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Abstract
Over the last three decades, the California sea hare, Aplysia californica, has played an increasingly
important role as a model organism in the neurosciences. Since 1995, the National Resource for
Aplysia has supported a growing research community by providing a consistent supply of
laboratory-reared individuals of known age, reproductive status, and environmental history. The
purpose of the present study was to resolve the key biological factors necessary for successful
culture of large numbers of high quality larval Aplysia. Data from a sequence of five experiments
demonstrated that algal diet, food concentration, and veliger density significantly affected growth,
attainment of metamorphic competency, and survival of Aplysia larvae. The highest growth and
survival were achieved with a mixed algal diet of 1:1 Isochrysis sp (TISO) and Chaetoceros
muelleri (CHGRA) at a total concentration of 250 x 103 cells/mL and a larval density of 0.5 – 1.0
per mL. Rapid growth was always correlated with faster attainment of developmental milestones
and increased survival, indicating that the more rapidly growing larvae were healthier. Trials
conducted with our improved protocol resulted in larval growth rates of >14 μm/d, which yielded
metamorphically competent animals within 21 days with survival rates in excess of 90%. These
data indicate the important effects of biotic factors on the critical larval growth period in the
laboratory and show the advantages of developing optimized protocols for culture of such marine
invertebrates.
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1. Introduction
The importance of the California sea hare (Aplysia californica, Cooper 1863) as a
reductionist model for studies in molecular neurobiology, electrophysiology, learning, and
memory (Kandel 1976, Moroz et al. 2006) has steadily increased over the past three
decades. The large, identifiable neurons, simple nervous system and capacity for basic
learned behaviors of this opisthobranch have made Aplysia the most widely studied
molluscan model for neuroscience. This marine algavore inhabits intertidal and sublittoral
zones along the Pacific coast of the United States and Mexico where it lays large benthic
egg masses (Audersirk 1976, Kandel 1979, Carefoot 1987). Eggs hatch after 7–10 days
(Kriegstein et al. 1974, Kandel and Capo 1979), releasing planktotrophic veliger larvae that
have been reported to remain in the plankton for at least 35 days before attaining
metamorphic competency (Kriegstein et al. 1974, Kriegstein 1977, Capo et al. 1979, Nadeau
et al. 1989). During metamorphosis, veliger larvae settle and begin feeding on macroalgae
such as Agardhiella sp. (Capo 1979, Nadeau et al. 1989). This begins the benthic phase,
characteristic of juvenile and adult Aplysia (Kriegstein et al. 1974, Capo et al. 2002). Details
of the natural history (Eales 1921, Audersirk 1976, Audersirk 1979), biology (Carefoot
1987) and basic neurobiology (Kandel 1976, Kriegstein 1977) of Aplysia are well
documented in the literature.

Early neurobiologcal research on Aplysia was conducted on wild-caught animals, potentially
introducing several undesirable sources of variation to experimental results, such as
uncertainty associated with parental background, environmental history, nutritional status,
reproductive state and age. Due to their annual life cycle, there are seasonal fluctuations in
availability of entire size classes of wild animals (Audersirk 1979). Reliance on field-
collected specimens provides little or no information on how environmental conditions (e.g.
food availability, sea state, salinity, and temperature) influence growth, development, and
survival rates (Audersirk 1979, Carefoot 1987, Stommes et al. 2005). Growth rate and age in
wild Aplysia is typically estimated from body size (Kriegstein et al. 1974, Kriegstein 1977,
Audersirk 1979) which is an unreliable indicator for soft-bodied organisms (Capo et al.
2002, Stommes et al. 2005, Fieber et al. 2005). Age can be more reliably determined by the
diameter of the internal shell (Peretz and Adkins 1982), but this approach assumes a
constant growth rate based on Kriegstein et al. (1974) and requires that the animals be
sacrificed. Clearly there is a need for a reliable source of large numbers of cultured animals
of known age and physiological condition. Current research on developmental genetics,
bifurcated cell culture, and genomics require large numbers of postmetamorphic Aplysia
reared under stringent environmental conditions.

