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Abstract

Individual rearing of cone snail larvae enables direct monitoring of survival, development, and growth on
a daily basis and provides a greater number of replicates for evaluating the effects of environmental factors
on these traits. We established an individual larval culture system using cell culture plates for two
planktotrophic species, Conus fulmen and Conus pulicarius, and evaluated the effects of microalgal feeding
concentration on veliger survival and growth. Veligers were cultured individually in artificial seawater
(salinity 34 ppt; 25 °C) for 50 days after hatching at three concentrations of Chaetoceros calcitrans (1 x 10*,
5x 10*,and 1 x 10° cells/mL). Larval survival remained high (83-100 %) and did not differ significantly among
feeding concentrations in either species. In contrast, feeding concentration significantly affected larval growth.
In C. fulmen, growth was low at 1 x 10* cells/mL but similarly high at 5 x 10* and 1 x 10° cellsmL. In C.
pulicarius, growth was greatest at 5 x 10* cellsmL. In both species, veliger larvae reached a shell-growth
plateau accompanied by fully developed velar lobes, suggesting the acquisition of metamorphic competence.
This study establishes a reliable individual culture method for Conus larvae and identifies suitable microalgal
concentrations for sustained growth to the fully developed veliger stage.
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Introduction

Cone snails of the genus Conus Linnaeus, 1758
(Gastropoda: Neogastropoda: Conidae) constitute
one of the most species-rich lineages of benthic
marine gastropods and are widely distributed in warm
marine environments from temperate to tropical
regions worldwide (Kohn and Perron 1994; Rockel et
al. 1995; Peters et al. 2013). Species in this genus play
important ecological roles and exhibit marked trophic
specialization, feeding primarily on annelid worms
(vermivores), other gastropod mollusks
(molluscivores), or fishes (piscivores) (Kohn 1956;
Kohn and Perron 1994; Duda et al. 2001).

Cone snails produce thin-walled egg capsules that
are typically deposited in clusters on substrates (Kohn
and Perron 1994). In many species, larvae hatch as

veligers and undergo a planktonic phase prior to

Aquatic Animals 2026 | June 19 | Suzuki et al. AA2026-45

settlement and metamorphosis into benthic juveniles
(Kohn and Perron 1994). Accordingly, information
on the environmental factors affecting larval survival,
development, and growth is essential for
understanding the ecological processes of cone snails
in the sea, including larval dispersal, population
connectivity, and geographic distribution (Kohn and
Perron 1994; Duda et al. 2012; Kohn 2012).

Larval development and growth of cone snails have
been studied under laboratory conditions (Perron
1980, 19814, 1981b; Page 2011, 2012; Rogalski et al.
2023). In these studies, larvae were communally
reared in small (1 or 2 L) or large (55 L) containers
and fed mixtures of the microalgae Isochrysis
galbana and Phaeodactylum tricornutum (Perron
1980, 19814, 1981b), I. galbana and Pavlova lutheri

(Page 2011, 2012), or Tisochrysis lutea and



Chaetoceros muelleri (Rogalski et al. 2023), enabling
successful monitoring of larval development and
growth.

Individual larval culture using cell culture plates has
also been conducted for Conus fulmen Reeve, 1843
by Otani et al. (2025a). Compared with communal
culture, individual rearing in cell culture plates
enables direct monitoring of larval survival,
development, and growth on a daily basis and
increases the number of replicates available for
testing the effects of environmental factors on these
traits. However, Otani et al. (2025a) reported high
mortality during the early veliger stage, probably
because of low initial larval quality.

In the present study, we sought to establish a reliable
individual larval culture method using C. fulmen and
C. pulicarius Hwass, 1792. Captive specimens of
these species successfully produced viable egg
capsules in our laboratory (Otani et al. 2025a, 2025b;
Ogama et al. 2026). Because prey microalgal
concentration strongly influences larval growth in
gastropods (Padilla et al. 2018), we also aimed to
determine the optimal feeding concentration for
culturing veliger larvae of these species.

Materials and Methods

Larval source

Specimens of C. fulmen from the Boso Peninsula
(34°57'N, 139°45'-46'E) and C. pulicarius from
Ishigakijima Island (24°27-36'N, 124°12'-19'E)
were maintained and cultured at 24 °C and 26 °C,
respectively, according to the method of Ogama et al.
(2026) in the laboratory at the Tokyo University of
Marine Science and Technology. Nine egg capsules
of C. fulmen spawned on 10 June 2022 and six egg
capsules of C. pulicarius spawned on 23 October
2021 were individually incubated in 200-mL glass
beakers filled with artificial seawater (salinity 34 ppt;
Sealife, Nihonkaisui, Tokyo, Japan) at 25 °C until
hatching. Veliger larvae of C. fulmen and C.
pulicarius that hatched on 28 June 2022 and 5

November 2021, respectively, were used for the
larval culture experiments.

