
ABSTRACT.  The biological diversity of marine invertebrate animals is exemplified by variation 
in the forms and functions they display during early development. Here, we utilize compound and 
confocal microscopy to investigate variation in developmental morphology among three sipunculan 
species with contrasting life history patterns: Phascolion cryptum develops directly from an embryo 
to the vermiform stage; Themiste alutacea develops indirectly through lecithotrophic trochophore 
and pelagosphera larvae, and Nephasoma pellucidum develops indirectly through a lecithotrophic 
trochophore and a planktotrophic pelagosphera larva. Their respective embryos and larvae differ 
in size, rate of development, timing and formation of muscle fibers and gut compartments, and 
the presence or absence of an apical tuft, prototroch, metatroch, terminal organ, and other lar-
val organs. The amount of embryonic yolk provisioned within species-specific prototroch cells and 
body regions appears to correlate with life history pattern. Different rates of development observed 
among these species indicate shifts from an ancestral, indirect planktotrophic life history toward a 
more rapid development through direct and indirect lecithotrophy. According to modern molecular 
phylogenetic and phylogenomic relationships in Sipuncula, our observations implicate extensive de-
velopmental diversification and heterochrony within the largest sipunculan family, Golfingiidae. We 
discuss our observations in the context of habitat distributions, developmental priorities, character 
relationships, and the direction of evolutionary transitions between life history patterns. Moving 
forward, we have established working protocols for gene expression patterns, have sequenced and 
assembled developmental transcriptomes, and will pursue cellular fate mapping and genome se-
quencing to promote sipunculans for comparative evolutionary developmental biology.

INTRODUCTION

Within the metazoan tree of life, most marine species develop through an indirect 
biphasic life cycle that includes a free-living planktonic larval stage (Thorson, 1950), 
considered “the most common developmental pathway in the animal kingdom” (Young, 
2002:1). Indirect development is typically observed among marine invertebrates, where 
sexual reproduction leads to motile embryos and larvae with functions and ecologies 
that are quite different from their respective juvenile and adult forms (Scheltema, 1968; 
Jägersten, 1972; Freeman and Lundelius, 1992; Strathmann, 1993; McEdward, 2000; 
Raff, 2008; Page, 2009; Freeman, 2015). Within some clades (e.g., annelids, mollusks), 
one or more larval stages may exhibit transient structures that facilitate swimming, navi-
gation, sensation, and possibly feeding during formation of the adult body plan (An-
derson, 1973; Boyle and Seaver, 2009; Page, 2009). In other groups (e.g., echinoderms, 
nemerteans), larvae may represent distinct body plans with little or no resemblance to 
the adult (Raff, 2008; Maslakova, 2010). In either case, production of a ciliated, swim-
ming larva is in high contrast to direct development, which does not produce a rec-
ognizable larval stage. There is very little debate about whether numerous records of 
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feeding (planktotrophic) and nonfeeding (lecithotrophic) larval 
types from extant and extinct clades across the Metazoa point to 
an ancient origin of indirect pelagobenthic life history patterns 
(Jägersten, 1972; Strathmann, 1985, 1993; Westheide, 1997; 
Wray, 2000a; Peterson, 2005; Raff, 2008; Freeman, 2015). 
There is plenty of debate about whether direct or indirect devel-
opment is more primitive among marine invertebrates, including 
correlated problems about the origin or loss of feeding larvae 
in different animal groups (Jägersten, 1972; Strathmann, 1985; 
Hazprunar et al., 1995; Rouse, 2000; Sly et al., 2003; Peterson, 
2005; Runnegar, 2007; Raff, 2008; Nielsen, 2009; Page, 2009; 
Freeman, 2015). Accordingly, many important questions remain 
unanswered. How did biphasic life cycles first arise? Which 
molecular, genetic, and cellular mechanisms cause a transition 
from direct to indirect development or in the opposite direction? 
Why do highly contrasting life histories evolve within a single 
genus or family? To better understand the evolution and devel-
opment of life history patterns, we focus on a particular group 
of animals for which most, if not all, developmental patterns are 
known and characterized.