Historically, researchers studying the early life history of biomedically important
opisthobranch models focused on describing planktotrophic larval culture (Kriegstein et al.
1974, Strenth and Blankenship 1978, Paige 1986), morphological development (Kriegstein
1977, Kempf 1981), and metamorphosis (Kriegstein et al. 1974, Capo 1979, Bickell and
Kempf 1983, Nadeau et al. 1989, Avila 1998). As a result, the early life history of A.
californica (Kriegstein et al. 1974, Kriegstein 1977), as well as several other ecologically
important opisthobranchs, is well described (Thompson 1958, Franz 1975, Switzer-Dunlap
and Hadfield 1977, Perron and Turner 1977, Harrigan and Alkon 1978, Williams 1980,
Kempf 1981, Plaut et al. 1995). However, experimentally-derived information resolving the
interactions and effects of factors controlling the feeding larval phase of opisthobranchs are
extremely limited (Switzer-Dunlap and Hadfield 1977, Hubbard 1988, Plaut et al. 1995,
Avila et al. 1997). Previous larval Aplysia rearing trails have been characterized by limited
survival rates and reduced growth of <10μm/d (Kriegstein et al 1974, Nadeau et al. 1989,
Pawlik 1989). Several authors have discussed the effects of diet on the growth on other
opisthobranch larvae and the effects of larval density on their growth and survival (Switzer-
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Dunlap and Hadfield 1977, Harrigan and Alkon 1978, Williams 1980, Hubbard 1988, Avila
et al. 1997). The beneficial effects of a mixed diet on bivalve larvae has been well
demonstrated (Davis and Guillard 1958, Loosanoff and Davis 1963, Bayne 1965, Chanely
1975, Gallager et al. 1986).

The National Resource for Aplysia (the Resource) was established in 1995 to support the
growing demand for large numbers of all size-classes of Aplysia californica raised under
uniform conditions and of known age. Since then, the techniques for rearing larvae and
juveniles at the Resource have continually evolved, leading to incremental improvements in
animal quality and production (Capo et al. 1999, Capo et al. 2002, Capo et al. 2003, Fieber
et al. 2005, Stommes et al. 2005). The present study was derived from previously
unpublished baseline information on the successful rearing techniques developed at the
Resource. The experiments described here were designed to determine optimal biological
parameters for the successful culture of larvae, a prerequisite to production of large numbers
of robust animals. Previous research with Opisthobranchs has demonstrated that algal diet
(monospecific and mixed), algal concentration and veliger density can each have significant
effects on larval growth and development (Switzer-Dunlap and Hadfield 1977, Harrigan and
Alkon 1978, Williams 1980, Hubbard 1988, Avila et al. 1997). Specifically, we conducted a
sequence of five experimental trials on Aplysia larvae to quantify the effects of algal diet,
food concentration, and veliger density on their growth, attainment of metamorphic
competency and survival. We draw comparisons with earlier studies and discuss the possible
biological implications of our results and their application to the culture of other
opisthobranchs used in neurobiology.

2. Materials and Methods
2.1. Broodstock and eggs

Adult animals (Aplysia californica) collected by Santa Barbara Marine Biologicals were
housed in the flow-through seawater system at the Resource as described by Capo et al.
(2002). The animals were fed a daily ration of one or more of the following laboratory–
cultured seaweeds: Gracilaria ferox, Agardhiella subulata (strain A2), and Ulva sp. (Capo et
al. 1999, 2002). The light cycle was maintained at 12 h light:12 h dark and the seawater
temperature was 14±1°C. Mating pairs were monitored throughout the day for active egg-
laying. During oviposition, a 10 cm portion of egg strand was collected, immediately rinsed
with 0.45Em filtered seawater of the same temperature and salinity, and incubated in a 2 L
flask containing filtered seawater to which Na2EDTA (0.25mg/L) was added to bind heavy
metals in the natural seawater that may deleteriously affect development (Capo et al. 2002).
The eggs and seawater were vigorously aerated until one day prior to hatching in a
temperature-controlled incubator at 22°C. Hatching occurred 7–8 days after eggs were
deposited. The egg strand (cordon) was inspected under a dissecting microscope at six days
post-oviposition to confirm normal and synchronized development of embryos; strands not
meeting these criteria were discarded.

Estimation of the number of larvae/mm of cordon was conducted by cutting three portions,
determining their lengths with an ocular micrometer, and dissolving each segment in 2%
sodium hypochlorite. The veliger shells were counted and the total number of larvae/mm of
egg strand calculated. Additionally, the shell lengths (SL) of 25 empty shells from each
portion of cordon were measured using an ocular micrometer at 50x magnification. These
techniques were used to determine the day 0 SL in microns for each experiment. To
establish initial larval density, the appropriate length of cordon was aseptically cut, rinsed
with 2μm filtered seawater, and transferred directly to the larval culture vessel.