Larval culture experiments

Otani et al. (2025a) reared veliger larvae of C.
fulmen using two microalgal species at different
feeding concentrations: Tetraselmis sp. (1 x 103, 1 x
10%, and 1 x 10° cellssmL) and Chaetoceros
calcitrans (1 x 10*, 1 x 10°, and 1 x 10° cells/mL).
They reported that typical larval development for
Conus species was observed when larvae were fed
Chaetoceros, although larval survival was very low,
and severe mortality occurred at 1 x 10° cells/mL
compared with the starved condition. Therefore, in
the present study, we used Chaetoceros for culturing
veliger larvae of C. fulmen and C. pulicarius and
established three feeding concentrations: 1 x 104, 5 x
104, and 1 x 10° cells/mL. A starved control group
was included only for C. pulicarius, as this condition
had already been tested for C. fulmen in the previous
study (Otani et al. 2025a).

Chaetoceros was cultured in glass containers filled
with seawater (salinity 34 ppt; temperature 24-26 °C)
supplemented with algal culture fertilizer (KW21,
Daiichi, Kumamoto, Japan) and silicate nutrients
(Gelculture, Daiichi) under constant illumination.

For each feeding group, 36 newly hatched (0-day-
old) veliger larvae of C. fulmen and 18 larvae of C.
pulicarius were used. C. fulmen larvae were
individually placed into wells of three 12-well cell
culture plates, whereas C. pulicarius larvae were
stocked into wells of one 6-well and one 12-well plate.
Wells of the 6-well and 12-well plates contained 8 mL
and 44 mL of artificial seawater (34 ppt),
respectively. The plates were maintained in an
incubation chamber under a 12 h light:12 h dark
photoperiod. Culture temperature was maintained at
25 °C.

Larval culture experiments were continued until 50
days after hatching. Larvae were observed daily under
a stereomicroscope to monitor survival. Individuals
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showing no velum or ciliary movement and appearing
opaque were considered dead. Live larvae were
gently transferred with a pipette to freshly prepared
wells containing new seawater and microalgae at the
designated concentrations.

To monitor larval growth, 21 (C. fulmen) and 20 (C.
pulicarius) newly hatched (0-day-old) larvae were
photographed with a scale at the start of the
experiment for shell measurements. Subsequently, six
cultured larvae were randomly selected from each
feeding group of each species from day 4 (C. fulmen)
or day 5 (C. pulicarius) onward at 5-day intervals and
photographed for measurement. After imaging, the
six larvae were returned to their original culture wells.
Shell length was measured for all larvae, whereas
shell width was measured only for 0-day-old larvae.
Measurements were obtained according to Otani et al.
(2025a) using a microscope equipped with a digital
camera and image analysis system (Nikon Digital
Sight and NIS-Elements software, Nikon, Tokyo,
Japan).

Statistical analysis

All statistical analyses were conducted in R (version
4.5.1; R Core Team 2025) with a significance level of
0.05. Some veliger larvae were accidentally lost
during culture operations (C. fulmen: two at 1 x 10*
cellssimL; C. pulicarius: two in the starved group,
seven at 1 x 10* cells/mL, and two each at 5 x 10*
and 1 x 10° cells/mL), and these individuals were
excluded from the analyses.

To compare larval survival time between microalgal
feeding treatments within each species, survival
analysis was conducted using the survdiff function in
the survival package, which implements the log-rank
test (Therneau 2026). Pairwise comparisons of larval
survival among feeding groups within each species
were performed using the pairwise_survdiff function
in the survminer package (Kassambara et al. 2025).
Shell length at day 49 (C. fulmen) or day 50 (C.

Survival rate (%)

m)

Shell length (m

pulicarius) was compared among feeding groups

within each species using pairwise Welch’s t-tests.

Results
Conus fulmen

Veliger larvae exhibited high survival rates of 83.3—
91.2 % at the end of the culture experiment (Fig. 1A).
Chaetoceros feeding concentration did not
significantly affect veliger survival time (y*=1.12, df
=2,p=0.57).

