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SUMMARY

Indirect-developing sea urchins eventually form an adult
rudiment on the left side through differential left-right
development in the late larval stages. Components of the
adult rudiment, such as the hydropore canal, the hydrocoel
and the primary vestibule, all develop on the left side alone,
and are the initial morphological traits that exhibit left-
right differences. Although it has previously been shown
that partial embryos dissected in cleavage stages correctly
determine the normal left-right placement of the adult
rudiment, the timing and the mechanism that determine
left-right polarity during normal development remain
unknown. In order to determine these, we have carried out
a series of regional operations in two indirect-developing

excisions on the right side of the embryos resulted in three
different types of impairment in the left-right placement
of the adult rudiment in a stage-dependent manner.
Generally, when the adult rudiment was definitively
formed only on the right side of the larvae, no trace of basic
development of the components of the adult rudiment was
found on the left side, indicating that a right adult rudiment
results from reversal of the initial left-right polarity but not
from a later inhibitory effect on the development of an
adult rudiment. Thus, we suggest that determination of the
left-right placement of the adult rudiment depends on a
process, which is directed by the right side, of polarity
establishment during the gastrula and the prism stages;

sea urchin species. We excised all or a part of tissue on the however, but commitment of the cell fate to initiate

left or right side of the embryos during the early gastrula

formation of the adult rudiment occurs later than the two-

stage and the two-armed pluteus stage, and examined the armed pluteus stage.

left-right position of the adult rudiment, and of its

components. Excisions of tissues on the left side of the

embryos, regardless of stage, resulted in formation of a left Key words: Sea urchin, Adult rudiment, Left-right asymmetry, Half
adult rudiment, as in normal development. By contrast, embryo, Handedness

INTRODUCTION stage of development of the adult rudiment, the hydropore
canal and the hydrocoel develop in the left coelomic sac, and
Indirect-developing sea urchins pass through planktotrophia small epithelial invagination begins to develop on the left side
larval stages during which they form an adult rudiment, andf the oral ectoderm as the primary vestibule (Runnstrom,
then metamorphose into benthic juveniles (Okazaki, 1975L917; Gustafson and Wolpert, 1963; Czihak, 1965; Horstadius,
The structures of the larva are arranged on the basis of animaB73; Pehrson and Cohen, 1986). The corresponding parts on
vegetal (AV), oral-aboral (OA) and left-right (LR) axes the right side of the larva do not develop these organs, so that
(Horstadius, 1973; Davison et al., 1998): the archenterotihe hydropore canal, the hydrocoel and the vestibule are left-
elongates along the AV axis during the early gastrula stagside-specific traits in normal development. Although the exact
then begins to bend along the OA axis towards the ordiming of development of these organs differs between different
ectoderm to form a larval mouth, and the tip of the archenteraspecies, these traits characterize the earliest LR asymmetry in
subsequently buds out the bilateral coelomic sacs along the LtRe morphology of the larva generally among indirect-
axis. The morphology of the larva at the beginning of the larvadleveloping species (Okazaki, 1975; Raff, 1987).
stage is basically LR symmetric. At later stages, however, the Previous studies of indirect-developing sea urchins have
larva undergoes differential LR development to form the adukhown that the polarity for differential LR development can
rudiment on the left side of the body (Czihak, 1965; Okazakibe re-established in half embryos dissected meridionally to
1975). the AV axis. The first and second cleavages are meridional to
The adult rudiment comprises the left coelomic sac and ththe AV axis, and the halves separated along these planes in
vestibular ectoderm, which are initially located remote fromearly development up to the blastula stage have been shown
each other within the left side of the larva. During the initialto develop into the pluteus (Hoérstadius and Wolsky, 1936;
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Horstadius, 1973), and further into sexually mature sewhich cell interactions determine the normal LR position of
urchins (Marcus, 1979; Cameron et al., 1996). The ability téthe adult rudiment during development. As a first step in
re-establish LR polarity in the meridional twinslgftechinus investigating the process that determines the LR placement of
variegatuswas studied by McCain and McClay (McCain andthe adult rudiment in spatial and temporal contexts, we
McClay, 1994). Their study demonstrated that the meridionahvestigated whether excisions on the left and right side of the
halves of the cleavage stage were able to coordinate tleenbryos have a different effect on LR placement of the
polarity between the OA and the LR axes to re-establisadult rudiment in two indirect-developing sea urchins,
the normal LR development of the hydropore canal. Thédemicentrotus pulcherrimuand Scaphechinus mirabilisNe
meridional dissection was performed as late as thexcised whole or part of the tissue on the left or the right side
mesenchyme blastula stage. Although 22% of the meridionaf embryos during the stages that ranged from the early
halves showed abnormalities, such as a right pore canal gastrula stage to the two-armed pluteus stage. The operated
bilateral pore canals, many of the mesenchyme blastularvae were cultured and examined for the LR position of the
halves (78%) re-established normal LR polarity. The studydult rudiment, and of components of the adult rudiment that
indicated that the meridional halves re-establish normal LRIevelop morphological LR differences in the larva, such as the
polarity during cleavage, and the ability of the halves to rehydropore canal, the hydrocoel and the primary vestibule. In
establish normal LR polarity was not completely lost as lateontrast to the previous results found in the direct-developing
as the mesenchyme blastula stage (McCain and McClagea urchirH. erythrogrammaand the two starfish species, the
1994). indirect-developing sea urchins examined in the present study
Development of the adult rudiment is accelerated in a direcehowed abnormal LR patterning in the left halves but not in
developing sea urchirteliocidaris erythrogrammawhose the right halves. Furthermore, regional excisions in the mid-
vestibule develops soon after the gastrula stage (Williamiate gastrula stage revealed that a part of right side tissue was
and Anderson, 1975; Wray and Raff, 1990). Although thendispensable for the formation of an adult rudiment on the left
orientation of the first cleavage to the LR axis is variable irside of the larva, whereas that on the left side was not. Thus,
some sea urchin species (Kominami, 1988; Henry et al., 199fhe left-right differential effects of excisions in the present
Ruffins and Ettensohn, 1996; Summers et al., 1996), the firstudy indicate that LR polarity in formation of the adult
cleavage invariably occurs in the mid-sagittal planeHin rudiment is directed by the right side, in larvae of the indirect-
erythrogrammgWray and Raff, 1990; Henry and Raff, 1990; developing sea urchins.
Emlet 1995). The developmental potential of the left and right
halves to re-establish the LR polarity for the vestibule was
investigated inH. erythrogramma(Henry and Raff, 1990; MATERIALS AND METHODS
Henry and Raff, 1994), by taking advantage of the first
cleavage, which predicts the future left and right sides of thé&reatment and culture of embryos
larvae. Both the left and right halves directed the formation ofhe sea urchingjemicentrotus pulcherrimysvere collected around
a vestibule throughout the early blastula stage, although tfe Miura and Bousou peninsulas on the Pacific coast and off
regulatory ability declined in the left halves as developmentsushima Island in the Japan Sea. The sand doBaaphechinus
proceeded. Normal LR polarity was demonstrated to b irabilis, were collected around the coasts of lwate and Aichi

tained in the left hal h th larit i refectures on the Pacific Ocean, in Mutsu Bay in Aomori Prefecture
retained in the [eft halves, whereas the polarnty was SOmelmeny o isjands in the Setouchi district. To obtain gametes, a small

reversed in the right halves (Henry and Raff, 1990; Henry ang, me of 10 mM acetylcholine chloride solution dissolved in filtered
Raff, 1994). The potential of the left and the right halves to resea water (FSW) was injected into body cavity of the animals. Eggs
establish LR polarity was also investigated in two starfiSkvere fertilized with diluted sperm in FSW, washed several times and
species (Horstadius, 1928; Horstadius, 1973). The LRultured in a Petri dish filled with FSW. The culture temperature for
development of the hydrocoel in a direct developsterina  early development through the two-armed pluteus stage was within
gibbosa and of the hydopore canal in an indirect developerthe range of 12-18°C foH. pulcherrimusand 16-20°C forS.
dissected at the gastrula stage, but was impaired in ges, after the late two-armed pluteus, the larvae were cultured in

