
INTRODUCTION

Sibling species, often called cryptic species, are too
similar to discriminate in appearance, but they are
regarded as independent species in the natural
population.1 The four species of Echinometra, one of
the most conspicuous organisms found in Okinawa,
Japan, are no exception. Echinometra species are widely
distributed in shallow reef environments across the
tropical Pacific and Indian oceans.2-4 Recent
morphological, biochemical, ecological, and
reproductive studies have revealed the presence of
four sympatric biological species of sea urchin within
the Echinometra mathaei species complex in Okinawa.
These species have been referred as Echinometra species
A, B, C, and D and now are treated as species rather than
type. Echinometra sp. B is now recognized as E. mathaei
2,5, 6, while Echinometra sp. D belongs to the E. oblonga
species complex, which may include at least three
species.7 The existing four species of Echinometra in
Okinawa were first reported by Uehara4 based on their
morphological characteristics as well as fertilization
level, and thereafter, many scientists supported that
these species are completely distinct.

Egg size is a central trait in studies of the ecology
and evolution of marine invertebrate life histories. Egg

size is correlated with important reproductive and
developmental traits including fertilization, fecundity,
larval size, duration of the developmental period, larval
habitat, and mode of larval nutrition in numerous
taxa.10-16 A central assumption underlying most of the
above studies is that parental investment per offspring
directly determines the performance traits of offspring.
Larvae that develop from larger eggs are thought to
utilize increased egg reserves to develop rapidly and to
experience lower mortality relative to larvae from
smaller eggs.17-19 Larger eggs are also thought to act as
better target for sperm, thereby enhancing fertilization
success.10-12 Besides, egg size is an important component
of fitness in marine benthic invertebrates through its
relationship to fecundity, larval size, development
period, and other life history trails.20-23 While most
interpretations of the significance of egg size are in
energetic terms, i.e. parental investment as stored
nutrients,21,23-25 it has also a biologically relevant
geometric (morphological) interpretation. Egg size may
determine the size and shape of an organism
independently of growth (increase in biomass), and
have important consequences for organismal functions
such as feeding, defense, and locomotion.

 In this study, we sought to know whether egg size
influences fertilization success and embryonic
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observed; and limiting sperm concentration (dilution
factor of 1.03 x 10-6) where about 60% fertilization rate
was observed.

In practice, about 7.5 µl of dry sperm was added to
5 ml of sea water resulting in a sperm concentration
with a dilution factorof 10-3 x 1.5 with regard to undiluted
dry sperm (A). 100 µl of sperm solution A was diluted
with 3 ml of sea water giving rise to a sperm
concentration with a dilution factor of 10-5 x 5 (Higher
sperm concentration; B). From sperm solution B, 300
µl was added to 3 ml of sea water to obtain a sperm
concentration with a dilution factor of 10-6 x 4.3
(Moderate sperm concentration; C). Further, 500 µl of
sperm solution B was mixed with 3 ml of sea water to
obtain a concentration with a dilution factor of 10-6 x
7.2 (D). Finally, 500 µl of sperm solution D was added
to 3 ml of sea water to have a sperm concentration with
a dilution factor of 10-6 x 1.03 (Limiting sperm
concentration). All these preparations were made
within a minute to ensure the maximum viability of
sperm.

For fertilization experiment, same numbers of eggs
(1800-2000) were placed in small beaker (20 ml). The
eggs were then inseminated with the sperm solutions
having different concentrations as mentioned above.
The sperms were then allowed to remain with the eggs
for a few minutes, and washed 2-3 times with seawater.
The fertilized eggs were then re-suspended in sea water
for incubation. The percent of egg fertilized was
estimated 1.3 hours after the insemination. Fertilization
was accomplished at room temperature (26-280C). All
experiments were conducted with replicates of five
individuals from each species.

Developmental TimetableDevelopmental TimetableDevelopmental TimetableDevelopmental TimetableDevelopmental Timetable
Developmental stages of embryos were observed

at time intervals after insemination until they reached
the pluteus stage. At each stage, specimens were fixed
in 10% formalin for more detail studies. Observations
on both living and preserved specimens provided
information on the time intervals required for embryos
to attain specific developmental stages. In each
experiment, the times after insemination for 50% of the
embryos to develop to the 2-cell, 4-cell, 8-cell, blastula,
gastrula, prism and pluteus stages were estimated
following the methods of Fujisawa.27

Data AnalysisData AnalysisData AnalysisData AnalysisData Analysis
Percentages were arcsine transformed to normalize

the data and reduce heterogeneity in variances.
Homogeneity of variances was analyzed by a Bartlett
test;28 when variances were not significantly
heterogeneous and showed no major departure from
normality, a one-way ANOVA was done followed by
Tukey’s multiple comparisons test. For the data that did

development among the sibling species, and if so, what
are the evolutionary consequences involved in such
variations. We addressed this issue by investigating the
relationship between egg size and fertilization as well
as egg size and embryonic development of three
genetically divergent sibling species belonging to genus
Echinometra. The results of the present study would be
an added contribution towards the ongoing debate on
the speciation of Echinometra species.