Newly hatched veliger larvae possessed two velar
lobes that were beginning to bifurcate and extended
laterally from the head (Fig. 2A). The mean shell
length and width of 0-day-old veliger larvae were
0.39 = 0.02 mm and 0.42 + 0.03 mm, respectively.
Growth rates were higher at 5 x 10* and 1 x 10°

cells/mL than at 1 x 10* cells/mL. Shell length
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Fig. 1. Changes in survival rate (A) and mean shell
length (B) of veliger larvae of Conus fulmen cultured
under three Chaetoceros feeding concentrations: 1 x
10,5 x10*, and 1 x 10° cells/mL. Vertical bars in
panel B indicate standard deviations.
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Fig. 2. Newly hatched veliger larvae (A, C) and fully developed veliger larvae (B, D) of Conus fulmen (A, B)
and Conus pulicarius (C, D). Fully developed veliger larvae are represented by 34-day-old larvae cultured at 5
x 10* cells/mL for C. fulmen and 40-day-old larvae cultured at 5 x 10* cells/mL for C. pulicarius. Scale bars
represent 0.25 mm in panels A and C, and 0.5 mm in panels B and D.

reached a plateau at approximately 1.7 mm after day
24 at 1 x 10° cells/mL, approximately 1.6 mm after
day 29 at 5 x 10 cells/mL, and approximately 0.9
mm after day 34 at 1 x 10* cells/mL (Fig. 1B). A fully
developed veliger larva with four elongated velar
lobes is shown in Fig. 2B. Final shell lengths at 5 x
10* and 1 x 10° cells/mL did not differ significantly
(p = 0.26), but both were significantly greater than
that at 1 x 10* cells/mL (p < 0.0001). No veliger
larvae exhibited signs of metamorphosis, as
evidenced by the absence of velum resorption.

Conus pulicarius

Under starved conditions, all veliger larvae survived
until day 16; thereafter, survival declined sharply, and
all larvae had died by day 33 (Fig. 3A). In contrast,
when fed Chaetoceros, veliger larvae exhibited high
survival rates of 82.4-100 % at the end of the culture
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experiment (Fig. 3A). Veliger survival time differed
significantly among feeding groups, including the
starved condition (¥*> = 83.3, df = 3, p < 0.0001).
However, no significant differences were detected
among the Chaetoceros-fed groups (p = 0.11-0.57).
Newly hatched veliger larvae possessed two oval
velar lobes extending laterally from the head (Fig.
2C). The mean shell length and width of 0-day-old
veliger larvae were 0.22 + 0.01 mm and 0.26 + 0.02
mm, respectively. In the starved group, larvae
exhibited limited growth, with mean shell length
remaining at 0.25-0.26 mm from day 5 to day 20 (Fig.
3B). In the Chaetoceros-fed groups, growth rate was
highest at 5 x 10* cells/mL. Growth was comparable
between 1 x 10* and 1 x 10° cells/mL until day 35;
thereafter, growth was greater at 1 x 10° cells/mL
than at 1 x 10* cells/mL (Fig. 3B). Shell length
reached a plateau after day 40 at approximately 1.2



Survival rate (%)

Shell length (mm)

mm (1 x 10* cells/mL), 1.8 mm (5 x 10* cells/mL),
and 1.4 mm (1 x 10° cells/mL) (Fig. 3B). A fully
developed veliger larva with four elongated velar
lobes is shown in Fig. 2D. Final shell lengths at 1 x
10* and 5 x 10* cells/mL differed significantly (p <
0.001), whereas other pairwise comparisons were not
0.33-0.37). No veliger larvae
progressed to metamorphosis, with no individuals

significant (p =

exhibiting velum resorption.
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Fig. 3. Changes in survival rate (A) and mean shell
length (B) of veliger larvae of Conus pulicarius
cultured under three Chaetoceros  feeding
concentrations (1 x 10*, 5 x 10*, and 1 x 10°
cells/mL) and under a starved condition. Vertical bars
in panel B indicate standard deviations.

Discussion

Newly hatched planktotrophic veliger larvae of
Conus species are known to exhibit variation in velar
development depending on hatching size (Perron
1981a). This pattern was also observed in C. fulmen
and C. pulicarius. Newly hatched veliger larvae were
larger in C. fulmen than in C. pulicarius. Larvae of C.
fulmen possessed two velar lobes that had begun

bifurcation, whereas larvae of C. pulicarius exhibited
a simple bilobed velum (Fig. 2A, C). The larvae of
both species were obligatorily planktotrophic, as
starved larvae showed limited survival and negligible
growth, as demonstrated for C. pulicarius in this
study (Fig. 3) and for C. fulmen by Otani et al. (2025a).

