snails of varying sizes was estimated. Adult

barnacles were collected from Broad Beach, mussels from Latigo Canyon, and turban

12



snails from Rancho San Marino (n=20/species). Measurements of shell length, width,
and height were taken on each prey before they were completely removed from the shell
and freeze-dried in preparation for caloric estimation using a 1425 Semimicro bomb
calorimeter (Parr Instruments, Moline I1.).

Prior to caloric estimation, freeze-dried soft tissues of each barnacle, mussel, and
turban snail were individually ground into a homogenous powder using a mortar and
pestle. The whole animal, or 200 mg if it weighed more than this, was then pressed into a
pellet before being placed into the bomb calorimeter. A 7 cm length of fuse wire was cut
and fitted to the ignition lid and laid to rest just on top of the pellet. The fuse was then
ignited burning the pellet and the wire completely in the bomb. The heat of combustion
results in an increase in water bath temperature which was measured to the nearest
0.0001 °C. Temperature change was converted to the net change in energy (Q) using the
equation (Rossini, 1956):

Q=(AT)*(e)
In which AT, is the change in water bath temperature and ¢ is a standardization parameter
determined by obtaining the heat change of a known amount of benzoic acid. To convert
this to “biologically meaningful” values, the gross heat of combustion (AH;) was
determined using the equation (Rossini, 1956):
AH; = (-Q + f)/m
Where Q is calculated as above, f'is the fuse correction in calories (2.3 calories/cm of

fuse wire), and m is the mass of the sample. This provided an estimate of joules per gram
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of sample, which when multiplied by the total mass of the prey gave an approximation of
the energy content available to a predator when all the soft tissue is consumed.

A highly significant linear correlation was found between shell length (for
mussels), or shell height (for barnacles and turban snails), and freeze-dried weight.
Additionally, a highly significant linear correlation also was found between freeze-dried
weight and caloric content of all prey species tested. Using the equations that describe
these relationships, we were able to predict the freeze-dried weight of each prey
consumed in a feeding trial and, thus, approximate the total available energy to a whelk
from a completely consumed prey item of a given size in each experiment.

Using the total available energy of a given prey item, we next determined the
energy gained per unit time handled (E*Ty") (joules/minute) for barnacles, mussels, and
turban snails of different sizes. The length, width, and height of barnacles, mussels, and
turban snails (n=14, 12, 10 respectively) was measured before one prey of a given size
was presented to one whelk in a circular tank (0.333 O.D.). Whelks were placed in the
center of each tank to forage until feeding commenced. The period required to consume
the prey in its entirety was determined using a time-lapse digital camcorder recording for
20 seconds of each minute until the prey was consumed in its entirety.

Using the shell measurements, the total caloric content of each prey was estimated
by means of the equations previously stated. This energy value was then divided by the
time required to consume each item in its entirety, yielding an estimate of the energy
gained per unit time handled (E=Ty,"). Although this metric for net energy gain does not

take into account the energy loss due to foraging or consumption, it provides an accurate
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estimation of the caloric energy provided to a predatory whelk by prey of a given type
and size. Furthermore, it offered a means by which predictions could be made as to what

a whelk should prefer if they forage in a means that optimizes energy intake.

Preferences for prey type

At each of the sites chosen in this study Acanthinucella spirata typically
consumes a single prey species. We tested the consistency of this preference in the lab
where abundances of prey could be kept equal both in number and in surface area. Three
intermediate sized barnacles, mussels, and turban snails were fixed randomly to the
bottom of circular tanks and supplied continuously with fresh sea water as previously
described. One whelk was placed in the center of each tank and permitted to forage until
a choice for prey was made, or 24 hours had elapsed. Whelks and prey were removed
after each trial and the tanks were cleaned and a new trial initiated. As before, whelks and
prey were used only once and trials continued until 10 of one prey item were chosen.

Although we were primarily interested in the choice of a single prey item over
another, the probability of contacting a prey with a larger surface area could bias the
results of single choice experiments. To address this, the relative surface areas of prey
were matched by grouping smaller prey together to equal the exposed size of the largest
prey in a trial (mussels). Whelks were again placed in the center of each tank to forage
until a choice was made for a certain type of prey. Trials continued until 10 of one
species had been chosen. All prey choice results were analyzed using maximum

likelihood statistics.

15



Role of Ingestive Conditioning

In his seminal work, Murdoch (1969) found that “training” Acanthinucella spirata
on alternate diets had a significant effect on future prey selection. In a similar test, we
examined whelk preferences following a period of ingestive conditioning. Thirty whelks
found feeding on the established preferred prey of each site were collected and
transported to the S.E.A. Laboratory. Snails were separated into groups of ten and were
fed a diet of only barnacles, mussels, or turban snails for one week under laboratory
conditions to acclimate them. Following acclimation, a single whelk was placed in a
single tank (10 x 10x 4 cm) supplied continuously with flowing sea water. These tanks
were then placed into feeding blocks of thirty tanks (n=90 tanks) and the solitary whelk
inside was fed a diet of barnacles, mussels or turban snails for eight weeks. After
complete consumption, or after three days, each prey item was replaced. The number of
days into the ingestive conditioning that each whelk began feeding was recorded as well
as the total number of prey each had eaten throughout. Following the completion of the
conditioning, whelks were once more assayed for prey preference in the same choice

experiment described above.

Waterborne vs. surface-bound cues

Critical ecological interactions are mediated by chemistry. Time-honored
processes, such as predation and trophic cascades, inevitably involve the broadcast of
chemical information. For whelks, and other intertidal predators, signals are likely

produced and broadcast by energetically-valuable prey in a waterborne and/or surface-
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bound state. To examine the role of waterborne signals whelks were tested using
barnacle bed water in bioassays conducted under natural conditions at Broad Beach
(Malibu, CA). Each trial was performed by placing a single whelk into the downstream
section of a portable flow-through acrylic pipe chamber (30 cm long x 5 cm O.D).
Seawater was plumbed into each of five replicate chambers by a 12 v marine pump from
either a test (1 mm above a dense barnacle patch) or control (no prey, sand bottom)
habitat. Chamber flow speed (4 cm/s, measured 2.5 cm above bottom), and turbulent
mixing (shear velocity: 0.1 — 0.2 cm/s), were maintained to minimize dilution of any
waterborne chemical stimulus by a head tank (kept at constant volume) that fed each test
pipe. Sixty replicates trials were run for each treatment over 1-mo intervals in 2007 and
2008, and seawater input was switched among prey/sand patches after every trial. Prior
to the start of each run, whelks were acclimated to the conditions of the chambers for 30
minutes by separating the snails from the source with mesh screening and running control
(sand patch) water continuously through the chamber. After acclimation, the source
water changed, the mesh screen was removed, and the whelk was free to forage around
the chamber for 15 minutes. Trial dates and times were logged and oceanographic data
from that time period were obtained from instrumented buoys situated adjacent to study
sites (Coastal Data Information Program, operated by Scripps Institution of
Oceanography). As indicated by buoy data, calm sea states and minimal wave exposures
(significant waves heights: 0.2-0.5m) prevailed during the entire study period, thereby
minimizing prey odor extinction and maximizing the likelihood of a positive snail

response. To serve as a positive response control, 15 barnacles were collected, crushed,
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and rendered into a paste. At the end of each trial, this barnacle paste was placed at the
source of each chamber and the trials were run for an additional 15 minutes for both the
barnacle bed and the sand patch. The number of whelks reaching the source was recorded
and compared between all treatments. Tests for the activity of surface-bound signals

were done using bioassays and are discussed below.

Whelk feeding bioassay

A new assay was developed to determine if purified barnacle compounds initiated
feeding in foraging whelks once contacted. Whole adult barnacles (4-6 mm test height)
were collected from Broad Beach (Malibu, CA) and the soft tissues of the animals were
dissected out. The empty barnacle tests were then scrubbed with pipe cleaners in
deionized water before being bathed, and stirred, in a 5% hydrochloric acid solution for
15 minutes. Each barnacle test was then rinsed again with deionized water and any
remaining tissue was taken off before each was placed in a 130°C oven and baked over
night. Finally, burned material was carefully removed, and the resulting calcium
carbonate served as a clean structure to be filled and coated (< 0.5 mm) with gel creating
“faux barnacle prey”.

Artificial prey was made by mixing treatment (barnacle extracts) or control
(mussel extracts, turban snail extracts, or filtered sea water) solutions with carboxymethy!
cellulose sodium salt (MP Biomedicals) at 4°C. Carboxymethyl cellulose (herein
referred to as CMC) was the matrix of choice, because gel pore diameter is smaller than

compounds ostensibly acting as prey cues (Zimmer-Faust, 1993). Furthermore,
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carboxymethyl cellulose does not require heat to polymerize and can be made on ice.
Protein concentrations of intermediate sized barnacles, mussels, and turban snails were
determined by the method of Bradford (1976) from crude extractions of a known number
of each organism. Crude extractions were repeated ten times and protein levels averaged
so extract concentrations could be scaled to ecologically realistic levels. Faux prey were
made by mixing 1 ml of ecologically scaled test extract, control extract, or filtered sea
water (FSW) with 0.117 g of CMC . This amount of CMC represented the optimal
weight for polymerization of 1 ml of solution. Furthermore, 1 ml was the smallest
volume for which gel production could be done successfully. The average volume of
intermediate barnacles was ~0.333 ml so 1 ml of faux prey gel was used to make 3
barnacle mimics (concentrations were scaled to fit this). Once thoroughly mixed,
barnacles were filled completely with the gel and a thin coat (<0.5 mm) was smeared
along the outer surface before they were placed on ice to harden. Faux barnacles (n=12;
3 faux barnacles per treatment) were than randomly arrayed in a circle in each flow-
through test tank (10 x 10 x 3 cm) with fresh seawater continuously plumbed in from
above with excess exiting each tank as overflow. A single whelk was placed in the center
of each tank and acclimated to the conditions for 10 minutes before the 50 minute
observation period. Each faux barnacle visited and eaten was recorded. The resulting
choices were compared by maximum likelihood tests.

It is often difficult to recreate field conditions in the lab, and results from these
trials may not reflect the behavior of animals under natural conditions. We sought to

determine if the foraging and selections observed in the laboratory would translate to the
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field. To do this, five experimental plots (10 x 10 cm) were established at Broad Beach
in which all but 12 randomly assigned barnacles were removed. Theses remaining 12
barnacles had the live animals removed and the shells scrubbed and cleaned with a 5%
HCI solution. The plots were left to the natural conditions for 2 weeks (newly settled
species were removed every three days) before trials commenced. For these field trials
each barnacle of each plot was randomly assigned a treatment using a random number
generator. Faux prey gels were prepared on site, and the individual barnacle shells filled,
as the tide was coming in. As the water began to flood the plots 10 whelks were placed
around the periphery and permitted to forage as normal with the incoming tide. Many
whelks simply moved away from the plots, those that entered were tracked by snorkeling
and the barnacles visited and eaten were recorded over 1 hour. As with the laboratory

experiments choices were compared using maximum likelihood analysis.

Extraction and purification of biologically active barnacle compounds

Whole adult Balanus glandula, collected from Broad Beach (Malibu, CA), were
crushed and homogenized in 1:1.5 (w/v) of 50 mM tris-HCI, pH 7.5, and stirred for 120
minutes. This slurry was next rough-filtered through gauze, and centrifuged at 40,000 g
for 30 minutes. The resulting supernatant was filtered using Whatman no. 2 filter paper,
and this solution served as the barnacle “crude extract” (Matsumura et al. 1998). All
extraction procedures were conducted at 4° C, and any crude extract not immediately
used was stored at -80° C. Protein concentrations were monitored by the Bradford

method with bovine serum albumin (BSA) as a standard. Prior to tests crude extracts
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were dialyzed against filtered sea water using Slide-a-lyzer © dialysis cassettes (5,000 Da
molecular weight cut-off (Thermo Scientific)).

Crude extracts of Mytilus californianus and Chlorostoma funebralis were
prepared as described above for B. glandula. In separate assays both crude extracts
induced whelk feeding when compared to gels infused with filtered sea water (FSW).
These extracts were subsequently used as rigorous positive controls for compound
addition to the carboxymethyl cellulose gels. FSW served as the negative control. All
M. californianus and C. funebralis protein concentrations were monitored by the
Bradford method, and crude extracts were diluted to pre-determined barnacle protein
concentrations used in a particular trial. Due to the limitations associated with the
purification of compounds from macro-organisms, M. californianus and C. funebralis

were kept as crude extracts for controls in all trials.

Ammonium sulfate precipitation

A series of ammonium sulfate ((NH4),SOj4) precipitations were preformed on
adult barnacle crude extract to separate the compounds therein on the basis of solubility.
Initially a 35% saturation cut was used in which 0.21 g/ml of (NH,),SO4 was added to the
barnacle crude and stirred for one hour at 4° C. The slurry was centrifuged at 40,000 g
for 15 minutes (Matsumura et al., 1998). The resulting supernatant was separated for
additional precipitations, and the pellet was resuspended in 50 mM Tris-HCI, pH 7.5.
The remainder of the 35% supernatant was subjected to a 35% increase in (NH4),SO4

concentration (70% saturation total). Again, the slurry was centrifuged at 40,000 g for 15
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minutes, the supernatant was separated and the pellet resuspended. This step was
repeated to100% (NH4)2SOy4 saturation. All re-suspended pellets (and the 100%
supernatant) were dialyzed against filtered sea water using Slide-a-lyzer © dialysis
cassettes (5,000 Da molecular weight cut-off (Thermo Scientific)) before being tested
against one another for activity in laboratory whelk bioassays. The active precipitate was
next tested against control solutions (mussel, turban snail, and FSW) to ensure activity
remained. Furthermore, the active precipitate was tested under natural conditions in the
field bioassays described above. All protein concentrations were monitored by the
Bradford method, and precipitates were concentrated or diluted to biologically relevant

protein concentrations at that solubility level.

Identifying the biochemical nature of the active compound

Numerous biochemical components are found in both the barnacle crude extract
and the active ammonium sulfate precipitate. Barnacles are, however, incredibly protein-
rich (~50% total compound composition), so a logical starting point existed in exploring
proteins as signal molecules. The proteins in each sample were enzymatically digested
using Proteinase K (Promega Corp.; Madison, WI). As a broad-spectrum serine protease,
Proteinase K predominantly cleaves the peptide bonds between the carboxylic sides of
aliphatic, aromatic, and hydrophobic amino acids. This results in the breakdown of the
native protein into peptide fragments which vary in length. Samples were concentrated to
5 mg of protein and exchanged into a 1 ml reaction buffer of 7 M urea, 50mM tris-HCI

(pH 8), 3.5 mM DTT. The digestion proceeded following the specification of the
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producer and was terminated using 5 mM phenylmethylsulfonyl fluoride (PMSF). To
control for the addition of Proteinase K to our samples, we ran the same reactions only
inhibited the enzyme with PMSF prior to exposure with barnacle samples; this prevented
the digestion of the proteins but kept the enzyme present. Protein digestion, and
Proteinase K inhibition, was confirmed using SDS polyacrylamide gel electrophoresis
(SDS-PAGE). Treated and inhibited samples were dialyzed against filtered sea water
using Slide-a-lyzer © dialysis cassettes (5,000 Da molecular weight cut-off (Thermo
Scientific)) before being tested for activity in feeding assays. Choices were compared

using maximum likelihood analysis.

RESULTS

Rocky Intertidal Distributions of Whelk and Prey

Our field surveys were conducted to characterize the natural environment, as well
as to determine if species distributions, reflects whelks prey choice. Throughout the two
year period, barnacle, mussel, and turban snail abundances, as well as whelk populations,
remained remarkably stable at each established tidal height at all three sites. Major
difference, however, were found in the percent cover of barnacles and mussels, and the
populations of turban snails, between sites. For example, at Rancho San Marino (RSM)
turban snail abundances were over an order of magnitude greater than at either Latigo

Canyon (LC), or Broad Beach (BB). Conversely, barnacle and mussel cover at RSM
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were both <5 %/m?, whereas at both sites in Malibu barnacles and mussels dominated the
high and mid to low intertidal, respectively (Fig. 1).

As with prey abundance, whelk choice remained stable throughout the survey
period, with whelks of BB consistently consuming barnacles, those of LC mussels, and
those of RSM turban snails. Prey size selection also remained consistent. For example,
~70% of whelks at BB were found consuming barnacles of an intermediate size (5-7mm
shell height). This size class, however, does not represent the most common encountered
suggesting that barnacle-feeding whelks are selective in their choice of barnacle size (Fig.
2). Unlike for barnacle-feeding whelks, those of LC where observed consistently
consuming mussels of 40-50 mm (shell length), which were the most common size class
encountered (Fig 3). Finally, whelks of RSM where found consuming turban snails of
various sizes near-equally suggesting this population does not exhibit a size preference at
this location (Fig 4). That each population of whelks consistently consumed the same
prey type at each site, and that the prey chosen was the species most commonly found, is
consistent with previous work suggesting whelks selectively consume the dominant basal

organism of a given locality.

