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Abstract

The pigment cells of some sea urchin embryos emanate autofluorescence in response to light irradiation. However,
it is unclear if this feature is maintained throughout larval development. In the present study we observed embryos
and larvae of the temnopleurid sea urchins Temnopleurus hardwickii, T. reevesii, T. toreumaticus and Mespilia
globulus exposed to light irradiation, and compared our findings with those of a strongylocentroid, Hemicentrotus
pulcherrimus. After exposure to ultraviolet irradiation for a few minutes, there was a strong signal from the
temnopleurid sea urchins. The signal was detected from a cell mass that is part of the adult (juvenile) rudiment,
formed during development of the prism to the two-armed larval stage and not from pigment cells. This signal was
observed in both live and formalin-fixed specimens. Fluorescence was also detected from the digestive organs,
coelomic pouches, the ciliary band on the oral hood, from some yellowish-green cells and ectodermal cells,
although there were some differences among species. In live H. pulcherrimus larvae, the amniotic cavity that is part
of the adult rudiment emanated autofluorescence in response to ultraviolet irradiation. These results indicate that
the autofluorescence observed in the cell mass of temnopleurid sea urchins is caused by a different mechanism than
previously described. This feature may be a useful marker to trace development of the cell mass.
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Introduction

Many marine animals emanate fluorescence produced in different ways. Bioluminescence generated by a
luciferin-luciferase reaction has been used for intraspecific communication and defense against predation in
adult echinoderms except echinoids (Herring 1974; Mallefet 1999; Jones & Mallefet 2013). Other marine
animals use the green-fluorescent protein (GFP) to produce photoluminescence (Morise et al. 1974;
Shimomura 1979).

In echinoderms, ophioplutei emanate fluorescence from the tip of the larval arms when irradiated with
ultraviolet (UV) light (Kitazawa et al. 2014a). In some echinoids, including Hemicentrotus pulcherrimus and
Scaphechinus mirabilis, the presumptive pigment cells in formalin-fixed gastrulae emanate autofluorescence
when irradiated with UV and green light (Kominami ef al. 2001). The pigment cells are the early specified
group in secondary mesenchyme cells (SMCs) and accumulate pigment granules (Sweet et al. 2002; Ohguro
et al. 2011; Materna & Davidson 2012). When the (presumptive) pigment cells are fixed and then irradiated
with UV, they break down their granules containing carotenoids and naphthoquinone (Kominami et al. 2001).
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In the pigment cells of the early larval stages of the echinoids, Clypeaster japonicus, H. pulcherrimus,
Heliocidaris crassispina and Pseudocentrotus depressus, red granules broke up with irradiation from blue
light and then released green fluorescent substance(s) into the cytoplasm (Nakamura ef al. 2001). The strength
and patterns of autofluorescence in the pigment cells of early larval stages differ among different echinoid
species (Kominami ef al. 2001; Nakamura ef al. 2001). However, it is not known if late-stage larvae that
obtain pigment cells until metamorphosis, emanate autofluorescence when irradiated with light.

Compared with model echinoid species such as Strongylocentrotus purpuratus and H. pulcherrimus, sea
urchins in the family Temnopleuridae have many unique developmental features, including wrinkled egg
formation after fertilization (Kitazawa et al. 2009, 2010), wrinkled blastula formation (Kitazawa et al. 2009,
2010, 2016), variation in gastrulation among species (Takata & Kominami 2004; Kitazawa et al. 2016),
double primary pore canal formation (Hara et al. 2003; Kitazawa et al. 2012, 2014b), and formation of the
early adult rudiment from a cell mass (CM) (Fukushi 1959; Ubisch 1959; Kitazawa et al. 2012, 2014Db).
Studies on the developmental mechanisms of temnopleurids are relatively new, so it is not known if the
embryos and larvae emanate autofluorescence with light irradiation. Also, Fukushi (1959) observed brown
pigment granules in CM of larvae of 7. hardwickii (Fukushi 1959). If the CM emanates autofluorescence with
light irradiation, it will be helpful to analyze the CM development.

We observed the embryos and larvae of four temnopleurid sea urchin species under light irradiation and
compared our findings with those of the strongylocentroid urchin, H. pulcherrimus.

