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Directional asymmetry (DA) in body form is a widespread
phenomenon in animals and plants alike, and a functional
understanding of such asymmetries can offer insights into
the ways in which ecology and development interface to
drive evolution. Echinoids (sea urchins, sand dollars and
their kin) with planktotrophic development have a bilaterally
symmetrical feeding pluteus larva that undergoes a dramatic
metamorphosis into a pentameral juvenile that enters the
benthos at settlement. The earliest stage of this transformation
involves a DA: a left-side invagination in mid-stage larvae
leads to the formation of the oral field of the juvenile via a
directionally asymmetric structure called the echinus rudiment.
Here, we show for the first time in two echinoid species
that there is a corresponding DA in the overall shape of
the larva: late-stage plutei have consistently shorter arms
specifically on the rudiment (left) side. We then demonstrate
a mechanistic connection between the rudiment and arm
length asymmetries by examining rare, anomalous purple
urchin larvae that have rudiments on both the left and the
right side. Our data suggest that this asymmetry is probably
a broadly shared feature characterizing ontogeny in the
class Echinoidea. We propose several functional hypotheses—
including developmental constraints and water column
stability—to account for this newly identified asymmetry.

1. Background

Many species of benthic invertebrates have a planktonic larval
phase, which may allow these taxa to exploit alternative
resources across life-history stages, increase their dispersal
ability and maintain connectivity among populations [1-3].
The echinoderms—including sea urchins, sea stars and sea
cucumbers—exhibit a wide variety of such planktonic larval
forms, both feeding and non-feeding [4-8]. These forms are
the result of evolutionary pressures that appear to shape
larval morphology within the confines of opposing functional
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constraints, in particular on feeding ability versus stability in the water column [9,10]. Specifically,
feeding structures generally require large surface area for particle capture, whereas stability, especially
in turbulent waters, relies upon minimal surface area [8].

Consistent with these proposed trade-offs are the derived, non-feeding larval forms that have evolved
independently and repeatedly across echinoderm taxa. Such larvae avoid the aforementioned functional
constraints on feeding versus stability, and thus tend to be relatively simple in overall structure, with
uniform ciliation or multiple ciliated bands circling their spheroid bodies to facilitate movement [11].
By contrast, feeding larvae exhibit more complex morphologies, and two classes of echinoderms—the
ophiuroids (brittle stars and basket stars) and the echinoids (sea urchins, sand dollars and kin)—have
independently evolved similar-looking pluteus larvae [12,13], with 2-8 or more larval arms supported
by internal skeletal rods. These arms are used for feeding and swimming, provide structural support and
might assist in passively orienting the larvae and offering protection from predation [14-17].

The diverse echinoderm larvae described above share one key developmental feature: at a certain
point in larval development, a directional asymmetry (DA) appears when juvenile structures begin
to form internally on the left side in the otherwise bilaterally symmetrical larva. In most echinoids
with feeding larvae, this asymmetry is first visible as an invagination of ectoderm on the left side
that contacts a coelomic pouch, and they jointly transform into the echinus rudiment (or ‘rudiment” for
short), which ultimately forms the oral portion of the pentamerally symmetrical juvenile [18-22]. The
juvenile structures will continue to grow and differentiate within the larva until it reaches metamorphic
competence, at which point if it subsequently encounters suitable substrate, the larva will settle
irreversibly on the benthos. The relationship between the juvenile and the larva is in a sense parasitic
as the juvenile structures develop at the expense of larval growth (reviewed in [23]).

The directionally asymmetrical rudiment invagination is particularly well studied in the purple sea
urchin, Strongylocentrotus purpuratus. Aihara & Amemiya [21] provided strong experimental evidence
that the right side of the larva is largely responsible for differentiating the L-R axis: laterally bisected
larvae (before rudiment invagination) all regenerate and develop to competence, but the larvae
developing from the left halves rarely exhibited normal L-R patterning, whereas those from the right
side almost always developed normally. More targeted removals of portions of the right side also resulted
in larvae with abnormal L-R patterning.

Recent molecular evidence has further supported this scenario of right side control of the L-R
asymmetry. The identified genes that appear to regulate L-R asymmetry in urchins encode two secreted
growth factor-like proteins—Nodal and Lefty—and the Pitx2 paired-class homeodomain protein,
all three of which are expressed primarily on the right side of the larva; their proper expression
restricts rudiment formation to the left side [24]. Bone morphogenetic protein (BMP) signalling is
then asymmetrically activated and is required for the development of left-sided structures and marker
genes [25]. Additionally, an H K-ATPase-like protein also appears to be important, most likely via either
H* or KT gradients that occur upstream of the asymmetric gene expression of nodal, lefty and pitx2 [26].

Here, we show that concomitant with this L-R asymmetry in rudiment formation is a consistent
asymmetry of the larval arms in advanced echinoid pluteus larvae, the extent of which has not previously
been described. We first document the asymmetry in two disparate echinoids—the sand dollar Dendraster
excentricus and the purple sea urchin Str. purpuratus—separated by 250 million years, suggesting that
this asymmetry may be a common feature among echinoids with feeding larvae. We further explore the
phenomenon in Str. purpuratus to evaluate the possible connection between the rudiment and larval arm
asymmetries, and by examining anomalous larvae with rudiments on both the left and right sides. We
discuss our results in the context of several hypotheses concerning the function of this newly identified
asymmetry in sea urchin plutei. In so doing, we highlight the ways in which directional asymmetries
offer a unique window into how ecology and development work together to drive organismal evolution.

2. Material and methods

2.1. Source populations, maintenance of adults and larval cultures

For the characterization of the arm-length asymmetries in D. excentricus (Eschscholtz) sand dollar larvae,
we used adults collected at low tide (—0.25 m) from a large, intertidal population in East Sound (Orcas
Island, WA, USA) on 17 July 2015. The adults were maintained at Friday Harbor Labs (FHL; Friday
Harbor, WA, USA) in flowing seawater in sand bins until spawning. On 26 August 2015, we spawned
several adults by intracoelomic injection with 0.5 M KCI. We set up crosses from two females: one by
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standard methods [27] using sperm collected dry that same day from a single spawning male, the
second by aspirating off the eggs from the aboral surface of a second female who began spawning
after we returned her to an aquarium. This second female’s eggs were already fertilized, therefore we
are unsure of the paternity in this second cross (several males were also spawning in the aquarium
at that time, including the male from the first cross). Thus, the two crosses were either half sibs from
different mothers, non-sibs, or a mixture, and we maintained them separately throughout to ensure that
any results we obtained could not be explained by the larvae having been derived from an aberrant
female. We conducted fertilizations and all subsequent rearing steps in 0.45 pm millipore-filtered natural
seawater (MFSW) at room temperature, which varied between 19 and 22°C.

Sand dollar embryos at this temperature hatch during the first day of development. Approximately
24 h after fertilization, we set up one jar from each cross at approximately 1larva ml~! of MFSW, and
fed them a combination of Rhodomonas spp. (2.5 cells ul=') and Dunaliella tertiolecta (3 cells ul~'), and
kept them gently stirred using a gyratory shaker table. We changed their water every 2 days by reverse
filtration of more than 95% of the water volume and gave the larvae fresh MFSW and food. On day 3
(comparable to soft tissue stage iii from [22]), we reduced the larval density to 0.2 larvae ml~1 MFSW,
and maintained them at that density until day 9 (more or less equivalent to skeletogenic stage 10 from
[22]) when we conducted all larval arm measurements.

For the characterization of the corresponding arm-length asymmetries in purple urchins as well as
the ontogenetic characterizations and feeding trials, we used adult Str. purpuratus (Stimpson), collected
at Slip Point (Clallam Bay, WA, USA) and maintained in subtidal cages suspended off the floating docks
at FHL, fed throughout the year ad libitum with drift kelp (mainly blades of Nereocystis leutkeana). We
spawned two males and two females on 27 March 2015 at FHL, by intracoelomic injection with 0.5M
KCI. We then set up the four pairwise fertilizations in MFSW using standard methods [27] at 11°C. We
transported embryos the next day to the University of Washington (Seattle, WA, USA) and continued
to maintain the cultures at 11°C. On day 5, when the embryos had reached the late prism/early 4-arm
larval stage, we set up a single gallon jar in MFSW at approximately 1 larva ml~! from equal proportions
of the four fertilizations, fed them a combination of D. tertiolecta and Rhodomonas spp. as described above,
and over about an hour, warmed the culture to 15°C in a shaking water bath, where we maintained all
cultures for the remainder of the experiment. Every 2 days, we cleaned the cultures and fed them as
described above.

On day 15, most of the larvae had reached the rudiment invagination stage (soft tissue stage i from
[22]), at which point we reduced the larval density to approximately 0.75 larvae ml~! MFSW, and then to
approximately 0.5 larvae ml~! MFSW on day 17, with food at the same density as previously. On day 20
(approx. soft tissue stage iv from [22]), we individually selected 1000 of the optimally developing larvae,
only rejecting those (less than 20% of the larvae) that appeared significantly smaller than the average
larva. In so doing, we reduced the density to 0.17 larvae ml~!, and fed them as before. This stepwise
reduction in density was an attempt to limit bouts of larval cloning, which can be induced by sudden
shifts in density (unpublished data), and would be expected to increase variability in arm length within
cultures [28].

On day 25 (approx. skeletogenic stage 1 from [22]), we selected out 83 larvae into each of six jars
with 500 ml MESW (so still at 1 larva 6 ml~!) and randomly assigned each jar to one of two treatments:
three replicate jars of high food (full ration of Dunaliella : Rhodomonas at 1:4 cells pl~!) and three replicate
jars of low food (25% ration at 0.25:1 cells pl~!) for the remainder of the experiment. Approximately
50% of the larvae in the high food treatment had reached metamorphic competence by day 42; the low
food larvae had not quite reached metamorphic competence by the time we concluded the experiment
on day 45.