MATERIALS AND METHODS

Adult Collection and MaintenanceAdult Collection and MaintenanceAdult Collection and MaintenanceAdult Collection and MaintenanceAdult Collection and Maintenance
Healthy mature adults of Echinometra sp. B

(recognized as E. mathaei), Echinometra sp. C and
Echinometra sp. D (recognized as E. oblonga) were
collected from the Pacific ocean, Sesoko Island (26038'
N; 127051' E), Okinawa, at low tide during their natural
breeding season from May to July, 2001. Immediately
after collection, the specimens were transported to the
laboratory and maintained in closed aquarium before
use, for not more than a week. Algae grown on the
inside wall of the aquarium served as food for the
urchins.

Gamete SizeGamete SizeGamete SizeGamete SizeGamete Size
The observation of gamete size was carried out by

a differential microscope. Five individuals were
examined from each species with 50 eggs and sperms.
Gametes were measured (eggs at x 400 in a well slide,
sperm at x 1000 on a plain slide) by differential
microscope, using the methods of Amy.26

Gamete SheddingGamete SheddingGamete SheddingGamete SheddingGamete Shedding
Gametes were obtained by injecting sea urchins

with 0.05 M KCl. A drop of sperm was diluted in filtered
seawater and their motility was observed. If the sperms
showed high motility and the eggs contained distinct
nucleus, then they were used for fertilization
experiment. If the sperms appeared sluggish and the
eggs seemed not uniform, the batch was discarded.
After injecting KCl, the sperms were collected by pipette
in “dry form” and then kept into the refrigerator (3 –
40C). The eggs were collected in the same method and
washed with sea water at least 2-3 times to remove
body fluid and associated dirts.

Gamete Concentration and FertilizationGamete Concentration and FertilizationGamete Concentration and FertilizationGamete Concentration and FertilizationGamete Concentration and Fertilization
ExperimentExperimentExperimentExperimentExperiment

Three series of sperm dilutions were prepared from
the freshly collected “dry sperm”: higher sperm
concentration (dilution factor of 5 x 10-5) where almost
all eggs become fertilized (100%); moderate sperm
concentration (dilution factor of 4.3 x 10-6) where
slightly lower fertilization rate (about 90%) was
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not meet the normality, assumption of parametric
analysis were analyzed using non-parametric statistics.
This was done by transforming values to ranks and
then applying one-way ANOVA followed by Tukey’s
multiple comparison tests. The level for statistical
significance was set at 0.05. Untransformed values are
presented in the tables and figures.

RESULTS

Gamete SizeGamete SizeGamete SizeGamete SizeGamete Size
There were significant differences (Tukey’s Test, p

< 0.05) in egg size of all three species (Fig 1). The mean
egg diameters were 70.28 µm, 71.25 µm, and 75.08 µm
for Echinometra sp. B, Echinometra sp. C and Echinometra
sp. D, respectively. Sperm head also followed the same

trend as with egg size. As shown in Fig 2, it was found
that the mean sperm head size of Echinometra sp. D
(11.64 µm) was significantly larger (Tukey’s Test, p <
0.05) than that of Echinometra sp. C (6.07 µm) and
Echinometra sp. B (6.49 µm).

FertilizationFertilizationFertilizationFertilizationFertilization
Fertilization experiment demonstrated a direct

relationship between the probability of fertilization
and egg diameter for the three species of Echinometra
(Fig 3). Cross-fertilization of three sibling species of
Echinometra B, C and D were conducted using various
sperm concentrations. Fertilization success of crosses
was highly dependent on sperm concentrations, i.e.,
the higher the sperm concentration gave rise to, the
higher fertilization rate (Fig 3).