Materials and Methods

Adult sea urchins were collected from the Inland Sea at Setonai, Yamaguchi Prefecture, Japan. A small
amount of 0.5 M KClI solution was injected into the body cavity of the urchins to induce spawning. After
being washed several times, the eggs were fertilized and cultured in plastic dishes (diameter 10 cm)
containing artificial sea water (ASW) (TetraMarin® Salt Pro, Tetra, Melle, Germany). Temnopleurus
hardwickii, T. reevesii, T. toreumaticus and Mespilia globulus were cultured at 24°C and Hemicentrotus
pulcherrimus was cultured at 18°C. Larvae were reared until they developed into the four-armed stage.

Approximately 50 larvae of each species were transferred to 50 ml plastic tubes filled with ASW. A few
drops of ASW containing the diatom Chaetoceros gracilis were added to each plastic tube as a food source for
the larvae, according to the methods of Wray et al. (2004) and Kitazawa ef al. (2012), with some
modifications. Some larvae were fixed in 4% formalin in ASW for 45 min at room temperature or in
magnesium-free 10% formalin in ASW for 20 min using the modified methods of Kominami ef al. (2001).

Fixed specimens were washed with distilled water (DW) several times. Live and fixed specimens were
then observed and photographed under a fluorescence microscope (ECLIPSE E200, E2-FL, Nikon, Tokyo,
Japan) equipped with a digital camera (DS-Fil, Nikon). After a few minutes irradiation with each light, the
fluorescence signals of the specimens were detected through the barrier filter (DAPI filter for ultraviolet (UV)
irradiation; EX 340-380 nm, BA 435485 nm; B-2A filter for blue light irradiation; EX 450-490 nm, BA 520
nm, Nikon) according to Kominami et al. (2001).

Some alive larvae were kept in a micro tube and heated to 85°C for 20 min or 100°C for 10 min in a
thermoelectric cooling unit (CTU-Neo, Taitec, Aichi, Japan) before being observed using the fluorescence
microscope.

Results

It is known that fix and light irradiation are necessary to autofluorescence in the (presumptive) pigment cells
during the gastrula to early larval stages (Kominami et al. 2001). On the other hand, Nakamura et al. (2001)
detected autofluorescence by light irradiation on living early-staged larvae of some species. As it is
considered species- and stage-specific differences, at first, we observed the effects of light irradiation on
formalin-fixed Temnopleurus hardwickii embryos. All fixed late-gastrula embryos emanated autofluorescence
from secondary mesenchyme cells (SMCs) when irradiated with ultraviolet (UV) light. Some embryos
emanated autofluorescence from part of the left side of the embryonic body (18.8%, n = 16). No signals were
detected using blue light irradiation (n = 7) (data not shown).
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FIGURE 1. Autofluorescence of fixed embryos and larvae of Temnopleurus hardwickii. (A-D) are light field and (A’-D’, D"
and E) are dark field views using ultraviolet irradiation. A. Embryo 21.5 h after fertilization (dorso-ventral view). Some
secondary mesenchyme cells (SMCs) emanated autofluorescence. At this stage, a cell mass (CM) did not formed yet. B, C.
Two-armed larvae 27 h after fertilization (B; dorsal view, C; diagonal ventral view). Some SMCs and some cells in CM
emanated weak autofluorescence. D. Larva 2 days after fertilization (dorsal view). The CM emitted autofluorescence (D’). The
oral region of the ciliary band, digestive organs and coelomic pouches fluoresced. Pigment granule-like substance on the
ectodermal cells also emanated autofluorescence (D""). However, pigment cells did not emanate (in a white circle). E. Larva 43
days after fertilization (dorsal view). The adult rudiment weakly emanated autofluorescence. Arrowheads: SMCs. Arrows: CM.
Double arrows: Adult rudiment. Scale bars: 100 um.