Prey Size Preferences- When All Things are Equal

Preference for prey of specific dimensions can be variable and depend on the
dimensions of the predator. To determine if prey size selection was consistent when
equal numbers of prey of differing sizes classes were presented, we used the most

common size whelks found in the field (17-22 mm shell height). In laboratory choice
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trials, whelks from BB exhibited a distinct and consistent preference for barnacles
between 4-6 mm (G°=9.19, D.F. =2, P=0.0101; Fig. 5). All but two whelks in the
barnacle size preference trials foraged within the tanks making multiple contacts with
most of the prey offered until consuming an intermediate-sized barnacle. Mussel-feeding
whelks also exhibited a significant preference for intermediate mussels size (30-40 mm
shell length) (G° = 8.51, D.F. =2, P = 0.014, Fig. 5), although 40% chose to feed on
small mussels. This result is in slight contrast to what was observed in the field
suggesting preferential feeding on 30-40 mm mussels may limit the density of this size
class forcing whelks to switch to a slightly larger size class. Finally, no whelks in any of
the mussel feeding tests chose to eat the largest size class which may suggest large
mussels reach a size refuge from predatory whelks. In contrast, whelks from RSM did
not display a clear size preference and typically consumed the first turban snail contacted
(G*=1.38,D.F. =2, P =0.5; Fig. 5). Although no significant difference was found for
turban snail-feeding whelks, 50% did consume the largest size class which may have
resulted from an increased likelihood of contacting a larger turban snail over a smaller
one.

Larger prey are more likely to be contacted by whelks in trials that keep constant
the number of prey available due simply to the fact that these present a greater surface
area. To correct for this, trials were run in which the surface area of prey were
approximately matched. For barnacle and mussel predators, the adjustment in area
available for contact did not change the preference for prey size. These whelks continued

to consume significantly more intermediate sized prey (barnacle feeders: G° = 11.96,
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D.F. =2, P <0.005; mussel feeders: G°=9.76,D.F. = 2, P =0.008). However, available
surface area was important to turban snail predators. Whelks of RSM, in the matched
surface area trials, again consumed most often the first turban snail contacted, but within

these treatments even proportions of turban snail sizes classes were consumed

(G°=0.194, D.F. =2, P> 0.5).

Energetics of Choice: Energy gained per unit time handled

A significant relationship between prey size and energy content (j) was found for
all three species tested. Caloric content increased linearly with shell size for barnacles
(r’=0.67, n=40), mussels (+’=0.91, n=28), and turban snails (#’=0.77, n= 20). Similarly,
handling times (H,) for barnacles, mussels, and turban snails varied predictably. For
example, the smallest of the three prey types, barnacles, took significantly less time to
consume than either the mussels or turban snails (on the order of hours as opposed to
days). However, small barnacles took longer to consume than intermediate barnacles, but
less than the largest. This increase was due to the inability of the labial spine of barnacle-
feeding whelks to effectively hold open the opercular plates of the smallest barnacles
tested. For these prey, whelks resorted to drilling the sides of barnacles to reach the soft
tissue, significantly increasing H;.

A similar pattern of Hy, although not as pronounced, was found for mussel shell
length. For the smallest mussels H, was slightly greater than it was for intermediate
mussels, but still less than for the largest sizes. As with barnacles, a switch in feeding

strategy was observed, and those consuming the smallest mussels (< 15 mm) did so most
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often by drilling, as opposed to envenomation at the site of the abductor muscle, before
consumption. The distance between the open valves of the smallest mussels (while
filtering) is considerably smaller than that of the intermediate or large one. In one
feeding trial, the whelk repeatedly attempted to fit its proboscis between the valves but
was unable to slip it in unnoticed; after many failed attempts it changed tactics and drilled
the mussel.

Unlike barnacle and mussel prey, H; for turban snail prey increased linearly with
the height of the spire. In 100% of attacks whelks used drilling to access the soft tissues,
and in all cases turban snails were attacked either at the second whorl or just above the
operculum. Subsequent shell thickness measurements found these areas were
significantly thinner than the lateral area of the first whorl.

Organisms which forage optimally choose prey that maximizes net energy gain.
To determine which of the alternate whelk prey provided that greatest net energy we
considered the caloric value of each prey in terms of the length of time handled. By
nearly an order of magnitude barnacle prey provided the greatest energy per unit time
handled (Fig. 6). The shape of the curve suggests a substantial energetic benefit is found
in consuming intermediate-sized prey. This result is in agreement with our previous
findings that barnacle-feeding whelks actively search out prey 4-6 mm in size under
natural field conditions. Similarly, the energy gained per unit time handled for mussels
revealed a trend that maximizes energy intake in the intermediary size range (25-35 mm)
although substantially less energy is gained when compared to barnacles (Fig. 6).

Despite this trend, the observed size chosen in the field (40-50 mm) was larger than
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would be predicted based on our energy curve. It should be noted, however, that the
difference between energy gains of these two mussel size classes is not substantial

(~1 jemin™"). Regardless of size, turban snails yielded approximately the same prey value
(Fig. 6), which was slightly less than the range for mussels, but also an order of
magnitude less than barnacles. These results may explain what appeared to be random
feeding on turban snails in the field and lab. From the estimated prey energetic values a
hierarchy in prey preference follows that barnacles >> mussels > turban snails.
Furthermore, in using these energy predictions we can explore prey choice as it is
observed in the field to determine if selection is done in a manner that optimizes energy
intake and thus, foraging output.

Based on our energy calculations, Acanthinucella spirata should preferentially
consume barnacles when they are available. Furthermore, to forage optimally these
snails should not only go after barnacles, but should be selective in the sizes they choose
so long as this size class is fairly well represented in the population. We examined, in
detail, the prey selection observed at Broad Beach and found that whelks there not only
preferentially feed on barnacles, but will also attack individuals of the optimal size class
more frequently. These results suggest that 4. spirafa may be a more specialist predator
than was previous thought, but only when prey populations allow for selection of energy-

optimized quarry (Fig. 7).
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Preference for Prey Type

In examining the energetic value (E/Hy) of three of the primary prey species
consumed by Acanthinucella spirata we predicted that whelks should choose barnacles
over mussels and turban snails if the net energy intake is maximized through selective
foraging. In choice experiments whelks were offered equal numbers barnacles, mussels
and turban snails. Whelks found consuming barnacles in the field (Broad Beach whelks)
exhibited a strong barnacle preference in laboratory trials as well (G° =43.94, D.F. =2,
P <0.0001; Fig. 8). The preference for barnacles also was highly significant for whelks
that consume mussels (Latigo Canyon whelks) and turban snails (Rancho San Marino
whelks) (G2 =3494,DF.=2,P <0.0001; G’ = 8.49, D.F. =2, P =0.014, respectively;
Fig. 8). Furthermore, in feeding trials where whelks were offered non-optimal barnacle
sizes (1-3 mm or >7 mm) along with energy-maximizing sizes of alternate prey the strong
preference for barnacles remained consistent. These results suggest that predatory
whelks are able to identify prey types, and when offered a choice will consume that food

which offers the highest energy return.

Role of Ingestive Conditioning

Prior and consistent food choices have been known to affect current and future
selections in a variety of organisms. We designed an experiment to determine if a
consistent diet of one prey item would affect future choice. Our results for Acanthinucella
spirata suggest that it does not. Feeding began on barnacles within the first four days for

all whelks that were presented this food type, and continued at a rate of ~1 intermediate
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sized barnacle every 4 days (time to consume 1 barnacle = ~0.31 days). Whelks that had
fed consistently on a diet of barnacles (Broad Beach snails) were the most resistant to
switch to the alternate prey type. It took approximately 2 weeks for these snails to switch
to mussel prey, and 3 weeks to switch to turban snail prey, a result that is consistent with
our prey hierarchy. In all tanks these whelks were observed to forage extensively for
extended periods of time without selecting the alternate food, considerably longer than
was observed for the other populations. Feeding initiation for whelks that eat mussels in
the field (Latigo Canyon snails) took on average 7 days, but remained consistent
throughout the period of conditioning at a rate of ~ 1 mussel every 20 days (time to
consume one mussel = ~3.12 days). Although these whelks readily consumed barnacles
and mussels within the first week of conditioning, feeding on turban snails did not begin
until the middle of the 2™ week. Feeding rates of Latigo Canyon whelks on turban snails
averaged approximately 1 turban snail every 12 days (time to consume one turban snail =
~4 days). Finally, whelks that feed on turban snails in their natural habitat took on
average only 4 days to initiate feeding on turban snails, but resisted feeding on mussels
for 2 weeks. Feeding on mussels remained constant at a level of ~ 1 mussel every 19 days
(time to consume one mussel = ~3.75 days), which was consistent with the other two
populations of whelks.

The established preference for barnacle prey remained consistent and significant
after 8 weeks of ingestive conditioning with alternate prey for all whelks originally found
to be barnacle-feeders. In 100% of trials these whelks continued to eat, or switched back

to, barnacle prey as soon as it was available again further supporting the strong
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preference for this prey type observed before the ingestive conditioning (barnacle-feeders
fed barnacles: G° = 10.99, D.F. =2, P = 0.004; barnacle-feeders fed mussels: G’ = 10.99,
D.F. =2, P =0.004; barnacles-feeders fed turban snails: G’ = 10.99, D.F. =2, P=0.004,
Table 1). A difference in foraging behavior was observed for all members of the group
fed only turban snails. The foraging time of this group was markedly reduced, and each
whelk was observed to consume the first barnacle contacted as opposed to foraging in the
tank and contacting each available prey item. A similar pattern was found for mussel-
feeding whelks collected from Latigo Canyon, in that 100% of these whelks continued to
feed on, or switched to, barnacle prey after the 8 weeks (mussel-feeders fed barnacles: G’
=10.99, D.F. =2, P = 0.004; mussel-feeders fed mussels: G° = 10.99, D.F. = 2,

P = 0.004; mussel-feeders fed turban snails: G’ = 10.99, D.F. =2, P =0.004; Table 1).
The only group of whelks which did not feed exclusively on barnacle prey post-ingestive
conditioning was those collected from Rancho San Marino, although barnacles were
chosen significantly more than either of the alternate prey. Those turban snail-feeders
conditioned with barnacles consumed this prey type in 80% of the trials and turban snails
in 20% (G2 =5.98, D.F. =2, P =0.05; Table 1), values which are equivalent to what was
observed in the initial prey choice experiments. Turban snail-feeders conditioned with
mussels switched to barnacle prey when offered a choice 100% of the time (G° = 10.99,
D.F.=2, P =0.004; Table 1), and those which were conditioned with turban snails chose
barnacles significantly more than the alternate food items (G° = 5.98, D.F. =2, P = 0.05;

Table 1).
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Foraging Response of Whelks to Waterborne Signals

A primary focus of our study was to determine if whelks use a chemical signal to
find barnacle prey. The rocky intertidal environment of exposed coasts is often a
turbulent habitat, and to maximize the likelihood of getting a response from the
Acanthinucella spirata our trials were run on a series of hydrodynamically-benign days.
Despite the calm sea state whelks did not track to source water originating 5 mm above
an actively feeding barnacle bed any more than they did water originating from 5 mm
above a control sand patch (G° = 0.076, D.F. = 1, P = 0.78; Fig. 9). In 60 trials only 8
whelks (13.3%) reached the source when it was barnacle water and 7 (11.6%) when the
source water was from a control sand patch. Conversely, significantly more whelks
responded, 24 out of 60 (40%), when crushed barnacles were placed in the forward
portion of each chamber and combined with barnacle bed water when compared to
barnacle bed water alone (G° = 29.836, D.F. = 1, P <0.001). A similar response was
observed with whelks when crushed barnacles were added to control sand patch water.
In these trials 19 out 60 (31.6%) whelks reached the source, which was significantly more
than for sand patch water alone (G°=43.375,D.F. =1, P <0.001). No significant
difference, however, was found when the responses of whelks from barnacle bed water
and crushed barnacles were compared to that of whelks from sand patch water and
crushed barnacles (G° = 9.08, D.F. = 1, P = 0.34) indicating the whelks were responding

to the crushed barnacles rather than a waterborne signal.
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Response of Whelks to Contact Cues

In order to determine if whelks would respond to contact signals we used a
purified barnacle crude extract imbedded in carboxymethyl cellulose (CMC), creating
“faux prey”, to be tested in our bioassays. Examination of the constituent compounds of
the barnacle crude extract revealed that it was principally composed of protein (50 %
protein, 25.6 % carbohydrate, 4.8% lipid; protein, ash, acid hydrolysis determination
respectively (Eurofin Corp. Des Moines [A)) and so proteins content was used scale faux
prey. Additional, from 10 crude protein extractions it was determined that one
intermediate barnacle contained, on average, 1.289 mg of total protein; all feeding
experiments on the crude extract were scaled to this protein concentration.

In all feeding trials whelks were observed foraging in the tanks contacting the
majority of faux barnacle prey before making a selections and feeding. Of the whelks
that fed, 100% chose to feed on, and consumed in its entirety, faux prey imbedded with
barnacle crude extract (Fig. 10). Although we designed our feeding trials to be as free
from artifact as was possible selection under laboratory conditions may not reflect what
would happen under natural field conditions. When feeding trials were performed at
Broad Beach under natural conditions whelks still chose to consume 100% of our faux
prey imbedded with crude barnacle extract (Fig. 10).

The strong results obtained in our contact feeding bioassay prompted us to begin
searching for the active molecule that underlies recognition. As is typical in initial
biochemical purifications, we chose to separate our active barnacle crude extract using

ammonium sulfate (NH4),SO,) precipitation. Separations were preformed in which
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(NH4),SO4 was added in increasing concentrations (0-35%, 36-70%, 71-100% saturation)
causing compounds to precipitate based on their solubility. Each resulting precipitate and
supernatant was then tested against our control solutions in bioassay until the activity was
isolated in single precipitation. The active compound that induces whelk feeding was
found in our 35-70% (NH4),SO; pellet cut, and whelks presented these gels consumed
significantly more faux prey than the controls in both the lab and the field (G° = 22.00,
D.F.=3,P <0.001; G’ = 30.00, D.F. =3, P <0.001, respectively; Fig. 11). Additionally,
the concentration of (NH4),SO, that precipitated the active cue is indicative of a
compound that has a low solubility and, thus, would be surface-bound further suggesting
that whelks utilize a contact cue rather than a waterborne signal. From 10 replicate
precipitations it was determined that 42% of the total crude proteins precipitated out in

this cut. Feeding trials were scaled to reflect this concentration.

Biochemical identity of the active compound

Compositional analysis of our active ammonium sulfate ((NH,4),SO,) precipitate
revealed that this fraction was made almost entirely of protein (96.2% protein, 3.7%
carbohydrate, < 1% lipid; protein, ash, acid hydrolysis determination respectively
(Eurofin Corp. Des Moines [A)) strongly suggesting that our active whelk feeding cue
was going to be proteinaceous in nature. To test this we used a broad-spectrum serine
protease, Proteinase K, to break apart all the proteins found in our active crude extract.
The effectiveness of each reaction was monitored using SDS-PAGE, and protein bands in

the treated crude extract subsequently did not appear in gels after Proteinase K treatment
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(peptide smears where identified, as would be expected). In feeding bioassays whelks
presented with Proteinase K denatured crude were unable to identify faux prey as food
and thus failed to consume a single one. With no preferred barnacle prey proteins
detectable in these feeding trials whelks fed on control gels, but failed to consume one
type significantly more than another (Fig. 12). To control for the addition of Proteinase
K we subsequently ran feeding trials in which the reactions were carried out in the same
manner except that the Proteinase K was inhibited using PMSF prior to the reactions.
The results of these reactions were monitored using SDS-PAGE as before, and protein
bands appeared at the same molecular weight as non-treated crude extract. Following
this, we presented faux prey imbedded with the inhibited Proteinase K treated crude to
whelks alongside controls. Whelks consumed significantly more faux barnacles made
with inhibited Proteinase K then they did controls (G2 =16.40, D.F. =3, P <0.001; Fig.
12). These results strongly suggest that foraging whelks utilize a protein signal of low
solubility (surface-bound) to identify preferred, energy-rich, barnacle prey, and that the

detection of this cue drives prey choice.