Capo et al. Page 3

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2013 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.2. Larval rearing conditions
Seawater from Bear Cut, Virginia Key, Florida was prepared by prefiltration through a 15
μm glass media filter, adjustment of salinity to 32 ppt with deionized water, addition of
chloramphenicol (2.5 mg/l), Na2EDTA (0.25 mg/L), and aeration for 18–24 h followed by 2
μm vacuum filtration (Millipore AP2504700) (Kriegstein et al. 1974, Nadeau et al. 1989).
The desired concentration of microalgae and estimated length of egg mass were added to
filtered seawater in 2 L roller bottles (Corning). The air-water interface was eliminated by
sealing the vessel with Parafilm and plastic wrap (Paige 1986, Capo et al. 1987, Tamse et al.
1990). Cultures were incubated on a continuously rotating (1 rpm) roller bottle apparatus
(Wheaton), with a 24 hr fluorescent light regime (~0.001 μE/cm2/s) at a constant
temperature of 22°C (Kriegstein et al. 1974, Nadeau et al. 1989, Tamse et al. 1990). Roller
apparatus positions were randomly assigned to each culture vessel at the start of the
experiment and remained fixed throughout the experiment.

After hatching, larvae were measured and the culture media was changed every 7 days.
Larvae were collected on a 74 μm mesh screen, rinsed with filtered seawater (FSW) and
transferred to a sterile crystallizing dish. An iodine-based surfactant (Betadine Surgical
Scrub) was added to resuspend any larvae entrapped by the air-water interface. Larvae were
treated with 1.25 mL of a solution of 2.5 mg/mL poly(vinylpyrrolidone)–iodine complex
(Sigma) and 2.0 mg/mL pH 8.3 fish-grade Trizma (Sigma) solution for 5 min to inhibit
bacterial growth. This treatment also acted to suppress swimming of the larvae and provided
a non-lethal method to facilitate shell length measurements. The SL of 25 larvae was
measured and each was staged according to Kriegstein et al. (1974). At the end of the
exposure period, the iodine concentration was reduced by incremental addition of a 0.4%
sodium thiosulfate solution to the treatment bath until the characteristic iodine color
disappeared. The larvae were rinsed in FSW and transferred to a clean, acid-washed roller
bottle with FSW containing the appropriate amount of microalgae and sealed. The bottles
were then returned to the previously assigned roller bottle apparatus and position.

2.3. Microalgae and media preparation
Primary microalgae inocula were purchased from the Provasoli-Guillard National Center for
Culture of Marine Phytoplankton (CCMP, Table 1). All references to scientific names, strain
identification, and culture numbers conform to CCMP’s nomenclature. Working stocks were
aseptically transferred to fresh f/2 media (Guillard 1975) weekly and prepared with
autoclaved 32 ppt ambient seawater. Stocks were aerated and housed at 22°C under
continuous light from a single cool white fluorescent bulb. Bacterial contamination of the
primary phytoplankton cultures was monitored monthly by streaking on Bacto marine agar
2216 (DIFCO) and any contaminated cultures were discarded. Cell concentrations were
determined by hemocytometer and cells were collected by low speed centrifugation prior to
transfer to filtered seawater.

2.4. Experimental design
Five experiments were conducted to evaluate the biological factors controlling larval
growth, development, and survival of A. californica in culture (Table 2). The first two
experiments examined the effects of feeding larvae different combinations of nine algal
species. Utilizing the most successful diet combination, the third experiment examined food
concentration effects. Building on these results, the last two experiments examined the
effects of varying larval density under either fixed or rationed food quantities. Details of
each experiment follow.
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2.5. Experiment 1: Comparison of mixed larval diet composed of Chaetoceros
muelleri(CHGRA) with a selected flagellate

This experiment compared diets composed of one of six flagellate taxa commonly used in
molluscan culture (Table 1) in combination with the diatom, CHGRA. Treatments were
replicated four times and larvae were fed one of the six flagellate species plus the diatom
according to a standard feeding regime of 250 x 103 cells/mL in a 1:1 ratio based on cell/
mL.

2.6. Experiment 2: Comparison of mixed larval diet composed of Isochrysis sp. (TISO) with
a selected diatom

The second set of feeding trials paired one species of the flagellate, TISO, with one of four
diatoms (Table 1) at a 1:1 ratio and a total concentration of 250 x 103 cells/mL. Trials were
replicated 3 times.