Sipuncula is a distinct clade of exclusively marine, soft-
bodied coelomate worms with an unsegmented body plan and 
global distribution. They have colonized a diversity of benthic 
substrates within polar, temperate, and tropical environments 
(Murina, 1971; Amor, 1975; Cutler, 1975, 1977, 1994; Haldar, 
1975; Murina and Holodov, 1985). In protected bays, inlets, and 
littoral zones of the open coast, adult worms may be found in 
mud, sand, and gravel, in beds of seagrass, mussels, and oysters, 
inside sedimentary and coral reefs, within gastropod shells and 
porous rubble, under rocks, and among fouling communities on 
artificial structures (Fisher, 1952; Stephen and Edmonds, 1972; 
Rice, 1975, 1988; Cutler, 1994; Rice et al., 1995; Schulze et al., 
2005). They also have been retrieved from bathyal and abyssal 
ocean depths by sampling wood, mixed sediments, and hydro-
carbon seeps and by deployment of artificial collection devices 
(Murina, 1957, 1971; Cutler, 1977; Tarifeño and Rojas, 1978; 
Rice, 1985; Saiz-Salinas, 2007; Shields and Kedra, 2009; Young 
et al., 2012; Rubin-Blum et al., 2014; Johnson et al., 2015). 
Within each habitat, adult sipunculans are cryptic and rarely 
visible without removal from their substrata. Upon removal 
and general examination, they are readily distinguishable from 
other animals. The adult body plan consists of a relatively large 
posterior trunk region and a narrow retractable introvert with 
a mouth and tentacles on its anterior end. However, the adult 
body is macroscopic and represents only one stage within a com-
plex species-specific life history. Early sipunculan development 
typically includes a series of embryonic and larval stages that 
are microscopic. As observed in the life cycles of many marine 
invertebrates, these “other body plans” are the molecular, cellu-
lar, and morphological templates from which juvenile and adult 
forms are ultimately constructed (Wray, 2000b; Raff, 2008; 
Page, 2009; Freeman, 2015). Historically, very few studies were 
focused on the early stages of sipunculan development, most 
notably the works by Emil Selenka (1875), Berthold Hatschek 

(1883), and John Gerould (1906). More recently, Bertil Åkesson 
(Åkesson, 1958) and Mary Rice (Rice, 1967, 1973, 1975) have 
described fundamental changes between embryonic and larval 
stages in different organ systems and species, which have sub-
sequently inspired modern research efforts to revisit particular 
aspects of embryogenesis, tissue and organ development, and 
larval formation (Adrianov et al., 2008, 2011; Kristof et al., 
2008; Schulze and Rice, 2009a, 2009b; Boyle and Seaver, 2010; 
Boyle and Rice, 2014). Yet, throughout this period, with little 
exception (Rice, 1981, 1985), there have not been any detailed 
comparative studies attempting to correlate developmental phe-
nomena with the evolution and divergence of sipunculan life his-
tory patterns (Boyle and Rice, 2014).

Thus far, developmental life history patterns have been de-
scribed for 23 species (Rice, 1985, 1989; Rice et al., 1995), span-
ning all six families in the clade (Kawauchi et al., 2012; Lemer et 
al., 2015). Within Sipuncula, there are four recognized develop-
mental patterns (Figure 1): (I) direct development from a fertilized 
egg to crawling juvenile worm; (II) indirect development with a 
trochophore larva; (III) indirect development with a trochophore 
and a lecithotrophic pelagosphera larva; and (IV) indirect devel-
opment with a trochophore, and a planktotrophic pelagosphera 
larva. All sipunculan trochophore larvae are lecithotrophic, with 
morphological characteristics that are similar among polychaetes, 
echiurans, and mollusks, including a top-shaped body plan with 
an apical tuft of cilia, a pair of pigmented eye spots, and a pro-
totrochal band of compound cilia that separates the anterior 
pretrochal episphere from the stomodeum and posttrochal hy-
posphere (Rice, 1985; Rouse, 1999). Unlike the prototrochs in 
most types of trochophore larvae, sipunculan prototroch cells are 
conspicuously large and provide a nutritive function. The pelago-
sphera larva is distinct from the trochophore and unique among 
all metazoan clades. Pelagosphera body plans are divided along 
the anteroposterior axis into head, thorax and trunk regions 
(Rice, 1985; Rice et al., this volume). Distinct character traits in-
clude extensive ciliation of the ventral head surface, a postoral 
metatroch with exclusive locomotory function, U-shaped diges-
tive architecture within a spacious coelom, a terminal organ with 
dedicated retractor muscles, a collagenous cuticle enclosing the 
trunk, and the absence of any segmental rudiments during larval 

FIGURE 1. Developmental life history patterns in the Sipuncula. Roman 
numerals (I, II, III, IV) designate four recognized patterns of develop-
ment. Modified from Rice (1981).