DISCUSSION

The energetics of prey choice
Throughout the course of our experiments the densities of each prey species
examined (barnacles, mussels, and turban snails) remained relatively unchanged in each

area where whelks forage. Furthermore, whelks consistently chose the dominant prey
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species available at a site. This result is consistent with that of Murdoch (1969) who
determined that 4. spirata, as a general predator, will consume the dominant prey item at
a location, switching only when prey densities fell below a given encounter rate. Despite
this consistency, the present study showed significant differences in prey preference
when whelks were offered prey choices.

A strong preference for barnacle prey was identified for all whelks regardless of
collection site or previous diet. This is best explained by the fact that whelks appear to
optimize energy intake by choosing barnacles which offer an order of magnitude more
energy per unit time handled in comparison to mussels or turban snails (Fig. 6). From
these experiments a strict hierarchy in prey selection was established for 4. spirata in
which barnacles >> mussels > turban snails. In contrast, Murdoch found that 4. spirata
would consume only the prey they had been conditioned with and exposed to (e.g.
Mpytilus edulis or Balanus glandula). In the present study, the mussel species consumed
by A4. spirata was universally Mytilus californianus, whereas the mussel predominantly
used by Murdoch was Mytilus edulis. Mytilus californianus is typically found on the
open coast, exposed to large waves (and the projectile objects within them), as well as to
predation by crabs and other snails, therefore this species will grow thicker shells than
M. edulis, which inhabits more sheltered environments (Shanks and Wright, 1986,
Rabenheimer and Cook 1990; Blanchette et al., 2007). As an inducible defense, these
thicker shells may be an effective selection deterrent relative to other, more easily

handled, prey. The thinner shells of M. edulis may be easier to penetrate or crack than
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those of M. californianus, potentially explaining the relatively equal preference of whelks
for barnacles and mussels in Murdoch’s study.

The large difference in available caloric content per unit time handled between
each prey species likely drives the foraging pattern of predatory whelks. In most cases
whelks were observed to randomly move around the tanks and sample most of the
available quarry before making a choice on what prey to consume. In addition to a
general preference for barnacles, a discrete preference for the intermediate size class,
which further maximized the energy gained, suggested that whelks search for prey
yielding the greatest energy for the least effort. A single variable accounts for this result-
it takes substantially longer (on the order of days as opposed to hours) to consume a
mussel than it does a barnacle. As second-tier consumers, whelks must also limit their
exposure to other predators such as crabs and sea stars. Although a whelk may get more
calories from a single mussel than it would from a barnacle, in doing so it increases its
predation risk. Therefore, there is a fitness consequence, in addition to energetic one,
associated with consuming barnacles over mussels. With dietary preferences that
maximize energy intake and reduce predation risk, equal encounter and success rates, and
what appear to be instant recognition of energy-optimizing prey, whelks appear to be
optimally foraging (Hughes, 1979; Burrows and Hughes, 1990).

Hierarchical preferences, as found for Acanthinucella spirata, are often strongly
influenced by the availability of prey at a given location. When a preferred prey is not
available, the predator switches to a prey of lesser value. Murdoch (1969) found that

switching in whelks would take place when the density of the preferred species dipped
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below that of a less-preferred species because encounter rates of the second species
would be higher. This scenario is likely for predators which do not exhibit strong prey
preferences and may induce community stability (Post ef al., 2000). Results from our
ingestive conditioning experiments, however, indicate that whelks do not readily switch
to a sub-optimal food source. For example, barnacle-feeding whelks presented with
either mussels or turban snails were highly resistant to prey switching. These individuals
continuously foraged for the preferred prey for a period of time (up to (in some cases) 3
weeks) before switching to an alternative food. Thus for innate barnacle feeders, these
results are consistent with Murdoch’s in that previous diet appeared to influence the
foraging behavior of whelks. Unlike Murdoch’s findings both mussel- and turban snail-
feeding whelks readily switched to barnacles when presented, further establishing
barnacles as the prey of choice for 4. spirata. When barnacle populations are low

A. spirata will switch to an alternative prey, however, that threshold density of barnacles

is yet to be determined.

A sensory basis for prey selection and the role of contact cues

The recognition of a chemical signal(s) often underlies and influences foraging
for a preferred prey item. Thus, a main goal of this study was to determine if whelks use
a cue to identify live barnacles in their environment. A cursory examination of foraging
whelks revealed a telling behavior— as whelks search for food they periodically pat the
substrate with their tentacles. Furthermore, as whelks move forward they sweep side to

side in order to sample a swath of substrate. These behaviors are characteristic of an
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organism searching for a chemical stimulus which is likely to be adsorbed on the
substrate. Subsequent experiments were aimed at identifying a signal recognized by
whelks that indicates the presence of an energy-maximizing barnacle. A logical starting
point in this examination was to explore the role of waterborne versus contact cues.

The rocky wave-swept intertidal of exposed coasts is a hydrodynamically
turbulent environment which can experience water velocities that exceed 25 m s™ (Denny
et al., 2003). Although this figure almost certainly represents an extreme, it none-the-less
highlights the potential of near-complete signal dilution in close proximity to an odor’s
source. Weissburg and Zimmer-Faust (1993), for example, experimentally demonstrated
that the success of blue crab chemo-orientation was diminished during periods of
relatively high flow speeds. Their experiments, designed to mimic estuarine habitats,
found that at a free-stream velocity of 14.4 cm s™ predatory success was only 10%,
conditions for which prey may find a refuge from odor plume-tracking predators. Free-
stream flow speeds frequently exceed 14.4 cm s™' in the rocky intertidal and so dilution of
any waterborne signal would happen very close to a point source. To test this hypothesis,
foraging whelks were exposed to water originating from dense barnacle beds. These
experiments were conducted on a series of calm summer days to reduce the likelihood of
signal dilution due to turbulent mixing. Nevertheless, whelks were no more inclined to
track to the barnacle bed source water than control sand-patch water. These experiments
strongly suggest that whelks are not reliant on waterborne signals to orient and/or find

preferred barnacle prey.
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The lack of response to waterborne signals, as well as the characteristic sampling
of the substrate exhibited by foraging whelks, indicated the likely role of contact signals
in prey identification. Extracted barnacle compounds, at ecologically realistic
concentrations, induced whelk feeding in significantly more trials than did filtered sea
water, extracted mussel- or turban snail compounds. Because the pore size of
carboxymethyl cellulose gel is ostensibly smaller than the compounds embedded in it,
these results indicate that whelks use surface-bound contact signals to identify live adult
barnacles. Furthermore, when active barnacle crude extract was subjected to ammonium
sulfate precipitation and fractionation, all activity was retained in the 35-70% saturation
level demonstrating that the active compound is of low solubility. The strong feeding
response exhibited by whelks to these two treatments is a clear indication that this
predator is reliant on surface-adsorbed signals to locate preferred prey.

The activity of contact- as opposed to waterborne cues in the rocky intertidal is
consistent with the hydrodynamic environment. However, an obvious question remains
in terms of foraging— how, if removed from barnacle beds, do whelks then re-locate their
prey patches? The answer to this question may have been indirectly identified in work
preformed by Vadas et al. (1993) with their vertical linear array (VLA)— an experimental
set-up designed to simulate the vertical environment of many dog whelks (Nucella
lapillus). Much like N. lapillus, Acanthinucella spirata is a vertical migrator. Once
removed from a barnacle patch, A. spirata crawl in a seemingly random pattern until a
vertical wall is contacted at which point the whelk crawls up (author’s personal

observation). From this behavior patterns of motion were identified in which whelks
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respond negatively to geotaxis when submerged for periods > 6 hours, and positively to
geotaxis if exposed to air for > 6 hours. These behaviors were noted in the study by
Vadas et al. (1993) and were the reasoning for using the VLA; these same behaviors were
frequently observed win 4. spirata in our holding tanks. Furthermore, the use of these
patterns of motion allows whelks to attain a vertical position within the intertidal that will
place them in the zone most populated with a given prey.

The combination of energy-based barnacle preferences, active feeding when
surface-bound protein signals are contacted, and geotactic responses, supports a model
describing predatory whelk search behavior on wave-swept shores. For foraging whelks,
patterns of motion are governed by vertical migration mediated by geotaxis. Reliance on
this migratory pattern ultimately places whelks within the vertical zone of barnacles.
Local patterns of motion then are dictated by contact chemoreception in which a hungry
whelk will begin feeding once the active barnacle protein is contacted. Furthermore, a
satiated whelk could thus utilize the contact signal to align itself in refuge habitat that is
in, or in close proximity to, a food source patch, minimizing its exposure to other
predators. This model explains, in simple terms, the observed migratory and foraging
behavior of whelks in both the lab and the field, and may be applicable to other contact

cue-driven predators.

The role of proteins in whelk-barnacle interactions

Many interactions of ecological significance are mediated by chemistry. The

identification of the signal molecules that drive these relationships provides valuable
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insight into the underlying process that couple the external environment to the central
nervous system, and finally to the behaviors which are the foundation of species
interactions. Initial surveys of the active crude barnacle extract revealed that it was ~50%
protein. Furthermore, whelks were shown to consume prey mimics when ecologically
realistic concentrations were detected. Using Proteinase K, the protein was successfully
digested into small peptide fragments which were used in feeding assays. Results of
these trials revealed that whelks did not recognize or consume the faux prey containing
digested proteins, unequivocally showing the active signal is an intact protein. This is
one of only a handful of examples in which a protein has been identified as a feeding cue.
The essential building blocks of all organisms are proteins. However, the vast
majority of proteins remains within cells and so are not readily available for detection by
predators. Barnacles, like other shelled organisms, produce proteins that are requisite to
biomineralization of shell and cuticle (Marin and Luquet, 2004). These proteins (many
of which belong to macroglobulin families) would be a good target for predator
recognition. Furthermore, with barnacles actively producing cuticle as they grow, these
signals would be available for contact on the outer surfaces of adult barnacles where they
could be readily detected by foraging whelks. In fact, Dreanno et al. (2006) identified a
glycoprotein complex found in the barnacle, Balanus amphitrite, as the settlement cue for
conspecific larvae. They suggest that this glycoprotein is associated with the production
of shell and cuticle, but it is also found in significant concentrations adsorbed to the shell
where it may act as a contact signal. The glycoprotein complex exhibits most of the traits

identified in our whelk feeding cue (i.e. low solubility, contact-recognized) and so may
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be a similar protein to what was found in Balanus glandula. Our subsequent research is
focused on the full identification, characterization, and role of the active glycoprotein (or

homolog) within an ecological context.

The ecological and experimental implications of signal recognition

The top-down role of predators (especially those which play keystone roles) in
influencing the distribution of other species within a habitat has been a perennial theme in
ecology. Despite the importance of predation to community structure, little work has
examined the underlying signals that allow marine predators to find prey. Without this
piece of the puzzle ecology lacks a critical component that links environmental stimulus
space to cellular recognition mechanisms that, in turn, drive individual behaviors. Here,
we have identified a protein signal produced by barnacles that whelks utilize as an
indicator of preferred, energy-rich, prey. This signal serves as the underlying mechanism
that elicits prey selection, thereby driving a critical ecological interaction, and its
cascading consequences, between a foundation species (barnacles) and a keystone
predator (whelks).

In addition to the role this surface-bound protein plays in whelk-barnacle
interactions, it also provides insight into the dynamics of signal production and detection
within the rocky wave-swept environment. With flow speeds often exceeding 1 ms™,
waterborne signals may play a role in only those species interactions that occur over very
short spatial scales, leaving many organisms heavily dependent on contact cues.

Therefore, environmental context needs to be heavily considered when looking at the
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responses of organisms to waterborne stimuli. A prime example of this is seen in the
work by Smee ef al. (2008) when they showed that increased turbulence diminished the
response of clams to blue crab effluent. They noted that the response of organisms to
waterborne chemical stimuli is contingent upon the species interacting, the sensitivity of
those species to a specific signal, and the risk/reward associated with response. With few
exceptions, however, contact cue recognition is likely to be prevalent in wave-swept
environments and should be considered when exploring density- and trait-mediated
effects of species interactions.

Recent studies aimed at trait-mediated indirect interactions in which a chemical
stimulus induced behavioral responses that changed rates of growth, feeding, and/or
refuge habit seeking of primary producer/basal species density may represent over
estimations (Peacor and Werner, 2000; Trussel ef al., 2003; Trussel et al., 2006). The
basic experimental design of these studies, in which predators, second-tier consumers,
and foundation species have been placed inside mesocosms, may force a response that is
ecologically irrelevant. This artifact may be especially true for studies examining these
responses in intertidal habitats. Keeping predators caged upstream of consumers for
extended periods of time, as is common in mesocosm experiments, likely leads to an
artificial increase in predator effluent. Furthermore, feeding those predators (especially if
they are general predators) a constant diet of second-tier conspecifics ultimately would
induce a response of foragers downstream. Having shown that whelks do not readily
respond to waterborne signals under natural conditions provides an alternative

interpretation of these results. It should be noted, however, that there likely exists trait-

44



mediated responses to higher-order predators in the intertidal, but that these probably
occur on small spatial scales and over short time periods (e.g. only when that predator is
present and close by).

Species interactions are the foundation of community dynamics. Investigations
leading to the better understanding of the ways in which these interactions occur, the
mechanisms that drive them, and the community-level consequences are critical to
understanding ecological dynamics. Future studies, especially in marine environments,
should focus on interactions as they progress from stimulus space, to cellular level
recognition, to behavior driven response, and finally to the cascading effects of that
behavior. From this approach, accurate models can be developed in which there is a
further understanding of how species interactions are driven, as well as what elicits them.
The present study attempted to do this by examining a species relationship known to
structure communities (whelk-barnacle), as well as to establish a prey preference rooted
in maximizing energy intake per unit time handled. In doing so a protein signal was
identified that rests at the heart of an important ecological interaction. Future

examination into signals of this sort will likely uncover many more.

45



9%

Table 1: Results of prey choice trials after 8 weeks of ingestive conditioning. Despite forced feeding, preferences
for barnacle prey remained for each whelk type.

Post-Ingestive Conditioning Prey Choice

Predator Fed Proportion Barnacles Proportion Mussels Proportion Turban
Type Only Consumed Consumed Snails Consumed
Barnacle 1 0 0
Barnacle Feeders Mussel 0 0 0
Turban Snail 0 0 0
Barnacle 1 0 0
Mussel Feeders Mussel 0 0 0
Turban Snail 0 0 0
Barnacle 0.8 0.2 0
Turban Snail Feeders Mussel 0.9 01 0
Turban Snail 0 0 0
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Figure Captions

Figure 1-1. The relative abundances of the barnacle Balanus glandula, the mussel Mytilus
californianus, and the black turban snail Chlorostoma funebralis at Latigo Canyon
(Malibu, CA), Broad Beach (Malibu, CA) and Rancho San Marino (Cambria, CA)

recorded from 2006-2008.

Figure 1-2. The number of Balanus glandula consumed of a given size class at Broad
Beach (Malibu, CA) (A). The average size frequency distribution of 10 randomly

selected B. glandula sampled every other month at Broad Beach from 2006-2008 (B).

Figure 1-3. The number of Mytilus californianus consumed of a given size class at Latigo
Canyon (Malibu, CA) (A). The average size frequency distribution of 10 randomly

selected M. californianus sampled every other month at Latigo Canyon from 2006-2008

(B).

Figure 1-4. The number of Chlorostoma funebralis consumed of a given size class at
Rancho San Marino (Cambria, CA) (A). The average size frequency distribution of 10
randomly selected C. funebralis sampled every other month at Rancho San Marino from

2006-2008 (B).
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Figure 1-5. The proportion of prey chosen from each size in laboratory size preference
assays for whelks established as barnacle feeders, mussel feeders, or turban snail feeder.
Size classes: barnacle: small <1-3mm, intermediate 4-6mm, large 7-10mm; mussel: small
10-20mm, intermediate 30-40mm, large >50mm: turban snail: small 5-10mm,

intermediate 11-15mm, large >16mm.

Figure 1-6. The energy gained per unit time handled (in joules « minute™) for whelks
feeding on various sizes of Balanus glandula (filled circle), Mytilus californianus (open

square), and Chlorostoma funebralis (filled triangle).

Figure 1-7. Predator-prey interaction at Broad Beach. (A) Size-frequency distribution of
barnacles in high intertidal (1.3-1.5 m MLLW), sampled bi-monthly and averaged over
one year (2007). (B) Prey size selection by whelks. (C) Electivity of whelk predation
(Chesson’s index). (D) Whelk energy intake (E) per unit handling time (Th), prediciting

prey selection by Acanthinucella spirata.
Figure 1-8. The proportion of alternate prey chosen during laboratory feeding trials in

which equal numbers of each prey type was presented to whelks that were collected from

sites with established feeding regimes.
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Figure 1-9. The proportion of whelks reaching source water originating from a treatment
(barnacle) patch and control (sandy bottom) patch with and without the addition of 15
crushed barnacles. The same letter indicates treatments that are not significantly different

(Tukey HSD).