. : - . W containing diatom€haetoceros gracili@s food and cultured
unpredictable manner in the right halves, with the hydroco lccording to the method described previously (Amemiya, 1996:

or the hydropore canal bemg formed on the Igaft, on"the r'ghﬁihara and Amemiya, 2000). Culture temperature was 12°CGHfor
on both the left and the right, or on neither side (Horstadiug,,icherrimusand 18°C forS. mirabils The larvae of. pulcherrimus
1928; Horstadius, 1973). Thus, the results of the dissectioghds. mirabiliswere examined under an optical microscope every 5
experiments foH. erythrogrammaand for the two starfish days and 3 days, respectively. After every examination, the sea water
species all indicated that the normal LR polarity was fixed invas changed, and a new suspension of diatoms was added. The larvae
the left halves, whereas the LR polarity was unstable in theere cultured throughout the larval feeding stage until they underwent
right halves. metamorphosis, a period of about 50 daydfopulcherrimusand 30

There have been no experiments to examine the potential @ys forS. mirabilis
indirect-developing sea urchins to re-establish the LR polarit)(,Iicrosurgery

n. half embryos that were C.learly identified as havmgMicrosurgicaI operations were performed under a dissecting
erg_lnated from the Ie_ft_or the right half pf t_he embryo. Themicroscope (WILD MZ8: Leica) with a glass needle produced by
finding that the meridional halves of indirect developingmanyally pulling over a tiny gas flame. After the operation, the larvae
species re-established normal LR polarity indicates thalere examined through an optical microscope (OPTIPHOTO or
determination of LR polarity is mediated by cell interactionsBlOPHOTO: Nikon) to confirm that the excision had been made as
(McCain and McClay, 1994), but it is not known when orplanned.
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Vital staining a s
Vital staining was performed with 1% Nile Blue Sulfate (Schmid =
Gmbh) in a solution containing 10% agarose. A glass capillary whos
opening was about the same diameter of an egg was filled with tt
dye and used to apply it to the embryos. The stained embryos we
immediately transferred to a new dish and operated on. The positic
of the dye marks in the operated larvae was checked with an optic
microscope.

Measurements of arm length

The length of the larval arms was measured with a micrometer und
an optical microscope with»20 orx10 power objective.

Statistics Fig. 1. Vital dye staining of the embryos. The embryos are viewed
érom the aboral (dorsal) side, with the animal side at the top. The left
nd right sides of the embryos correspond to those of the viewer.
A) An early gastruldd. pulcherrimusembryo stained with Nile
lue dye on the right side (arrow). The pressure of the glass needle
s slightly indented the embryo along the midplane (arrowheads),
rough which the embryo is about to be dissected. (BjAn
l%Icherrimusiarva derived from the left half of an embryo that had
a

The statistical significance of consistent inversion (in the right-EM
cut) was tested against the null hypothesis that the probability
forming the adult rudiment on the left side or the right side of al
individual was equal. A formation of a left adult rudiment and a righ
adult rudiment in the outcomes were scored as 1 point for the left si
and for the right side, respectively. Outcomes such as bilateral ad
rudiments or no adult rudiment on either side were given a score
0.5 point each on the left and right side. Significance was tested
cumulating one tail of binomial distributions (Sokal and Rohlf, 1995).
The significance of differences of the mean and the variations i
the length of arms among different groups of the left and right halve
was tested by analysis of variance (ANOVA) for a single classification
(Sokal and Rohlf, 1995). An Fs value of less than 1 means thg the each half was investigated in the two-armed pluteus
variations between groups are smaller than the variation within ea age. However, as no staining was ever detected in the

group, indicating that the difference between groups is not s'gmﬂcanbpposite half, the left halves were examined after staining the
Probability was tested only when Fs was more than 1. . . . .
left side, and the right halves were examined after staining the
right side. In the 30 left halves examined, staining was always

en stained on the left side and dissected along the midplane in the

rly gastrula stage. The archenteron of the half larva is indicated by
rrowheads. The staining is on the left side of the half larva (arrow).
gcale bar: 10Qm.

RESULTS found on the left sidenE24/30, Fig. 1B), the only exceptions

_ _ _ being some specimens in which the staining was so weak that
Embryo dissection along the plane of bilateral its exact position could not be identifien=6/30). Similarly,
symmetry in the early gastrula stage right staining was found exclusively on the right siae2(7/31)

The position of the plane of bilateral symmetry (midplane)f right-half larvae, and the only exceptions were specimens in
during the cleavage d¢i. pulcherrimusandS. mirabilisis not  which no staining could be identified=4/31). These results
predictable, because the orientation of the first cleavage planalicate that left and right halves obtained by midplane
to the midplane of the embryo varies within each speciegissection at the earliest gastrula stage do not reverse the
(Kominami, 1988) (T. Minokawa and S. A., unpublished). Itpolarity of the OA axis. Therefore, the left side of the left
first become possible to identify the left and the right sides dfialves was always derived from the left side of the unseparated
the embryos at the early gastrula stage based on bilatemhole embryos, and the right side of the right halves from the
clusters of cell aggregates of primary mesenchyme celisght side.
(PMCs) (Okazaki, 1975; Hardin et al., 1992). The earliest We next examined the LR position of the adult rudiment in
dissections in the present study were performed during twihe half larvae. The results of the dissections of the earliest
different stages: the earliest gastrula stage, immediately befogastrula and the early gastrula were similar, and are shown
buckling of the vegetal plate to generate the primaryn Table 1. The right halves generally developed the adult
invagination of the archenteron; and the early gastrula stagaidiment on the left side (Fig. 2A). A few right halves formed
as soon as the buckling of the archenteron began. the adult rudiment on the right side, but only at a much lower
First, we investigated whether dissection of the earlyate. In the left half larvae, on the other hand, the proportions
gastrulae along the midplane evoked reversal of the OAf larvae with a right adult rudiment (Fig. 2B) and with a left
polarity, as reversal of the OA polarity had previously beeradult rudiment (Fig. 2C) were about equal. The results
observed in embryos dissected meridionally during cleavagedicated that the dissection during the earliest gastrula and the
(Horstadius and Wolsky, 1936; McCain and McClay, 1994) anéarly gastrula stage had different effects on the left and right
in the blastula stage (Horstadius and Wolsky, 1936). A mediuralves in regard to the LR position of the adult rudiment. The
concentration of Nile Blue Sulfate was used to stain th&R position of the rudiment was essentially normal in the right
embryos, because it had been demonstrated to have no biasiadves, whereas there was a high rate of reversal of the LR
effect on the polarity of the OA or the LR axis (Lindhal, 1932;position in the left halves. Because the earliest gastrula and the
Horstadius, 1973; Henry et al., 1992; Henry and Raff, 1994¢arly gastrula stages were close in time, and because the effect
as confirmed by the following findings. The left or right sideof dissection on the LR position of the adult rudiment were
of an embryo was stained with Nile Blue Sulfate at the earliediasically the same at both stages, the results at both stages
stage of gastrulation. The embryo was immediately bisectdshve been combined and the stage of the dissections will
along the midplane (Fig. 1A), and the location of the stainingubsequently be referred to as the early gastrula stage.
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Fig. 2.LR placement of the adult rudiment in left and
right half of S. mirabilislarvae dissected in the early or
mid-late gastrula stage. The LR axis of a larva coincic
with that of a gastrula embryo. The axial relationship
the animal-vegetal and the oral-aboral embryonic axe
as follows: the larval oral (anterior) side corresponds
the embryonic oral side, while the larval-ventral and tl
larval-dorsal sides correspond to the vegetalmost anc
animal-side portions, respectively, of the embryonic
aboral side. The larvae are viewed from the dorsal sic
with the oral side at the top. The left and right sides o
larvae correspond to those of the viewer. (A) A larva
corresponding to the six-armed pluteus derived from f
right half dissected in the early gastrula stage and
developing an adult rudiment on the left side (arrow).
(B) A larva corresponding to the six-armed pluteus
derived from the left half dissected in the early gastru
stage and containing a developing hydrocoel (white
arrow) on the right side. Evidence of the vestibule (ble
arrows) is also visible on the right side of the larva. (C
larva corresponding to the six-armed pluteus derived
the left half dissected in the early gastrula stage, with
vestibule (black arrow) and a hydrocoel (white arrows
developing on the left side. (D) A larva corresponding
the six-armed pluteus derived from the left half dissec
in the mid-late gastrula stage and developing an adul
rudiment on the right side (large arrow). The left
anterolateral arm (small arrow with c) and skeletal rot us
the right anterolateral arm (small arrow with d) and the left (small arrow with a) and right (small arrow with e) postderaes growing in
the half larva. No postoral arm is growing on the cut side of the larva, but the left postoral arm (small arrow with b@earndlee growing
in the larva. Scale bars: 1pén.