In this experiment, high percentage of fertilization
was achieved at high sperm concentration (10-5 × 5; Fig
3i). But fertilization success dropped slightly at moderate

StagesStagesStagesStagesStages EchinometraEchinometraEchinometraEchinometraEchinometra sp. D(min) sp. D(min) sp. D(min) sp. D(min) sp. D(min) EchinometraEchinometraEchinometraEchinometraEchinometra sp. C(min) sp. C(min) sp. C(min) sp. C(min) sp. C(min) EchinometraEchinometraEchinometraEchinometraEchinometra sp. B(min) sp. B(min) sp. B(min) sp. B(min) sp. B(min)

2 - Cell 67.23 ± 1.36 b 70.25 ± 1.86 a 71.84 ± 1.17 a*

4 - Cell 116.11 ± 1.07 b 126.21 ± 1.90 a 128.45 ± 1.16 a

8 - Cell 139.19 ± 1.33 b 154.37 ± 1.36 a 152.15 ± 1.86 a

Blastula 386.60 ± 1.56 b 421.91 ± 1.47 a 427.61 ± 1.41 a

Gastrula 654.31 ± 1.73 b 719.46 ± 1.53 a 731.73 ± 2.13 a

Prism 878.23 ± 1.94 b 986.50 ± 0.93 a 1001.89 ± 1.83a

* Mean values in the same row having the same superscript are not significantly different (Tukey’s test p > 0.05).

Table 1. Chronology of embryonic development. Developmental times (min) are those taken for 50% embryos to arrive at
each stage. Developmental times of Echinometra sp. D varied significantly (Tukey’s test p < 0.05) with Echinometra
sp. C and Echinometra sp. B. Five replicate experiments were conducted for each species with gametes from new
individuals in each time. All values represent mean ± SD.

Fig 1. Mean values of egg diameter (mm) of Echinometra
spp. Five individuals were examined from each spe-
cies with 50 eggs. Error bar indicates standard error.
There were significant differences (Tukey’s test p < 0.05)
in egg size of all Echinometra species.
Eb – Echinometra sp. B
Ec – Echinometra sp. C
Ed – Echinometra sp. D
* Same superscripts are not significantly different
(Tukey’s test p > 0.05).

Fig 2. Mean values of sperm head size (mm) of Echinometra
spp. Five individuals were examined from each spe-
cies with 50 sperms. Error bar indicates standard er-
ror. There were significant differences (Tukey’s test p <
0.05) in egg size of all Echinometra species.
Eb – Echinometra sp. B
Ec – Echinometra sp. C
Ed – Echinometra sp. D
* Same superscripts are not significantly different
(Tukey’s test p > 0.05).
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sperm concentration (10-6 x 4.3; Fig 3ii). At this
concentration, fertilization success of Echinometra sp.
B (81%) and Echinometra sp. C (82.90%) did not differ
significantly (Tukey’s test p > 0.05), whereas the
fertilization rate of Echinometra sp. D (99.2%) differed
significantly (Tukey’s test p < 0.05) when compared

with the other two species. On the other hand, at limiting
sperm concentration (10-6 x 1.03), fertilization rate
declined sharply (Fig 3iii). Fertilization rate of
Echinometra sp. B, Echinometra sp. C, and Echinometra
sp. D was 52.15%, 53.73% and 67.44%, respectively.
Fertilization rate of Echinometra sp. D differed
significantly from that of Echinometra sp. B and
Echinometra sp. C. (Tukey’s test p < 0.05), but there was
no difference between Echinometra sp. B and Echinometra
sp. C (Tukey’s test p > 0.05).

Developmental TimetableDevelopmental TimetableDevelopmental TimetableDevelopmental TimetableDevelopmental Timetable
A list of the embryonic developmental stages and

the times required to reach them is given in Table 1. It
was apparent that the developmental times sequentially
from 2-cell to prism stage of Echinometra sp. D differed
significantly (Tukey’s test p < 0.05) from Echinometra sp.
B and Echinometra sp. C, while the difference between
Echinometra sp. B and Echinometra sp. C was not
statistically significant (Tukey’s test p > 0.05).