For the ‘double-rudiment’ experiment, we used purple urchins originally obtained from The Cultured
Abalone Ltd. (Goleta, CA, USA) and that we have maintained at the Hagen Aqualab at the University
of Guelph (Guelph, Ontario) in an artificial seawater system on an 8 L: 16 D photoperiod at 12°C and 34
ppt salinity, fed ad libitum with rehydrated Kombu kelp (Laminaria spp.), repeatedly spawning the same
individuals as they become gravid again. Over the last several years (2011-2013), we repeatedly noted
an unusually high proportion (approx. 2-5%; data not shown) of offspring of particular urchins from
our Guelph colony that exhibited rudiments on both their right and the left sides—so-called ‘double
rudiments’—a seeming hypertrophy of the small right side invagination typical of development in at
least some echinoids (including the two species we examined here; see [29]). Note that, since the death
of the particular adults from which we obtained offspring with enhanced double-rudiment occurrence,
we have no longer observed this phenomenon in our Guelph colony, despite having made no notable
changes to our water or culturing system. Therefore, we conclude that the double-rudiment-enriched

661001 :€ DS uado 0y 10 Buiysgndiaaposieforsoss


http://rsos.royalsocietypublishing.org/

Downloaded from http://rsos.royalsocietypublishing.org/ on September 3, 2016

larval cohort that we examined here derived from a specific maternal, paternal or genetic effect, and that
we typically (and since 2014, exclusively) have seen the phenomenon only at the expected rate of fewer
than 1% of larvae in a colony ([30]; J].H., K.L. and A.H., unpublished data).

In September 2013, we obtained gametes from one male and one female adult Str. purpuratus by
intracoelomic injection following protocols described above, whose larvae later exhibited the enhanced
double-rudiment phenotype. After fertilization and hatching, we set up cultures at an approximate
density of 0.5 larvae ml~! of 0.45 pm millipore-filtered artificial seawater (MFASW), agitated to prevent
the larvae from settling out of the water column. We transferred larvae three times per week to clean
beakers with new water and fed them with either D. tertiolecta or Rhodomonas spp. at 12 cells ul~! or
6 cells ul~!, respectively. In the third week of development, we noticed that this larval cohort exhibited
the enhanced double-rudiment phenotype. At 21 days postfertilization (PF), we measured nine stage-
matched (see below) single- and double-rudiment sibling larvae, and assessed asymmetry as in the
previous experiment.

2.2. Staging and measurements

In FHL, we measured ten live 9-day-old sand dollar larvae from each of the two crosses, gently
immobilized on slides under raised cover glass, using an Olympus BH-2 microscope. In Seattle, we
staged and measured live purple urchin larvae, immobilized as above, using a Leitz Wetzlar Ortholux
microscope. For the purple urchins, we employed the staging scheme as outlined in [22]. Note that we
used stage bins (as defined in the legend to figure 3) for the analyses of the urchin data in an attempt
to equalize the numbers of individuals within each bin for this dataset. In both FHL and Seattle, we
measured skeletal rod lengths on haphazardly chosen larvae using a calibrated ocular micrometer, and
calculated the z-axis offset of each measured skeletal rod using the gradated focus knob, which we had
calibrated using a slide and cover glass of known thickness (measured with a micron caliper).

To account for possible measurement error and/or bias in our measurements, we used larvae
fertilized and reared in Guelph as described above, but from a 3 August 2015 fertilization. On day 21,
we packed and shipped approximately 200 of these live larvae to Seattle overnight, to conduct the error
measurements on the Leitz microscope set-up used for the majority of our data (see above). The larvae
arrived in good condition on day 22 at approximately 13°C, and we conducted the error measurements
on that day as follows. We haphazardly chose 20 larvae and placed them on individual microscope slides
with raised cover glass as described above, and then staged and measured each one as above. Then, a
colleague uninvolved in the study re-labelled all 20 slides and we re-measured each of the 20 larvae
a second time; thus, the second measurement on these same larvae was done ‘blind.” We calculated
measurement error using the difference between each of the paired measurements, and used this error
calculation to ensure that any reported differences in L-R asymmetry fell outside of the experimentation
error range. We also used these data to assess fluctuating asymmetry (FA) as further explained below.

For the double-rudiment experiment, we staged larvae under a Nikon Eclipse Ti microscope,
according to our published staging scheme (see tables 1 and 2 in [22]), and we made three-dimensional
‘z-stacks’ (pictures taken at 10 pm steps through the larvae) with a Nikon Digital Sight DS-Fil camera.
We then conducted measurements on these z-stacks using a three-dimensional measurement macro
(calibrated to account for both the x—i and z—y plane distances covered) using the Image] software Fiji.
We measured left and right postoral (PO), posterodorsal (PD) and anterolateral (ALA) arm lengths for
each larva.

As indicated in figures 1b and 2e, the PO and PD rods are relatively straight, so our calculation of these
skeletal rod lengths was straightforward. By contrast, the preoral (PRO) and ALA rods are somewhat
curved in both species. Our reported PRO and ALA rod lengths represent the linear distance between
the landmarks indicated in figures 1b and 2e, and are thus are our best approximations of these rod
lengths using the methods we employed.

2.3. Statistical analysis

We conducted all statistical tests using SPSS v. 23. We analysed all morphological comparisons using
SPSS MANOVA, linear regression and one-sample {-test commands. We tested for DA using the index
of asymmetry [In(R) — In(L)], which is equal to In(R/L), and mathematically equivalent to

R-1)
{ [(R+1D)/2] } ’ @1)
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Figure1. Larvae of the sand dollar D. excentricus show directional asymmetry in postoral arms. (a) Representative D. excentricus larva at 9
days postfertilization, with four pairs of larval arms. Note that the left side of the larva is the side of the well-developed juvenile rudiment
(dark region labelled ‘Rud’ in this image); as this is a ventral view, the ‘left’ side of the larvae is seen here on the right side of the image,
and vice-versa; scale bar: 100 pm. (b) Schematic of a sand dollar pluteus larva with four pairs of larval arms, with the coloured lines
indicating the measurements taken for this study, oriented as in (a). (c) Mean larval arm length in um for all four larval arms at day 9;
n =20 larvae. Lighter bars: right arms; darker bars: left arms. (d) Mean index of asymmetry [In(R/L)] for all arm pairs; positive values
indicate right-based asymmetry (i.e. longer arms on the right side); negative values indicate left-biased asymmetry. PO: postoral arms;
PD: posterodorsal arms; ALA: anterolateral arms; PRO: preoral arms. Asterisks in (d) indicate significant differences (p < 0.05) between
left and right side, and therefore directional asymmetry (DA). Error bars are one standard error of the mean.

where R and L are the lengths of the right and left arm, respectively [31]. For each of our structures
measured at each time point, we then calculated the mean [In(R/L)] and used a two-tailed one-sample
t-test to determine if this value was significantly different from zero; a positive value indicates right-
biased DA, a negative value indicates left-biased DA. We used g—q and p—p plots to test for normality
throughout. We further tested for age and stage effects on asymmetry using linear regression analysis.
We tested for an effect of food on asymmetry with a MANOVA using food level as a factor. We tested for
FA using methods outlined by Palmer & Strobeck [31]. In all cases, we considered results ‘significant” if
o was less than 0.05. We report all results as +1 standard error of the mean (s.e.) unless stated otherwise.

3. Results

We tested whether echinopluteus larval arms were directionally asymmetrical during mid- to late-
larval development, and whether any detected asymmetry changed as a function of developmental age
and stage.

3.1. Larvae of the sand dollar D. excentricus showed directional asymmetry
inlarval arm growth

We measured all eight larval arms of D. excentricus 9 days PF at approximately 20°C; we analysed
differences in arm lengths between the left and right side of the larva (figure 1) using the index of
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Figure 2. Directional asymmetry in purple urchin (Str. purpuratus) larvae as a function of age. We analysed left—right asymmetry in
larval arms as a function of age during late-larval development for the (a) postoral, (b) anterolateral, (c) posterodorsal and (d) preoral
arm pairs (on day 15, these larvae had only six arms; hence the absence of data for PRO arms on that day). Graphs in (a—d) have two
y-axes: the primary (left) axis shows larval arm length in micrometres for all four larval arms, as is seen in the data points connected by
dark solid (left arm) and dashed grey (right arm) lines. The secondary (right) axis shows the mean index of asymmetry [In(R/L)], as is seen
inthe grey bars. (€) Schematic as in figure 1b repeated for convenience. The cross-polarized light micrograph in (f) shows a representative
early stage larva (day 15, stage bin A; see figure 3), and in (f”), a representative late-stage larva (day 39, stage bin F; see figure 3). Note
the visible juvenile skeleton (on the left side; pictured in the right side of these ventral views) and clear L—R arm asymmetry in (f”) but
not (f'). Time is in days postfertilization (PF), Scale bars in (e,f), 150 pum. Abbreviations, asterisks and error bars as in figure 1. See table 1
for statistics.

asymmetry [In(R/L)]. We found that the PO and PD arms of D. excentricus larvae were significantly
shorter on the side of the juvenile rudiment (left side) compared with the right side (PO: t=5.59,
p <0.001; PD: t=3.05, p <0.01; n=20). We did not find differences in arm length between the left and
right side of D. excentricus larvae for the other two pairs of arms (anterolateral (ALA: t=0.86, p=0.4,
n=20); and PRO (PRO: t =—0.89, p=0.4, n=20)). We also examined the index of asymmetry [In(R/L)]
for the sum of all four arm lengths (PO + PD 4+ ALA 4 PRO) on each side as an indication of the overall
asymmetry of the larva, and found that these larvae were indeed significantly asymmetric overall, with
shorter total arm length on the left (rudiment) side [In(R/L) =0.04 £ 0.01 (s.e.), t =5.40, p < 0.001, n = 20].

Note also that we set up fertilizations from two different females in this experiment, and reared their
offspring and analysed them separately, to ensure that our results were not an aberration associated
with a maternal effect or a given genotype. We did not find a significant interaction between cross
and the index of asymmetry for any arm pairs (PO: F119 =0.71, p =0.41; ALA: F1,19 =0.08, p=0.78; PD:
F1,19=1.90,p=0.19; PRO: Fy 19 = 0.14, p = 0.72), providing no evidence that the asymmetry patterns were
different between the two crosses.