Figure 1-10. The number of faux prey mimics filled with Balanus glandula crude protein
extract and control solutions eaten by Acanthinucella spirata in both laboratory (white
bars) and field (grey bars) bioassays. One barnacle of intermediate size (4-6 mm) was
found to contain ~ 1.289 mg of total protein. All treatment protein levels were scaled to

reflect this. Asterisks indicate a significance level of p <0.001.

Figure 1-11. The number of faux prey mimics filled with the active Balanus glandula
ammonium sulfate (NH4),SO4) precipitated pellet and control solutions eaten by
Acanthinucella spirata in both laboratory (white bars) and field (grey bars) bioassays.
One barnacle of intermediate size (4-6 mm) was found to contain ~ 0.541 mg of protein
at this solubility level. All treatment and control protein concentrations were scaled to

reflect this. Asterisks indicate a significance level of p < 0.001.
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Figure 1-12. The active protein crude extract was subjected to enzymatic digestion by
Proteinase-K resulting in the fragmentation of all the proteins in the sample. This
digested sample was made into prey mimics and presented to Acanthinucella spirata in
laboratory choice feeding assays (A). Additionally, Proteinase-K was inhibited using

5 mM phenylmethylsulfonyl fluoride (PMSF), added to the crude extract, and tested for
feeding activity, providing a control for the presence of the enzyme in the feeding gels

(B). Asterisks indicate a significance level of p < 0.001.
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Chapter 2: Barnacle glycoproteins: a keystone molecule that structures natural

communities

ABSTRACT

Sensory systems provide critical filters that enable organisms to detect and
recognize valuable resources. Trophic cascades, structuring populations and
communities, are determined to a large degree by trait-mediated interactions that rely on
sensory inputs. Certain molecules serve as chemosensory stimuli and play keystone roles
in determining outcomes of predator-prey dynamics at multiple trophic levels. Here, the
contributions of surface-adsorbed proteins as signal molecules within wave-swept, rocky
intertidal habitats are investigated. Barnacles (Balanus glandula) were constrained to
produce a high molecular weight, insoluble, glycoprotein complex likely for cuticle/shell
biomineralization. This compound was expressed on contactable surfaces and evoked
settlement by conspecifics larvae in field assays at biologically relevant concentrations.
Thus, glycoproteins operate as a seminal cue for recruitment. Moreover, the same
substances triggered barnacle predation by a numerically dominant whelk species
(Acanthinucella spirata) in lab and field experiments. Such proteins, therefore,
simultaneously influence demographic processes that enhance, and diminish, barnacle
populations. As dominant competitors for space, the relative balance between barnacle

recruitment and predation mortality may have strong, cascading direct and indirect effects
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on community dynamics. Hence, the surface-adsorbed glycoprotein plays a keystone role

within rocky intertidal habitats.

INTRODUCTION

Many fundamental ecological processes are the result of complex behaviors
ultimately driven by sensory inputs. Cellular-level recognition at the sites of receptors
(chemo, mechano, and photo) couples the external environment, full of mixed stimuli,
with an organism’s internal nervous system. Resulting behaviors have wide-ranging
individual, population, and community implications. In diverse taxa, ranging from
bacteria to humans, olfactory signal production and detection have been identified, and
shown, to initiate complex responses (Stern and McClintock, 1998; Bronmark and
Hansson, 2000; Waters and Bassler, 2005; Baldwin et al., 2006). Chemically mediated
actions, thus, are a key component of intra- and interspecies activities. When examined
in a community, or population-level, context they may be the underlying mechanisms in
establishment, regulation, and maintenance. Although hypothesized to be of critical
importance in both community and population dynamics, largely unknown are the
specific identities and functions of multi-trophic species and environmental chemicals
signals.

Signal molecule recognition, and the resulting behavioral responses, has been
suggested to be an underlying factor of species interactions that initiate trophic cascades.

Such compounds have implications for community stability in that they directly influence
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predation (Stowe et al., 1987; Zimmer-Faust, 1993; Zimmer et al., 1999; de Boer et al.,
2004; Ferner and Weissburg, 2005; Ferrier et al., in prep), mating, mate recognition, and
fertilization (Snell and Carmona, 1994, Kelly and Snell, 1998; Riffell ef al., 2002; Caskey
et al., 2009), settlement and habitat colonization (Raimondi, 1988; Matsumura et al.,
1998a; Raffa, 2001; Steinberg et al., 2002; Dreanno et al., 2006; Wheeler et al., 2006;
Gerlach et al., 2007), parasitism (De Moraes ef al., 1998; Fingerut et al., 2003), and
competition (Weir et al., 2004; Bais et al., 2006). Despite the potentially large ecological
repercussions from the detection of these signals, few have been explored, or fully
characterized, outside the realm of intra-species responses. Largely unexamined are latent
multi-species effects and cascading community implications. A notable exception,
however, is the pioneering work done in terrestrial habitats on bark beetles (Coleoptera:
Scolytidae) and pine trees (Coniferales: Pinaceae) (see Raffa 2001, for review). Research
conducted over the last 40 years identified monoterpenes from damaged pines as an
attractant for bark beetles both singularly and when co-opted in bark beetle pheromone
pathways (Silverstein et al., 1968; Billings, 1985; Erbilgin and Raffa 2000; Seybold et
al., 2006). Furthermore, this attractant in its native and modified state also attracts
predators of bark beetles. These compounds thus are at the heart of an ecologically
important tri-trophic (pine defense-beetle settlement, beetle feeding and mating, and
beetles predation) interaction.

Although examples of fully characterized ecological cues are rare, they are not
limited to terrestrial habitats. Recent strides have been made in aquatic and marine

systems in exploring the multi-trophic role of chemical signals. For example, Zimmer et
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al. (2007) identified the heterocyclic guanidine alkaloid neurotoxin, tetrodotoxin (TTX),
released from the skin of adult newts of the genus Taricha to be a multi-trophic signal
molecule. TTX was found to play dual ecological roles in which it simultaneously acted
to defend adult newts from predation as well as acting as an anti-predator signal for
juveniles—often cannibalized by adults in the absences of alternative prey. Furthermore,
some higher-order consumers, most notably snakes of the genus Thamnophis, exhibit
differing degrees of TTX resistance. The bioaccumulation of TTX protects the snakes
from raptorial predators thereby limiting their impact in and around riparian stream
communities (Brodie and Brodie, 1990; Brodie et al., 2005; Zimmer and Ferrer, 2007).
An analog to TTX exists in marine communities— saxitoxin (STX)—produced by some
species of puffer fish and toxic dinoflagellates (Shantz er al., 1986). During large algal
blooms high concentrations of STX cause mortality in both vertebrate and invertebrate
grazer species (White, 1981; Nagai et al., 2000). Evidence from feeding studies and
species sampling reveals that some organisms suppress rates of consumption in response
to STX, while others, resistant to the neurotoxin, maintain consumption levels and
sequester the toxin in their tissues. The effect of STX cascades through the marine
environment causing large-scale die-offs and food-chain alterations (Teegarden and
Cembella, 1996; Kvitek and Bretz, 2004; Doucette et al., 2006). As these limited
examples have shown, identifying the mechanisms by which chemical compounds
influence and/or mediate ecological interactions provides valuable insights into the

establishment and maintenance of natural communities.
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Compounds, such as those briefly described above, with strong, and sometimes
opposing, community-level consequences have been termed “keystone molecules”
(Zimmer et al., 2007). Much like “keystone species”, these molecules exist in low
quantity, yet exert strong effects on species interactions at multiple trophic levels. As the
potential neurological foundation of behaviors that determine species interrelations,
signal molecules operate within an ecological context. Furthermore, the chemistry
(smell/taste) of food is a basic property determining palatabilities, eating preferences, and
hence, functional-response relationships between predators and prey, irrespective of
habitat type. The recognition of prey cues will have important implications for
community structure if they induce feeding by ecologically meaningful predators.
Mechanisms of signal recognition are highly conserved between diverse taxa (Hildebrand
and Shepherd, 1997; Ache and Young, 2005). Processes of recognition in one species,
therefore, may apply conceptually, if not explicitly, to another.

The ecological importance of the sensory cues that initiate foraging and feeding
are most revealing in systems for which the outcomes of predation set population and
distribution limits on lower-tier species. One of the best examples is found in the rocky
wave-swept intertidal where, for the better part of 50 years, studies have been conducted
on the effects of predation on species distributions. Here, we explore a classic predator-
prey system known to structure intertidal communities and examine the role of a surface-
bound protein in mediating settlement and mortality of a competitively dominant prey
species. Whelks, specifically Acanthinucella spirata (Neogastropoda, Muricidae), are

primary predators of barnacles on the temperate wave-swept shores of central and
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southern California. Predatory activities of whelks ease competitive pressure among
species in the upper intertidal by opening up space (a limiting resource of the intertidal)
(Connell, 1970; Weiters and Navarrete, 1998). With a preference hierarchy which places
barnacles at the top, 4. spirata are amazingly adept at finding live adult barnacles of an
ideal size that maximizes net energy intake (Ferrier ef al., in prep). In examining whelk-
barnacle interactions, the active molecule used for barnacle recognition is identified, and
furthermore the role of this in the settlement of conspecific larvae is determined. With
this barnacle protein eliciting dual, yet opposing, demographic processes that are partly
responsible for structuring the upper intertidal community this signal is an archetypal

“keystone molecule”.

MATERIALS AND METHODS

Measuring whelk response to isolated contact cues using a feeding bioassay

Foraging and feeding may be mediated by cues recognized only when contacted.
Our goal, therefore, was to determine if signals, secreted and bound to the surface of
barnacles, initiate feeding once touched. Laboratory feeding trials were conducted at the
University of California, Los Angeles (UCLA). Adult whelks (17-21 mm, shell height)
of the species Acanthinucella spirata were collected at Broad Beach, Malibu CA and held
at UCLA in sea water aquaria (18 °C) for a one week acclimation period prior to the
initiation of each experiment. Broad Beach was targeted for collection as a previous

study identified this site to have a population of A. spirata that feeds exclusively on
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barnacle prey (Ferrier et al., in prep). During captivity whelks were kept on a 12 hour
light:dark cycle and were not fed.

The behavioral responses of whelks to isolated barnacle compounds were
measured at the end of the 1 week acclimation period. In blind feeding trials, whelks
were provided an array of treatment and control solutions embedded in artificial prey.
Faux prey molds were made by collecting whole adult barnacles (4-6 mm test height)
from Broad Beach and dissecting out the soft tissues of the animals. The empty barnacle
tests were next scrubbed with pipe cleaners in ddH,O before being bathed, and stirred, in
a 5% HCl solution for 15 minutes. Each barnacle test was then rinsed again with ddH,O
and any remaining tissue was taken off before each was placed in a 130°C oven and
baked over night. Finally, burned material was carefully removed, and the resulting
calcium carbonate served as a clean foundation to be filled and coated (< 0.5 mm) with
impregnated carboxymethyl cellulose gel thereby creating prey mimics.

An accurate examination of sensory signal roles requires experiments to be
dynamically scaled especially with respect to the concentrations used. The quantity of
protein in each prey mimic, therefore, was adjusted to represent ecologically-relevant
amounts at every purification step. This started by determining whole animal protein
concentrations of intermediate sized barnacles from crude extractions of a known number
of individuals utilizing the protein-dye binding method (Bradford, 1976). Crude protein
extractions were repeated ten times each year (2006-2009) and protein content averaged
so extract concentrations could be diluted to ecologically-realistic levels. These yearly

averaged extractions served as our reference point for the total protein value of a
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barnacle; proteins separated out in subsequent purifications steps were referenced to this
starting level (as a percentage of the total) and concentrations scaled appropriately.

The artificial prey gel used to make the mimics was produced by mixing
treatment (barnacle extracts) or control (mussel (Mytilus californianus) extracts, turban
snail (Chlorostoma funebralis) extracts, or filtered sea water) solutions with
carboxymethyl cellulose sodium salt (MP Biomedicals) at 4°C. Carboxymethyl cellulose
(herein referred to as CMC) was the matrix of choice as gel pore diameter is smaller than
compounds ostensibly acting as prey cues preventing the release of any signal which may
act as a waterborne attractant (Zimmer-Faust, 1993). Furthermore, CMC polymerizes on
ice thereby preventing protein denaturation. Faux prey were made by mixing 1 ml of
ecologically scaled test extract, control extract, or filtered sea water (FSW) with 0.117 g
of CMC . This amount of CMC represented the optimal weight for polymerization of
1 ml of solution. Furthermore, 1 ml was the smallest volume for which gel production
could be done successfully. The volume of an intermediate barnacle was found to be
~0.333 ml so 1 ml of faux prey gel was used to make 3 artificial barnacles
(concentrations were scaled to fit this). Once thoroughly mixed, barnacles were filled
completely with the gel and a thin coat was smeared along the outer surface before they
were placed on ice to harden for 5 minutes. Barnacles mimics (n=12; 3 barnacles per
treatment) were than randomly arrayed in a circle in each flow-through test tank (10 x 10
x 3 cm). Fresh sea water was continuously plumbed in from above with excess exiting
each tank as overflow. A single whelk was placed in the center of each tank and

acclimated to the conditions for 10 minutes before the 50 minute observation period.
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Whelks were used in only one trial, and the response to each contact signal was
monitored by recording each faux barnacle visited and fully consumed. The resulting

choices were compared with maximum likelihood tests.

Measuring whelk response to isolated contact cues under natural field conditions

It is often difficult to recreate field conditions in the laboratory, and so results
from controlled feeding trials may not reflect the behavior of animals in their native
environment. Our goal, thus, was to determine if whelks respond and select prey in the
same manner under natural environmental conditions as was observed in the laboratory.
The behavioral response of whelks to contact cues was tested at Broad Beach using five
experimental plots (10 x 10 cm) in which all but 12 randomly assigned barnacles were
removed. These remaining 12 barnacles had the live animals pulled out and the shells
and surrounding rock scrubbed and cleaned with a 5% HCI solution. The plots were left
to the intertidal for 2 weeks and any newly settled species removed every three days
before trials commenced. Feeding trials were run such that each barnacle in a plot was
randomly assigned a treatment using a random number generator. Faux prey gels were
prepared (as described above) on site, and the individual barnacle shells filled, 20
minutes prior to complete plot submersion. A. spirata extensively forages within
barnacles beds when they are fully submerged (author’s personal observation), therefore,
when the water completely covered the test plot 10 whelks were placed randomly around
the periphery and permitted to forage as normal. As is the nature of working with this

sort of system, many whelks simply moved away from the plots, however, those that
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entered were tracked by snorkeling and the barnacles visited and eaten were recorded
over 1 hour. As with the laboratory experiments, choices were compared using

maximum likelihood analysis.

Measuring the response of cyprid larvae to isolated contact cues

For over 50 years signals originating in adult barnacles have been assumed to be
the mediating factor driving cyprid settlement and the gregariousness of adult barnacles
(Crisp and Meadows, 1963; Larman and Gabbot, 1975; Raimondi, 1988; Clare et al.,
1995; Matsumura ef al., 1998a,b; Dreanno et al., 2006). Despite several attempts a single
definitive settlement signal was not fully sequenced until 2006 when one was found for
Balanus amphitrite (the settlement-inducing protein complex (SIPC)) (Dreanno et al.,
2006). Here we seek to add to this by identifying the settlement signal of the gregarious
barnacle, Balanus glandula. In this study, settlement plates (5 x 5 cm) were cut from the
rock that B. glandula cyprids naturally settle on at Broad Beach, brought to UCLA, and
cleaned. Prior to sample addition the plates were autoclaved and heat-dried to assist in
the binding of protein test and control solutions. Population surveys conducted at the
Broad Beach site found that 5 x 5 cm plots in a barnacle bed had, on average, 30 live
barnacles attached. Samples were prepared so that the protein concentrations bound to
each plate would approximate this number of barnacles. For example, an average
barnacle contains ~1.289 mg of total protein of which 10.5% may be expressed on the
surface (assuming a barnacle is a cone minus the top and only the surface may be

contacted; in the case of the barnacle the surface down to 0.1 mm represents 10.5 % of
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the total volume) leaving 0.1353 mg available for contact on the whole barnacle.
Furthermore, we assume the bottom of the barnacle, and its surface, can not be contacted
which further reduced the total by ~35% leaving 0.088 mg of total protein available for
contact for each of the 30 barnacles represented on each plate. Each purification step was
scaled to its appropriate representative level compared to the total. To bind proteins, 1 ml
of sample was applied to a dried-out plate. The plate was then tightly wrapped in plastic
and soaked for 10 hours at 4 °C. Following the soaking, the protein concentrations of the
residual solutions were measured and the total amount of proteins bound to each plate
estimated. As 100% of the sample rarely binds to a plate, the contact cues readily
available in these experiments, and thus the number of cyprids responding, likely
represents a conservative estimate.