2.7. Experiment 3: Effects of algal concentration
To evaluate the effects of algal concentration, eight algal feeding regimes with four
replicates of each were compared. Based on experiments 1 and 2, a standard diet of CHGRA
and TISO at a 1:1 ratio was used to provide starting total algal concentrations of 10, 20, 50,
100, 150, 200, 250, and 300 x 103 cells/mL.

2.8. Experiment 4: Evaluating larval density effects under fixed initial algal concentrations
conditions

This experiment measured effects of larval density on survival, growth, and metamorphic
competency under conditions of a fixed initial algal concentration of 250 x103 cells/mL
using a CHGRA:TISO (1:1) mixture. The species of algae and concentrations used were
based on the previous three experiments. Five veliger densities 0.5, 1.0, 2.0, 3.0, and 4.0
larvae/mL (l/mL) were evaluated.

2.9. Experiment 5: Evaluating larval density effects under rationed food conditions
This experiment was conducted to test the possibility that the slower observed growth and
lower survival at higher larval densities observed in Experiment 4 resulted from food
limitation as larval density increased. This experiment also used a CHGRA:TISO (1:1)
mixture, while larval density was varied from 1 to 4 per mL. However, the initial algal
concentration was increased proportionately with larval density, such that the initial algal
density was set at 333 x103 cells/larva. Note that this was equivalent to an algal
concentration of 250 x103 cells/mL for a larval density of 0.75 larvae/mL, as used in
experiments 1–3. Thus, initial algal density was varied from 333 x103 cells/mL at a larval
density of 1 larva/mL to 1,332 x 103 cells/mL at larval density of 4 larvae/mL. Weekly,
dissolved oxygen levels were monitored with a YSI-55 multi-probe instrument.

2.10. Data analysis
Three metrics were used to assess larval performance under controlled diet type, food
concentration and larval density treatments: growth rate, time to attainment of metamorphic
competency, and survival. All three metrics were determined on a per roller bottle basis.
Growth rates (μm/d) were calculated by regressing larval SL measurements against age
(days post-hatch) for days 0 through 21. Metamorphic competency was defined as the time
(in elapsed days) at which ≥ 80% of individuals possessed 4–6 red, lateral pigmentation
spots (indicating that animals were developed sufficiently to undertake metamorphosis).
Survival was expressed as the percentage of initial larvae that remained alive at the time
when 80% competency was reached. Trials were terminated when any of the following
conditions were met: (1) ≥ 80% of the larvae were competent to metamorphose; (2) < 25
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individuals remained alive (considered a failed culture); or (3) once 50 days had elapsed.
Confirmation of normal larval development was evaluated by observing metamorphosis
following exposure of competent larvae to the metamorphosis inducing substrate
Agardhiella subulata (Capo 1979, Nadeau et al. 1989, Capo et al. 2002). Effects of diet type
on larval performance (i.e. Experiments 1 and 2) were assessed using analysis of variance
(ANOVA), followed by t-tests. For the latter, experimentwise error rate was held at p< 0.10
using the Bonferroni method (Sokal and Rohlf 1987). Linear or non-linear regression was
used in Experiments 3, 4 and 5, which addressed the effects of varying food concentrations
and larval densities. Following Sokal and Rohlf (1987), growth and competency values were
loge-transformed and survival values were arcsine-transformed prior to statistical analyses.

3. Results
3.1. Experiment 1: Comparison of mixed larval diet composed of CHGRA with a selected
flagellate

Mean larval growth rates ranged 4.8–14.2 μm/d with the lowest and highest rates associated
with CHGRA:TETRA and the CHGRA:TISO diets, respectively (Table 3). Larvae fed 4 of
the 6 combinations reached metamorphic competency at a mean of 29–40 days. The larvae
in the remaining 2 diet treatments died before attaining metamorphic competency. The
CHGRA:TISO combination yielded significantly higher growth rates than three of the
treatments. This combination was also associated with the shortest average time to
metamorphic competency and the highest mean survival rate, although these differences
were not statistically significant.

3.2. Experiment 2: Comparison of mixed larval diet composed of TISO with a selected
diatom

Mean larval growth rates ranged from 10.6–13.2 μm/d and were not statistically different
between treatments with the exception of 3H:TISO, which produced the slowest growth
(Table 4). The TISO in combination with CHCAL and CHGRA produced the highest
growth rates of 13.1 and 13.2μm/d, respectively. These larvae also reached metamorphic
competency significantly sooner than those fed SKEL:TISO or 3H:TISO, which required 7–
9 additional days to reach competency. Survival rates were consistently high (> 77 %) for all
groups, except for larvae fed 3H:TISO, which showed only 39% survival at competency.