3.2. Larvae of the purple sea urchin Str. purpuratus showed directional asymmetry in larval arm
growth that changes through ontogeny

To determine if the late-stage DAs we observed in sand dollar larvae are a more widespread feature
among echinoids, and to examine whether such an asymmetry progresses during ontogeny, we examined
DA in the purple sea urchin Str. purpuratus at four time points PE. We then analysed arm-length
morphometrics as a function of age and binned stage (see figure 3 legend for details).

Based upon the sand dollar data and our preliminary observations on Str. purpuratus larvae, we
expected DA to first become manifest in later development, after the juvenile rudiment begins to form.
Therefore, our earliest measurement date was on day 15, right around the time when we first observed
rudiment invagination (figure 2d). We made additional measurements during the growth of the juvenile
rudiment on days 25, 33 and finally on day 39 (figure 2e), at which point the larvae were at or near
competence to transform to the juvenile stage (not shown).
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Table 1. Directional asymmetry in purple urchin larvae by age. Statistics corresponding to the data shown in figures 2a-d and 4a. The -
‘regression analysis’ columns show the results of our test to determine if DA changes as a function of age (days PF) using a linear regression.

Italicized rows and asterisks in the p-value columns denote all cases where o was less than 0.05. Abbreviations asin figures 1and 2. On day
15, these larvae had only six arms; hence the ‘n.a.’ for the preoral (PRO) arms on that day. s.d. = one standard deviation.

one-sample t-test regression analysis

age (days PF) mean In(R/L) .d. n (larvae) t p-values p-values
PO 15 0.030 0025 9 120 0.26 0.01 084 036
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DA as a function of age is shown in figure 2 and table 1. Overall, we detected DA starting on day 33
in ALA arms, and in three of the four arm pairs (PO, PD and ALA) on day 39; in each case, the arms
were significantly shorter on the left side. To see if DA in each of these arm pairs varied with age, we
examined linear regressions for the indices of asymmetry for each of the four sets of arms from day 15 to
39: both the ALA and PD arms showed increasing DA with age (table 1).

To more clearly examine if DA in purple urchin larvae is related to the growth of the rudiment, we
sorted all of the larvae (regardless of age) into one of six stage bins (A-F) defined by the growth of skeletal
structures in the rudiment (see the legend to figure 3, for details on how stage bins A-F correspond to the
rudiment staging scheme in [22]). As seen in figure 3 and table 2, we detected DA in ALA arms in stage
bins C, D and F, and in PO and PD arms only in stage bin F (the most advanced larvae in our dataset). As
with the age data, we examined linear regressions for the indices of asymmetry for each of the four sets
of arms to see if DA in each of these arms pairs varied with stage. In this case, only the PD arms showed
increasing DA with stage (table 2).

As different arms show different levels of DA (figures 2 and 3; tables 1 and 2), we analysed the index
of asymmetry for the sum of all four arms by both age (figure 44, table 1) and stage (figure 4b, table 2).
With respect to age (figure 44, table 1), we detected evidence for DA in total arm length on days 33 and 39.
A regression analysis showed a positive relationship between index of asymmetry for total arm length
and age (table 1).

With respect to stage (figure 4b table 2), we detected evidence for DA in total arm length in stage bins
C, D and F. But in this case a regression analysis showed no overall relationship between index of DA
for total arm length and stage (table 2). As can be seen in figure 4b, DA does not monotonically increase
with stage; instead the stage of peak DA for total arm length is stage bin C, which is the only stage at
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Figure 3. Directional asymmetry in purple urchin larvae as a function of juvenile rudiment stage. We analysed left—right asymmetry
in larval arms as a function of juvenile rudiment stage for the (a) postoral, (b) anterolateral, (c) posterodorsal and (d) preoral arm pairs.
We binned juvenile rudiment stages after [22] as follows: bin A, skeletogenic stage 0; bin B, skeletogenic stages 1-2; bin C, skeletogenic
stages 3—4; bin D, skeletogenic stages 5—6; bin E, skeletogenic stages 7-8; bin F, skeletogenic stages 9—10. Double axes and line colours
asinfigure 2. Abbreviations, asterisks and error bars as in figure 1. See table 2 for statistics.

which our ANOVA, after Bonferroni correction, detected a significantly higher DA than in any other
stage (stage bin C versus stage bin A: p =0.05).

Although it is not the focus of this study, we undertook an analysis of FA in comparison with
measurement error. We performed this analysis on a separate cohort of larvae 22 days after fertilization
(all of which were in stage bin A; see figure 3 legend). Using a mixed model ANOVA as described
by Palmer & Strobeck [31], we found no evidence for DA in PO, ALA or PD arm lengths (electronic
supplementary material, table S1; note that these larvae only had six arms at the stage that we examined
them, thus we do not have PRO data here). As these larvae were in stage bin A, we did not expect to
detect DA in these larvae (cf. figure 3 and table 2). Nevertheless, FA was significantly larger than the
measurement error for all arm lengths among these larvae (electronic supplementary material, table S1).
Although not entirely comparable, as these larvae were a separate cohort from the main experiment
outlined above, we note that the scope of our measurement errors for PO, ALA and PD were 4-5x lower
than the scope of L-R differences that are seen in figures 2 and 3.

In sum, we see clear evidence for DA in multiple arms through ontogeny, whether viewed by age
or stage. Arm length asymmetry in Str. purpuratus larvae increased with age and stage in ALA and
PD arms, and total arm asymmetry (i.e. asymmetry in the arms as a whole) also increased with age.
When analysed by stage, however, the pattern appears more complex: the greatest degree of total arm
asymmetry occurred in our stage bin C, which falls at about the midpoint of rudiment development
towards metamorphic competence.

3.3. Food did not affect larval arm asymmetry in Str. purpuratus

One hypothesis that could explain the previously noted directional asymmetries is that there is
competition for limited resources or materials between the rudiment and the nearby left arms. If so, we
might expect to observe a more dramatic asymmetry in larvae raised in food-limited conditions, where
such materials/resources would be in reduced supply.
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Table 2. Directional asymmetry in purple urchin larvae by stage. Statistics corresponding to the data shown in figures 3a—d and 4b. The n
regression analysis’ columns show the results of our test to determine if DA changes as a function of stage bin using a linear regression.

Italicized rows and asterisks in the p-value columns denote all cases where oz was less than 0.05. Abbreviations as in figure 1. Stage bins
asin figure 3.

one-sample t-test  regression analysis

stagebin  meanIn(R/L)  s.d. n(larvae) t R? F p-values
000 029 059
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total (sum of all arms)

To test this hypothesis, we reared larvae under a high food ration for 25 days, and then shifted a
subset of the larvae into a reduced food ration (25% of the high food ration) for the remainder of larval
development. We then analysed changes in arm length as a function of age and stage for the low food-
and high food-reared larvae.

Plasticity in larval arm growth overall as a function of food level has been well demonstrated in
Str. purpuratus and numerous other echinoids (reviewed in [23]): in general, larvae under low food
conditions have longer arms relative to growth of juvenile structures. We observed clear arm length
plasticity for all arm pairs as a function of binned stage (figure 5, PO: F1g9 =21.19, p <0.01; ALA:
F1,89 =3.85, p=0.05; PD: F1 89 =11.97, p <0.01; PRO: Fy 89 =5.62, p =0.02) as expected.
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Figure 4. Directional asymmetryin total arm length of purple urchin larvae as a function of age and juvenile rudiment stage. We summed
the length of the four pairs of arms on the right and left sides, and compared them by age (a) and juvenile rudiment stage (b). Note
the lack of a monotonic increase in asymmetry as development proceeds, especially in (b). Double axes and line colours as in figure 2.
Abbreviations, asterisks and error bars as in figure 1. Stage bins as in figure 3. See tables 1and 2 for statistics.

We then tested whether food environment would impact the extent of arm-length DA in Str.
purpuratus larvae (figure 5). Statistically, such a food effect on asymmetry would manifest as a significant
interaction between food treatment (high or low) and the index of DA [In(R/L)]. Note that we only
analysed our data by stage, as low and high food larvae developed on quite different trajectories
towards metamorphic competence (see Material and methods, above), and it seemed most sensible to
normalize by juvenile rudiment stage. We did not find evidence for a statistically significant interaction
between food treatment and DA for any larval arms by stage (figure 5; PO: Fq 119 =0.58, p=0.45; ALA:
F1,119 :0.0l, p=0.98; PD: F1,119 :1.44, p=0.23,' PRO: F1,119 :3.32, p=0.07). DA in the high and low
food-treated larvae for total arm length by stage can be found in the electronic supplementary material,
figure S1.

As a side note, we observed that arm lengths under high food conditions (figures 2-5) plateaued or in
some cases decreased slightly as ontogeny proceeded, whereas under low food conditions, arm lengths
continued to increase over the course of the experiment (figure 5). This difference was particularly clear
when examining the total (sum) of the lengths of all arms combined (electronic supplementary material,
figure S1). We interpret this apparent cessation of arm growth in the context of phenotypic plasticity to
differing food levels: under high food, larvae at late stages shifted their investment from arm growth to
rudiment growth, as has been seen repeatedly in a variety of echinoids (see e.g. [9,23]).

3.4. Strongylocentrotus purpuratus larvae with double rudiments do not exhibit right-biased
directional asymmetry

We analysed anomalous larvae with naturally occurring double rudiments (i.e. larvae with ‘twin’
juvenile rudiments developing simultaneously on the right and left sides; figure 6b) to test the hypothesis
that DA in larval arms is functionally linked to the formation of the juvenile rudiment (figures 3 and 4b).
As expected, our single rudiment larvae (figure 6¢c) showed right-biased DA in both PO and PD arms,
with shorter arms on the left side (figure 6a; PO: t=2.68, p=0.03; ALA: t=1.90, p=0.09; PD: t =2.95,
p=0.02; n=38). By contrast, in our double-rudiment larvae (figure 6b), the ALA and PD arms did not
show any evidence of DA (figure 6a; ALA: t=0.07, p=0.95; PD: t=—-1.08, p=0.32; n=09). In fact we
detected a significant DA in the opposite direction in the PO arms, which had slightly (approx. 4.3%)
longer arms on the left side (figure 6a; PO: t =—3.38, p=0.01, n=09).