At the prism stage, fixed 7. hardwickii embryos continued to emanate autofluorescence from SMCs (Fig.
1A and A"). There was a positive response to the irradiation from some cells located on the left side of the
embryos, the presumptive position of a cell mass (CM) (82.4%, n = 17). Two-armed pluteus larvae continued
to emanate autofluorescence from the SMCs with positive signals in response to UV irradiation (Fig. 1B and
C) and weak signals in response to blue light irradiation (data not shown because it was very difficult to
recognize signals in photographs). The pattern of autofluorescence changed during larval growth (Fig. 1D).
The pigment cells did not emanate autofluorescence; however, cells located in the CM produced a strong
signal (Fig. 1D’). The strong positive signals were observed as a single granule in each cell of the CM (100%,
n = 4). Blue light irradiation also resulted in a weak signal from the CM (data not shown because it was very
difficult to recognize signals in photographs). When the CM increased in diameter, the signal from inside the
CM was strong in response to both UV and blue light irradiation (100%, n =5 or 6, respectively). Formalin-
fixed larvae also showed autofluorescence from the digestive organs, coelomic pouches, ciliary band at the
oral hood and ectodermal cells, in addition to the CM (Fig. 1D’ and D") (100%, » = 31). During the six- to
eight-armed larval stages, fluorescence signals were also detected from the yellowish-green cells in the arms
and epaulet. As larvae neared metamorphosis, the CM formed an adult rudiment. Autofluorescence in the
adult rudiment decreased at this stage of development (Fig. 1E).

Live larvae strongly emanated strong autofluorescence from the CM when irradiated with UV (Fig. 2A—
D), but no autofluorescence emanated from the pigment cells of early-stage live larvae (100% at 3 days after
fertilization, n = 26). Fluorescent signals were also detected from the digestive organs, but not from
ectodermal cells or the ciliary band of live larvae. Although blue light irradiation did not cause fluorescence
before CM formation (n = 6), formation of the CM resulted in autofluorescence (Fig. 2E and E’). When live
larvae were irradiated with UV a second time after a few days later, they emanated fluorescence from the
same regions as described above.
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FIGURE 2. Autofluorescence of live Temnopleurus hardwickii larvae. (C) is a light field and (A, B, C', D, F and G) are dark
field views using ultraviolet. (E and E’) are dark field views using blue light irradiation. A—D. Larvae 3 days, 23 days and 61
days after fertilization (A; diagonal ventral view, B and D; ventral views, C; dorsal view). The cell mass (CM) and stomach
emanated autofluorescence (A—C). Each cell in the CM emanated autofluorescence (D). E. Larva 61 days after fertilization.
Under blue light irradiation, the inside of the CM emanated autofluorescence. F and G. Larvae 31 days after fertilization heated
to 85°C for 20 min (F) or to 100°C for 10 min (G). Autofluorescence emanated from the CM and the digestive organs. Arrows:
CM. Scale bars: 100 pm.

The CM of six-to-eight-armed 7. hardwickii larvae that were heated to 85°C for 20 min, emanated
autofluorescence when irradiated with UV light (90.9%, n = 11) (Fig. 2F). Larvae that were heated to 100°C
for 10 min also emanated autofluorescence (88.9% of larvae) from the CM and the stomach in response to UV
irradiation (n = 18) (Fig. 2G). However, the ciliary band and ectodermal cells of these larvae did not emanate
autofluorescence.

Formalin-fixed 7. reevesii embryos emanated weak autofluorescence from presumptive pigment cells,
prior to the prism stage (100% at 18 h after fertilization, » = 29) (Fig. 3A and B). Following the prism stage,
larvae emanated autofluorescence from the CM, digestive organs, ciliary band on the oral hood and
ectodermal cells, but not from the pigment cells (100%, n = 9) (Fig. 3C-E). Live eight-armed T. reevesii
larvae also emanated fluorescence from the surface of the tube feet in the adult rudiment (Fig. 3F and F’) and
from the yellowish-green cells (100%, » = 7) (Fig. 3F"" and F'""). Formalin-fixed 7. toreumaticus two-armed
larvae emanated autofluorescence from the presumptive pigment cells (Fig. 3G) and then from the CM.
Additionally, the coelomic pouches, digestive organs and the ciliary band at the oral hood also radiated
fluorescence (100%, n = 14). At the six-armed larval stage, a signal was detected from the CM in fixed larvae
(Fig. 3H) and weak fluorescence was detected in eight-armed larvae from the tip of the tube feet in the adult
rudiment and under the epaulet. In live larvae, fluorescent signals were detected from the CM and from the
surface of the adult rudiment, stomach and from some of the yellowish-green cells (100%, » = 15) (Fig. 31, J
and J’). The small process that developed from the anterior part of the CM also produced a fluorescent signal
in response to UV light. The fluorescence patterns in the larval stage of M. globulus were similar to those
described for the other temnopleurid species. In fixed specimens, the presumptive pigment cells produced a
fluorescent signal during the gastrula-to-prism stages (Fig. 3K). Two-armed and four-armed fixed M. globulus
larvae emitted positive signals from the CM, the ciliary band on the oral hood, the digestive organs, coelomic
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pouches and the ectodermal cells (100%, n = 15) (Fig. 3L and L'). Live eight-armed larvae near
metamorphosis gave fluorescent signals from the surface of the tube feet in the adult rudiment, the epaulet and
from some of the yellowish-green cells (83.3% at 6 days after fertilization, n = 12) (Fig. 3M). These results
indicate that the patterns of autofluorescence in response to UV irradiation are conserved, but the strength of
the response differs among temnopleurid sea urchins.