Dissection of the embryos in the midplane in the
mid- to late-gastrula stage

LR placement of the adult rudiment in the larvae

The LR placement of the adult rudiment was investigated i
half larvae dissected along the midplane in the mid- to late2
gastrula (mid-late gastrula) stage, during which the length

the archenteron ranged from half of its full length to the full

length (Table 2A). Most of the right halves 8f mirabilis
(82%) and H. plucherrimus (100%) formed a left adult

mirabilis larvae, two of which had no adult rudiment and the
other of which had bilateral adult rudiments. The results
indicate that normal LR placement can be re-established in

ost of right halves of both species. By contrast, the majority

f the left halves oH. plucherrimug75%) and ofS. mirabilis

3%) formed a right adult rudiment (Fig. 2D), indicating a
igh rate of reversal of LR placement. The percentages of
reversal of LR placement of the adult rudiments in the left half

rudiment, and LR defects were observed in only ti8ee Table 2. Left-right placement of the adult rudiment and of

Table 1. Left-right placement of the adult rudiment in half
larvae dissected in the early gastrula stages

Left-right placement

Number  Number
operated  survived L Land R R None
(A) Left half
Earliest gastrula
S. mirabilis 13 8 4 0 4 0
Early gastrula
S. mirabilis 21 18 8 0 10 0
H. pulcherrimus 18 12 5 0 7 0
(B) Right half
Earliest gastrula
S. mirabilis 14 9 8 0 1 0
Early gastrula
S. mirabilis 18 12 12 0 0 0
H. pulcherrimus 18 12 11 0 1 0

the hydropore canal in half larvae dissected in the mid to
late gastrula stage

(A) Left-right placement of the adult rudiment in the half larvae

Left-right placement

Number ~ Number
operated  survived L Land R R None
Left half
S. mirabilis 21 12 1 0 10 1
H. pulcherrimus 13 8 1 0 6 1
Right half
S. mirabilis 21 17 14 1 0 2
H. pulcherrimus 13 11 11 0 0 0

(B) Left-right placement of the hydropore canal assessed in the early
four-armed stage in the half larvae oH. pulcherrimus

Left-right placement
Total L Land R R Not identifi¢

Left half 29 0 3 22 4
Right half 22 19 0 0 3
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larvae were higher than would be expected if LR placemertdf the degree of direct damage by the operation. Because the
were randomR<0.15 andP<0.02 forH. pulcherrimusandS.  size of the larvae differed between individuals, the ratios
mirabilis, respectively, exact probability), confirming that between arm length on the cut side and the al-length on the
placement of the adult rudiment was biased to the right sidenoperated side were calculated. The postoral arm was usually
Taken together, these results indicate that the right halves did not regenerate on the cut side in the half larvae, and it was
both H. pulcherrimusand S. mirabilisgenerally form a left not assessed. The relative al-length (Fig. 3B, left) and pd-
adult rudiment after dissection in the mid-late gastrula stagéength (Fig. 3B, middle) o§. mirabilislarvae measured at the
The left halves dissected in this stage showed a strong tendergiy-armed stage was calculated for three groups: the group with
to reverse LR polarity in regard to formation of the adulta right half and a left rudimenilor B), the group with a left

rudiment. half and a right adult rudiment(or #), and the group with

) ) a left half and a left adult rudimentk (or A). Each dot indicates
Severe defects of LR patterning were not linked to the arm length of one individual. As indicated by the scattering
severe defects in the larval arms of dots at different levels along the vertical axis, the relative

In the two-armed pluteus stage, the dissected halves hademgth of both the al- and pd-arms varied between different
smaller body cavity and shorter arms on the operated side thardividuals within each group. The range of variations in both
the unoperated side. The body cavity on the cut side of almoal-arm and pd-arm lengths in the three groups substantially
all the operated larvae grew to be almost the same size as averlapped, and the absence of any significant differences
the other side during subsequent development, but the postobetween the arm length for the three groups indicated that the
arm on the cut side generally did not regenerate (Fig. 2D), araperation inflicted similar damage on the growth of the arms
the length of the anterolateral arm on the cut side (arrow witbn the cut side i§. mirabilis(Fs=2.30, 38 degrees of freedom,
d in Fig. 2D) frequently remained shorter than on theP>>0.5 for pd-length, Fs=0.213, 37 degrees of freedom for al-
unoperated side in the late larval stage (arrow with ¢ in Fidength, ANOVA with three samples). No significant differences
2D). The shorter arms on the cut side indicate that thevere found between the relative al-length of larvae with a left
dissection impaired other aspects of larval developmergdult rudiment (+) and larvae with a right adult rudimet (
besides LR patterning. In previous experiments in which thé=9, Fs=0.99) amongl. pulcherrimiusleft halves dissected
gastrula embryos of the starfishsterina gibbosawere at the early gastrula stage (Fig. 3B, right).
dissected, the defects in the LR pattering were confined to theTo summarize, arm length on the cut side and on the
right halves, and the survival rate of the right halves was lowarmoperated side did not significantly differ either between the
than that of the left halves, indicating that the defective LReft and right halves, or between larvae with a left adult
patterning was linked to defects in other aspects ofudiment and larvae with a right adult rudiment in the left
development (Horstadius, 1928; Horstadius, 1973). Moreovehalves. These results indicated that even though LR patterning
as the variation in arm length in the present study suggestedhs defective in the left halves alone, there was no difference
that the dissections conferred different degrees of damage ondamage to arm growth between the left and the right halves.
different individuals, even though every embryo was cut irReversal of the LR position of the adult rudiment was not
approximately the midplane, we investigated whether thénked with the severe damage evaluated on the basis of arm
defects of LR patterning were linked to severe impairment aength.
arm growth. The following analysis is based on investigation o _ )
of whether a consistent difference in arm length was foun#R positioning of the hydropore canal in H. pulcherrimus
either between the left and right halves, or between larvaealf larvae
having a left adult rudiment and larvae having a right adultVe next investigated the LR position of the hydropore canal in
rudiment. the left and the right halves &f. pulcherrimusas the earliest