4. Discussion

Metamorphosis in extant echinoderms involves a transformation from a bilateral larva to a pentameral
adult [32,33]. Because the common ancestor of echinoderms and other deuterostomes is hypothesized
to have had an adult with bilateral symmetry (reviewed in [34]), this bilateral-to-pentameral shift
during echinoderm ontogeny is considered key to understanding the evolution of this unique
group [35-37].

In all living echinoderms with indirect development (sensu McEdward & Janies [6]), the adult body
plan develops in a curious fashion with respect to that of the larva, via an internal DA: the juvenile forms
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Figure 5. Reduced larval food does not alter directional asymmetries in arm length across stages. (a—d) We detected asymmetry in arm
lengths with stage under both high food (HF; upper graphs in each panel) and low food (LF; lower graphs) conditions in purple urchins,
with no detectable differences in any arm pair between high and low food (see the text). Double axes and line colours as in figure 2.
Abbreviations, asterisks and error bars as in figure 1. Stage bins as in figure 3. Numbers of larvae at each stage are as follows. Stage bin A:
HF, n = 0; LF, n = 4. Stage bin B: HF, n = 3; LF, n = 18. Stage bin C: HF, n = 6; LF, n = 9. Stage bin D: HF, n = 13; LF, n = 17. Stage bin E:
HF, n = 8; LF, n =18. Stage bin F: HF, n = 15; LF, n = 8. Note that there were no HF larvae in stage bin A, presumably due to their more
rapid development than in the corresponding low food larval cohort.

on the left side of the otherwise bilaterally symmetrical larva [18-22]. Here, we show for the first time that
in two disparate echinoids, a sea urchin and a sand dollar, a second DA is apparent during late-larval
development, when the overall shape of the larva changes from more or less bilaterally symmetric to
directionally asymmetric during later stages: the majority of the larval arms, which are supported by
calcium carbonate skeletal rods, are substantially shorter on the rudiment side of the larva (up to 25%
shorter; see figures 1 and 2).

Although asymmetries in larval arms have been noted previously during normal development
in echinoid larvae [38-40], ours is the first demonstration of such a unidirectional asymmetry in
multiple arms, resulting in a consistent yet previously undescribed shape change during late pluteus
development. As in one other reported case of a DA in advanced pluteus larval arms [39,40], we
show evidence here for a link between formation of the rudiment and the arm-length asymmetry,
with shorter larval arms specifically on the rudiment (left) side. Our demonstration of this asymmetry
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Figure 6. Larval arms of anomalous purple urchin larvae with double rudiments are more symmetrical. We analysed the index of arm-
length asymmetry (see figure 1legend) in naturally occurring larvae with juvenile rudiments on both the left and right sides (double
rudiments; (b), as compared to their full siblings with single rudiments (c). Cartoons along bottom of figure indicate single and double
rudiments. (a) Whereas larvae with single rudiments (n =9 larvae) in this experiment showed right-biased directional asymmetry
(positive values) in postoral (P0) and posterodorsal (PD) arms (asterisks in right half of (a)), stage-matched larvae with double rudiments
(n = 8 larvae) did not show right-biased asymmetry in any of their arm pairs; in fact PO arms in double-rudiment larvae showed left-
biased asymmetry (negative values; asterisk in left half of (a)). Scale bars in (b,¢): 150 um. Abbreviations, asterisks, error bars and
orientation of larvae as in figure 1.

in both an irregular and a regular echinoid, as well as our casual observations of such asymmetries
in the larvae of several other echinoid taxa which we have reared from several geographically
disparate locations (data not shown), suggest to us that this DA in arm length is probably a
generic feature of late-stage, echinoid larval development, and as such, it calls out for a functional
explanation.

4.1. Possible developmental mechanisms underlying larval arm asymmetry

Based on previous studies, Nodal and BMP signalling are the primary factors responsible for the
development of the juvenile rudiment on the left side of the sea urchin larva, with Nodal expression
on the right inhibiting BMP signalling there, and thus directing BMP-activation of rudiment formation
to the left side [24,25,41,42]. Still, the consequences of this asymmetry for development of the larval arms
are unclear.

If the BMP-Nodal gene network is likewise involved in our reported arm-length asymmetries, then
we would predict that the arm-length asymmetries would coincide with rudiment formation. This is
not what we have observed. Indeed, at soft tissue stage iv [22] (stage bin A, day 25 in this experiment)
rudiment formation was already well underway and we did not observe any directional asymmetries
in arm length, which we first detected at skeletal stage 3—4 [22] (stage bin C, approx. day 31 in this
experiment; figures 2—4).

These observations suggest that if the BMP-Nodal gene network is involved in the directional
arm asymmetry, then this involvement is likely to be either indirect, or to involve subsequent
signalling steps. Still, our data reported here on double rudiments do suggest that there is a
mechanistic connection between rudiment asymmetry and the arm-length DA, as also reported
by Emlet [40] for the posterolateral arm-length asymmetry in the black sea urchin, Stomopneustes
variolaris (Echinoidea: Stomopneustidae). Evaluating the nature of this mechanistic connection could
involve examining arm asymmetries in the context of reduction-of-function manipulations (e.g. using
morpholino oligonucleotides) directed against BMP or Nodal signalling components. Specifically, one
could experimentally generate double-rudiment larvae, for example by inhibiting Nodal signalling [24],
and test whether such a manipulation results in loss of the DA, as we saw in our naturally occurring
double-rudiment larvae. If BMP-Nodal signalling is indeed connected to the arm-length asymmetries,
then it is possible that the expression of skeletal elongation genes such as p58b and p16 [43,44], and the
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skeletogenic gene network to which they belong [45], may integrate with the BMP-Nodal gene network
in an as yet unrecognized fashion.

4.2. Functional implications of the asymmetry for larval biology

The antagonistic relationship between rudiment growth and arm length in feeding pluteus larvae has
been well described in numerous taxa. Specifically, echinoid larvae show adaptive phenotypic plasticity
for arm growth relative to growth of the rudiment: under high food conditions, arm length is reduced
relative to rudiment growth; under low food, arms grow longer and rudiment growth is delayed
[9,23,46-64]. The adaptive nature of this plasticity is indicated by the increased food capture efficiency in
larvae with longer arms [9].

Therefore, there is presumably a mechanistic connection between rudiment growth and arm length,
and it may be that this same antagonistic connection underlies the late stage arm-length asymmetries
reported here and by Collin [38], Yanagisawa [39] and Emlet [40]. But why would such an antagonistic
connection only manifest on the left side of the larva during these late stages? Here, we consider two
functional hypotheses in turn for our observed directional asymmetries in arm length. According to the
developmental constraint hypothesis, the asymmetries that we report here result from some type of local
developmental constraint or trade-off, in which the rudiment grows at the expense of only the adjacent
larval arms. Alternatively, the swimming stability hypothesis predicts that this link is driven by selection
on a specific, asymmetric larval shape that facilitates stability or some other aspect of performance in the
water column.

The developmental constraint hypothesis envisions a scenario where some factor utilized in the
construction of both the rudiment and the larval arms is in limited supply. The increasing demands
in the rapidly growing rudiment for this hypothesized factor leaves less of it available for the growth of
nearby larval arms, and the result is shorter larval arms adjacent to the rudiment.

Although our experiments are not sufficient to falsify this hypothesis, our results are not wholly
consistent with it. On the one hand, the left larval arm that is most distant from the rudiment—the
left PRO arm—shows no evidence for DA in either D. excentricus or Str. purpuratus, thus offering some
support for a local constraint related to the rudiment. Furthermore, the constraint hypothesis would
predict that the local competition would become more pronounced as the rudiment grows ever larger
and more complex as ontogeny proceeds; our developmental time series with Str. purpuratus (figure 2 and
table 1) is more or less consistent with this prediction. However, when we analysed our larvae grouped
by rudiment development stage (figure 3 and table 2), we detected no increase in asymmetry at later
stages. Indeed, the stage with the most dramatic asymmetry was stage bin C, about mid-way through
rudiment development, where calcification of juvenile structures in the rudiment is at an early stage [22].
Furthermore, under a reduced food scenario, where arms grow longer and rudiment growth is delayed,
the constraint hypothesis would seemingly predict an even more dramatic asymmetry than in our well-
fed larvae. This is not what we observed; we saw no difference in the observed asymmetry between food
treatments.

Therefore, our data provide mixed support for the constraint hypothesis. Still there is some
precedence in other developing organisms for such a hypothesized local competition for factors or
resources. For example, the wing-reproduction trade-off in monarch butterflies (Danaus plexippus) has
been proposed to be related to a position-dependent mechanism, where juvenile hormone—produced
in the brain—travels in the hemolymph past the wings and through the thorax, ultimately reaching the
gonads in the posterior. Lessman & Herman [65] hypothesized that the highly active thorax during long-
distance flight acts like a gauntlet, breaking down active juvenile hormone as it passes, leaving lower
levels to arrive at the gonad, and therefore leading to reduced gonadal growth during flight. A second
proposed example is in horned beetles (Onthophagus spp.) and other insects, where a factor such as insulin
may be in limited supply, and could account for the apparent trade-off in the sizes of adjacent structures
([66-68]; but see [69]).

In the urchin pluteus example, what could such a factor be? One appealing possibility relates to the
availability of calcium, which is used to construct both the skeletal rods that support the larval arms
and the diverse juvenile skeletal elements forming in the rudiment at late-larval stages; these processes
may thus be in direct, local competition. A simple experiment that would test for calcium limitation
would be to add additional calcium to the seawater in which the larvae are grown—if calcium within
the larvae at these late stages is normally in limited supply, then the asymmetry could be attenuated
or disappear if excess calcium is provided. Alternatively, one could block calcium transport into the
tissues of the rudiment through morpholino microinjection [70] or treatment with chemical inhibitors,
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and test whether such treatments result in more symmetrical larvae than in controls. Indirect evidence
for this calcium limitation hypothesis follows from the findings of Byrne et al. [71], who reported
that Heliocidaris tuberculata (Echinoidea: Echinometridae) larvae reared at low pH showed notable
asymmetries (presumably FA) at early larval stages.