FIGURE 3. Autofluorescence of embryos and larvae of other temnopleurid species. (F, F”" and J) are light field and (A-E, F/,
F"', G-, J', K-Q) are dark field views of specimens exposed to ultraviolet irradiation. Labels on the photographs mean species
name (7 for Temnopleurus reevesii; Tt for T. toreumaticus; Mg for M. globulus; Hp for Hemicentrotus pulcherrimus) and
categories of fixed (F) or live specimens (L). A—F. T. reevesii. At 18 h after fertilization (A), embryos weakly emanated
autofluorescence at secondary mesenchyme cells (SMCs) until the prism stage (B, 19.5 h after fertilization) (A and B: lateral
views). Four-armed pluteus larvae (7 days after fertilization) showed autofluorescence from the cell mass (CM), the digestive
organs, the ciliary band on the oral hood, the coelomic pouches (C) and the pigment granules on the ectoderm (C’) (ventral
views). Six-to-eight-armed larvae (14 days after fertilization) continued to emit autofluorescence at the CM (D and E: dorsal
views). Near metamorphosis (F), the adult rudiment emanated weak autofluorescence (F') and the yellowish-green cells (y) in
the larval arms emanated autofluorescence, but pigment cells showed no autofluoresence (F” and F"’) (ventral view). G-J. T.
toreumaticus. At the 2-armed larval stage (G, 25 h after fertilization; dorso-ventral view), SMCs emanated autofluorescence
and the CM started to emit autofluorescence. During the larval stages (H; dorsal view), the CM continued to emit signals until
adult rudiment formation (I, 15 days after fertilization; dorsal view). Near metamorphosis (J), the signals became weak,
although some yellowish-green cells emanated fluorescence (J') (lateral view). K-M. M. globulus. Embryos (24 h after
fertilization) emanated autofluorescence at SMCs (K; dorso-ventral view) and 1 day later the CM, coelomic pouches, some
pigment granules of the ectoderm and the ciliary band on the oral hood produced an autofluorescent signal (L and L'; dorsal
views). The CM in live larvae also fluoresced in response to UV (M, 6 days after fertilization; ventral view). N—Q. H.
pulcherrimus. At 1.5 days after fertilization (N, lateral view), some SMCs emanated weak autofluorescence and then at the six-
to-eight-armed larval stages the amniotic cavity (a) (O; dorsal view, P; ventral view; 11 days after fertilization) and adult
rudiment emitted autofluorescence (Q, 21 days after fertilization, ventral view). Arrowheads: SMCs. Arrows: CM. Double
arrows: adult rudiment. Scale bars: 100 pm.