The attraction of cyprid larvae to extracted and plate-bound barnacle solutions
was measured by deploying settlement plates in the barnacle zone at Broad Beach during
the peak settlement season in Los Angeles County (May-June) from 2007-2009. One
month prior to the trials, all surround barnacles were removed from the area that plates
were to be deployed and settlement was monitored until experiments ended. During the
settlement period plates bound with treatment and control solutions (mussel extracts,
turban snail extracts, and FSW) were deployed in a randomized linear array (each plate
separated by 10 cm) as the tide was coming in. Plates remained attached to the
settlement plot for one complete tidal cycle before they were retrieved, brought back to
UCLA, and the number of newly settled cyprids counted using a dissecting microscope.

To insure settled cyprids were indeed Balanus glandula plates were periodically placed in
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flowing sea water tanks and newly metamorphed barnacles grown and monitored until
they could be positively identified to genus. The number of newly settled cyprids was
compared between treatments and controls using ANOVA with sample type as the main

effect.

Preparation and isolation of the active barnacle factor

An initial experiment was performed to determine if naturally expressed barnacle
proteins induced a response in foraging Acanthinucella spirata and/or cyprid larvae of
Balanus glandula. A barnacle crude protein extract was prepared following the methods
of Matsumura ef al. (1998c). Whole, live, adult barnacles (~100 g) were collected from
Broad Beach and brought to UCLA where they were fast-frozen at -80 °C. Frozen
barnacles were next crushed and homogenized in a 1.5 volume of 50 mM tris-HCL (w:v),
pH 7.5, and stirred for 120 minutes at 4 °C. The resulting slurry was rough-filtered
through gauze and centrifuged at 40,000g for 30 minutes. After centrifugation the
supernatant was filtered using Whatman no. 3 filter paper, and the resulting solution
served as our initial crude extract. Control solutions—crude extractions of the mussel
Mpytilus californianus, and the turban snail Chlorostoma funebralis—were prepared in
exactly the same way. Protein concentrations were determined using the Bradford
method (Bradford, 1976) with bovine serum albumin as the standard, and all samples not
immediately used were stored at -80 °C. The activity of the barnacle crude extract was
assayed alongside control crude extractions in laboratory and field feeding and settlement

trials during the peak predatory (April-November) and settlement (May-June) seasons
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from 2007-2009. Following positive feeding and settlement responses to the barnacle
crude extract in relation to the controls the extract was next fractionated and purified as

follows:

1. Ammonium sulfate ((NH4),SO,) precipitation

(NH4),SO4 was added to the crude extract in a series saltation cuts starting with
35% (0.21 g/ml), next going to 70% (0.42 g/ml), and finally to full saturation (0.6 g/ml).
Each cut was gently stirred for 20 minutes, or until all (NH4),SO4 was fully dissolved,
and the solution centrifuged at 40,000g for 15 minutes. The resulting supernatant was
separated, and the pellet re-suspended in 50 mM tris-HCL, pH7.5. All solutions were
dialyzed against 50 mM tris-HCI to remove residual (NH4)>SOy4 (and for long-term
storage at -80 °C) and then against FSW prior to use. The proportion of protein from the
crude extract distributed in each supernatant and re-suspended was pellet determined
using the Bradford assay. Each supernatant and resuspended pellet from every
(NH4)>SO4 cut was bioassayed for activity in laboratory and field feeding and settlement
trials against controls to determine at what (NH4),SO4 concentration the active molecule
precipitated and, hence, its relative solubility.
2. Size exclusion chromatography

The bioactive fraction from the ammonium sulfate precipitation was further
purified, and the molecular weight range determined, using a HiPrep 16/60 high
resolution S-200 sephacryl size exclusion column (SEC) (GE Healthcare) set up on a fast

performance liquid chromatography (FPLC) pump system (BioRad BioLogic
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Chromatography system) eluting at 0.8 ml/min in 50 mM tris-HCI, pH 7.5. The column
was calibrated using a molecular-grade standard solution of: horse spleen Ferretin
(M,=770,000), sweet potato B-amylase (M,=224,316), human hemoglobin A
(M,=64,667), bovine carbonic anhydrase (M,=28,980), and horse heart cytochrome C
(M,=12,318), and the effect of molecular weight on column retention time was
determined by a model 1 regression. The approximate molecular weights of the unknown
compounds eluting from the column could be determined using the resulting regression
equation. Fractions (1ml each) were pooled around elution peaks and the total protein
concentration of each was determined by the Bradford method. Pooled SEC fractions
were concentrated using ultracentrifuge filters with molecular weight cut offs (MWCO)
appropriate to the size range of the compounds in use. The distribution of proteins in
each elution peak from the active ammonium sulfate cut (% of the active cut) was
determined and samples scaled to an appropriate protein concentration in relation to what
would be expressed in that molecular weight range in an average adult barnacle. SEC
peaks were bioassayed in laboratory and field feeding and settlement trials first against
controls and then against each other.
3. Lentil-lectin affinity chromatography

The active molecular weight fractions were applied to an affinity column hand-
packed with lentil-lectin sepharose (LCA) beads (75 ml of beads; GE Healthcare), and
equilibrated with 0.5 M NaCl, 25 mM tris-HCl, pH 7.5. Following sample application,
the column was washed using an FPLC (BioRad BioLogic Chromatography system) at a

rate of 0.8 ml/min with 100 ml of the same buffer and eluted compounds pooled around
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the void peak. Compounds bound to the LCA beads were eluted using 150 ml of 0.2 M
methyl o,D-mannopyranoside (MMP) in the same buffer (Matsumura, 1998a). Fractions
(1 ml each) coming off the column following the addition of MMP were pooled around
the predominant peak. LCA fractions were dialyzed against 50 mM tris-HCI and were
concentrated using ultracentrifuge filters MWCO = 10,000 Da, Millipore). Prior to use,
samples were dialyzed against filtered sea water and the distribution of the active SEC
proteins between void and LCA peaks determined so samples could be diluted to
ecological concentrations. LCA peaks were bioassayed in laboratory and field feeding
and settlement trials first against controls and then against each other.
4. Active signal purification and distribution within adult barnacles

Purification was monitored using SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) under reducing conditions (Laemmli,1970). 40 pL of a 0.25 mg/ml protein
solution was mixed with 10 pL of 5x loading buffer and heat denatured for 5 minutes at
100°C. Samples were loaded on a 7.5% acrylamide (acrylamide:BIS = 29:1) slab gel (65
mm x 90 mm x 1 mm) and electrophoresed at 80 v. Proteins were stained with coomasie
brilliant blue, and the molecular weight of each protein was estimated using a model 1
regression of the migration of Precision Plus Protein Standards (Bio-Rad) through the
gel.

Following the identification of the active signal, its distribution within a barnacle
was determined from barnacle tissue dissections. Whole barnacles, barnacle cirri,
animals without shells, cuticle ,and scrapings from live and empty (dead) shells collected

from the field were isolated under a dissecting microscope and kept on ice. Purification
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of the active compound from each dissected tissue and scraping followed the above
established protocols, and following lentil-lectin affinity chromatography 40 pL of 0.12
mg/ml was mixed with 10 puL of 5x loading buffer and heat denatured for 3 minutes at
100 °C. The sample was applied to a 10% SDS-PAGE acrylamide (acrylamide:BIS =
29:1) slab gel (65 mm x 90 mm x 1 mm) under reducing conditions in the presence of -
mercaptoethanol. A shorter denaturing time and the use of 10% acrylamide gels were
used so a higher resolution between protein bands could be obtained. The molecular
weight of each protein band from each tissue was compared to determine were the active

signal would be found in an adult barnacle.

RESULTS

Whelk response to barnacle protein factors

An initial experiment was performed to determine if the predatory whelk,
Acanthinucella spirata, recognizes and responds to protein signals originating in its
preferred prey- the barnacle Balanus glandula. Whelk behavior was monitored in
artificial prey feeding assays in both the laboratory and the field in which A. spirata was
provided an equal amount of treatment (extracted barnacle proteins) and control
(extracted mussel proteins, extracted turban snail proteins, or FSW) prey mimics and the
type and number of each consumed was recorded. In blind laboratory feeding trials
repeated throughout the primary predatory season from 2006-2009 A. spirata

preferentially consumed, in its entirety, faux prey imbedded with the crude protein extract
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of B. glandula (maximum likelihood test: G*= 57.76, D.F.= 3, p < 0.0001, n=59; Fig 1a).
This choice remained consistent and significant in feeding trials conducted under natural
field conditions (G’=27.73, D.F.= 3, p < 0.0001, n=12; Fig. la). Together, these results
establish that a natural feeding cue is present in adult barnacles to which predatory

A. spirata strongly respond.

Cyprid response to barnacle protein factors

Previous work has shown that proteins extracted from a related barnacle species,
B. amphitrite, induces settlement of conspecific cyprid larvae once contacted (Matsumura
et al., 1998a; Dreanno et al., 2006). Here settlement assays were done to determine if the
cyprid larvae of B. glandula is induced to settle when extracted conspecific proteins are
detected. Cyprid response was quantified using settlement plates bound with treatment
and controls solutions (solutions were the same as for the whelk feeding trials) deployed
in the barnacle zone at Broad Beach (Malibu, CA) during the peak settlement season.
Binding efficiency of the barnacle crude extract to settlement plates was on average 71%.
The amount of protein available on a given plate, thus, represents a conservative estimate
of the amount of protein expressed on the surface and the number of cyprids settled is
likely an underestimate. As with whelks, cyprid larvae of B. glandula responded strongly
and settled in significantly greater numbers on barnacle crude extract-bound plates than
on controls (one-way ANOVA: Fj3 7= 32.59, p <0.0001, n = 20/treatement; Fig 1b).
Subsequent identification following the juvenile growing period indicated all settled

barnacles to be Balanus glandula. Furthermore, cyprid rearing to juvenile barnacles was
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done periodically with each active purification step and all barnacles were positively

identified as B. glandula.

Isolation of whelk feeding cue via bioassay-guided fractionation

The feeding signal of Acanthinucella spirata was isolated from a bulk protein
extraction of Balanus glandula by bioassay-guided fractionation using a series of
increasing ammonium sulfate (NH4),SOy4) cuts. A 35 % saturation cut (0.21 g/ml
(NH4),S0O,) was initially preformed and the precipitate separated from the supernatant
using ultracentrifugation. This cut was replicated ten times and the amount of protein
retained in the supernatant was determined to be 47.5 % of the total protein found in a
barnacle. Feeding trials were done on both the 35 % supernatant and pellet, and all
activity was retained in the supernatant (maximum likelihood test: G’=19.69, D.F.= 3,
p = 0.0002; n=12). The active 35 % supernatant was further separated with (NH4),SO4 to
a 70 % saturation level (0.42 g/ml (NHy4)>SO,), and the resulting precipitate was pelleted.
This step was again repeated ten times and the quantity of protein retained in this
supernatant was found to be 4.4 %, whereas that of the pellet was 42.66% of the total.
Both the pellet and the supernatant were assayed individually; no significant activity was
found for the supernatant, but nearly all whelks fed when the 70% pellet was contacted
(maximum likelihood test: G’= 19.69, D.F.= 3, p = 0.0002; n=12; Fig. 2a). Finally, the
non-active 70% supernatant was brought to 100% (NH,),SO, saturation (0.6 g/ml
(NH4)2S04) which precipitated out all remaining proteins. The resulting supernatant

retained <0.01% of the total protein, and the pellet contained the remaining 4.4% of the
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total barnacle proteins. Both pellet and supernatant were assayed and no significant
feeding activity was observed in either sample. All feeding activity in our laboratory
trials was retained in the 36-70% (NHy4),SOy saturation level. When this sample was
tested under natural field conditions the foraging and feeding patterns were consistent and
nearly identical. Most whelks, when contacting the 70% cut, ceased foraging and began
to consume the prey mimic indicating this sample contained the active feeding cue

(maximum likelihood test: G’= 27.73, D.F.=3, p <0.0001; n=10; Fig. 2a).

Isolation of cyprid settlement cue via bioassay-guided fractionation

As was done for the whelk feeding cue, the cyprid settlement factor was partially
isolated from adult barnacle crude protein extract with bioassay-guided fractionation
using increasing saturation states of (NH4),SO4. Settlement plates were deployed with
each (NH4),SO4 cut (35, 70, 100 % pellets) bound to them at ecologically-relevant levels
and the number of cyprids settled compared to control solutions. Binding of proteins to
settlement plates ranged from ~90 % for the 35 % (NH4),SO4 cut to ~94 % for the 70%
cut and ~62% for 100% (NH4)>SO4 cuts. Settlement in response to the 35 % cut was not
significantly different from that of the controls, indicating the active compound did not
pellet out at that saturation level. In response to the 70 % cut, however, significantly
more cyprids settled than did on the control plates (one-way ANOVA: F 7= 28.06,
p <0.0001, n = 20/treatmtent; Fig. 2b). Finally, no significant activity was found in
response to the 100 % pellet when compared to controls further confirming that the active

settlement compound is found in the 35-70 % (NH4)2SOj cut as it had been for 4. spirata.
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Molecular weight identity of the feeding and settlement cue

The feeding and settlement cue was further isolated from a bulk preparation of the
active ammonium sulfate cut. Solutions of the resuspended 70 % pellet were loaded onto
a HiPrep 16/60 sephacryl S-200 high resolution gel exclusion chromatography (GEC)
column eluting at 0.8 ml/min with 50 mM tris-HCI, pH 7.5. One major and three minor
peaks were found at an absorbance of 280 nm (Fig. 3a). Fractions were pooled around
each peak before being concentrated to protein values representing the proportion of each
weight class in an average adult barnacle (e.g. the major peak represents 38.5 % of total
barnacle proteins). Feeding trials were preformed in the lab and the field; all activity for
both experiments was contained in the major peak (corresponding molecular weight
class: 527-170 kDa) (whelk feeding maximum likelihood test lab: G°=18.18, D.F.= 3,

p = 0.0004, n=13; maximum likelihood test field: G*= 23.8,D.F.=3,p <0.0001, n=11;
Fig 3b). No significant difference was found in feeding response when the three other
molecular weight size classes were tested against the controls.

Binding efficiency of the GEC peak fractions to the plates proved to be close to
that of the 70% cut and ranged from 92-96 %. Additionally, cyprid response was found
to be similar to that of whelks. Following deployment of all molecular weight fractions a
significantly greater number of whelks settled on the high molecular weight group than
did on the any of the other fractions (Fig 3c). When the active molecular weight peak
was tested solely against controls the activity was retained with significantly more

cyprids settling on plates bound with the peak fractions (Fig 3¢; one-way ANOVA:
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F356~=4.78, p=0.005, n = 15/treatment). When the other three peaks were tested against
controls no significant response was found. The combined results of the feeding and
settlement assays reveal the active molecule for both Acanthinucella spirata and Balanus

glandula cyprid larvae is of high molecular weight.

Identification of the natural feeding and settlement cue

The final purification of the active feeding and settlement signal was conducted
with lentil-lectin affinity chromatography of a bulk preparation of the high molecular
weight GEC isolate. One major peak was identified prior to the addition of methyl
a,D-mannopyranoside (MMP) corresponding to high molecular weight void proteins.
Following the addition of MMP a second peak was identified that was composed of
glycoproteins (fig 4a). Both peaks were assayed for whelk feeding activity in the lab and
field as well as for settlement response. No preferential feeding was observed with the
void fractions, and although settlement was observed in response to the void peak it was
significantly less than that of the glycoprotein peak (fig 4b,c). The proteins contained in
the glycopeak were found to represent 12.6 % of the total protein concentration of an
adult barnacle (e.g. an average adult barnacle contains 0.16 mg of glycoprotein) and all
trails were scaled to represent this value. The active peak was assayed against controls in
laboratory feeding trials and whelks preferentially responded to, and consumed in its
entirety, prey mimics imbedded with the isolated glycoprotein (whelk feeding maximum
likelihood test lab: G’=23.8, D.F.= 3, p <0.0001, n=11), this pattern was retained in field

feeding trials (whelk feeding maximum likelihood test field: G’= 19.69, D.F =3,
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p =0.0002, n=12; Fig 4b).