A second intriguing possibility is that the local rudiment-arm-length antagonism is regulated by
thyroid hormone (TH) signalling. Our previous studies [59] demonstrated that TH treatment results
in a phenotype similar to that previously described for low food treatments, where juvenile structures
grow faster, and larval arm growth is suppressed. Experiments with TH synthesis inhibitors [33,72-74]
indicate that feeding larvae have the capacity to produce TH internally, and our unpublished immuno-
labelling experiments indicate that the source for TH may be structures within the rudiment. Therefore, if
the rudiment is indeed the source for TH in plutei, and if TH levels correlate negatively with arm growth,
then one might expect arms near to the rudiment to be shorter than ones more distant: this is precisely
what we have observed here. A simple test of this scenario would be to provide excess TH exogenously
and see if the observed asymmetries disappear.

Finally, additional support for biased L-R allocation of materials in pluteus larvae comes from some
intriguing observations on sea star bipinnaria larvae, whose feeding larvae are considered homologous
to echinoid plutei [75]. Circulation of fluid in the blastocoel cavity of bipinnaria larvae has been described
as largely unidirectional: from the stomach, along the left side of the larva, and then around the mouth
to the right side of the larva ([76]; Jaeckle, personal communication). Furthermore, coelomic fluid flow
out of the left hydrocoel via the pore canal and hydropore to the exterior of the larva [77] would tend to
draw blastocoelar fluid towards the left side [78], with the growing rudiment in later stage larvae thus
being a possible sink for blastocoelar substances. This biased directional flow could therefore represent a
mechanistic basis for uneven distribution of blastocoelar substances, leading to the asymmetries that we
report here.

The swimming stability hypothesis proposes that the asymmetry in larval arms would provide a selective
advantage to larvae, whereby asymmetrical larvae would, for example, sink more slowly (and thus be
retained in the water column more efficiently) than symmetrical larvae. Such an asymmetry would be
predictably directional due to the substantial asymmetry in ballast provided by the rapidly growing and
calcifying rudiment, predominantly on the left side of the larva.

Indirect support for this hypothesis comes from several examples in the literature. First, Collin [38]
detected FA in early, pre-rudiment larval stages of the sand dollar D. excentricus, and documented the
first indication of a subtle DA in a single arm (PD) during mid- to late-larval development. FA is widely
viewed as a measure of developmental stability and perturbations to the developmental process, and
can have both genetic and environmental causes [79]. Indeed, several studies have demonstrated or
suggested an increase in FA or other asymmetries when sea urchin larvae or adults are exposed to toxins
(e.g. [80,81]). Nevertheless, the apparent continuity between FA in larval arms earlier in normal ontogeny
[38], and then increasing DA later ([38]; our data reported here) may indicate that the asymmetries
themselves may be functional throughout normal larval development. In this case, the forming rudiment
in late stages might impose additional constraints that could lead to predictably shorter arms on
the left.

Chan [82] reviewed a number of studies on pluteus larval morphology as it relates to stability and
swimming, under different flow regimes and through ontogeny. The basic pattern that Chan reports is
a slight tilt in the orientation of the larval body in flow increases the chances that a larva can maintain
upward swimming (and thus presumably stay in surface waters), rather than being carried downward.
In an unpublished study, Miyashita (personal communication) discovered that modelled, asymmetrical
D. excentricus larvae at the four-arm stage (pre-rudiment growth) are able to maintain upward swimming
more effectively than symmetrical ones.

The models that Chan and Miyashita employed were based upon those developed by Clay &
Grunbaum [10], again using the sand dollar D. excentricus, but focusing only on early (4 arm) larval
stages before the development of the rudiment. One important set of parameters in this model relates to
the centre of gravity, which would clearly change with the addition of an asymmetric, calcified rudiment,
as seen in the stages that we examined (though D. excentricus larvae become surprisingly more buoyant
as ontogeny proceeds; [83]). Furthermore, drag on larvae increases with both arm length and arm number
[15], which would be predicted to impact the stability of larvae in different flow regimes [8].

Taken together, the studies to date suggest that larval shape, orientation and asymmetries all can
contribute to position in the water column, which can have important consequences for dispersal
or near shore retention, prey encounter and predator avoidance throughout larval development, and
contacting the substrate in late-stage larvae preparing to settle to the benthos. Nevertheless, it is difficult

66101:€ s uado 205y B10‘Buiysigndfaposieforsoss


http://rsos.royalsocietypublishing.org/

Downloaded from http://rsos.royalsocietypublishing.org/ on September 3, 2016

to extrapolate from the previous modelling studies on much simpler larval morphologies to those in
fully formed, eight-arm larvae with an asymmetrically growing and calcifying rudiment in realistic flow
conditions.

Our experiments reported here do not directly address the swimming stability hypothesis. However,
one intriguing observation is that the three arm pairs that protrude the furthest from the larval midline—
the PO, PD and ALA arms—are the three pairs that showed clear directional asymmetries in one or both
species. By contrast, the arm pair that runs closest to the midline—the PRO arms—showed no signs of
DA in either species at any age or stage that we examined. Likewise, the observations by Yanagisawa
[39] and Emlet [40] of a dramatic asymmetry in late-stage larvae of the sea urchin Sto. variolaris was
specifically in a unique pair of arms that project off the posterior end of those larvae, the posterolateral
arms. All of these observations suggest that asymmetric arm growth is not simply a generic feature
of late-stage pluteus larval arm growth common to all arms, and may thus point towards a functional
explanation such as envisioned by the swimming stability hypothesis.

To adequately test this hypothesis experimentally, one would need to examine larvae under realistic
flow conditions, and see if the degree of asymmetry in late-stage larvae is related to their position in
the water column. In addition, one could develop more complex models of the pluteus larval form that
would extend from the Clay & Grunbaum [10] model, but include all four arm pairs and a growing
and calcifying, asymmetrical rudiment. The swimming stability hypothesis would predict that arm
asymmetries at these later stages would have clear consequences for position in the water column and /or
swimming ability.

Finally, we note that the developmental constraint and swimming stability hypotheses are not the
only two possible explanations for our observed asymmetries (and these themselves are not necessarily
mutually exclusive). For example, in recent years it has become clear that asexual larval cloning is
widespread in echinoids (which again, has been particularly well documented in D. excentricus), and
one method of such asexual cloning in larval sea stars [84,85]—as yet undocumented in larval echinoids
(but see [28])—is budding of the arm tips. It is possible that such budding occurs preferentially on the left
side of late-stage echinoid larvae, which would lead to a DA pattern such as we observed. Furthermore,
Emlet [40] suggested that the asymmetry in posterolateral arms in Sto. variolaris may be an adaptation
for more effective settlement to the benthos: a long left posterolateral arm could interfere with substrate
contact. A similar mechanical interference scenario might promote the evolution of shorter arms in late
stages in other urchins as well, as we have observed here.

5. Conclusion

We here identify and characterize the ontogeny of a DA in the shape of echinoid pluteus larvae that is
visible at late stages, alongside the well-known internal DA of the growing juvenile rudiment. Our data
from two disparate echinoids, separated by approximately 250 million years of evolution, suggests that
this consistent, previously undescribed asymmetry in multiple arms, and hence in overall larval shape,
may in fact be a common feature of late-stage echinopluteus ontogeny. By examining rare, anomalous
plutei with juvenile rudiments on both the left and the right side, we show that the asymmetry is
mechanistically and/or functionally connected to rudiment development. We explore several hypotheses
to account for this asymmetry, focusing on two main hypotheses: that the asymmetry aids in swimming
stability in the water column or that it is a result of a developmental constraint on material deposition
in arms versus the rudiment.

One feature of echinoids that makes them such a valuable taxon for comparative studies is their
great morphological diversity in the context of a relatively robust understanding of their phylogeny.
As with adult features, sea urchin larvae also show remarkable diversity: for example, in arm number,
their lengths relative to the body and their position [86]. Furthermore, there are many independently
evolved instances of loss of larval feeding, accompanied by partial to complete loss of these larval
arms [87]. And finally, functional and anatomical studies indicate that the similar larval morphology
in the brittle stars (class Ophiuroidea) represents a completely independent evolutionary acquisition of
the pluteus form [12,13]. Such diversity in form, with independent evolutionary events and an easily
quantifiable morphology, provides ample material for detailed comparative investigations into this DA:
a tractable aspect of functional morphology that can be studied in the context of the multiple ecological
requirements facing feeding and dispersing larvae in the ocean.

Data accessibility. All relevant data are included in this article. We submitted all raw data used for the analysis presented
in this study to Dryad (http://dx.doi.org/10.5061/dryad.4nj8n) in accordance with RSOS policy.

661001 :€ DS uado 0y 10 Buiysgndiaaposieforsoss


http://dx.doi.org/10.5061/dryad.4nj8n
http://rsos.royalsocietypublishing.org/

Downloaded from http://rsos.royalsocietypublishing.org/ on September 3, 2016

Authors’ contributions. J.H. and A.H. contributed equally. All authors discussed and commented on the manuscript,
and gave final approval for publication. ].H. conducted the experiments in Seattle and FHL. A .H. supervised the
experiments in Guelph, and A.H and K.L conducted the experiments there. ].H. and A.H. designed the experiments.
A H. ran the statistical analyses. ].H and A H. prepared the figures. ] H. and A.H. wrote and revised the paper.
Competing interests. The authors declare that they have no competing interests, financial or otherwise.

Funding. This work was supported by a National Science Foundation grant to Christopher ]J. Lowe and J.H.
(OCE-1357033) and by an NSERC Discovery Grant to A.H. (400230).
Acknowledgements. We thank Amy Henry for collecting and holding the sand dollars for us; Wai-Pang Chan for lending
equipment and for assistance with blind scoring for the error analysis; Will Jaeckle, Tetsuo Miyashita and Richard
Strathmann for helpful discussions and advice; Richard Strathmann, Victoria Foe and Billie Swalla for urchin care;
and Merrill Hille, Jim Truman, Lynn Riddiford, Brian Gaylord, Bodega Bay Laboratory, Friday Harbor Labs and UW
Biology for facilities access. We thank Rich Palmer, the editors and an anonymous reviewer for their helpful and
thorough comments, which greatly improved the manuscript.