We first examined the unoperated side of the left and themorphological LR marker in this species. The hydropore canal
right halves ofS. mirabilisdissected during the early to late is a tubular organ that develops from the left coelomic sac and
gastrula stage for differences in arm length by measuring ttmnnects the coelomic cavity of the adult rudiment to the dorsal
length of postoral-arm-rod plus body-rod (po-length), and thepening. It normally develops only on the left side. In several
length of the anterolateral-arm-rod plus body-rod (al-lengthypecies of sea urchins, includitty pulcherrimus the left
(see Fig. 3A for the arm notation). The results showed nbydropore canal forms during the late two-armed or early four-
differences in po- or al-length between the left and right halvearmed pluteus stage (Gustafson and Wolpert, 1963; Pehrson
at the two-armed pluteus stage?22, Fs=0.0017 and Fs=1.33 and Cohen, 1986; McCain and McClay, 1994), and in other
for po- and al-length, respectively, single classificationspecies, including. mirabilis it develops later, during the six-
ANOVA for two samples, see Materials and Methods), or irarmed stage. Although formation of the hydropore canal
po-length (=20, Fs=0.073), al-lengtm£19, Fs=0.13), or in usually results in eventual development of the adult rudiment,
length of the posterodorsal rod (pd-length¥X7, Fs=0.59) degeneration of the pore canal sometimes occurs under
between the left and right halves at the six-armed stage. Theseperimental conditions. For example, two types of abnormal
results indicate that midplane dissection has no differentidlR patterning of the hydropore canal and adult rudiment have
effect on arm growth on the unoperated side in left and righteen reported for the meridional halves bytechinus
halves dissected during the gastrula stage. The same test wasiegatusa right pore canal and bilateral pore canals (McCain
performed on larvae dissected in the two-armed pluteus stagmd McClay, 1994), and in one of the larvae with bilateral pore
and no significant differences were found between the left anchnals in that study the left canal degenerated and the adult
right halves (data not shown). rudiment developed on the right side alone. In the present

We next examined arm length on the cut side as an indicatstudy, the majority of the left halves dissected in the mid-late
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gastrula stage formed a right adult rudiment, and no larvae witfhree of them survived; two developed a right adult rudiment
bilateral adult rudiments were found (Table 2A). The presereind one developed bilateral adult rudiments. This finding
results raise two possibilities: (1) that the hydropore canalshows that the absence of a pore canal at the four-armed stage
develop on both sides in (some of) the left halves but the leftoes not necessarily mean no formation of the adult rudiment
one degenerates subsequently; or (2) that the hydropore caoal that side, but it does imply retarded development of the
develops on only the right side of the left halves. To determinpore canal.
which actually occurs, we examined the LR position of the The position of the pore canal in the right halves was
hydropore canal in the half larvaetof pulcherrimugdissected examined next. Of the 22 right halves examined in the four-
in the mid-late gastrula stage (Table 2B,
Fig. 4). . .

When the LR position of the hydrop Comparison of arm length in half larvae
canal was assessed in 29 left halves ii
early four-armed pluteus stage, 22 w
found to have developed a right p
canal (Fig. 4A,B), three had develoj
bilateral pore canals and four had
identifiable pore canal on either side.
later development of eight of the 22 fc
armed plutei with a right pore canal v
observed, and all eight eventu:
developed a right adult rudiment. Th
findings showed that the pore canal
not develop on the left side in the majo
of the left halves (Fig. 4A). Two of tl
three four-armed plutei with bilateral p
canals survived; one developed a r
adult rudiment and the other develope
left adult rudiment. This finding show
that degeneration of the pore cz
occurred in the minority of the left halw
The later development of the four |
halves with no identifiable pore cana
the four-armed stage was also exami

A  Measure of arm rods

Fig. 3. Comparison of the arm length of larvae
derived from the left and the right halves of
embryos dissected in the gastrula stage.
E,ﬁ\l}tlﬂ'jJirrivj‘eg"fﬁ;e;"tﬂ’;“lzf{"hﬁf :r'fé ZLT,?& Length of the arms on tiet side of the lavaedissected in the
the parts of the larvae that were measured. Th midplane in the gasifa stage

length of the anterolateral-arm-rod plus body-
rod (al-length), postoral-arm-rod plus body
rod (po-length), and the postdorsal-arm-rod
(pd-length) were measured. (B) Differences in
the arm length of the left and the right half
larvae. The al-length on the unoperated side
represents the length of the larva along the
anteroposterior axis in the late larval stage.
The ratio of the length of the arms on the cut & - S. mirabilis
side to the anteroposterior length of one larva 2 al arm

is plotted, and the differences in arm length ong
the cut side between populations are shown.
The plots for both the al- and the pd-lengths
on the cut side db. mirabilisshow similar
distributions in the group with right halves and 05 F
a left rudiment, the group with left halves and ’

a left rudiment, and the group with left halves

and a right rudiment. The plots also show

similar distributions for the al-length on the
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Fig. 4.LR positioning of the hydropore canal in
the left halfH. pulcherrimudarvae dissected in tl
mid-late gastrula stage. Two left lateral views o
four-armed pluteus, with the oral side (anterior
side) to the left of the figures are shown. (A) A

larva with the focal plane on the left coelomic s
(arrow). No hydrocoel has developed from the

coelomic sac. (B) The same larva as shown in

with the focal plane on the right coelomic sac. ,
hydrocoel (arrow) is seen developing from the

right coelomic sac. Scale bar: 1,0.

armed stage, 19 had a left pore canal and the other three Hadsae that had a smaller body cavity on the cut side (Fig. 5C).
no identifiable pore canal. All three larvae with no pore canalrhe unoperated side appeared morphologically normal. A
were confirmed to eventually develop a left adult rudimentoelomic sac formed on the cut side, the same as observed in
during subsequent development, indicating that the right halvgsevious studies, in which the archenteron was ablated in the

consistently develop a left pore canal.

late gastrula stage (Czihak, 1965; McClay and Logan, 1996).

To summarize, the pore canal formed only on the right sid€he coelomic sac on the cut side of the larvae in the present
in the majority of the left halves, indicating that developmenstudy was smaller than on the unoperated side.
of the pore canal was generally not initiated on the left side of The right EME cut resulted in reversal of the LR placement
the left halves. In the right halves, the pore ¢~~~

generally formed on the left side. In both the left
right halves, the LR position of the hydropore can
the four-armed stage generally coincided with the
placement of the adult rudiment, although the

canal degenerated in a minority of the left half lar

Regional operations in the mid- to late-
gastrula stage

Excision of tissue containing a portion of the
archenteron

The results of the midplane dissection in the ¢
gastrula and in the mid-late gastrula stage indi
frequent occurrence of reversal of LR polarity du
formation of the adult rudiment in the left halves,
that reversal seldom occurred in the right halves.
possible interpretation of the different outcomes is
removal of tissue on the right side and left side
different effects on LR positioning during format
of the adult rudiment. Next, we examined the e
of regional excisions on LR placement of the ¢
rudiment (Fig. 5). The regional excisions w
performed in the mid-late gastrula stage to
advantage of the fact that the percentage of po
reversals in the left halves was highest at this sta
that the left and the right halves would be r
distinctly different with regard to LR placement of
adult rudiment.