3.3. Experiment 3: Effects of algal concentration
Mean larval growth trajectories were sharply reduced at the two lowest concentrations
(Figure 1). The relationship between larval growth rates and algal concentration was
asymptotic (R2 = 0.89; p < 0.001), with rates varying from 5.5 to 14.1 μm/d (Figure 2A).
Increasing food concentrations from 10 x 103 up to 150 x 103 cells/mL yielded large
increases in growth rate. Beyond this food level, little change in growth rates emerged. An
asymptotic relationship (R2 = 0.56; p < 0.02) was observed in terms of days to competency
(Figure 2B). Larvae fed the two lowest concentrations failed to reach 80% metamorphic
competency during the 50 day maximum experimental time period, while levels ≥ 100 x 103

cells/mL produced very similar, rapid rates of progression to competency. The relationship
between survival rate and algal concentration (Figure 2C) was parabolic (R2 = 0.82; p <
0.001) with peak levels at 200 x 103 cell/mL. Variation in survival rates was consistently
high in all concentrations beyond 200 x 103 cell/mL, with a general tendency of decline
thereafter. The results of this experiment suggested that the best algal concentration ranged
from 150 – 250 x 103 cells/mL.
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3.4. Experiment 4: Evaluating larval density effects under fixed initial algal concentrations
Growth trajectories indicated that growth rates slowed as larval densities increased beyond 1
larvae/mL (Figure 3). The negative linear relationship between larval growth rates and larval
density ranged from 15.5-9.3 μm/d (R2 = 0.94; p<0.01, Figure 4A). A positive linear
relationship described the trend between larval density and days to competency (R2 = 0.923;
p<0.01, Figure 4B), whereas a negative linear relationship emerged for survival rates (R2 =
0.899; p<0.01, Figure 4C). The results from this experiment suggest that with regard to
survival, growth rate, and time to metamorphosis the best stocking density of larvae was ≤1
larva/mL when the initial algal concentration provided was 250 x 103 cells/mL.

3.5. Experiment 5: Evaluating larval density under rationed food conditions
A negative linear relationship (R2 = 0.74; p<0.01) emerged between larval growth rates and
larval densities when a food ration equivalent to 333 x103 cells/larva was provided to all
treatments (Figure 5A). As was seen in Experiment 4, along the larval density gradient,
positive and negative linear relationships emerged for days to competency (R2 = 0.69;
p<0.01, Figure 5B) and survival rates (R2 = 0.63; p<0.01, Figure 5C), respectively. These
results suggest that food limitation was not a significant driver of the relationships found in
Experiment 4. Dissolved oxygen levels increased in culture bottles by an average of 2 mg/L
between weekly water changes (presumably due to photosynthesis by the algae), indicating
that oxygen levels were not limiting in these experiments.

3.6. Comparison of morphological development schedules
Growth of larvae under conditions of a mixed algal diet of 1:1 CHGRA:TISO at a total
concentration of 250 x 103 cells/mL and a larval density of 0.5 – 1.0/mL also yielded rapid
progression of larvae through the 7 described stages of larval development. These
milestones were reached more rapidly than in previously reported studies (Kriegstein 1977)
as shown in Table 5.

4. Discussion
A limited understanding of environmental interactions and the effects of biological factors
controlling veliger growth, development, and survival have hampered our ability to meet the
increasing demand for >30,000 post-metamorphic animals per year for the Aplysia research
community. The year-round availability of large numbers of Aplysia of specific ages and
sizes grown under controlled laboratory conditions is essential for the future advancements
for this community. Our aim was to examine the variables involved in the nutrition and
stocking density of these larvae and determine the optimal parameters which would yield
rapid development, attainment of competency, and low mortality in larval cultures of A.
californica.