The active cue found in the glycoprotein peak was further assayed against
controls in settlement trials, and plates typically bound 93 % of the protein found in these
fractions. Glycoproteins induced significantly more cyprids to settle than any of the
controls (one-way ANOVA: F3 g7~ 3.64, p=0.016, n = 22/treatment; Fig 4c). The
feeding and settlement signal, a glycoprotein of high molecular weight and low solubility,
was found to be the same for both Acanthinucella spirata and Balanus glandula cyprid
larvae.

The activity of the purified glycoprotein was checked against that of the crude
barnacle protein extract, the Chlorostoma funebralis extract control, and filtered sea
water. Feeding response was found to be comparable between the crude protein extract
and the isolated glycoprotein, both of which were significantly greater than either control
despite the difference in overall protein concentration (whelk feeding maximum
likelihood test lab: G°= 13.3 7, D.F.=3, p =0.004, n=22; whelk feeding maximum
likelihood test field: G’= 9.9, D.F.= 3, p = 0.02, n=22; Fig 5a). In much the same manner
settlement response to both the isolated glycoprotein and crude extract were significantly
different from controls but not from each other (one-way ANOVA: Fj; ;5= 16.56,

p <0.0001; Tukey-Kramer (HSD); n = 5/treatment; Fig 5b).

SDS-PAGE analysis of the active glycoprotein peak was performed ona 7.5 %
reducing acrylamide slab gel in the presence of $-mercaptanoethanol. Coomasie staining
identified four major bands with molecular weights estimated to be 199, 98, 88, and 76

kDa (fig. 6). These results, when examined alongside the active gel exclusion column
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high molecular weight peak, suggest that the active barnacle compound is a protein
complex. Furthermore, examining the SDS-PAGE results of the barnacle tissue
dissections, which were subjected to less heat denaturing, produced a solitary band of
approximately 390 kDa which likely represents the intact protein complex (fig. 7b).

The active feeding and settlement compound was originally purified from whole
barnacle extracts. Although this technique enabled us to find the active compound it
limited our ability to determine where the signal would be and thus whether it would be
available on contactable surfaces. Following LCA purification, the active glycoprotein
was identified in all tissues examined (fig. 7a and b). The active complex was found in
high quantity in the feeding legs (cirri) and the scrapings of the shell of live animals,
however two of four subunits (88 and 76 kDa subunits) were found in limited quantities.
This difference in subunit concentration found in the dissections is the result of reduced
denaturation of the intact complex (390 kDa band) at the top of the gel, but this was
anticipated and provided information on the complex as a whole in all of the dissected
tissue. Furthermore, the signal was not present in the empty (deceased barnacle) shells
collected from the field implying that the means by which whelks are able to sense live
versus dead barnacles is the detection of the this signal on the outer surfaces of live prey.
These results are consistent with the findings that the active feeding and settlement cue is

of low solubility and thus requires contact in order to initiate a response.
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DISCUSSION

The identity of a multifunctional intertidal signal

A 390 kDa protein complex of low solubility originating in adult barnacles of the
species Balanus glandula is the natural settlement signal for conspecific larvae, as well as
the primary feeding and foraging cue of a predominant predator of this barnacle, the
whelk Acanthinucella spirata. With the active protein binding to lentil-lectin sepharose it
was determined to be a glycoprotein. Furthermore, the distribution of this signal in
barnacle tissue showed that the complex is present on the outer, contactable, surfaces of
adult barnacles. As a requisite component of biomineralization, glycoproteins are
expressed at high concentrations in barnacles and are thus available at detectable levels
on the outer surfaces, and surrounding substrate, of B. glandula (Weiner et al., 1984,
Marin and Luquet, 2004). When explored in feeding and settlement trials, this signal was
very active (50-65% response) at concentrations naturally found in adult barnacles.
Furthermore, whelk and cyprid responses were not context dependent— similar results
were found under controlled laboratory settings and natural field conditions. The low
solubility of this glycoprotein requires direct contact for detection by an organism.
Search behavior exhibited by whelks—periodic sampling of the substrate with
tentacles—corroborates this scenerio. However, recognition appears to be independent of
prey shape and conspecific presence as whelks consumed gels placed on variety of forms

(including the legs of natural predator, Cancer spp.) and cyprids settled on bare rock.
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The response of both whelks and cyprid larvae, thus, is dependent on chemo- rather than
mechano-reception.

The discovery that our active intertidal signal is of low solubility represents a shift
from what has become a common marine paradigm—that marine signal molecules are,
typically, waterborne and therefore operate from a distance as attractors and/or deterrents
(Duval et al., 1994; Trussel et al., 2003; Dalziel and Boulding 2005). Evidently this idea
is not as broadly applicable in marine environments as assumed previously. Although
waterborne signals are likely to be active in subtidal and open-ocean environments, the
turbulence associated with the wave-swept rocky intertidal, where water velocities can
exceed 25 mes™ (Denny er al., 2003), dilutes the concentration of most soluble cues to
unrecognizable levels within a few millimeters of the source (Smee ef al., 2008). In a
previous experiment, we tested the effects of waterborne signals on whelk foraging
(Ferrier et al., in prep). Field trials, in which water from an actively feeding barnacle bed
was pumped through a series of flow-through chambers, showed that no more whelks
were able to track to the source than in the control experiment (water from a barren sand
bed). These results, when combined with the molecular identity of the active feeding and
settlement cue, highlight the importance of surface-bound signals in the rocky intertidal.
At sites that are exposed to the brunt of turbulent ocean conditions, contact cues may be
the most parsimonious solution for signal detection. Furthermore, as glycoproteins are
typically long lived, surface-bound, and produced en masse by most shelled animals, this
class of protein may prove to be a critical signaling component within the intertidal

community.
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Glycoproteins as signaling molecules

Glycoproteins represent an important class of bio-molecule. For many
invertebrates they are obligatory to biomineralization as a primary component of the
organic matrix that serves as the template for shell and cuticle (Weiner et al., 1984;
Albeck et al., 1996; Marin and Luquet, 2004). The requisite nature of glycoproteins for
shelled animals, therefore, makes them viable targets for exploitation. In fact, strong
evidence has linked cuticular glycoproteins to mate recognition and guarding in copepods
(Snell and Carmona, 1994; Kelly and Snell, 1998) implicating this class of protein in
critical, species-level processes. Additionally, glycoproteins were found to control the
settlement of cyprid larvae of the barnacle Balanus amphitrite (Matsumura et al.,
1998a,b; Dreanno ef al., 2006, 2007). As barnacles are compulsory internal fertilizers,
requiring genetically distinct individuals to settle within penis length, glycoproteins
would again play a critical role in reproduction and population dynamics. Furthermore,
because glycosylation of proteins are tightly coupled to overall environmental conditions
(Goochee and Monica, 1990), glycoproteins may serve as reliable indicators for cyprids
of a habitat that supports an adult population.

Signals that are reliable indicators/attractors for one species may present a
chemosensory opportunity to another. This phenomenon was observed in plant-
herbivore-predator insect food webs where chemical signals released from injured plants
attract more herbivores, but also attract the predators and/or parasites of those insects
(Dicke et al., 1990; Turlings et al., 1990). Predators also have evolved pheromone

mimics to attract their primary prey; one of the best examples is bolas spiders
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(Mastophora spp.) which attract male moths by mimicking the female pheromone
(Eberhard, 1977; Haynes et al., 2002). As the recognition of glycoproteins is conserved
between the cyprid larvae of two distinct barnacle species and indicates the presence of
adult barnacle populations, this signal could be co-opted by foraging whelks for much the
same reason, albeit for very different outcomes. As with the tri-trophic insect web and
pheromone mimicry, the outcomes of signal recognition are very different depending on
which species is examined, and ultimately will influence community dynamics. Whereas
small chemical compounds are ubiquitous as signal molecules in multi-trophic terrestrial
interactions, large, long-lived, proteins may prove to be commonly recognized and

exploited in the viscous and turbulent intertidal habitat.

Barnacle glycoproteins. intertidal keystone molecules

Glycoproteins produced by Balanus glandula play a keystone role within the
upper intertidal of rocky wave-swept shores. This glycoprotein drives dual, yet opposing,
demographic processes with community-wide ecological consequences. As a foundation
species, B. glandula out-competes other species, including smaller acorn barnacles
(Chthamalus fissus), thereby forming large monoculture barnacle beds of low relative
diversity (Connell, 1961a; Dayton, 1971; Menge, 2000). By inducing the settlement of
this barnacle, glycoproteins are the sensory signal of competitive dominance in the upper
intertidal. However, this also cues Acanthinucella spirata to feed on live adults within a
barnacle bed. Glycoprotein recognition by predatory whelks, thus, plays an additional

role which balances barnacle populations. Furthermore, strong secondary effects are

99



associated with the whelk predation in that feeding indirectly facilitates an increase in
diversity by releasing a limited resource, space, to competitive subordinates (Connell,
1961b; Dayton, 1971; Navarrete and Menge, 1996; Raimondi et al., 2000; Navarrete and
Castilla, 2003). Thus, a conceptual model emerges for the sensory basis of predator-prey
interactions on wave-swept shores in which barnacles are physiologically constrained to
express this glycoprotein and do so in small quantities (<0.015 mg/cm? surface
expressed). The recognition of this signal is, however, conserved between at least two
separate species. Effects converge on the rocky wave-swept intertidal that both directly
and indirectly influence the distribution and abundances of species. Because small
amounts of surface-bound signal appear to have far reaching ecological consequences,
barnacle glycoproteins are here considered “keystone molecules”.

The activity of surface-bound glycoproteins in the rocky wave-swept intertidal
provides critical insight into what may prove to be an important class of signaling
molecules in turbulent environments. Long-lived, surface-adsorbed, signals likely act as
reliable cues in habitats in which water velocity dilutes soluble signal concentrations to
below detectable thresholds. As behavior is almost always stimulus-driven, the
underlying cue initiating it is of critical importance to fully understanding the
neuroecological foundations of species interactions. Recent strides have been made in
both terrestrial and aquatic environments. Examples of the multi-trophic effect of a
single compound include: dimethylsulfonipropionate (DMSP), and its metabolites
(dimethyl sulfide and acrylate), which influence several pelagic trophic levels and convey

feeding and defense information (Nevitt ef al., 1995; Zimmer and Butman, 2000; Pohnert
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et al., 2007), guanidine alkaloids which manipulates food webs in riparian forests (TTX)
and marine (STX) habitats (Kvitek ez al., 1991; Teegarden and Cembella, 1996; Zimmer
et al., 2006; Ferrer and Zimmer, 2007a,b), and monoterpenes which drive plant-
herbivore-predator interactions in coniferous forests (Billings, 1985; Seybold et al., 2006)
Future work, driven by collaboration between ecologists, physiologist, and molecular
biologists, will ultimately see the discovery of numerous compounds that underlie vital

ecological interactions. No doubt, it is an exciting time for chemical ecology.
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Figure 1
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Figure 2
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Figure 3

1.0
A 461 kDa

208

c

=

2 0.6

£ 04 32 kDa

< 0.25 kDa

<02 i 0.006 kDa
. :

0 33 66 100 133 166 200
i Time (min)

10 N OLab
% Field
g \
§ \
v g \
3 \
5 N
=d [
: \
i \
N\
0 N\
—~4000
g C
®
£ 3000
3 *%*
®
~ 2000
o
S
31000
N
0 NN
461 32 0.25 0.006 Mussel Snail FSW
Peak Peak Peak Peak extract extract

GEC fractions (kDa) Controls

104



Figure 4
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Figure 5
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Figure 7
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Figure Captions

Figure 2-1. Whelk feeding assays using Balanus glandula crude protein extract and
controls in the laboratory from 2006-2009 (N=59) and in the field (n=12) (A).

B. glandula cyprid larvae settlement on crude extract or control solution-bound plates
(n=20) (B). A total protein concentration of an intermediate-sized barnacle was
determined to be 1.289 mg. Experiments were scaled to this concentration. Asterisks

denotes a significance level p < 0.005.

Figure 2-2. Whelk feeding assays using the 70% ammonium sulfate (NH4),SOy4)
precipitate of Balanus glandula and control solutions in laboratory and field feeding trials
(A). B. glandula cyprid larvae settlement on 70% (NH4),SO4 cut or control solution-
bound plates (B). The 70% cut contained approximately 42% of the total proteins
contained in an intermediate-sized barnacle. Feeding and settlement occurred on samples

scaled to this level. Asterisk denotes a significance level p < 0.005.
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Figure 2-3. The molecular weight fractionation of proteins found in the 70% (NH4)>SO4)
cut as run through a size exclusion column (SEC) eluting at 0.8 ml/min. Bars over peaks
indicate fractions pooled together (A). Whelk feeding responses to each of the pooled
eluted peaks and the response of the active peak when assayed against control solutions
(B). Cyprid settlement on plates bound with each of the pooled eluted peaks and the
response of the active peak when assayed against control solutions (C). The active peak
(~461 kDa) was found to represent ~38.7% of the total barnacle protein. Feeding and
settlement were both induced upon contacting samples scaled to this. Asterisk denotes a

significance level p < 0.005.

Figure 2-4. The separation of the 461 kDa peak from size exclusion chromatography into
component void and glycoprotein fractions before and after the addition of 0.2 M methyl
a, D-mannopyranoside (MMP), respectively (A). Whelk feeding response to the void
and glycoprotein peaks and the response of the active peak when assayed against control
solutions (B). Cyprid settlement on plates bound with the void and glycoprotein peaks
and settlement response of the active glycoprotein when assayed against control solutions
(C). The active glycoprotein was found to represent 12.6% of the total barnacle protein
concentration (0.16 mg/barnacle). Feeding and settlement were both induced upon

contacting samples scaled to this. Asterisk denotes a significance level p < 0.005.
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Figure 2-5. The active glycoprotein was assayed against the crude extract and control
solutions in both whelk feeding (A), and cyprid settlement (B). The glycoproteins
sample contained a protein concentration of 12.6% that of the crude and turban snail
extracts. Bars with the same letter indicate responses that were not significantly

different.

Figure 2-6. SDS-PAGE gel, run under reducing conditions in the presence of
- mercaptanoethanol, of each purification step showing the isolation of the final
glycoprotein complex (here broken into its component subunits) from all other crude

extract component proteins.

Figure 2-7. Lentil-lectin (LCA) affinity chromatography elution profile showing the
presence of a glycoprotein peak following the addition of 0.2 M methyl o, D-
mannopyranoside (MMP) in the whole barnacle extract (filled circle), the animal without
the shell (filled triangle), isolated cuticle (open square), cirri (open circle), scrapings of
the outer surface of live shells (open triangles), and scrapings of the outer surface of dead
barnacle shells (filled square) (A). SDS-PAGE gel of the eluted glycoproteins from the
LCA column runs of each of the dissected tissues (B). The glycoprotein complex and its
component subunits are present in all tissues tested, but do not show up in the dead shell

scrapings.
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Chapter 3: Barnacle MULTIFUNCin- a multifunctional barnacle protein at the core
of community dynamics

ABSTRACT

Interactions between species often have an underlying sensory basis. Many of
these interactions induce trophic cascades that, in part, structure communities. Thus, the
chemical signals driving the interactions are of significant ecological importance. Here,
we identify a glycoprotein signal—a secreted multifunctional protein factor
(MULTIFUNCin)—which is the putative settlement cue for cyprid larvae of the barnacle
Balanus glandula. Furthermore, MULTIFUNCIn is recognized as the feeding stimulant
for a numerically dominant barnacle predator, the whelk Acanthinucella spirata.
Utilizing electrospray ionization coupled with gas-phase electrophoretic mobility
molecular analysis (ESI-GEMMA), the glycoprotein was identified as a 390 kDa
complex. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
ESI-GEMMA, run under denaturing conditions, revealed this signal to be a protein dimer
composed of two identical 199 kDa proteins. From feeding and settlement assays, it was
determined that all the activity of the complex could be found in the 199 kDa monomeric
subunit. Subsequent amino acid translation from a sequenced 5.1 kb mRNA transcript
found the active glycoprotein to be composed of 1550 amino acid residues
(mw = 171 kDa). Conserved domains were discovered between MULTIFUNCin and

members of the az-macroglobulin (A2M) protein superfamily; however, missing were
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certain protein motifs characteristic of members of this family. MULTIFUNCIn is,
therefore, a novel protein that likely evolved from an A2M ancestral gene into a signal

with cellular, individual, population, and community level functionality.