DISCUSSION

Egg Size and FertilizationEgg Size and FertilizationEgg Size and FertilizationEgg Size and FertilizationEgg Size and Fertilization
Fertilization success is very sensitive to changes for

all the three species of Echinometra. The influences of
egg size on fertilization were seen most clearly in the
comparison among the closely related but genetically
divergent Echinometra sp. B, Echinometra sp. C, and
Echinometra sp. D. Our result demonstrated that larger
egg of Echinometra sp. D had a significantly higher
fertilization rate than that of Echinometra sp. B and
Echinometra sp. C at both moderate (10-6 × 4.3) and
limiting (10-6  × 1.03) sperm concentrations used. Sperm
limitation can lead to important variation in the rates
at which eggs of different sizes are fertilized. The free-
spawning of gametes into the environment is a common
mechanism of reproduction for many diverse taxa.29

After release, the sperms can quickly become diluted
to a concentration where fertilization becomes
unlikely.30-32 If there are situations where a large
proportion of eggs is not fertilized, sperm limitation
could be an important constraint restricting
reproductive success.33 Working with three temperate
congeneric sea urchins, Strongylocentrotus
droebachiensis, S. purpuratus, and S. franciscanus, Levitan12

demonstrated that larger eggs were fertilized at a greater
rate because they provide a higher target for sperm. He
further concluded that conditions of sperm limitation
could select for larger eggs and that variations in such
conditions could contribute to observe patterns of
interspecific variation in egg size. Recognizing this
advantage of large egg size makes an important
contribution to evaluating the fitness consequences of
how resources are divided among gametes. When life

Fig 3. Percent fertilization of Echinometra sp. B, C, and D.
Fertilization rate was calculated 1.3 h after gamete
mixing when 2-4 cell stage occur. Fertilization success
of Echinometra sp. D significantly differed (Tukey’s test
p < 0.05) from that of Echinometra sp. B and
Echinometra sp. C at both moderate and limiting
sperm concentrations. Each mean value represent 5
replicate crosses.
Eb – Echinometra sp. B
Ec – Echinometra sp. C
Ed – Echinometra sp. D
* Same superscript are not significantly different
(Tukey’s test p > 0.05).

iiiii

i ii ii ii ii i

i i ii i ii i ii i ii i i
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history models incorporate effects of egg size on
developmental and larval mortality,20,23 the fertilization
advantage could shift optimal egg size in a way that
depends on sperm limitation.12 However, incorporating
fertilization success into life-history theory will be
particularly important if gamete provisioning directly
influences gamete fertilization. If so, then egg size will
influence not only offspring number and survival but
also the probability of fertilization.

Egg Size and Embryonic DevelopmentEgg Size and Embryonic DevelopmentEgg Size and Embryonic DevelopmentEgg Size and Embryonic DevelopmentEgg Size and Embryonic Development
The experiment revealed that embryonic stages (2-

cell to prism stage) were slower for embryo from the
smaller Echinometra sp. C and Echinometra sp. B eggs
than the larger Echinometra sp. D eggs. There was an
important correlation between small egg size in
Echinometra sp. C and Echinometra sp. B in comparison
to Echinometra sp. D, and increased developmental
time. Similar results were also obtained in other marine
invertebrates.16,26,34,35 Interspecific comparisons16,36,37

and experimental manipulation of egg size16,38 both
indicated longer periods of development for larvae
from smaller eggs. All of these experiments with feeding
larvae demonstrated that increased allocation was
necessary to provide materials and energy reserves to
eggs resulting in reduced larval development period.
These findings are consistent with interpretations of
variation in eggs size reflecting the rates of larval
mortality.9,18,39 Thus, it is plausible that the dependence
of developmental rates on egg size transcends species
differences among Echinometra sp. B, Echinometra sp.
C, and Echinometra sp. D.

The general conclusion is that for these Echinometra
spp., egg size (parental investment of stored nutrients
per offspring) is traded off against developmental time.
The larger egg should result in shorter developmental
time after fertilization, and the larger eggs may act as
better target for sperm, thereby enhancing fertilization
success. Other gamete attributes that are likely to
influence fertilization success include receptiveness of
the egg surface to sperm, sperm morphology, sperm
velocity, sperm longevity, sperm age, viscosity and
dispersability of gametes, proportion of sperm egg
collisions, egg buoyancy, the size and presence of egg
jelly coat or other structures that can capture sperms,
the presence of sperm chemoattactants11,12,15,30,40-45 and
gamete recognition molecules.46-48 Previously, our
laboratory reported that larger eggs resulted in larger
larval size,49,50 which, together with the results of the
present study, clearly demonstrates that egg size has a
direct effect on fertilization, larval size and
developmental time.

Sequences from the COI gene region of
mitochondrial DNA indicate that congeneric
Echinometra spp. is of recent origin, having diverged

within the middle Pleistocene (less than 3 million years
old).3 Due to their evolutionary diversification from
the ancestral species, natural selection on a life history
trait such as egg size is likely to influence a number of
functionally important traits in these three sibling
species. The relationship between the adaptive
evolution of life histories and the evolution of ontogeny
of these three species clearly deserves further attention.
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