References

Eckman JE. 1996 Closing the larval loop: linking
larval ecology to the population dynamics of marine
benthic invertebrates. J. Exp. Mar. Biol. Ecol. 200,
207-237. (doi:10.1016/50022-0981(96)02644-5)
Strathmann RR, Hughes TP, Kuris AM, Lindeman KC,
Morgan SG, Pandolfi JM, Warner RR. 2002 Evolution
of local recruitment and its consequences for
marine populations. Bull. Mar. Sci. 70, 377-396.
Roy A, Metaxas A, Ross T. 2012 Swimming patterns
of larval Strongylocentrotus droebachiensis in
turbulence in the laboratory. Mar. Ecol. Prog.

Ser. 453, 117-127. (d0i:10.3354/meps09662)
Strathmann RR. 1985 Feeding and nonfeeding
larval development and life history evolution in
marine invertebrates. Annu. Rev. Ecol. Syst. 16,
339-361. (doi:10.1146/annurev.es.16.110185.

002011)

Emlet RB. 1991 Functional constraints on the
evolution of larval forms of marine invertebrates
experimental and comparative evidence. Amer.
Zool. 31,707-725. (d0i:10.1093/ich/31.4.707)
McEdward LR, Janies DA. 1997 Relationships among
development, ecology, and morphology in the
evolution of echinoderm larvae and life cycles. Biol.
J. Linnean Soc. 60, 381-400. (doi:10.1111/j.1095-8312.
1997.tb01502.x)

McEdward LR, Miner BG. 2001 Larval and life-cycle
patterns in echinoderms. Can. J. Zool. 79, 1125-1170.
(doi:10.1139/200-218)

Strathmann RR, Grunbaum D. 2006 Good eaters,
poor swimmers: compromises in larval form. Integr.
Comp. Biol. 46, 312-322. (doi:10.1093/ich/icj031)
Hart MW, Strathmann RR. 1994 Functional
consequences of phenotypic plasticity in echinoid
larvae. Biol. Bull. 186, 291-299. (d0i:10.2307/
1542275)

. Clay TW, Grunbaum D. 2010 Morphology-flow

interactions lead to stage-selective vertical
transport of larval sand dollars in shear flow. J. Exp.
Biol. 213,1281-1292. (doi:10.1242/jeb.037200)

. Emlet RB. 1994 Body form and patterns of ciliation

in nonfeeding larvae of echinoderms—functional
solutions to swimming in the plankton. Am. Zool.
34, 570-585. (doi:10.1093/ich/34.4.570)

. Hotchkiss FHC. 1995 Loven’s law and adult ray

homologies in echinoids, ophiuroids, edrioasteroids,
and an ophiocistioid (Echinodermata:
Eleutherozoa). Proc. Biol. Soc. W. 108, 401-435.

. Lacalli TC. 2000 Larval budding, metamorphosis,

and the evolution of life-history patterns in

20.

2.

2.

23.

24.

25.

echinoderms. Invertebr. Biol. 119, 234-241.
(doi:10.1111/.1744-7410.2000.tb00010.x)

. Emlet RB.1982 Echinoderm calcite: a mechanical

analysis from larval spicules. Biol. Bull. 163,
264-275. (d0i:10.2307/1541265)

. Emlet RB. 1983 Locomotion, drag, and the rigid

skeleton of larval echinoderms. Biol. Bull. 164,
433-445. (d0i:10.2307/1541253)

. Chia F-S, Buckland-Nicks J, Young CM. 1984

Locomotion of marine invertebrate larvae: a review.
(Can. J. Zool. 62,1205-1222. (d0i:10.1139/284-176)

. Pennington JT, Strathmann RR. 1990 Consequences

of the calcite skeletons of planktonic echinoderm
larvae for orientation, swimming, and shape. Biol.
Bull. 179,121-133. (doi:10.2307/1541746)

. Runnstrom J. 1917 Analytische Studien iiber die

Seeigelentwicklung. Roux’s Arch. Entw Mech. Org.
43,223-328.

. (zihak G. 1960 Untersuchungen iiber die

Coelomanlagen und die Metamorphose des Pluteus
von Psammechinus miliaris. Zool. Jb. Anat. 78,
235-256.

Gustafson T, Wolpert L. 1963 Studies on the cellular
basis of morphogenesis in the sea urchin embryo:
formation of the coelom, the mouth, and the
primary pore-canal. Exp. Cell. Res. 29, 561-582.
(doi:10.1016/50014-4827(63)80017-8)

Aihara M, Amemiya S. 2001 Left-right positioning of
the adult rudiment in sea urchin larvae is directed
by the right side. Development 128, 4935—-4948.
Heyland A, Hodin J. 2014 A detailed staging scheme
for late larval development in Strongylocentrotus
purpuratus focused on readily-visible juvenile
structures within the rudiment. BMC Dev. Biol. 14,
22. (doi:10.1186/1471-213X-14-22)

Miner BG. 2012 Mechanisms underlying
feeding-structure plasticity in echinoderm larvae.
In Mechanisms of life history evolution: the genetics
and physiology of life history trade-offs (eds T Flatt,
AHeyland), pp. 221-229. New York, NY: Oxford
University Press.

Duboc V, Réttinger E, Lapraz F, Besnardeau L,
Lepage T. 2005 Left right asymmetry in the sea
urchin embryo is regulated by nodal signaling on
the right side. Dev. Cell. 9, 147-158. (doi:10.1016/
j.devcel.2005.05.008)

Luo Y-J, Su Y-H. 2012 Opposing nodal and BMP
signals regulate left—right asymmetry in the sea
urchin larva. PLoS Biol. 10, €1001402. (doi:10.1371/
journal.pbio.1001402)

26

27.

2.

29.

30.

31

32.

3.

34,

35.

36.

3l

38.

. Hibino T, Nishino A, Amemiya S. 2006 Phylogenetic
correspondence of the body axes in bilaterians is
revealed by the right-sided expression of Pitx genes
in echinoderm larvae. Dev. Growth Differ. 48,
587-595. (d0i:10.1111/j.1440-169X.2006.00892.x)
Strathmann MF. 1987 Reproduction and
development of marine invertebrates of the northern
Pacific coast. Seattle, WA: University of Washington
Press.

McDonald KA, Vaughn D. 2010 Abrupt change in
food environment induces cloning in plutei of
Dendraster excentricus. Biol. Bull. 219, 38-49.

Eaves AA. 2005 Potential for paired vestibules in
plutei (Echinodermata, Echinoidea). Invertebr. Biol.
124, 174-184. (doi:10.1111/j.1744-7410.2005.00017.x)
MacBride EW.1918 The artificial production of
echinoderm larvae with two water vascular
systems, and also of larvae devoid of a water
vascular system. Proc. R. Soc. Lond. B 90, 323-348.
(doi:10.1098/rsph.1918.0019)

Palmer AR, Strobeck C. 2003 Fluctuating asymmetry
analyses revisited. In Developmental instability (DI):
causes and consequences (ed. M Polak), pp. 279-319.
Oxford, UK: Oxford University Press.

Chia FS, Burke RD. 1978 Echinoderm
metamorphosis: fate of larval structures. In
Settlement and metamorphosis of marine
invertebrate larvae (eds FS Chia, ME Rice),

pp. 219-234. New York, NY: Elsevier.

Hodin J. 2006 Expanding networks: signaling
components in and a hypothesis for the evolution of
metamorphosis. Integr. Comp. Biol. 46, 719—742.
(doi:10.1093/ich/icl038)

Zamora S, Rahman IA. 2014 Deciphering the early
evolution of echinoderms with Cambrian fossils.
Palaeontology 57, 1105—119. (doi:10.1111/pala.12138)
Morris VB. 2007 Origins of radial symmetry
identified in an echinoderm during adult
development and the inferred axes of ancestral
bilateral symmetry. Proc. R. Soc. B 274,1511-1516.
(d0i:10.1098/rspb.2007.0312)

JiC, Wu L, Zhao W, Wang S, Lv J. 2012 Echinoderms
have bilateral tendencies. PLoS ONE 7, e28978.
(doi:10.1371/journal.pone.0028978)

Smith AB, Zamora S. 2013 Cambrian spiral-plated
echinoderms from Gondwana reveal the earliest
pentaradial body plan. Proc. R. Soc. 8280, 20131197.
(doi:10.1098/rsph.2013.1197)

Collin R. 1997 Ontogeny of subtle skeletal
asymmetries in individual larvae of the sand dollar

661001 :€ ‘DS uado 0y B10Buiysgndiaaposieforsosy


http://dx.doi.org/10.1016/S0022-0981(96)02644-5
http://dx.doi.org/10.3354/meps09662
http://dx.doi.org/10.1146/annurev.es.16.110185.002011
http://dx.doi.org/10.1146/annurev.es.16.110185.002011
http://dx.doi.org/10.1093/icb/31.4.707
http://dx.doi.org/10.1111/j.1095-8312.1997.tb01502.x
http://dx.doi.org/10.1111/j.1095-8312.1997.tb01502.x
http://dx.doi.org/10.1139/z00-218
http://dx.doi.org/10.1093/icb/icj031
http://dx.doi.org/10.2307/1542275
http://dx.doi.org/10.2307/1542275
http://dx.doi.org/10.1242/jeb.037200
http://dx.doi.org/10.1093/icb/34.4.570
http://dx.doi.org/10.1111/j.1744-7410.2000.tb00010.x
http://dx.doi.org/10.2307/1541265
http://dx.doi.org/10.2307/1541253
http://dx.doi.org/10.1139/z84-176
http://dx.doi.org/10.2307/1541746
http://dx.doi.org/10.1016/S0014-4827(63)80017-8
http://dx.doi.org/10.1186/1471-213X-14-22
http://dx.doi.org/10.1016/j.devcel.2005.05.008
http://dx.doi.org/10.1016/j.devcel.2005.05.008
http://dx.doi.org/10.1371/journal.pbio.1001402
http://dx.doi.org/10.1371/journal.pbio.1001402
http://dx.doi.org/10.1111/j.1440-169X.2006.00892.x
http://dx.doi.org/10.1111/j.1744-7410.2005.00017.x
http://dx.doi.org/10.1098/rspb.1918.0019
http://dx.doi.org/10.1093/icb/icl038
http://dx.doi.org/10.1111/pala.12138
http://dx.doi.org/10.1098/rspb.2007.0312
http://dx.doi.org/10.1371/journal.pone.0028978
http://dx.doi.org/10.1098/rspb.2013.1197
http://rsos.royalsocietypublishing.org/

39.