INTRODUCTION

Natural communities form as a result of numerous species interacting in space and
over time. These processes fundamentally result from complex behaviors that are driven
by central nervous system responses to internal and external stimuli. Under natural
conditions, organism- and environmentally derived chemical signals saturate the
surroundings; nevertheless, many species have evolved modes of detection that identify
only those cues which impart useful information (e.g. mate, danger, food, and/or shelter
identifiers), suggesting strong selection pressures for chemical receptors (Berenbaum,
2002). There are numerous examples of such bioactive compounds, and many of them
induce behavioral and/or morphological responses in receiver species (see reviews by
Vos et al., 2005, and Paul et al., 2007). Despite the importance of sensory signals to
biology, physiology, ecology and evolution, many bioactive molecules have been only
partially characterized. Thus, although the intra- and interspecies responses of many of
these signals is irrefutable, only full characterization would reveal the signal origin,
natural concentrations and persistence, likely receptors, genetic underpinning, and
potential ecological roles. Possibly of greater significance, such insights into how species

respond to, and interact with, naturally produced and occurring chemical signals will
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undoubtedly shed light on the selective forces which drive ecology and evolution
(Zimmer and Butman, 2000).

As chemical cues and signals are diverse and abundant in many natural systems,
the task of parsing out, identifying, and characterizing those critical to individual-,
population-, and community-wide processes is, at best, daunting. That said, significant
strides have been made in terrestrial, aquatic, and marine systems. For example,
numerous fully characterized pheromones, and their biochemical pathways, have been
identified for moth reproduction (see Tillman ef al., 1999 and references therein).
Moreover, Heptadecene-1 is an aggregating compound (for mating and possibly anti-
predation) of the lake zooplankter Polyphemus pediculus (Wendal and Jiittner, 1997,
Burks and Lodge, 2002). In marine systems, histamine from the alga Delisea pulchra is a
settlement cue for the sea urchin, Holoprneustes purpurascens (Swanson et al., 2004). A
near universal theme in the fully characterized signals to date is that they facilitate
conspecific processes important to the population dynamics only of the single species in
question. Biologically this makes intuitive sense, but few investigations have moved
beyond intraspecies responses to look at a broader role for these identified signals.

The emission of signal molecules into the surrounding environment can elicit a
multitude of responses from individuals of the same species. These very signals,
however, might be recognized by other species with positive, negative, and/or neutral
consequences. Such cues can serve as the sensory signals that underpin species
interactions, and thus, are of critical importance to understanding organismal behavior,

food web complexity, and, ultimately, community dynamics. Identifying community-
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driving chemical cues is challenging as they often represent a small proportion of the
signal molecules within a system. There are, nevertheless, some very notable cases
where signal molecules have been fully identified. Arguably, the most prominent
examples are those found in plant-herbivore-predator interactions involving the emission
of plant volatile organic compounds (VOCs). These signals, emitted during, and after,
grazing, attract both general and specific predators, as well as triggering neighboring
plants to begin producing defense compounds that deter potential future attack (see Raffa
2001 for bark beetle review, De Boer et al., 2004; and Baldwin et al., 2006). VOCs,
therefore, have strong primary and secondary roles which influence multiple trophic
levels and can manipulate community dynamics.

Signals that are available in limited quantity but have strong structural
consequences through behavioral, morphological, and/or physiological modifications
have been termed “keystone molecules” (Zimmer and Ferrer, 2007). Only a few such
molecules have been identified, many of which are defense compounds (e.g. tetrodotoxin
and saxitoxin) co-opted as alarm cues and/or incorporated through digestion (Teegarden
and Cembella, 1996; Kvitek and Bretz, 2004; Zimmer and Ferrer, 2007). Structural
compounds—those that are requisite to some aspect of organismal physiology—may
represent an alternate class of multifunctional signals. As many organisms are
physiologically constrained to produce such compounds, they may lend themselves to
easy exploitation by con- or heterospecifics. Despite underlying selection pressure that
likely acts on chemical receptors, there have been few studies exploring the potential role

of obligatory structural elements as signal molecules. Furthermore, proteins—ubiquitous
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bioactive molecules—have been examined in a very limited capacity as signal molecules
in natural systems. This work highlights the potential for structural compounds to act as
signals that influence cellular, individual, population, and community-level processes by
fully identifying, characterizing, and sequencing a barnacle protein signal that strongly
influences the community dynamics of wave-swept rocky shores along the Pacific
Northeast of North America.

Previous studies conducted in our labs focused on interactions between the
barnacle Balanus glandula and a primary barnacle predator, the whelk Acanthinucella
spirata. Using field and laboratory settlement and feeding assays, a naturally expressed
glycoprotein from adult B. glandula that induced settlement of conspecific larvae was
isolated. This same glycoprotein triggered whelks to begin feeding upon contacting the
signal (Ferrier et al., in prep.). This study was the first to show that a molecule can be
both a potent settlement inducer as well as a strong signal for the primary predator of that
species. At the heart of barnacle population dynamics, this glycoprotein drives dual, yet
opposing, demographic processes that both directly and indirectly influence the
distribution and abundance of many organisms in the upper intertidal of rocky wave-
swept shores.

Here, the glycoprotein signal was identified as a protein complex, and the activity
of the constituent subunits, and cleavage products, determined in settlement and feeding
assays. Utilizing mass spectrometry and ion mobility spectrometry, we identified the
native weight of the intact complex as well as the molecular weights of each subunit.

Finally, using rapid amplification of cDNA ends (RACE) we sequenced the mRNA
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transcript which codes for the active protein identifying a keystone molecule that strongly

influences community dynamics on rocky shores.

MATERIALS AND METHODS

Bioassays of active barnacle factor

The target glycoprotein active in both cyprid settlement and barnacle predation
was isolated from live adult Balanus glandula according methods described in chapter 2.
The active signal was previously estimated to be a protein complex of ca. 400 kDa which
breaks down into four components under reducing conditions (199, 98, 88, and 76 kDa;
migration estimated on 7.5% polyacrylamide gels). As the activity of the intact complex
may be found in only one of the protein components each was isolated and tested in
feeding assays in which each was embedded, at ecologically realistic concentrations, in
carboxymethyl cellulose creating prey mimics. Following positive feeding responses
proteins were tested under natural field conditions at Broad Beach (Malibu , CA). The
number of prey mimics eaten by the predatory whelk, Acanthinucella spirata, was
compared between treatment and control (mussel extracts, turban snail extracts, and
filtered sea water) mimics in maximum likelihood tests. In addition, the effect of each
protein component on B. glandula cyprid settlement was assayed by binding each to
settlement plates (cut from the rock cyprids naturally settle on) at ecologically scaled
levels (dissertation chapter 2). These plates were then deployed in the barnacle zone at

Broad Beach for one complete tidal cycle during the primary settlement period (May-
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June) of 2009. The resulting number of settled cyprids were counted and compared to
control treatments (mussel extracts, turban snail extracts, and FSW) of the same protein

concentration in a one-way ANOVA.

Subunit isolation and purification

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
carried out on the purified active glycoprotein using a 7.5% acrylamide preparative slab
gel (acrylamide:bis = 29:1; 16 x 22 cm) under reducing conditions in the presence of -
mercaptoethanol to dissociate the complex. Isolated, non-fixed, protein components were
visualized using imidazole-SDS-zinc heptahydrate reverse staining before each was
excised using a sterile scalpel. Following excision, gel fragments were de-stained using
SDS-PAGE Laemmli buffer. Protein bands were dissociated from the polyacrylamide by
placing gel fragments in 10 cm of Spectrum Spectra/Por™ regenerated cellulose
membrane tubing (Spectrum) (10,000 Da molecular weight cutoff) filled with 8ml of
Laemmli buffer. Each tube was sealed and placed in a western blotting rig modified for
electroelution (cooled with ice) and subjected to an electric current inducing each protein
to migrate out of the gel and into solution. Each isolated protein was then dialyzed
against 50 mM tris-HCI before being concentrated to biologically-relevant levels. Prior

to bioassays, samples were dialyzed against filtered sea water.
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Molecular weight determination of glycoprotein complex and component subunits

The native weight of the active complex was measured using electrospray
ionization coupled to a gas-phase electrophoretic mobility molecular analyzer (ESI-
GEMMA, TSI Inc. Minneapolis, MN). As a soft ionization technique, ESI allows for
mass measurements of weakly bound non-covalent protein complexes (Kaddis et al.,
2007). Coupled with GEMMA the weight of the large complex was determined without
the difficulties of multiply charged molecules which are commonly produced by the ESI
process (Kaddis and Loo, 2007; Kaddis et al., 2007). In addition, the molecular weight
of each active component (isolated with SDS-PAGE as described above) was determined
using matrix-assisted laser desorption ionization time of flight (MALDI-ToF, Voyager
DE-STR: Applied Biosystems, San Jose, CA) mass spectrometry and SDS-PAGE

migration distance.

Amino acid sequencing

The active glycoprotein complex was purified from live adult barnacles before
being chemically digested using cyanogen bromide (CNBr). As a targeted digester CNBr
hydrolyzes peptide bonds at the C-terminus of methionine residues generating long
peptide chains. CNBr digested proteins were electrophoretically separated on Tricine
gels. Each peptide fragment was then excised before being in-gel digested with trypsin.
Following this second digestion, samples were applied to a reverse-phase high
performance liquid chromatography (HPLC) system run online with a tandem

quadrupole-time-of-flight mass spectrometer (LC/Q-ToF) (Sciex QSTAR XL; Applied
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Biosystems). This technique separates the peptide fragments by mass before each is then
analyzed using tandem mass spectrometry (MS/MS). Sequence and database searches
were done using the algorithm MASCOT (Matrix Science, London, UK). Amino acid
composition of each fragment was determined from the resulting spectra creating a partial
peptide fingerprint of the active compound. These sequenced peptides were the basis
from which degenerate primers were designed for use in the isolation and amplification

of mRNA transcripts from adult B. glandula.

mRNA isolation

The cirri of 10 Balanus glandula barnacles were dissected on site from collected
adults at Broad Beach (Malibu, CA). The cirri were chosen as the target tissue for
mRNA isolation as it was previously determined that the glycoprotein was expressed in
large quantity there, and that the suggested mode of application to the outer surfaces was
through these appendages (Ferrier et al., in prep). To prevent ribonuclease activity from
breaking down mRNA transcripts, dissected cirri were immediately submerged in
RNAlater RNA stabilization buffer (Qiagen) and transported to UCLA on ice. Stabilized
barnacle cirri were ground into a powder under liquid nitrogen, and the total RNA was
extracted using RNeasy total RNA isolation kit (Qiagen). As the focus of our work was
to obtain the sequence of the active signal we isolated mRNA from the total RNA
population using a NucleoTrap poly (A) RNA purification kit (Clontech). Isolated

mRNA was kept at -80 °C until use in first strand cDNA synthesis.
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Amplification of Balanus glandula cDNA and amino acid composition

Isolated mRNA of B. glandula was reverse transcribed into first strand cDNA
with a SMARTer IIA rapid amplification of cDNA ends (RACE) kit (Clontech) to create
a total cDNA template ready for amplification. A partial sequence of the active
B. glandula cDNA was amplified by PCR using degenerate oligonucleotide primers
designed from peptide fingerprints obtained in our MS/MS sequencing. The resulting
partial cDNA fragment was sequenced providing the 5’ untranslated region (UTR) and
first 800 base pairs (bp). From this sequence, gene-specific primers were designed and
used in conjunction with RACE-PCR to amplify the entire open reading frame (ORF) of
the active signal. The full length ORF was sequenced in both 5’ and 3’ directions by
automated direct sequencing. As this technique typically yields 700-1500 reliable base
pair reads, new gene-specific primers were produced as needed, and sequence gaps filled,

until the entire transcript was decoded.

Sequence analysis

Database searches on DNA and amino acid sequence homologies were carried out
using the web servers of the National Center for Biotechnology Information (NCBI) and
their Basic Local Alignment Search Tool (BLAST) for species comparisons, protein
matches, and conserved domain identification. The Expert Protein Analysis System
(ExPASy) of the Swiss Institute of Bioinformatics (SIB) was used for protein sequence
translation and database searches. Sequence alignments to Balanus amphitrite SIPC

(Dreanno et al., 2006) and other previously described proteins in the macroglobulin
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families were done using Clustal-W (European Bioinformatics Institute). Relatedness to
conserved protein domains and phylogenetic tree construction was done using Molecular
Evolution Genetic Analysis (MEGA 5.0) (Kumar ef al., 2008). Location of potential
signal peptide cleavage sites were done using SignalP (v3.1) (Center for Biological

Sequence Analysis).

RESULTS

Molecular weight of the native and denatured complex

The active glycoprotein complex extracted from Balanus glandula was subjected
to SDS-PAGE electrophoresis under denaturing conditions causing the complex to
dissociate into four prominent protein components (Fig. 1). Each protein band was
individually isolated and electroeluted from the polyacrylamide gel for further mass
identification. The molecular weight of the native complex was determined using ESI-
GEMMA. Based on the electrophoretic mobility diameter (EMD) of the protein
complex, and using the relationship between EMD and molecular weight (Kaddis ez al.,
2007), the intact complex was shown to have an approximate mass of 390 kDa (Fig. 2).

To obtain more accurate masses of each protein band, a combination of mass
spectrometry (MALDI-ToF) and molecular weight estimations from protein mobility in
SDS-PAGE gels was done. The MALDI-ToF spectrum of the heaviest of the
components found a dominant peak at 199 kDa (Fig. 3a). The next protein band was

analyzed and this was found to have a molecular weight of approximately 98 kDa. The
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size of both 199 and 98 kDa proteins were confirmed by measuring the mobility of each
on 7.5% polyacrylamide gels. Asthe SDS-PAGE gels provided accurate measurements
of two of the four proteins bands, the two smaller component masses were estimated

using only their mobility, and were found to be 88 kDa and 76 kDa respectively (Fig. 1).

Subunit activity in cyprid settlement and whelk feeding

Each denatured glycoprotein component was individually isolated and
electroeluted from the SDS-PAGE gels to be used in settlement and feeding assays.
Cyprid settlement response was measured by deploying settlement plates, bound with
each protein, in the barnacle zone for one complete tidal cycle during the primary
settlement season (May-June) of 2009. Previous studies identified the intact
glycoprotein complex to represent 12.6% (0.16 mg/barnacle) of the total protein content
of an adult B. glandula (dissertation chapter 2). Isolated protein bands were dynamically
scaled to represent this concentration in both settlement (as proportion expressed) and
feeding bioassays (as total protein in a barnacle mimic). Plates bound on average 93% of
the isolated 199 kDa protein and these induced significantly more cyprids to settle than
did plates bound with control solutions (one-way ANOVA: F;3,=7.56, p < 0.005;
Fig. 4a). When the 199 kDa subunit was embedded in prey mimics and presented to
foraging Acanthinucella spirata along side controls whelks preferentially consumed the
faux prey laced with the subunit (G*= 11.05, D.F.= 3, p=0.011, n=16; Fig. 4¢). In
addition to the dominant 199 MALDI-ToF peak, a protein of approximately 100 kDa

appears in the spectrum as well. It is likely that this peak represents a cleavage product
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of the intact 199 kDa subunit. Furthermore, a protein of 98 kDa was identified in SDS-
PAGE gels, further indicating this as a cleavage product. This protein fragment was thus
tested in settlement and feeding assays to determine if only a portion of the full signal is
required to induce settlement and feeding responses. Significantly more cyprids settled
in response to this cleaved portion of the protein than did to controls (one-way ANOVA:
F3 3= 8.04, p <0.005; Fig. 4b). Likewise, this protein fragment was preferentially
chosen over controls in laboratory feeding assays (G’= 13.75, D.F.= 3, p=0.0033, n=14;
Fig. 4f).

The role of the 88 kDa protein in both B. glandula cyprid settlement and whelk
feeding was also tested. Plates were bound with the isolated subunit, and on average
90% of the proteins were adsorbed. Despite being tested during the same settlement
period as the 199 kDa subunit and the 98 kDa cleavage product, the 88 kDa protein did
not induce any more cyprids to settle than did the controls (Fig. 4c). Furthermore, this
subunit failed to induce any preferential feeding in whelks (Fig. 4g), and in a total of 43
bioassays only 9 whelks fed at all. Due to the lack of activity observed in laboratory
feeding trials this protein was not assayed in field feeding trails.

Finally, the activity of the 76 kDa protein was assayed for settlement and feeding.
Plates typically bound 94% of the protein, but again failed to induce any more settlement
than did plates bound with control solutions (Fig. 4d). When this subunit was presented
to foraging whelks, however, there was some observed feeding in response to contact, but

this preference was not found to be significant (G°= 4.79, D.F.= 3, p = 0.188; Fig. 4h).
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Although some whelk feeding activity may be associated with contacting this portion of
the glycoprotein complex the response of whelks was not as great as it was for the
199 kDa band. Paired with the settlement data, this strongly indicates that the activity of
the intact complex originates in the 199 kDa subunit (or a portion therein).