4.1. Diet Type
Several authors have discussed the effects of food on the growth of opisthobranch larvae and
the effects of larval density on their growth and survival (Switzer-Dunlap and Hadfield
1977, Harrigan and Alkon 1978, Williams 1980, Hubbard 1988, Avila et al. 1997). Certain
algal diets have been shown to improve rearing success of larvae of some commercially
valuable bivalves (Walne 1963) and gastropods (Paulson and Scheltema 1968, Harrigan and
Alkon 1978, Hubbard 1988, Avila et al. 1997). The nutritional benefits of a mixed algal diet,
including both flagellates and diatoms, on bivalve larval growth and survival have been well
demonstrated (Davis and Guillard 1958, Loosanoff and Davis 1963, Bayne 1965, Chanely
1975, Gallager et al. 1986) and several researchers conducted mixed diet and feeding
concentration trials with the planktotrophic larvae of congeners of A. californica and some
nudibranchs (Switzer-Dunlap and Hadfield 1977, Harrigan and Alkon 1978, Hubbard 1988,

Capo et al. Page 7

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2013 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Plaut 1995, Avila 1997). Hubbard (1988) reported success with a mixed feeding regime of a
1:1 ratio of a Tahitian strain of Isochrysis and Ochromonassp. at 0.5–1 x 105 cells/mL when
feeding the larval nudibranch Hypselodoris infucata. Larvae exposed to the higher
concentration of the mixed diet grew faster than on lower algal concentrations or on a single
algal species (Hubbard 1988). There are no previous studies on the effects of feeding a
mixed diet specific to A. californica. Our results confirmed that the species composition of
the algal diet can have profound effects on larval growth, development, and survival in A.
californica.

The benefits of supplementing the diet of molluscan larvae specifically with diatoms in
culture have been well demonstrated (Gabbot and Holland 1972, Webb and Chu 1981).
Providing a diet that includes both flagellates and diatoms may more closely replicate the
natural diet of molluscs. Diatoms are a better source of some nutritional components, such
as lipids, than flagellates. Lipids have been shown to be especially critical for successful
growth and metamorphosis in bivalves (Gabbott and Holland 1972). Interestingly, the
species in the diets that we found to produce the highest growth rates in A. californica were
not necessarily the same ones that worked best for other species of molluscs (Gabbott and
Holland 1972, Harrigan and Alkon 1978, Thompson et al. 1993). This suggests that the
species of algae that result in the best growth and survival rates may depend on diets similar
to those the opisthobranch evolved to consume. However, the low or variable growth rates
and poor survival in previous diet and feeding studies on other opisthobranch molluscs
precludes us from drawing any hard conclusions as to what species of algae may be best for
other species. Although it was known that adding diatoms to molluscan diets improved
results in rearing trials due to their lack of motility, water movement is needed to keep the
diatoms in suspension so that they remain available to the larvae. As a result, attempts to
incorporate diatoms into the diet of Aplysia with static larval rearing techniques proved
unreliable (Kriegstein et al. 1974, Capo et al. 1987, Nadeau et al., 1989). In the method used
in the present study, the rolling of the culture bottle provides the necessary water movement
to keep the diatoms in suspension, thereby providing a reliable mechanism for larval access
to this important food item.

4.2. Diet Concentration
Numerous studies have demonstrated the importance of algal concentration on molluscan
larval growth, development, and survival. Our trial started at the most commonly reported
food concentration in the literature for rearing of opisthobranch larvae, 10 x 103 cells/mL
(Kriegstein et al. 1974, Switzer-Dunlap and Hadfield 1977, Kempf 1981, Bickell and Kempf
1983, Paige 1986, Avila et al. 1997). Pilot larval rearing trials that we conducted
demonstrated faster growth and higher survival at higher algal concentrations. In order to
bracket the entire feeding range we chose 300 x 103 cells/mL as our upper limit. This value
is similar to that successfully used by Hubbard (1988) who fed a 1:1 of a Tahitian strain of
Isochrysis and Ochromonassp. at a concentration of 50 – 100 x 103 cells/mL to the tropical
sponge-eating nudibranch, Hypselodoris infucata. Our findings suggest concentration of 150
– 250 x 103 cells/mL should be supplied to achieve maximum growth rates and
metamorphic competency of the larvae. This range of concentrations provided the greatest
success in larval production with the least amount of mortality. In a short term feeding
study, Gallager and Mann (1980) found larval Aplysia grazing rates increased with algal cell
concentration, but began to decline at about 300 x 103 cells/mL. In their study and in ours, it
was noted that when algal concentrations exceed this level it is probable that the uneaten
algal cells result in lower growth rates, either due to fouling of the water by decaying algae
or impeding of the feeding mechanisms of the veliger larvae. Inspection of dissolved oxygen
levels suggests this was not a contributing factor. We found an increase in oxygen levels,
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probably as a result of photosynthesis of the algae in the culture bottles producing levels that
exceeded larval consumption rates.