We successfully cultured planktonic veliger larvae
of both species individually in cell culture plates from
hatching to the fully developed stage while
(Figs. 1-3).
Chaetoceros concentration did not significantly affect

maintaining high survival rates
larval survival time but significantly influenced larval
growth in both species. In C. fulmen, larval growth
rate was high and comparable at 5 x 10* and 1 x 10°
cells/mL. In C. pulicarius, larval growth rate tended
to be highest at 5 x 10* cells/mL. Thus, the optimal
Chaetoceros concentration for culturing veliger
larvae appeared to be lower in C. pulicarius than in C.
fulmen.

In larval culture experiments of C. fulmen conducted
by Otani et al. (2025a), veliger larvae were fed
Chaetocerosat1 x 10,1 x 10%,and 1 x 10° cells/mL.
At 1 x 10° cells/mL, many larvae became entangled
in Chaetoceros flocs, and all larvae died earlier than
those under starved conditions. In C. pulicarius, we
did not observe larvae entangled in Chaetoceros flocs
at1 x 10° cells/mL. In some molluscan species, larval
and growth
concentration up to an optimal level and then decline

survival increase with microalgal
at higher concentrations, possibly because excessive
microalgal densities interfere with the feeding
mechanisms of veliger larvae (Capo et al. 2009; Yang
et al. 2021). Feeding limitation caused by high
microalgal  densities may occur at lower
concentrations in the smaller larvae of C. pulicarius
than in the larger larvae of C. fulmen.

Veliger larvae of Conus species reach a plateau in
shell growth prior to metamorphosis into benthic
juveniles (Perron 1980, 19814, 1981b). For example,
1758

metamorphosed during this plateau phase, which

larvae of Conus textile Linnaeus,
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lasted 6-7 days (Perron 1980). In eight Hawaiian
Conus species, maximum shell size of newly hatched
veliger larvae (x, um) is correlated with minimum
pelagic period (y, days) according to the equation y =
41.824 — 0.037x (r = 0.843) (Perron 1981b). Given
that the maximum shell size of newly hatched veligers
of C. fulmen and C. pulicarius was 0.42 mm and 0.26
mm, respectively, the predicted minimum pelagic
periods are approximately 26 and 32 days. In the
present study, veliger larvae of both species became
fully developed (Fig. 2B, D) and reached a plateau in
shell growth after the predicted minimum pelagic
periods (Figs. 1B and 3B), suggesting that they may
have acquired metamorphic competence during the
plateau phase. However, no larvae exhibited signs of
metamorphosis into juveniles.

Conus larvae rarely metamorphose on clean glass
surfaces but may do so spontaneously on fiberglass
tank walls or on rocks placed in glass containers
containing natural seawater (35 ppt salinity) (Perron
1980, 1981a, 1981b). Perron (1981a) experimentally
demonstrated that the presence of biofilms can induce
larval metamorphosis in Conus pennaceus Born,
1778 on either glass bowls or natural rocks. In those
experiments, biofilms were established by leaving
bowls and rocks in flowing natural seawater for 48 h.
Otani et al. (2025a) reported that reduced salinity
conditions, such as those occurring in nearshore
habitats,

metamorphosis in C. fulmen. When fully developed

settlement partially induced larval
veliger larvae were cultured in artificial seawater at a
salinity of 19 ppt, velum resorption progressed in all
individuals, although complete resorption was not
achieved. In the present study, larvae of C. fulmen and
C. pulicarius were cultured in cell culture plates
containing artificial seawater (34 ppt salinity), which
may lack the biofilm-associated and salinity-related
cues that induce metamorphosis in Conus species.
Further laboratory experiments using seawater from
natural habitats are needed to identify the
environmental factors, including biofilms and salinity

conditions, that trigger metamorphosis in C. fulmen
and C. pulicarius.

In conclusion, this study established a reliable
individual larval culture method using cell culture
plates for C. fulmen and C. pulicarius. This approach
enables assessment of environmental factors affecting
survival and growth of individual veligers, as well as
their metamorphosis into benthic juveniles. The
methodology can be applied to other Conus species
with hatching sizes comparable to those of C. fulmen
and C. pulicarius.
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