40.

4.

4.

3.

45,

46.

47.

48.

49.

50.

51.

52.

Downloaded from http://rsos.royalsocietypublishing.org/ on September 3, 2016

Dendraster excentricus. Evolution 51, 999-1005.
(doi:10.2307/2411175)

Yanagisawa T. 2004 Larval development of a sea
urchin, Stomopneustes variolaris is not of the
echinometrid type, but of the arbacioid type,
having 12-armed pluteus stage. In Proc. of the 71th
International Echinoderm Conference (eds T
Heinzeller, JH Nebelsick), p. 615. London, UK: Taylor
and Francis.

Emlet RB. 2009 The bilaterally asymmetrical larval
form of Stomapneustes variolaris (Lamarck). Biol.
Bull. 216, 163-174.

Warner JF, Lyons DC, McClay DR. 2012 Left-right
asymmetry in the sea urchin embryo: BMP and the
asymmetrical origins of the adult. PLoS Biol. 10,
€1001404. (doi:10.1371/journal.pbio.1001404)
Warner JF, McClay DR. 2014 Left—right asymmetry
in the sea urchin. Genesis 52, 481-487. (d0i:10.1002/
dvg.22752)

Cheers MS, Ettensohn CA. 2005 P16 is an essential
regulator of skeletogenesis in the sea urchin
embryo. Dev. Biol. 283, 384—396. (doi:10.1016/
jydbio.2005.02.037)

. Adomako-Ankomah A, Ettensohn CA. 2011 P58-A

and P58-B: novel proteins that mediate
skeletogenesis in the sea urchin embryo. Dev. Biol.
353, 81-93. (d0i:10.1016/j.ydbi0.2011.02.021)
Ettensohn CA. 2009 Lessons from a gene regulatory
network: echinoderm skeletogenesis provides
insights into evolution, plasticity and
morphogenesis. Development 136, 11-21.
(doi:10.1242/dev.023564)

Fenaux L, Cellario C, Etienne M. 1985 Variations in
the ingestion rate of algal cells with morphological
development of larvae of Paracentrotus lividus
(Echinodermata: Echinoidea). Mar. Ecol. Prog. Ser.
24,161-165. (doi:10.3354/meps024161)

Fenaux L, Cellario C, Etienne M. 1985 Croissance de
la larve de l'oursin Paracentrotus lividus. Mar. Biol.
86, 151-157. (doi:10.1007/BF00399021)

McEdward LR. 1986 Comparative morphometrics of
echinoderm larvae. II. Larval size, shape, growth,
and the scaling of feeding and metabolism in
echinoplutei. J. Exp. Mar. Biol. Ecol. 96, 267-286.
(d0i:10.1016/0022-0981(86)90207-8)
Boidron-Metairon IF. 1988 Morphological plasticity
in laboratory-reared echinoplutei of Dendraster
excentricus (Eschscholtz) and Lytechinus variegatus
(Lamarck) in response to food concentrations. J. Exp.
Mar. Biol. Ecol. 119, 31-41. (doi:10.1016/0022-0981
(88)90150-5)

Hart MW, Scheibling RE. 1988 Comparing shapes of
echinoplutei using principal components analysis,
with an application to larvae of Strongylocentrotus
droebachiensis. In Echinoderm biology (eds RD
Burke, PV Mladenov, P Lambert, RL Parsley),

pp. 277-284. Rotterdam, The Netherlands:

A. A. Balkema.

Strathmann RR, Fenaux L, Strathmann MF. 1992
Heterochronic developmental plasticity in larval sea
urchins and its implications for evolution of
nonfeeding larvae. Evolution 46, 972-986.
(doi:10.2307/2409750)

Bertram DF, Strathmann RR. 1998 Effects of
maternal and larval nutrition on growth and form
of planktotrophic larvae. Ecology 79, 315-327.
(d0i:10.1890/0012-9658(1998)079[0315:EOMALN]
2.0.00;2)

o

3

54.

55.

56.

57.

58.

59.

60.

61.

62.

~

63.

64.

65.

66.

. Fenaux L, Strathmann MF, Strathmann RR. 1994
Five tests of food-limited growth of larvae in coastal
waters by comparison of rates of development and
form of echinoplutei. Limnol. Oceanogr. 39, 84-98.
(doi:10.4319/10.1994.39.1.0084)

McEdward LR. 1984 Morphometric and metabolic
analysis of the growth and form of an
echinopluteus. J. Exp. Mar. Biol. Ecol. 82, 259-287.
(doi:10.1016/0022-0981(84)90109-6)

Miner BG. 2005 Evolution of feeding structure
plasticity in marine invertebrate larvae: a possible
trade-off between arm length and stomach size. J.
Exp. Mar. Biol. Ecol. 315, 117-125. (doi:10.1016/
j.jembe.2004.09.011)

McEdward LR, Herrera JC. 1999 Body form and
skeletal morphometrics during larval development
of the sea urchin Lytechinus variegatus Lamarck. J.
Exp. Mar. Biol. Ecol. 232, 151-176. (doi:10.1016/
50022-0981(98)00106-3)

Lamare MD, Barker MF. 1999 In situ estimates of
larval development and mortality in the New
Zealand sea urchin Evechinus chloroticus
(Echinodermata: Echinoidea). Mar. Ecol. Prog. Ser.
180, 197-211. (doi:10.3354/meps180197)

Meidel SK, Scheibling RE, Metaxas A. 1999 Relative
importance of parental and larval nutrition on
larval development and metamorphosis of the sea
urchin Strongylocentrotus droebachiensis. J. Exp. Mar.
Biol. Ecol. 240, 161-178. (doi:10.1016/50022-0981
(99)00046-5)

Heyland A, Hodin J. 2004 Heterochronic
developmental shift caused by thyroid hormone in
larval sand dollars and its implications for
phenotypic plasticity and the evolution of
nonfeeding development. Evolution 58, 524-538.
(d0i:10.7111/1.0014-3820.2004.tb01676.X)

Reitzel AM, Heyland A. 2007 Reduction in
morphological plasticity in echinoid larvae:
relationship of plasticity with maternal investment
and food availability. Evol. Ecol. Res. 9,109-121.
McAlister JS. 2007 Egg size and the evolution of
phenotypic plasticity in larvae of the echinoid
genus Strongylocentrotus. J. Exp. Mar. Biol. Ecol. 352,
306-316. (doi:10.1016/j.jembe.2007.08.009)
McAlister JS. 2008 Evolutionary responses to
environmental heterogeneity in Central American
echinoid larvae: plastic versus constant phenotypes.
Evolution 62,1358—1372. (doi:10.1111/}.1558-5646.
2008.00368.x)

Byrne M, Sewell MA, Prowse TAA. 2008 Nutritional
ecology of sea urchin larvae: influence of
endogenous and exogenous nutrition on
echinopluteal growth and phenotypic plasticity in
Tripneustes gratilla. Funct. Ecol. 22, 643—648.
(doi:10.1111/.1365-2435.2008.01427.x)

Soars NA, Prowse TAA, Byrne M. 2009 Overview of
phenotypic plasticity in echinoid larvae,
"Echinopluteus transversus’ type vs. typical
echinoplutei. Mar. Ecol. Prog. Ser. 383, 113-125.
(doi:10.3354/meps07848)

Lessman CA, Herman WS. 1981 Flight enhances
juvenile hormone inactivation in Danaus plexippus
plexippus L. (Lepidoptera, Danaidae). Experientia.
37, 599-601. (d0i:10.1007/BF01990072)

Nijhout HF, Emlen DJ. 1998 Competition among
body parts in the development and evolution of
insect morphology. Proc. Natl Acad. Sci. USA 95,
3685-3689. (doi:10.1073/pnas.95.7.3685)

67.

68.

69.

70.

.

72.

7.

4.

7.

76.

7.

78.

7.

80.

81.

Klingenberg CP, Nijhout HF. 1998 Competition
among growing organs and developmental control
of morphological asymmetry. Proc. R. Soc.

Lond. B 265, 1135-1139. (d0i:10.1098/rspb.
1998.0409)

Emlen DJ. 2001 Costs and the diversification of
exaggerated animal structures. Science 291,
1534-1536. (doi:10.1126/science.1056607)

Tomkins JL, Kotiaho JS, LeBas NR. 2005 Phenotypic
plasticity in the developmental integration of
morphological trade-offs and secondary sexual trait
compensation. Proc. R. Soc. B272, 543-551.
(doi:10.1098/rspb.2004.2950)

Heyland A, Hodin J, Bishop C. 2014 Manipulation of
developing juvenile structures in purple sea urchins
(Strongylocentrotus purpuratus) by morpholino
injection into late stage larvae. PLoS ONE 9,
€113866. (doi:10.1371/journal.pone.0113866)

Byrne M, Foo S, Soars NA, Wolfe KDL, Nguyen HD,
Hardy N, Dworjanyn SA. 2013 Ocean warming will
mitigate the effects of acidification on calcifying sea
urchin larvae (Heliocidaris tuberculata) from the
Australian global warming hot spot. J. Exp. Mar.
Biol. Ecol. 448, 250-257. (d0i:10.1076/j.jembe.
2013.07.016)

Chino Y, Saito M, Yamasu K, Suyemitsu T, Ishihara K.
1994 Formation of the adult rudiment of sea urchins
is influenced by thyroid hormones. Dev. Biol. 161,
1-11. (doi:10.1006/dbi0.1994.1001)

Heyland A, Reitzel AM, Hodin J. 2004 Thyroid
hormones determine developmental mode in sand
dollars (Echinodermata : Echinoidea). Evol. Dev.