Finally, the activity of the 199 kDa protein was compared to that of the active
B. glandula crude extract and the purified glycoprotein complex in both settlement and
feeding assays. Despite a near 10-fold difference in protein concentrations between the
crude, the native glycoprotein, and the 199 kDa subunit all remained active inducing
significantly more cyprids to settle than on the FSW control, but no significant difference
between each other (one-way ANOVA: F;33=13.37, p=0.0325; Fig. 5a). As was seen
for settling cyprids, the 199 kDa protein, intact glycoprotein complex, and crude barnacle
extraction all induced preferential feeding over the FSW control in both laboratory and
field feeding trails, and again there was no preference over any one of these treatments
over another indicating the active predation compound is present at recognizable levels in
each purification provided (lab feeding: G’= 15.51, D.F.= 3, p = 0.001; field feeding:

G*=9.90, D.F.= 3, p =0.019; Fig 5b).

Peptide Fingerprint, RACE-PCR, and the sequence of the active glycoprotein

Internal peptide sequences were obtained from chemical and enzymatic digests of
the active 199 kDa subunit and active 98 kDa cleaved protein. The resulting peptide
fragments were separated using HPLC and sequenced online with a quadrupole time-of-

flight mass analyzer (LC-MS/MS). Eight peptides were unambiguously sequenced from
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multiple locations within the active protein sequence (Table 1). From these sequenced
fragments degenerate primers were developed to be used in rapid amplification of cDNA
ends (RACE). Initial RACE-PCR amplification with degenerate primers yielded
numerous non-specific binding events with first strand cDNA. One peptide sequence
(ETFLTLVQTDK), however, provided both a 3” and a 5> degenerate primer that yielded
discrete DNA products. The PCR product was processed using automated sequencing
which yielded a sequence of the 36 base pairs coding for the 5° untranslated region
(UTR) (including the start codon (ATG)) and an 800 bp length of the open reading frame
(ORF) from which gene-specific primers were produced. RACE-PCR was repeated
using gene-specific primers in both the 5° and 3’ direction, and a full length cDNA of
5,089 base pairs was obtained including the 5> UTR (36 bp), the ORF (4,704 bp), and the
3> UTR (385bp) . The full-length ORF encoded 1567 amino acids residues producing a
protein with a molecular mass of 172.5 kDa. Each of the internal N- and C-terminal
sequences obtained in tandem mass spectrometry peptide fingerprinting were found in the
translated protein confirming we had obtained the correct mRNA transcript. Searching
the sequence in the SignalP database identified a 17-residue signal peptide at the N-
terminus of the glycoprotein indicating this cue is secreted. As the signal peptide is

cleaved following site secretion the unmodified mass of the active protein is 170.7 kDa.

Sequence homologies and protein family associations

Comparison of the multifunctional protein factor (MULTIFUNC!in) to other

sequences in the GenBank database using the NCBI BLASTp algorithm found this
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protein most closely resembles the settlement inducing protein complex (SIPC) of
Balanus amphitrite (Dreanno et al., 2007; GenBank accession # AAR33079) with a score
(S) =2355 bits (E = 0) and an overall sequence homology to SIPC of 73%. Alignment of
sequences also found considerable overlap with the Thiolester-containing protein 7 (TEP
7) of the wasp Nasonia vitripennis (S = 667 bits, E = 0, 30% homologous) and of the bee
Apis mellifera (S = 640, E = 0, 29% homologous). A QTD motif (142-144) and an
FxVxxYxLPxFE region (228-239) were found in the MULTIFUNCin sequence which is
characteristic of different members of the TEP family. Although both of these TEP
proteins gave a significant alignment score, the highly conserved GCGEQ motif
characteristic of most TEP proteins is not found in MULTIFUNCin. In addition to the
TEP 7 protein alignment, numerous a,-macroglobulin (A2M) proteins significantly
matched this signal including those the horseshoe crab Limulus spp. (S = 666, E =0, 30%
homologous), the ticks Ixodes ricinus and Ornithodoros moubata (S = 657, E =0, 29%
homologous; S = 642, E = 0, 29% homologous, respectively), the prawn Macrobrachium
rosenbergii (S =572, E = 1% 29% homologous), the crab Eriocheir sinensis (S = 559,
E=1e"% 28% homologous), and the shrimps Fenneropenaeus chinensis, Marsupenaeus
Jjaponicus, and Litopenaeus vannamei (S = 555, E = 2¢1%°, 32% homologous; S = 554,
E= 3e'155, 27 % homologous; S =551, E = 3e'154, 28% homologous, respectively)
(Fig. 6).

With a threshold expected value (E value) set to 0.01, MULTIFUNCin was found
to share conserved domains with the A2M protein superfamily (including the thiolester

bond forming region (TEP)) and the complement factors C3-5. The conserved domains
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between MULTIFUNCIin and members of the A2M protein family of various crustaceans
and arthropods suggest that this signal may have evolved from an ancestral crustacean
A2M gene arising either through duplication or mutation (Fig. 6). However, the
conservation observed between B. amphitrite SIPC and the B. glandula MULTIFUNCin
may suggest a new class of secreted protein, similar to A2M proteins, but with a

physiological and ecological functionality that was previously unknown.

DISSCUSSION

The identity of an ecologically important signal molecule

Here a protein complex was identified and the mRNA transcript sequenced for a
molecule that induces settlement of, and predation on, the barnacle Balanus glandula.
ESI-GEMMA revealed the native complex to have a mass of 390 kDa. As the mRNA
transcript was found to encode an unmodified protein of approximately 171 kDa, this
data implies the active complex is a dimer of two repeating 199 kDa proteins (the post-
translationally modified 171 kDa protein identified in sequencing). This result is further
corroborated by the ESI-GEMMA spectrum of the denatured complex and the SDS-
PAGE gels which identified a prominent peak and protein band, respectively, at
approximately 199 kDa. An additional protein band was identified in the denatured
complex of 98 kDa. Initially this was thought to be a unique subunit of the active
complex and so was tested in feeding and settlement assays along with other isolated

fragments. However, the subsequent mRNA transcript was found to code for a protein of
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greater mass. This result conflicts with the previous notion of the 98 kDa protein as a
unique subunit. The most likely explanation is, thus, that the 199 kDa subunit is cleaved
during denaturation into two 98 kDa fragments of near-identical mass that migrate
through the gels at the same rate and would thus be indistinguishable. A similar
phenomenon would occur in the MALDI-ToF in that if the protein cleaves into fragments
of near-equal mass they would be represented by a single m/z peak (the slight difference
in mass can be explained by the cleaving of sugar chains). The notion that the 98 kDa
band is a cleavage product is further supported by the fact that sequenced peptides from
the 98 kDa protein fragment were identified in both the N- and C-terminus of the intact
protein (Table 1). Moreover, the 98 kDa subunit was found to be as active in feeding and
settlement as the 199 kDa subunit suggesting that after cleavage the active portion of the
protein remains intact.

Previous studies have shown that the glycoprotein is present in feeding cirri,
cuticle, gut, and on the outer surface of the shell (dissertation chapter 2). Furthermore, a
17-residue signal peptide was identified at the N-terminus, indicating secretion of this
protein. These results strongly suggest that the protein is cuticle-derived and deposited
on the outer surfaces of barnacles. In holding tanks, barnacles were routinely observed
cleaning the shell using a “sweeping” action of their cirri which may bind the signal to
the substrate. Although the active glycoprotein identified here shares a high degree of
homology with the SIPC of B. amphitrite, it also has more functions than SIPC.
Specifically, this study identified cellular (cuticle), population (settlement), and

community-level (predation) functionality associated with it. As this protein is likely
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physiologically requisite to cuticle formation, induces cyprid settlement and whelk
predation, is secreted and bound to outer surfaces, and thus is multifunctional, the signal
identified here has been termed the multifunctional protein factor (MULTIFUNCin).

An adult Balanus glandula expressed on average 0.16 mg of the active
glycoprotein signal (Ferrier et al., in prep). Prey mimics thus contained ecologically
scaled concentrations of this molecule which was eaten upon contact by the predatory
whelk Acanthinucella spirata in both laboratory and field feeding assays. This study
showed that a biologically relevant concentration of 0.0132 mg/cm? was effective at
inducing B. glandula settlement under natural field conditions. Remarkably, this
concentration is similar to the effective concentration (0.01 1rng/cm2) that induces
settlement of B. amphitrite cyprid larvae in laboratory settlement trials (Matsumura et al.
1998).

Both B. glandula MULTIFUNCin and B. amphitrite SIPC share conserved
domains with the ay-macroglobulin (A2M) protein superfamily, the thiolester-containing
protein (TEP) family embedded within the A2M family, as well as to the complement
factors C3-5 of a variety of species (Fig. 6). With an approximate homology of 73%,
SIPC and MULTIFUNC:n are likely the same class of signal molecules with minor
species-specific differences at the amino acid residue level. MULTIFUNCin and SIPC
contain a QTD motif (142-144) and an FxVxx YXLPxXFE region (228-239) both of which
are structurally important to the TEP family (Dodds, 2002), but MULTIFUNCin lacks the
STQDT motif found in the SIPC. In addition, both signals lack the y-glutamyl thioester

signature sequence (GCGEQ) of the TEP family which is necessary for native
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conformation and activity of many A2M proteins (Armstrong and Quigley, 1999; Dodds,
2002; Blandin and Levashina, 2004; Dreanno et al., 2006). Although MULTIFUNCin
contains sequence motifs found in the conserved domain of the A2M superfamily, the
lack of the thioester bond sequence and the STQDT motif suggests that this signal
belongs to a different class of protein. A 17 amino acid residue was found for
MULTIFUNCIn indicating secretion of the expressed protein. Furthermore,
MULTIFUNCIn is found at ecologically relevant concentrations on the outer surfaces of
barnacles and may belong to a class of cuticular proteins that are constantly produced as
the organism undergoes biomineralization. MULTIFUNC:in shares significant homology
with A2M, and thus, the signal likely evolved from an ancestral arthropod A2M gene, an
idea supported by phylogenetic analysis (Fig. 6). MULTIFUNC:in, and likely SIPC, may
be the first described members of a group of multifunctional cuticular glycoproteins that

play roles in biochemical, individual, population-, and community-level processes.

The ecological role of the secreted multifunctional protein factor

Chemical signals are a powerful force in population level processes. In terrestrial,
aquatic, and marine habitats, species-specific mating, settlement, and feeding cues
influence the population dynamics of the species. A primary focus of chemical ecology
has been the identification of conspecific signaling molecules and how they
facilitate/mediate population dynamics. Although effects of conspecific cues on
population dynamics are well recognized, rarely considered is the possibility of a cue

being hijacked by other species. Such multi-species cue recognition has important
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implications for community ecology, and may serve as the underlying chemosensory
signals that force species interactions.

In this study, we identified one such molecule—MULTIFUNCin. As the putative
settlement cue for the cyprid larvae of B. glandula, the detection of this protein signal
results in a rapid increase in barnacle population size during the settlement season and,
ultimately, is responsible for observed gregariousness. Barnacles are dominant space
occupiers and competitors in the upper intertidal of many temperate rocky intertidal
habitats (Connell, 1961). MULTIFUNCin may be the underlying sensory cue initiating
competitive interactions that shape these communities. The signal is also recognized by a
primary predator of B. glandula—Acanthinucella spirata—which when contacted
induces feeding. The recognition of MULTIFUNCin, therefore, acts as the sensory basis
for a critical interaction which drives opposing demographic processes—simultaneously
increasing barnacle populations through settlement and decreasing populations through
predator-induced mortality. Indirectly, this signal is at the heart of a trophic cascade
resulting from competitive exclusion by barnacles, which pulls the community towards
monospecific assemblages, and the release of space through selective feeding by whelks.
This freeing of space facilitates the settlement of competitive subordinates, which pulls
the community towards greater diversity (Murdoch, 1969; Dayton, 1971). Much like
keystone species, which have a disproportionate effect on their communities relative to
their biomass (Paine, 1966), the MULTIFUNC!n protein has a disproportionate effect on
the intertidal community relative to its concentration. Due to these effects,

MULTIFUNC:In can be considered a keystone molecule (Zimmer and Ferrer, 2007).
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In terms of chemical cues, proteins have not been widely considered as important
signaling molecules, however, there have been numerous suggested roles for small
peptides in the settlement of abalone (Robert, 2001), oysters (Zimmer-Faust and
Tamburri, 1994), and nudibranchs (Lambert et al., 1997). Large macromolecules, of low
relative solubility and of a structural nature, may prove to be reliable signals in turbulent
environments. Many organisms produce glycoproteins for cuticle and shell
biomineralization, many of which are requisite and long-lived (Marin and Luquet, 2004).
These signals may prove to be reliable intra- and interspecies cues that indicate food,
mates, habitat, and defense. This study found a glycoprotein—remarkably similar in
amino acid composition between two different species—induces settlement. These
results indicate that a high level of conservation may exist in Balanomorph barnacle
glycoprotein signals. Further inquiry into the expression of this protein in other species
may reveal a common production/recognition paradigm that is responsible (both directly
and indirectly) for barnacle-whelk interactions and underlie intertidal community
dynamics. This new class of a;-macroglobulin-like glycoproteins, comprised of
MULTIFUNCIn and SIPC, thus represents the first discovery of a large protein complex

significantly contributing to community dynamics.
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Table 1. Peptide fragment sequences obtained from LC-MS/MS fingerprinting used for
degenerate primer design. Location and peptide fragment origin are giving.

Sequence Origin Fragment Location
ACLSLFNLAGPNR 98 kDa N-terminal
ETFLTLVQTDK 199, 98 kDa N-terminal
ESGEVISDSR 98 kDa Internal
AAPNSVCGISAVDK 199, 98 kDa Internal
TSITTFKPFFTEVSLPYSLK 98 kDa Internal
GGEAALTAFVM 199 kDa Internal
FSSTLEVPDPAFSLGVAAK 98 kDa C-terminal
VHDFYRPEER 199 kDa C-terminal
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Figure 1
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Figure 3
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Figure 5
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Figure Captions

Figure 3-1. SDS-PAGE gel run under denaturing conditions in the presence of 3-
mercaptanoethanol showing the dissociated glycoprotein complex and each of the
isolated subunits that were tested in feeding and settlement assays. Subunits were
isolated from excised gel fragments by electroelution using a modified western blotting

apparatus.

Figure 3-2. Electrospray ionization gas-phase electrophoretic mobility molecular
analysis (ESI-GEMMA) of the intact glycoprotein complex. Particle counts of the native
protein identified a dominant peak corresponding to a complex with a mass of 390 kDa.
A dominant peak was found in the ESI-GEMMA spectrum of the denatured complex of

ca. 199 kDa suggesting the complex is likely a dimer composed of two subunits.

Figure 3-3. Matrix-assisted laser desorption ionization time of flight (MALDI-ToF)
spectra of the two active bands observed in the SDS-PAGE gels. The spectra of the first
active band indicated a protein subunit with a mass of 199 kDa (A). The spectra of the
next active band indicated a mass of 98 kDa (B). Subsequent sequence analysis revealed

the 98 kDa component likely represents a cleavage product of the 199 kDa subunit.
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Figure 3-4. Settlement and feeding responses of Balanus glandula cyprid larvae and
Acanthinucella spirata, respectively, to each isolated subunit. Cyprids settled in
significantly greater numbers in response to the 199 kDa subunit and the 98 kDa cleavage
product than to controls (A and B), but did not settle any more when the 88 and 76 kDa
subunits were contacted than on controls (C and D). Bars sharing the same letter are not
significantly different (p > 0.05). Like cyprids, whelks preferentially consumed prey
mimics embedded with the 199 kDa subunit and the 98 kDa fragment (E and F) over
controls, but did not feed significantly more upon contacting the 88 and 76 kDa subunits

than on controls (G and H). Asterisks denote highly significant preferences (p < 0.005).

Figure 3-5. The active 199 kDa subunit was assayed against the intact complex, the crude
barnacle extract and the control filtered sea water (FSW) in both whelk feeding (A), and
cyprid settlement (B). The subunit and the intact complex contained a protein
concentration of 12.6% that of the crude. Bars with the same letter indicate responses
that were not significantly different; asterisks denote highly significant preferences

(p < 0.005).
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Figure 3-6. The inferred evolutionary history of MULTIFUNCin and members of the a2-
macroglobulin protein superfamily (A2M), the thiolester-containing protein family
(TEP), and the complement factor proteins (C3, C4, C5) using the Neighbor-Joining
method. The optimal un-rooted tree with the sum of branch length = 7.532 is shown. The
tree is drawn to scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distances were computed
using the Poisson correction method and are in the units of the number of amino acid

substitutions per site.
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