4.3. Veliger density
While there are many documented studies evaluating growth, metamorphic competency and
survival of molluscan larvae as a function of initial veliger density (Bayne 1965, Switzer-
Dunlap and Hadfield 1977, Pechenik et al. 1990, Avila et al. 1997), none have examined
these relationships for A. californica. We found that increasing larval densities from 0.5 to 4
larvae/mL significantly reduced all three larval performance metrics. Growth rates declined
from approximately 16μm/d at the lowest stocking densities to about 9μm/d at the highest.

Interestingly, the lowest growth rates correspond to the average rate obtained by Kriegstein
et al. (1974; 9.8 μm/d). Likewise, time to competency increased by about two-fold and
survival rates declined from about 85% to 5% or less over the veliger density range tested.
The general trend of poor survival at increasing larval culture densities has been
demonstrated for other planktotrophic larval opisthobranchs (Hubbard 1988, Avila et al.
1997), but it is unclear as to why this occurred in our experiments. Based on the results of
Experiment 5, we do not consider insufficient food quantities to be the direct underlying
cause of the observed larval performance metric declines. Rather, the declines may have
been driven by collisions among individuals leading to a range of effects from inhibition of
feeding to injury. Greater transmission of disease at high densities is another possibility,
although we observed no evidence of bacterial, fungal, protozoan or other such
contamination. Dissolved oxygen levels increased in the culture bottles, indicating that
oxygen levels were not limited at these high larval densities. Similarly, high larval densities
might be expected to result in elevated levels of toxic wastes. We plan to monitor NH3 and
NH4 levels in future trials, in conjunction with more frequent water changes, to explore how
this parameter affects larval performance.

4.4. Protocol advancements
Three innovations that contributed to the success of the culture of invertebrate larvae were
developed by our laboratory and are worth mentioning here. The first is the use of roller
bottles. Our laboratory first adapted the use of roller bottles from tissue culture techniques in
1988. Numerous researchers have discussed the importance of keeping the larvae, as well as
phytoplanktonic food, in constant and homogeneous suspension (Loosanoff and Davis 1963,
Strathmann and Leise 1979, Nadeau et al. 1989,). The roller bottles maintain the non-motile
diatom and flagellate diet in constant suspension while providing a homogenous non-
turbulent environment for rapid larval growth. Second, it has been a long held belief that
larval Aplysia can not survive contact with the air-water interface for even a short time
period during the water changing process (Kriegstein 1974). Researchers have reared larvae
using a variety of elaborate techniques to avoid contact of the veliger with the air-water
interface. Our consistent rapid growth and repeated high survival confirms that limited
exposure to the air water-interface during water changes does not detrimentally affect the
larvae. Third, in past studies the seawater was changed frequently under the belief that this
was the only way could water quality be properly maintained.

We changed our culture media weekly, as compared to more frequently reported changing
intervals, and consistently obtained larval survival in excess of 75%. To date, our techniques
have been used successfully with several additional species of planktotrophic larvae,
including Bursatella leachii, A. brasiliana, Strombus gigas, Lytechinus variegatus, and
Diadema antillarum. Thus, the techniques described in the present study have the potential
to resolve the key factors that limit the rearing of other fastidious biomedically and
ecologically important larval organisms.
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4.5. Conclusions
By systematically testing a number of biotic variables in the rearing of larvae at the National
Resource for Aplysia, we were able to define the components of the diet, concentration of
food, and larval stocking densities that yielded the largest numbers of metamorphic stage
larvae of Aplysia ever obtained in a laboratory study. Furthermore, we were able to increase
growth rates considerably over other studies. This demonstrates that previously observed
lower growth, high variation in developmental timing, and reduced survival were a result of
a limited understanding of the biological criteria controlling the larval phase. While our
study focused on A. californica, we believe that other opisthobranch models would benefit
from similar studies. It is now possible for the Resource to supply >30,000 post-
metamorphic animals year-round of known age, reproductive status, limited genetic
background, and consistent environmental history. Controlled rearing of Aplysia has
become essential in support of the increasing experimental criteria required for genomics,
proteomics, and bifurcated neuron cell culture. Presumably, animals reared under our
experimentally determined environmental regime will result in more homogeneously
responding organisms in support of these increasingly stringent requirements of the research
community.
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Figure 1.
Effect of algal concentration (Experiment 3) on veliger shell length trajectories. Shell length
was measured weekly from day of hatch until 80% competency (or termination of
experiment). Diet was 1:1 ratio of CHGRA:TISO; larval density was 0.75 individuals per
mL.
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Figure 2.
Effect of algal concentration (Experiment 3) on growth rate (A), days to competency (B) and
percent survival (C). Diet was 1:1 ratio of CHGRA:TISO; larval density was 0.75
individuals per mL.
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Figure 3.
Effect of larval density (Experiment 4) on veliger shell length trajectories. Shell length was
measured weekly from day of hatch until 80% competency. Diet was a was 1:1 ratio of
CHGRA:TISO at a fixed initial algal concentration of 250 x 103 cells/mL.