DIRECT DEVELOPMENT lecithotrophic 
    (I) Egg       Worm 
 
INDIRECT DEVELOPMENT lecithotrophic 
   (II) Egg              Trochophore      Worm 
  (III) Egg              Trochophore               Pelagosphera              Worm 
 
INDIRECT DEVELOPMENT lecithotrophic/planktotrophic 
  (IV) Egg              Trochophore lecitho.      Pelagosphera plankto.               Worm 
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or postlarval development. Internal organs include a centralized 
nervous system with anterior ganglia connected to a median 
ventral cord, a single pair of metanephridia, a series of circular 
muscle bands along the trunk, and two pairs of ventral and dorsal 
retractor muscles. The retractor muscles enable full retraction of 
the head and metatroch within the anterior body. In planktotro-
phic larvae, a functional gut is open at both ends, consisting of a 
stomodeum, an esophagus with protrusible buccal organ and lip 
glands, a stomach, a recurved intestine, and an anus on the dorsal 
side of the trunk. With the exception of buccal, terminal, and 
external ciliated organs, most of the larval organ systems that are 
built from muscle, gut, and nervous tissue are retained within the 
adult body (Rice, 1978, 1985). 

On the basis of laboratory observations of early develop-
ment, the pelagic stage of sipunculan trochophore larvae may last 
from 2 to 10 days, depending upon species and environment (Rice, 
1967, 1985). Similar observations show that pelagosphera larvae 
may also be relatively short-lived lecithotrophic (days) or plank-
totrophic (weeks) forms (see Rice, 1985: table 1). However, both 
laboratory observations and field collections indicate there are 
relatively long lived (months) teleplanic pelagosphera larvae (Hall 
and Scheltema, 1975; Rice, 1975, 1981, 1988; Schulze and Rice, 
2009b; Adrianov and Maiorova, 2010). Little is known about 
the dispersal patterns of short-lived forms; however, teleplanic 
pelagosphera larvae have been collected from many of the major 
surface currents across Atlantic, Pacific, and Indian Ocean ba-
sins (Scheltema and Hall, 1975; Rice, 1981; Scheltema and Rice, 
1990; Staton and Rice, 1999; Rice et al., this volume; Schulze et 
al., this volume). Although there are several documented excep-
tions (Levin, 2006; Shanks, 2009), such widespread dispersal is 
thought to enable a natural distribution of marine species lineages 
on both local and regional scales (Scheltema, 1968; Carlon and 
Olson, 1993; Shanks and Eckert, 2005; Shanks, 2009; Young et 
al., 2012) as well as the possible establishment of new species 
(Thornhill et al., 2008; Kawauchi and Giribet, 2010; Schulze et 
al., 2012). Estimated correlations between larval duration and 
dispersal distance for marine larvae in general, and teleplanic 
pelagosphera larvae in particular, suggest there is potential for ge-
netic connectivity between widely separated species populations 
(Scheltema, 1968, 1975; Shanks, 2009). 

For Sipuncula at least, a relatively recent, comprehensive 
systematic revision implied that such potential was underesti-
mated. With Cutler’s (1994) revision, he significantly reduced 
the number of previous species designations presented in the 
monograph of Stephen and Edmonds (1972) and indirectly sug-
gested there is morphological evidence for many cosmopolitan 
or circumtropical species within the clade (Cutler, 1994). Yet 
a growing number of molecular studies indicate that several of 
Cutler’s (1994) synonymies may not be supported because simi-
larities based on morphology are incongruent with dissimilari-
ties revealed by DNA analyses testing for cosmopolitan species 
(Du et al., 2009; Kawauchi and Giribet, 2010, 2013; Schulze 
et al., 2012). Since Cutler’s (1994) revision, there are new spe-
cies (Kawauchi and Rice, 2009) and new examples of conflicting 

records of species (Adrianov and Maiorova, 2012). Of special 
interest to our work, the developmental pattern of at least one 
species appears to be quite different among populations previ-
ously considered one lineage on opposite sides of the Pacific 
Ocean (Adrianov et al., 2008; Schulze et al., 2012). These prob-
lems have arisen in part from the low number of unambiguous 
diagnostic characters available among adult worms and, impor-
tantly, from limited attempts to utilize embryos, larvae, genes, 
and proteins to expand the total number of characters available 
for species identification. 