First, the tissue in the right- or the left-animal :
of the embryos was dissected out (Fig. 5A,B). In
operation, the entire mass of tissue containing
archenteron was excised in the midplane on the a
side, but only a part of the lateral tissues was ex
on the vegetal side so that tissue adjacent ti
midplane was left in the embryo. The opera
recapitulated the midplane dissection in the ar
side, while only a smaller region was excised or
vegetal side. This operation was designated a rig
left-EME cut, as the ectodermal, mesodermal
endodermal (EME) tissue was removed on the al
side. The operated embryos developed into pl

right-vegetal

Fig. 5. Excision of the tissue lateral to the midline, including a part of
archenteron and ecto-mesodermal tissue. The embryos are viewed from the
aboral side, with the animal side at the top, and the larvae are viewed from the
dorsal side, with the oral side at the top. The left and right sides of the embryos
correspond to those of the viewer. (A,B) A schematic drawing (A) and a bright
field image (B) of an embryo subjected to the right EME cut. (A) The mid-
sagittal plane of the embryo is represented by a broken line and the cut plane by
a broad line. (B) Ars. mirabilisembryo after the right EME cut. The right

animal side of the embryo has been removed. The embryo was first marked with
the glass needle in the mid-sagittal plane (arrows) to confirm that the cut region
has not invaded the left side of the embryo. The upper part of the archenteron in
the right side area was removed. The region corresponding to the ablated
archenteron on the left side remains in the embryo. (C) A fixed specimen of
two-armed pluteus larvae 8f mirabilisafter the right EME cut in the gastrula
stage. At this stage, the operated right side of the larva is smaller than the intact
left side. The right coelomic sac (arrows) has formed on the right side of the
foregut. The right coelomic sac is smaller than the left coelomic sac
(arrowheads). (D,E). A schematic drawing (D) and a bright field image (E) of an
embryo in which the right vegetal side has been removed. (D) The mid-sagittal
plane of the embryo is represented by the broken line, and the cut plane by the
broad line. (E) ArH. pulcherrimusembryo whose right vegetal side (arrow) has
been removed. (F) AB. mirabilisembryo subjected to the sham operation. The
embryo is almost completely divided in the mid-sagittal plane (arrows). Scale
bars: 5qum.
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of the adult rudiment in most of the operated larvae (Table 3A)egeneration of a right primary vestibule was found in a
Fig. 6A). Among theH. pulcherrimusspecimens, seven out of minority of the larvae. Of the 15 larvae that had a right
the nine larvae had a right adult rudiment, and only two had estibule, two did not develop a hydrocoel on either side of the
left adult rudiment. Among th8. mirabilisspecimens, 12 out coelomic sac, and the vestibule ultimately degenerated (Table
of the 17 larvae that survived formed a right adult rudiment3B, the fourth column). These results indicated that the
four had no adult rudiment on either side, and only one had\astibule degenerated in only a minority of the larvae, and that
left adult rudiment. Statistical analysis confirmed that the rightformation of the primary vestibule generally led to formation
EME cut, rather than randomizing the direction of adultof the adult rudiment, although not always. The LR placement
rudiment formation, consistently biased it toward the rightof the hydrocoel was also examined. Formation of the
side {H. pulcherrimus R0.09; S. mirabilis P<0.007, exact hydrocoel was followed by formation of the adult rudiment in
probability). The results indicate that the LR placement of thevery specimen, and thus the LR placement of the hydrocoel
adult rudiment was basically reversed in the larvae subjectambincided with that of the adult rudiment. The finding that the
to the right EME cut. LR placement of the vestibule and the hydrocoel was generally
In previous studies, the vestibule degenerated in larvaeversed by the right EME cut was confirmed Hkh
whose left coelomic sac had been ablated (Czihak, 1965), apdicherrimusas well (data not shown). We also confirmed that
in larvae exposed to Gaand Md*-free sea water (Runnstrém, the left half of bottH. pulcherrimusandS. mirabilisdissected
1925), indicating that degeneration can occur even after the the mid-late gastrula stage generally did not initiate
primary vestibule has formed. When we examined nonal formation of either the left vestibule or the left hydrocoel (data
mirabilis larvae for the LR position of the primary vestibule, not shown).
one of the earliest traits that indicates morphological LR The left-EME cut was performed i. pulcherrimus
differences in this species, the primary vestibule developed @mbryos (Table 3A), and the adult rudiment was formed on the
the left side of the oral ectoderm in the early six-armed pluteusormal left side of all 10 larvae that survived. The results of
stage and was subsequently associated with the left coelontie EME cut indicate that the effect of the left- and the right-
sac (Fig. 6B). We then investigated whether the invaginatioanimal side excisions of the embryo on the LR placement of
of the vestibule was initiated on the left side of the larva¢he adult rudiment is basically the same as the effect of excision
subjected to the right EME cut, and found that 83% of thef the whole left side and the whole right side in the midplane
operated larvae had a vestibule on the right side alone (Taldiéssection, respectively.
3B, Fig. 6C). This finding indicates that vestibular invagination We then examined whether the excision of the right vegetal
of the left ectoderm generally did not occur in -~
larvae subjected to the right EME cut, even thoug
left side was not operated upon (Fig. 5A A B

Fig. 6.LR placement of the adult rudiment in the late
pluteusH. pulcherrimudarvae from which part of the tiss
lateral to the midplane, including the archenteron and tt
ecto-mesodermal tissues, has been removed in the mic
gastrula stage. The larvae are viewed from the dorsal s
with the oral side at the top. The left and right sides of t
larvae correspond to those of the viewer. (A) An eight-
armed pluteus larva ¢f. pulcherrimussubjected to the
right EME cut in the gastrula stage, as shown in Fig. 54
The adult rudiment has formed on the right side of the |
body (arrow). (B) A contro§. mirabilislarva in the early
stage of adult rudiment formation. A vestibule (large arr
and a hydrocoel (small arrow) have formed on the left s
of the larva. There are no marks for vestibule formation
the ectoderm (large arrowhead) and for hydrocoel form.
in the right coelomic sac (small arrowhead) on the right
of the larva. (C) Ar. mirabilispluteus larva in the early
stage of adult rudiment formation that was subjected to
right EME cut in the gastrula stage. A vestibule (black
arrow) and a hydrocoel (white arrow) have formed on tt
right side of the larva. Note that there are no marks for
vestibule formation in the ectoderm (black arrowhead) ¢
for hydrocoel formation in the left coelomic sac (white
arrowhead) on the left side of the larva. (D) A six-armec
pluteusH. pulcherrimudarva from which the tissue on th:
right vegetal side has been removed in the mid-late gas
stage as shown in Fig. 5D,E. A vestibule (large arrow) ¢
hydrocoel (small arrow) have formed on the left side of
larval body. The right postoral arm did not regenerate a
absent, whereas the left postoral arm (arrowhead) is int
Scale bars: 10Qm.
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Table 3. Left-right placement of the adult rudiment and of Table 4. Left-right placement of the adult rudiment in the

the vestible in larvae in which portion of tissue including a larvae of which part of the tissue lateral to the
part of archenteron has been removed during mid to late archenteron has been removed (EM cut) during mid to
gastrula stage late gastrula stage
(A) Left-right placement of the adult rudiment in the opearted larvae Left-right placement
) Number  Number
Left-right placement operated survived L LandR R  None

Number  Number -
operated survived L LandR R  None RightEM cut

- S. mirabilis 22 18 12 0 6 0
R('gi*g E"X'EB;W H. pulcherrimus 15 14 11 0 3 0
S. mirabilis 25 17 1 0 12 4  LeftEMcut
H. pulcherrimus 14 9 2 0 7 0 fl m':aﬁ'l's_ ig 1481 ii 8 8 8
. pulcherrimus
Left EME cut P
H. pulcherrimus 16 0 10 0 0 0
Right vegetal cut Excision of tissues beside the midplane region
('29- 5th')5_|)_ . 1 " o o o The series of EME cut experiments revealed that removal of
v mi‘hg'rsrimus ” 16 s 0 o o the right animal side was effective in disrupting the LR position
. of the adult rudiment, whereas the excisions that avoided this
Sham operation . . .
(Fig. 5F) region had no effect on the LR position of the adult rudiment.
S. mirabilis 19 15 15 0 0 We next wondered whether removal of only the epithelium on

0
H. pulcherrimus 17 13 13 0 0 0 the right animal side, avoiding the archenteron, would affect
LR placement (Fig. 7A,B). However, in reality it was
impossible to leave the archenteron completely intact in the
mid-late gastrula stage, because filopodial tracts from part of

(B) Left-right placement for the vestibular invagination and the adult
rudiment in S. mirabilislarvae subjected to the right EME cut

Left-right placement of vestibule the secondary mesenchyme cells (SMCs) attached the inner
Total L Land R R None wall of the ectodermal epithelium (Hardin and McClay, 1990).