In the strongylocentroid H. pulcherrimus, positive signals were identified from the (presumptive) pigment
cells only in fixed specimens during the gastrula to four-armed larval stages (68.1% at the two- to four-armed
larval stages, n = 69) (Fig. 3N). At the eight-armed stage, the fixed larvae emanated autofluorescence under
the epaulet and at the tip of the tube feet in the adult rudiment in response to UV irradiation. In contrast, live
six-to-eight-armed larvae radiated autofluorescence from inside the amniotic cavity (or the tip of the tube feet
in adult rudiment) and the hydrocoel (Fig. 30—Q). When larvae were heated to 85°C for 20 min, weak
autofluorescence still emanated from the ciliary band and the tube feet in two of three specimens.
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Discussion

This study showed that embryos and late-stage larvae emanate autofluorescence in response to UV irradiation.
The embryos of temnopleurid sea urchins had an autofluorescence pattern similar to other sea urchin species
(Nakamura ef al. 2001; Takata & Kominami 2011). Embryos emanated autofluorescence at the presumptive
pigment cells, although signal strength differed among species (Nakamura ef a/. 2001). This may be a
common trait among sea urchins. However, after pigment differentiation and larval development, the pigment
cells of temnopleurids and H. pulcherrimus no longer fluoresced (Figs. 1-3). Instead, a cell mass (CM) started
to strongly emanate autofluorescence. The stomach, coelomic pouches, ciliary band and ectodermal cells of
early-stage larvae and some of the yellowish-green cells in later larval stages also emanated autofluorescence.
These new observations are unique features of temnopleurid sea urchins.

The brown pigment granules that were described from the ectoderm of T. hardwickii (Fukushi 1959)
emanate autofluorescence with UV irradiation. A CM is formed by cells on the left side of the larval
ectoderm, and the brown pigment granules located on the outer cell surface migrated into the center of the CM
(Fukushi 1959). In the present study, we observed a strong signal from the center of the CM in T. hardwickii
larvae (Fig. 2D and E). This suggests that the brown pigment granules located in the CM may cause the
autofluorescent response to UV irradiation. In the present study, we observed autofluorescence in the amniotic
cavity and on the adult rudiment of H. pulcherrimus larvae (Fig. 30—Q). Osanai (1969) found that unfertilized
eggs of T hardwickii and H. pulcherrimus contained brown pigment granules that remained around the outer
edge of the egg after fertilization. This indicates that the localization of pigment granules is highly conserved
among species, and is in contrast to differences of adult rudiment formation, CM and the amniotic cavity.

We observed differences in the parts of larvae that showed autofluorescence between fixed and live
specimens. In live C. japonicus larvae, blue light (450-490 nm) caused the release of green fluorescent
substance(s) from pigment cells into the cytoplasm in different parts of the body and the tips of the post-oral
arms (Nakamura et al. 2001). Kominami ef al. (2001) found that carotenoids and naphthoquinones contained
in the larval pigment cells of fixed larvae produce fluorescence following green light or UV excitation, but
that pigment cells in living specimens did not emanate fluorescence. In the present study, we did not observe
the release of fluorescence substances from pigment cells. This indicates that temnopleurid larvae emanate
autofluorescence using different mechanisms, or that the concentration of the formalin used to fix these
species was not high enough to produce this effect. In H. pulcherrimus, the autofluorescence of some pigment
cells is reduced during development when exposed to UV excitation, but all pigment cells fluoresced in
response to excitation with green light (Kominami ef al. 2001). It has been suggested that carotenoids and
naphthoquinones are released from the pigment granules through the fixation process and then fluorescent
ones are released from the carotenoid- or naphthoquinone-protein complexes (Kominami et al. 2001). Our
observations suggest that the autofluorescence of ectodermal structures including the CM in temnopleurid
larvae may be caused by substances that differ from those of pigment cells. The green fluorescent protein
(GFP) is a relatively stable molecule (Bokman & Ward 1981), but the fluorescence level of the GFP in the
hydrozoan Aequorea sp. decreased at temperatures over 65°C. In the present study, there was more
autofluorescence emitted from 7. hardwickii larvae that had been exposed to 100°C was greater than that of AH.
pulcherrimus larvae that had not been exposed to high temperatures. It is possible that 7 hardwickii contains a
specific substance that causes autofluorescence. Autofluorescence may also be caused by different substances
in the pigment cells of larvae during the early developmental stage. Our results indicate that the CM emanates
autofluorescence through different mechanisms, but the reason for the autofluorescence is not clear. Although
the CM was analyzed using a morphological approach, the trait of autofluorescence will help as a marker to
trace the development of the CM.

However, it is still not clear why the larvae emanate autofluorescence. This trait might cause to hide in
wave in the sea by light reflection from predators. The future research will be clear this larval strategy.
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