Capo et al. Page 15

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2013 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Effects of larval density (Experiment 4) on growth rate (A), days to competency (B), and
percent survival (C). Diet was a was 1:1 ratio of CHGRA:TISO at a fixed initial algal
concentration of 250 x 103 cells/mL.
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Figure 5.
Effect of larval density with fixed algal food ration of 333 x 103 cells/larva (Experiment 5).
Shown are growth rate (A), days to competency (B) and percent survival (C) as a function of
larval density. Diet was 1:1 ratio of CHGRA:TISO.
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Table 1

List of algal species, strain, and culture collection numbers used for feeding studies.

Diatoms Strain CCMP number

Chaetoceros muelleri CHGRA CCMP1316

Chaetoceros calcitrans CHCAL CCMP1315

Skeletonema costatum SKEL CCMP1332

Thalassiosira pseudonana 3H CCMP1015

Flagellates

Isochrysis sp TISO CCMP1324

Tetraselmis suecica TETRA CCMP904

Pavlova lutheri PAV CCMP1325

Micromonas pusilla MICRO CCMP487

Dunaliella tertiolecta DUN CCMP1320

Rhodomonas salina 3C CCMP1319
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Table 3

Effects of diet (Experiment 1) on A. californica larvae fed a diet of Chaetoceros muelleri (CHGRA) in
combination with selected flagellates. Results represent the mean ± 1 standard deviation; a one-way ANOVA
with a Tukey’s post hoc test was used to determine statistical significance (different letters indicate significant
differences at p<0.05).

CHGRA:Flagellate Growth rate (μm/day) Days to 80% competency Percent larval survival at 80% competency

CHGRA:TISO 14.2 ± 0.6a 28.8 ± 3.5a 75.3 ± 11.8a

CHGRA:DUN 11.8 ± 1.1a,b 37.5 ± 4.0a 62.3 ± 10.9a

CHGRA:MONO 9.3 ± 1.9b 39.75 ± 7.6a 60.1 ± 9.6a

CHGRA:MICRO 11.5 ± 2.1a,b 32.7 ± 7.6a 50.1 ± 34a

CHGRA:3C 5.5 ±0.5c * 0.0 ± 0.0b

CHGRA:TETRA 4.8 ± 0.4c * 0.0 ± 0.0b

*
indicates that 80% of larvae in treatment failed to reach competency within 50 days.
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Table 4

Effects of diet (Experiment 2) on A. californica larvae fed Isochrysis galbana (TISO) fed in combination with
a selected diatom. Results represent the mean ± 1 standard deviation; a one-way ANOVA with a Tukey’s post
hoc test was used to determine statistical significance (different letters indicate significant differences at
p<0.05).

Diatom:TISO Growth rate (μm/day) Days to 80% competency Percent larval survival at 80% competency

CHGRA:TISO 13.1 ± 0.4a 34.1 ± 0.2a 81.6 ± 13.6a,b

CHCAL:TISO 13.2 ± 0.6a 34.0 ± 0.0a 77.7 ± 21.8a,b

SKEL:TISO 11.9 ± 0.5a,b 41.0 ± 0.0b 86.1 ± 10.4a

3H:TISO 10.6 ± 0.7b 43.3 ± 4.0b 39.0 ± 17.8b
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Table 5

Comparison of morphological development schedules of A. californica larvae as reported by Kriegstein (1977)
compared to the present study. Values are the number of days post-hatch until the specified developmental
stage was observed.

Morphological characteristic Stage Kriegstein 1977 Present study

Newly hatched 1 1 1

Larval eyes 2 14 7

Larval heart 3 21 14

Maximum shell size 4 28 17

Propodium 5 30 19

Competency 6 32 21

Metamorphosis 7 34 22
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