Left-right position 18 2 0 15 1 Besides, among four types of the SMCs, part of pigment and
of adult rudiment blastocoelar cells migrated out of the archenteron at the early
L 1 1 0 0 0 gastrula stage (Okazaki, 1975; Ruffins and Ettensohn, 1996;
Land R 0 0 0 0 0 Kominami, 2000), and as a result the cells that had already left
R 1 0 0 1 0 the archenteron were removed from embryos by this cut. We
None 3 0 0 2 1 . .
ND* 3 1 0 2 0 refer to this operation the EM cut, as the ectodermal and

mesodermal (EM) tissue was excised from the embryo. The
*Number of larvae that formed the vestibule but died before forming the  EM cut did not directly damage the endoderm or the SMCs
adult rudiment. that evaginate from the archenteron in a later stage, such as the
coelomic sac and pharyngeal muscle cells, because these cells
side affects LR placement of the adult rudiment. The tissue aito not leave the archenteron until the late prism stage
the right vegetal side including the archenteron, thdGustafson and Wolpert, 1963; Okazaki, 1975; Ishimoda-
ectodermal epithelium and the mesenchyme cells was excisédkagi, 1984; Ettensohn and Ruffins, 1993). The morphology
(Fig. 5D,E). All H. pulcherrimusand S. mirabilis larvae  of the tip of the archenteron at the two-armed stage appeared
formed the adult rudiment on the left side after this operationormal in the EM-cut larvae (Fig. 7C), whereas the coelomic
(Table 3A, Fig. 6D), indicating that excision of the right sacs of the EME-cut larvae were clearly smaller on the cut side
vegetal side of the embryo had no effect on the normal LEFig. 5C).
placement of the adult rudiment. The effect of the sham The right EM cut resulted in reversal of the LR position of
operation along the midline of the embryos was examinethe adult rudiment in 33% of tt&. mirabilislarvae and 21%
next (Fig. 5F). The sham operation consisted of cutting thef the H. pulcherrimuslarvae (Table 4), and the rest of the
embryos almost completely in half along the midplane byarvae formed a left adult rudiment. The percentage of reversal
stopping the cut slightly before the left and right halves weref the LR position of the rudiment was substantially lower than
completely separated. The only connection between the lefffter the right EME cut. The hydropore canal, the hydrocoel
and right halves was the extracellular matrix (hyaline layerfind the primary vestibule did not develop on the left side in
in the plane of dissection. The embryos eventually developddrvae with a right adult rudiment after the right EM cut (data
into apparently normal plutei, and all formed a left adulthot shown). The left EM cut had no effect on the normal
rudiment (Table 3A). These findings indicate that the normaposition of the adult rudiment, indicating that the EM cut was
LR placement of the adult rudiment was not disrupted by theffective in perturbing the LR patterning only on the right side.
sham operation. No other LR defects, such as bilateral adult rudiments or the
The above results of the regional operations indicated thabsence of an adult rudiment were found among larvae
removal of the right animal side generally resulted in reversalubjected to the EM cut.
of the LR position of the primary vestibule and the adult _ ) ) _
rudiment, and that removal of the left animal side or the righPissection of H. pulcherrimus larvae in the midplane
vegetal side had no effect on the normal LR placement of tH8 the prism and the two-armed pluteus stages
adult rudiment. In experiments performed in the mid-late gastrula stage, most
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Fig. 7. Excision of ecto-mesodermal tissue lateral to the A B
midplane, avoiding the archenteron (EM cut). (A,B) A
schematic drawing (A) of ablations of ecto-mesodermal ti
lateral to the archenteron (right EM cut) and a bright field
image (B) of an embryo subjected to the right EM cut. Th
embryos are viewed from the aboral side, with the anima
at the top. (A) The mid-sagittal plane of the embryo is , \ .
represented by a broken line, and the cut plane by a broe : =

line. (B) AnS. mirabilisembryo subjected to the right EM "ght EM cut

cut. The right animal region lateral to the archenteron wa

removed from the embryo. The epithelium of the embryo has adhered at the cut plane so that the cut end is closed. Torewsasheotter
severely damaged and is almost intact. (C) An oral side view of a two-armed @utairabilislarva subjected to the right EM cut. The
animal side is towards the top, and thus the left and the right sides of the larva are on the right and the left, respéhetivedwer. The
morphology of the coelom of the right coelomic sac (arrow with r) on the cut side appears normal, the same as the lefta&omie
with I). Scale bars: 5m in B and 10um in C.

o 0

of both the left-half larvae and larvae subjected to the right To summarize, removal of all of the tissue on the right side

EME cut formed a right adult rudiment, and components of thdid not affect the formation of the left adult rudiment from at

adult rudiment, such as the hydropore canal, the hydrocoel attte prism stage ofH. pulcherrimusonwards. In addition,

the vestibule, did not develop on the left side of these larvaemoval of the whole right side in the prism stage and two-

with a right adult rudiment. As the adult rudiment normallyarmed pluteus stage elicited formation of the adult rudiment on

forms on the left side, we expected that the left halves dissectétk right side. The fact that the left halves did not fail to form

at later stages to form a left adult rudiment. To determine wheain adult rudiment on the left side suggests that a critical change

the dissection resulted in formation of a left adult rudiment innvolved in the process of formation of the adult rudiment

the left halves, we dissectétl pulcherrimusembryos in the occurs on the left side of the embryo during the period between

mid-sagittal plane in the prism stage and the early two-armettie gastrula stage and the prism stage. In addition, removal of

pluteus stage (Table 5, Fig. 8). the whole left side in the two-armed pluteus stage was shown
The left halves obtained by dissection in both the stagesot to affect formation of an adult rudiment on this side in

developed a left hydropore at the same time as the controlarvae ofH. pulcherrimus

The right side of the larvae was smaller at the two-armed stage,

and there was no clear coelomic sac of the right side. A right

coelomic sac regenerated by the four-armed pluteus stage. BySCUSSION

the six-armed stage, the body cavity and the coelomic sac on ) o

the right side of the left halves had grown to about the sarfdechanism of determination of the LR placement of

size as on the left side. All of the surviving eight left halveghe adult rudiment in indirect-developing sea

dissected in the prism stage and all of the surviving nine leftrchins

halves dissected in the early two-armed pluteus stage formé&tevious studies in which the sea urchin embryos were exposed

an adult rudiment on both the left and the right sides (Fig. 8AYo abnormal concentrations of sea water (MacBride, 1918;

These results indicate that left halves dissected either in tl@hshima, 1922) or sea water containing abnormal ion

prism stage or in the pluteus stage generally form an adutgredients (Runnstrém, 1925; Hérstadius, 1973) showed that

rudiment on both the left and right sides. The LR position o”

the adult rudiment in the right halves was examined afte

dissection in the early two-armed pluteus stage, and all of tt A ! ! B

nine right halves were found to have formed a left adul

rudiment (Fig. 8B). This finding indicates that the right halves

retain an ability to direct formation of a left adult rudiment in

the early two-armed pluteus stage. The results of dissection

the late two-armed pluteus stage were basically the same 1

both the left and right halves (data not shown), as in the ear

two-armed pluteus stage.