6, 382-392. (doi:10.1111/.1525-142X.2004.

04047.x)

Heyland A, Hodin J, Reitzel AM. 2005 Hormone
signaling in evolution and development: a
non-model system approach. Bioessays 27, 64-75.
(doi:10.1002/bies.20136)

Strathmann RR. 1978 The evolution and loss of
feeding larval stages of marine invertebrates.
Evolution 32, 894-906. (doi:10.2307/2407502)
Gemmill JF. 1914 The development and certain
points in the adult structure of the starfish Asterias
rubens L. Phil. Trans. R. Soc. Lond. B 205, 213-294.
(d0i:10.1098/rsth.1914.0016)

Ruppert EE, Balser EJ. 1986 Nephridia in the larvae
of hemichordates and echinoderms. Biol. Bull. 171,
188-196. (doi:10.2307/1541916)

Balser EJ, Ruppert EE, Jaeckle WB.1993
Ultrastructure of the coeloms of Auricularia larvae
(Holothuroidea: Echinodermata): evidence for the
presence of an axocoel. Biol. Bull. 185, 86—96.
(doi10.2307/1542132)

Palmer AR, Strobeck C. 1997 Fluctuating asymmetry
and developmental stability: heritability of
observable variation vs. heritability of inferred
cause. J. Evol. Biol. 10, 39—49. (doi:10.1007/
5000360050005)

Gambardella C, Gallus L, Gatti AM, Faimali M,
Carbone S, Antisari LV, Carla Falugi C, Ferrando S.
2014 Toxicity and transfer of metal oxide
nanoparticles from microalgae to sea urchin larvae.
Chem. Ecol. 30, 308-316. (doi:10.1080/02757540.
2013.873031)

Savriamaa Y, Stigea LC, Gerberb S, Pérezc T, Aliberta
P, David B. 2015 Impact of sewage pollution on two
species of sea urchins in the Mediterranean Sea
(Cortiou, France): radial asymmetry as a

66101:€ s uado 205y B10‘Buiysigndfaposieforsoss


http://dx.doi.org/10.2307/2411175
http://dx.doi.org/10.1371/journal.pbio.1001404
http://dx.doi.org/10.1002/dvg.22752
http://dx.doi.org/10.1002/dvg.22752
http://dx.doi.org/10.1016/j.ydbio.2005.02.037
http://dx.doi.org/10.1016/j.ydbio.2005.02.037
http://dx.doi.org/10.1016/j.ydbio.2011.02.021
http://dx.doi.org/10.1242/dev.023564
http://dx.doi.org/10.3354/meps024161
http://dx.doi.org/10.1007/BF00399021
http://dx.doi.org/10.1016/0022-0981(86)90207-8
http://dx.doi.org/10.1016/0022-0981(88)90150-5
http://dx.doi.org/10.1016/0022-0981(88)90150-5
http://dx.doi.org/10.2307/2409750
http://dx.doi.org/10.1890/0012-9658(1998)079%5B0315:EOMALN%5D2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(1998)079%5B0315:EOMALN%5D2.0.CO;2
http://dx.doi.org/10.4319/lo.1994.39.1.0084
http://dx.doi.org/10.1016/0022-0981(84)90109-6
http://dx.doi.org/10.1016/j.jembe.2004.09.011
http://dx.doi.org/10.1016/j.jembe.2004.09.011
http://dx.doi.org/10.1016/S0022-0981(98)00106-3
http://dx.doi.org/10.1016/S0022-0981(98)00106-3
http://dx.doi.org/10.3354/meps180197
http://dx.doi.org/10.1016/S0022-0981(99)00046-5
http://dx.doi.org/10.1016/S0022-0981(99)00046-5
http://dx.doi.org/10.1111/j.0014-3820.2004.tb01676.x
http://dx.doi.org/10.1016/j.jembe.2007.08.009
http://dx.doi.org/10.1111/j.1558-5646.2008.00368.x
http://dx.doi.org/10.1111/j.1558-5646.2008.00368.x
http://dx.doi.org/10.1111/j.1365-2435.2008.01427.x
http://dx.doi.org/10.3354/meps07848
http://dx.doi.org/10.1007/BF01990072
http://dx.doi.org/10.1073/pnas.95.7.3685
http://dx.doi.org/10.1098/rspb.1998.0409
http://dx.doi.org/10.1098/rspb.1998.0409
http://dx.doi.org/10.1126/science.1056607
http://dx.doi.org/10.1098/rspb.2004.2950
http://dx.doi.org/10.1371/journal.pone.0113866
http://dx.doi.org/10.1016/j.jembe.2013.07.016
http://dx.doi.org/10.1016/j.jembe.2013.07.016
http://dx.doi.org/10.1006/dbio.1994.1001
http://dx.doi.org/10.1111/j.1525-142X.2004.04047.x
http://dx.doi.org/10.1111/j.1525-142X.2004.04047.x
http://dx.doi.org/10.1002/bies.20136
http://dx.doi.org/10.2307/2407502
http://dx.doi.org/10.1098/rstb.1914.0016
http://dx.doi.org/10.2307/1541916
http://dx.doi.org/10.2307/1542132
http://dx.doi.org/10.1007/s000360050005
http://dx.doi.org/10.1007/s000360050005
http://dx.doi.org/10.1080/02757540.2013.873031
http://dx.doi.org/10.1080/02757540.2013.873031
http://rsos.royalsocietypublishing.org/

82.

8.

Downloaded from http://rsos.royalsocietypublishing.org/ on September 3, 2016

bioindicator of stress. Ecol. Indic. 54, 39-47.
(doi:10.1016/j.ecolind.2015.02.004)

Chan KYK. 2012 Biomechanics of larval morphology
affect swimming: insights from the sand dollars
Dendraster excentricus. Integr. Comp. Biol. 52,
458-469. (d0i:10.1093/icb/ics092)

Pennington JT, Emlet RB. 1986 Ontogenetic and diel
vertical migration of a planktonic echinoid larva,
Dendraster excentricus (Eschscholtz): occurrence,
causes, and probable consequences. J. Exp. Mar.

84.

85.

Biol. Ecol. 104, 69-95. (d0i:10.1016/0022-0981(86)
90098-5)

Vickery MS, McClintock JB. 2000 Effects of food
concentration and availability on the incidence of
cloning in planktotrophic larvae of the sea star
Pisaster ochraceus. Biol. Bull. 199, 298—304.
(doi:10.2307/1543186)

Bosch I, Rivkin RB, Alexander SP. 1989 Asexual
reproduction by oceanic planktotrophic echinoderm
larvae. Nature 337,169-170. (doi:10.1038/337169a0)

86. Wray GA. 1992 The evolution of larval morphology
during the post-paleozoic radiation of echinoids.
Paleobiology 18, 258-287. (d0i:10.1017/50094837
300010848)

87. Wray GA. 1996 Parallel evolution of nonfeeding
larvae in echinoids. Syst. Biol. 45, 308-322.
(doi:10.1093/syshio/45.3.308)

661001 :€ ‘DS uado 0y B10Buiysgndiaaposieforsosy


http://dx.doi.org/10.1016/j.ecolind.2015.02.004
http://dx.doi.org/10.1093/icb/ics092
http://dx.doi.org/10.1016/0022-0981(86)90098-5
http://dx.doi.org/10.1016/0022-0981(86)90098-5
http://dx.doi.org/10.2307/1543186
http://dx.doi.org/10.1038/337169a0
http://dx.doi.org/10.1017/S0094837300010848
http://dx.doi.org/10.1017/S0094837300010848
http://dx.doi.org/10.1093/sysbio/45.3.308
http://rsos.royalsocietypublishing.org/

Table S1: Analysis of fluctuating asymmetry (FA) and directional asymmetry (DA) in
comparison to measurement error in purple urchin larvae. Note that we conducted this
measurement error analysis on a separate batch of larvae from those used in the main
experiment, and that these larvae were all in Stage Bin A (see Figure 3 legend), and had not yet
formed preoral (PRO) arms. Bold rows and asterisks in the FA column denotes all cases where
a was < 0.05.

Arms Factor MeanSquare df FA DA
Side 79.14 1
Individuals 8327.54 18 F15,35=6.32 F11s=0.06
PO Side x Individual | 1247.35 18 p<0.01* p=0.80
Error 197.415 38
Side 475.603 1
Individuals 6949.59 18 F15,36=3.87 F115=0.59
ALA Side x Individual | 810.45 18 p<0.01* p=0.45
Error 209.38 38
Side 3763.49 1
- Individuals 13079.48 18 F153=19.31 F115=0.98
Side x Individual | 3834.53 18 p<0.01* p=0.33
Error 198.57 38
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Figure S1: Reduced larval food does not alter directional asymmetries in total arm length across
stages. We detected asymmetry in total arm length with stage under both high food (upper graph) and
low food (lower graphs) conditions in purple urchins, with no detectable differences in any arm pair
between high and low food (see Results). Double axes and line colors as in Fig. 2. Abbreviations and
error bars as in Fig. 1. Stage bins as in Fig. 3. Numbers of larvae as in Fig. 5. Note that there were no
high food larvae in stage bin A, presumably due to their more rapid development than in the
corresponding low food larval cohort.



	Background
	Material and methods
	Source populations, maintenance of adults and larval cultures
	Staging and measurements
	Statistical analysis

	Results
	Larvae of the sand dollar D. excentricus showed directional asymmetryin larval arm growth
	Larvae of the purple sea urchin Str. purpuratus showed directional asymmetry in larval arm growth that changes through ontogeny
	Food did not affect larval arm asymmetry in Str. purpuratus
	Strongylocentrotus purpuratus larvae with double rudiments do not exhibit right-biased directional asymmetry

	Discussion
	Possible developmental mechanisms underlying larval arm asymmetry
	Functional implications of the asymmetry for larval biology

	Conclusion
	References