Table 5. Left-right placement of the adult rudiment in half

larvae of H. pulcherrimusdissected in the prism stage and
the two-armed pluteus stage Fig. 8.LR placement of the adult rudiment in the left and right half

H. pulcherrimudarvae dissected in the two-armed pluteus stage. The

larvae are viewed from the dorsal side, with the oral side (anterior

Left-right placement

Number Number . . .
operated survived L LandR R  None Side)atthe top. The left and right sides of the larvae correspond to
those of the viewer. (A) A larva corresponding to the six-armed
Le;t half 1 8 0 8 0 0 pluteus derived from the left half dissected in the two-armed pluteus
rism stage, with an adult rudiment on both the left and the right sides
Pluteus 16 9 0 9 0 0 . . .
) (arrows). (B) A larva corresponding to the six-armed pluteus derived
Right half from the right half dissected in the two-armed pluteus stage, with an
Pluteus 16 9 9 0 0 0

adult rudiment on the left side (arrow). Scale bar: 190
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LR placement of the adult rudiment could be disrupted only it R placement of the adult rudiment in half larvae
a small fraction of the larvae exposed. Pronase treatme

effectively impaired the LR placement of the adult rudiment Development of Development of
among the survivors, but significantly reduced the survival rat left half larvae right half larvae
of the embryos (Marcus, 1981), and as a result generally le
than 10% of the embryos treated exhibited abnormal LF
placement. These previous studies showed that the larv
continued to retain a strong preference for establishing norm A
LR polarity under toxic conditions that impair development.
As a whole embryo was exposed and a variety of defects oth
than those of the LR patterning were induced by the exposur

processes that determine LR polarity could not be identifiec
Czihak (Czihak, 1965) performed targeted destruction of th B

@?\

*
@p\

left coelomic sac by UV irradiation, leaving the presumptive )
vestibule region intact. The vestibule invagination occurred €

the proper time on the left side of the larvae, indicating that th

larvae had retained their ability to establish normal LR polarity

with respect to formation of the vestibule (Czihak, 1965). c ﬁ
Meridional halves dissected during cleavage have also bet

shown to re-establish the normal LR polarity (McCain anc

McClay, 1994; Cameron et al., 1996). Thus, previous studie

conducted on indirect-developing sea urchins have shown

strong tendency of the larvae to establish normal LR polarit

under variety of experimental conditions. The fact that

meridional halves can re-establish normal LR polarity

suggested that the processes that establish LR polarity duri <—dN°r|ma' >
the normal development of indirect-developing sea urchin evelopmen
involve cell interactions (McCain and McClay, 1994).

However, neither the stage profile nor the spatial profile for th ~ The colors ([] []) indicate region of larvae untouched by
cell interaction that determine LR polarity during normal  dissectional operation

del\éeloipr:elngihas tgaenn I?em'f'edr' hin embr nd larv %’g. 9. A schematic representation of the LR placement of the adult
egional dissection of sea urc e yos a arvae iment in the left and the right half larvae subjected to dissection at

different stages between the early gastrula and the two-armgdee giferent stages during the period from the early gastrula stage
pluteus in this study revealed that the LR placement of the adyff the two-armed pluteus stage. The left side of the left halves
rudiment in larvae was basically impaired only in the |eft(co|ored blue in A-C) and the right side of the right halves (colored
halves and not in the right halves. The present findings argleen in D-F) have been untouched by the dissecting operation. The
previous reports suggest that the three mechanisms descrilddriplacement of the adult rudiment in the left halves showed distinct
below are involved in determination of LR placement of thepatterns according to the stage at which they were dissected. Larvae
adult rudiment. with a left adult rudiment and larvae with a right adult rudiment were
First, the present findings suggest that in the mid- to |atdound in about equal proportions after dissection in the early gastrula
gastrula (mid-late gastrula) stage the left side of the embryo %age (A). Almost all of the left half larvae formed a right adult

e : rudiment after dissection in the mid-late gastrula stage (B), and the
not yet specified to autonomously form the adult rudiment. Th ft half larvae formed a left- and a right- gdult rudlmegnt gf'[)er

left halves dissected in the mid-late gastrula stage and thgssection in the prism-pluteus stage (C). Normal LR placement of
larvae subjected to the right EME cut generally failed tQne adult rudiment was always re-established in the right halves
develop any components of the adult rudiment, such as thgssected in the early gastrula stage (D), the mid-late gastrula (E) and
hydropore canal, the hydrocoel or the primary vestibule, oin the prism-pluteus stage (F).

their left side (Fig. 4A, Fig. 6C, Table 2, Table 3B). The left

side of the left halves and the right EME cut-larvae was derivegestibule (Fig. 2C). Therefore, the finding that the primary
from the left side of the unseparated whole embryo, agestibule invagination did not occur cannot be attributed to a
demonstrated by the vital staining experiments for the left andirect effect of the operation. The fact that an excision far from
right halves (Fig. 1). Because the vestibule region, which ithe vestibule region altered the fate of this region suggests that
located between the anterolateral and postoral arms (Czihake initial cues that determine the formation of the vestibule in
1965; Okazaki, 1975) (Fig. 6B), is remote from the midplaneintact whole embryos originate either in the midplane region
it is reasonable to conclude that the tissue adjacent to the the right side. The fact that formation of the vestibule is a
vestibule was not displaced by the operation and shifted infererequisite for the formation of the adult rudiment suggests
the cut side of the operated larvae. Thus, the position of that formation of the adult rudiment cannot be initiated
vestibule region in relation to the adjacent tissue may not havgitonomously by the left side.

been significantly changed by the operation. Indeed, the fact Second, the findings suggest that normal LR polarity for the
that many (50%) of the left halves dissected in the earlgirection of formation of the adult rudiment is directed by the
gastrula stage formed a left adult rudiment indicates that théght side. It has been shown previously that meridional halves
presumptive vestibule region was able to differentiate @issected during cleavage stages are capable of coordinating

*
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LR polarity with the polarity of the oral-aboral (OA) axis to determination of normal LR polarity in the direction of
develop a left hydrocoel (McCain and McClay, 1994). Theformation of the adult rudiment. These findings suggest that
present study showed that the establishment of LR polarity wase of crucial changes during the process of determining the
disrupted in the left halves dissected during the period betwedrR placement of the adult rudiment occurs between the
the early gastrula and the two-armed pluteus stages (Fig. 98astrula stage and the prism stage. This period coincides with
C), whereas normal LR polarity was correctly re-established ithe period when some evidence of LR asymmetry first arises
the right halves (Fig. 9D-F). This finding strongly suggests thaat the tip of the archenteron, as previously shown by
LR polarity is coordinated with OA polarity by the right side asymmetric expression of transcripts such astiaé-related
during normal development, and therefore that the right sidgene (Hardin, 1995)3-catenin (Miller and McClay, 1997a),
controls the process of polarity establishment in left side tissuand cadherins (Miller and McClay, 1997b), or by asymmetric
The hypothetical effect of the right side on the left side appeamdlocation of descendants of small micromeres into the
to proceed during the period between the mid-late gastrulzoelomic sacs (Pehrson and Cohen, 1986; Ettensohn and
stage and the prism stage, because the left halves dissectedirffins, 1993) (M. Aihara and S. A., unpublished). It has also
the prism stage and the pluteus stage never failed to develbpen suggested previously and here in this study that the
the adult rudiment on their left side (Fig. 8A, Fig. 9C, Tabledefinitive decision to turn on or turn off morphogenesis of the
5), indicating that contact with the right side of the intact wholeadult rudiment is not yet complete in the two-armed pluteus
embryos before the prism stage was sufficient to initiate thstage.
formation of the left adult rudiment and that no further o o
influence from the normal right side was needed. This sugged#odes of re-establishing LR polarity in the left and
that some induction from the right side to the left side that takgéght halves of different animal species
place between the mid-late gastrula and the prism stagesHsevious studies of separated or conjoined half embryos of
involved as one of the mechanisms that establishes normal l&ghinoderms (Horstadius, 1928; Horstadius, 1973; Henry and
polarity in the direction of formation of the adult rudiment. Raff, 1990; Henry and Raff, 1994) and vertebrates (Spemann
Third, the findings suggest that proximate cues to initiate cand Falkenberg, 1919; Levin et al.,, 1996; Nascone and
not to initiate the morphogenesis of the adult rudiment are stiMercola, 1997) showed that LR patterning defects occurred in
not triggered in the two-armed pluteus stage. In the presetite right halves but not in the left halves. LR polarity was either
study, the left and right half larvaeldf pulcherrimuglissected randomly re-established among different individuals (Henry
in the two-armed pluteus stage formed an adult rudiment cand Raff, 1994) or was randomized among different organs
the cut side (Fig. 8A,B, Fig. 9C,F, Table 5). When an excisiowithin the same individual (Hoérstadius, 1928; Horstadius,
biased toward the right side so that it included outer portion df973; Spemann and Falkenberg, 1919; Levin et al., 1996;
the right coelomic sac and the potential right vestibule regioNascone and Mercola, 1997), and thus there was no
was conducted in the two-armed pluteus stage, it inducezbnsistency in the type of LR patterning defects that occurred
formation of an extra adult rudiment on the right side in morén the right halves.
than 50% of the operated larvae, even though both the In comparison with the above results in previous studies, the
ectoderm along the midplane region and the digestive tracesults obtained for the dissected left and right halves of
were left intact (Aihara and Amemiya, 2000). These resultindirect-developing sea urchin larvae in this study showed
that excisions in two-armed pluteus larvae induced formationnique features. First, LR patterning defects were generally
of the adult rudiment indicate that tissue in the vicinity of thefound only in the left halves, not in the right halves (Fig. 9),
midplane and tissue on the right side of the normal larvae retaproviding the first examples of LR patterning defects being
an ability to convert the cell fate so that the tissues develop inticited in left halves but not in right halves. Besides the two
the adult rudiment. In addition, during the assessment of LRpecies investigated in this study, we confirmed that LR defects
positioning of hydropore canal in the present study, the two lefh five other indirect-developing sea urchins belonging to three
halves ofH. pulcherrimusthat had bilateral hydropore canals different orders are also confined to occurring only in the left
eventually formed only one adult rudiment on the left or théhalves after dissection in the gastrula stage (M. A. and S. A,
right side, indicating that the LR placement of the hydoporenpublished), suggesting that the confinement of LR defects to
canal does not always coincide with the eventual LR placemettie left halves is common to indirect-developing sea urchins.
of the adult rudiment. Discordance between the eventual LR second unique feature of our findings was uniformity in
placement of the adult rudiment and the pore canal, thédne manner of occurrence of LR defects between different
vestibule, and the hydrocoel has been reported by seveiallividuals that was observed in the two stages: (1) LR polarity
predecessors (Runnstrom, 1917; Ohshima, 1922; Horstadius,the placement of the adult rudiment was reversed in almost
1973; McCain and McClay, 1994). The discordance betweeall of the left halves dissected in the mid-late gastrula stage
the LR placement of the early traits and the eventual LKTable 2), indicating that the reversal of polarity in the larvae
placement of the adult rudiment suggests that processes theds not random, which was further confirmed by the right
determine whether or not to initiate the formation of the adulEME cut in the same stage (Table 3); and (2) the left halves of
rudiment operate in the late pluteus stages before the. pulcherrimudarvae dissected in the prism stage and pluteus
morphological LR asymmetry is definitively established. stage consistently formed bilateral adult rudiments (Table 5).
Taken together, the above findings suggest that the left sidéne consistent occurrence of one specific type of LR patterning
is not committed to form the adult rudiment autonomously irdefect being induced in every individual has never been found
the mid-late gastrula stage, and that some induction from tHer LR halves in other animal species. Thus, the unique features
right side to the left side that takes place between the mid-lafeund for indirect developing sea urchins in regard to bias
gastrula stage and the prism-pluteus stages is involved in tire the occurrence of defects between the LR halves and to
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uniformity in the occurrence of defects provided evidence thatardin, J. (1995). Target recognition by mesenchyme cells during sea urchin
the confinement of defects to the right halves or the gastrulationAm. Zool.35, 358-371.

randomness in the occurrence of defects, which have be&ddin. J. D. and McClay, D. R. (1990). Target recognition by the
archenteron during sea urchin gastrulatibayv. Biol.142 86-102.

generally found in the previous studies (Spemann anqardin’ J. Coffman, J., Black, S. D. and McClay, D. R.(1992).
Falkenberg, 1919; Wilhelmi, 1921; Horstadius, 1928; commitment along the dorsoventral axis of the sea urchin embryo is altered
Horstadius, 1973; Henry and Raff, 1990; Henry and Raff, in response to NiCl2Developmeni 16, 671-685.

1994; Nascone and Mercola, 1997; Brown and Wolpert, 199dienry, J. J. and Raff, R. A.(1990). Evolutionary change in the process of

: . dorsoventral axis determination in the direct developing sea urchin,
Levin, 1997; Ramsdell and Yost, 1998), are not equally /e o e Dev. Biolal, 55.60. ping

conserved among animal species. Henry, J. J. and Raff, R. A.(1994). Progressive determination of cell fates
Despite the differences described above, the mode ofalong the dorsoventral axis in the sea urdt@tiocidalis erythrogramma

occurrence of LR defects in all of the previous and the presentRoux’s Arch. Dev. BioR04, 62-69. o

experiments to produce left and right halves, including bothfenry. J- J.. Wary, G. A. and Raff, R. A.(1990). The dorsoventral axis is

separated and conjoined twins, is universal in that the left andsH%?gg%i"E ré?;tgfoggsr;nﬁgﬁ;’fggpge;ﬁnggggjve'°p'ng seaurchin

right halves ) have ShOWI‘l different _susceptibility, with LR Henry, J. J., Klueg, K. M. and Raff, R. A.(1992). Evolutionary dissociation

defects consistently biased to occur in only one of the halves.between cleavage, cell lineage and embryonic axes in sea urchin embryos.
S C Y blased 1 y

The finding that patterning in only one side of the halves Developmenil4 931-938. o _ o

sustained the damage of the disruptions of LR interaCtiOHorStadlus’ S.(1928). Uber die Determination des Keimes bei Echinodermen.

. . - Acta Zool.9, 1-191.
suggests t_hat _Ce_” fate determination of _the _LR _patternlng Q-fk‘jrstadius, S. (1973). Experimental Embryology of Echinoder®xford:
only one side is influenced by the opposite side in the normalclarendon Press.
whole embryos_ Thus, these different animals appear to shaktiérstadius, S. and Wolsky, A.(1936). Studien Uber die Determimation
a common process in which determination of cell fate on the Eu?f&ﬂiﬁmget{fa dleggjunge” Seeigelkeimm@slhelm Roux's Arch.
left or right side is mﬂuem.:ed by the Oth.er side as a gener%Ihimoda-Takagi? T., Chino, I. and Sato, H.(1984). Evidence for
framework for the mechanism that establishes LR patterning. involvement of muscle tropomyosin in the contractile elements of the
coelom-esophagus complex in sea urchin embripes. Biol. 105 365-
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