Thus, the timing is now more appropriate than ever for a 
modern interdisciplinary approach (i.e., developmental biology, 
life history patterns, traditional morphology, DNA barcoding, 
and genomics) to sipunculan biodiversity research. Not too long 
ago, Sipuncula was recognized as a distinct phylum of worms 
(Clark, 1969; Rice, 1985; Freeman and Lundelius, 1992; Cutler, 
1994; Boore and Staton, 2002). Today, they are considered an 
in-group of the annelid radiation (Struck et al., 2007; Dordel et 
al., 2010) and one of several divergent lineages near the base of 
the annelid tree (Struck et al., 2011; Weigert et al., 2014). How-
ever, there is unambiguous evidence of sipunculan body fossils 
in lower Cambrian rocks of China (Huang et al., 2004), either 
predating or coeval with the oldest known stem group polychaete 
fossils from Greenland (Conway-Morris and Peel, 2008; Vinther 
et al., 2011). Therefore, fossil data imply that sipunculans have 
maintained an unsegmented vermiform body plan for the past 
520 million years and further suggest that secondary loss of a 
segmented body (Purschke et al., 2014), based almost exclusively 
on molecular hypotheses, may be an oversimplification. Alterna-
tive analyses of both molecular and fossil data suggest that sipun-
culans may actually be the sister group of Annelida (Sperling et 
al., 2009; Eibye-Jacobsen and Vinther, 2012; Parry et al., 2014). 
We have not yet ruled out the remote possibility that fossil data, 
development biology, and life history patterns may once again 
align with earlier biochemical and morphological analyses that 
suggest sipunculans have “diverged from the preannelid stock” 
(Clark, 1969:15), with segmented annelids evolving along a sepa-
rate lineage from the unsegmented sipunculans. This scenario has 
a number of implications not only for the direction of life history 
evolution within the clade but also for the radiation of sipuncu-
lans within Spiralia and the Metazoa (Boyle and Rice, 2014).

 Currently, four, perhaps all five, of the basal annelid branches 
contain species with planktotrophic larvae (Jägersten, 1972; Wei-
gert et al., 2014). Recent molecular phylogenetic studies imply 
that planktotrophy represents the ancestral life history pattern 
within Sipuncula (Schulze et al., 2007; Kawauchi et al., 2012; 
Lemer et al., 2015), with clear patterns of both family-specific 
conservation and divergence. Remarkably, this hypothesis was 
initially proposed by Rice (1985) prior to the technological revo-
lution of molecular phylogenetics. When such patterns are com-
bined with early developmental characteristics (e.g., egg size and 
shape, unequal cleavage, yolk content, micromere-macromere 
size relationships, and the presence/absence of a metatroch, 
functional gut, terminal organ, and specific musculature), there 
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appear to be traceable developmental priorities among the four 
recognized life history patterns. Here, we are in search of evi-
dence that may reveal how direct and indirect lecithotrophic 
and planktotrophic developmental life history patterns diverged 
within Sipuncula and hopefully will reemphasize why past and 
present generations of natural historians continue to explore the 
elusive, ancient origins of animal body plans.

MATERIALS AND METHODS

The adult sipunculan worms for this investigation were col-
lected from field sites within 20 km of the Smithsonian Marine 
Station at Fort Pierce, Florida, USA. Phascolion cryptum Hen-
drix, 1975 inhabits small, discarded mollusk shells within sandy 
seagrass beds of the Indian River Lagoon. Adult worms were 
extracted from shells with a small benchtop vise and forceps. 
Themiste alutacea Grübe and Oersted, 1858 is found in bur-
rows and crevices within coquina reef substrata of intertidal and 
subtidal zones along the coast. Coquina rock was removed from 
the reef, and adults were extracted with a rock hammer and steel 
chisel. Nephasoma pellucidum (Keferstein, 1865) lives within 
mixed porous rubble on the seafloor and is found at depths 
below 10 m along the coast of Fort Pierce. Rubble was dredged 
from the seafloor, and the worms were extracted with a rock 
hammer and steel chisel. 

Adult specimens of each species were placed into bowls 
of filtered seawater (FSW) at room temperature in the labora-
tory and maintained with daily FSW exchanges. After spawn-
ing events, fertilized eggs were moved into gelatin-coated plastic 
petri dishes for development. Embryonic and larval development 
was cultured in antibiotic-treated FSW, and selected stages were 
isolated, anesthetized (relaxed), and fixed with 4% paraformal-
dehyde (pfa) by applying stage- or species-specific adjustments to 
established protocols (Boyle and Seaver, 2010). For postgastrula, 
trochophore-like, trochophore, and pelagosphera stages, relax-
ation treatments required the serial addition of 0.5 M MgCl2, 
0.25% bupivacaine hydrochloride, and 70% ethanol to FSW 
until muscle activity was no longer observable. 

Each species reacts differently to a series of treatments and 
was monitored separately for inactivity. When morphology ap-
peared to be natural and the muscles were inactive, fixation was 
performed by removing most of the relaxation treatment and 
pouring on 4% pfa in FSW. Specimens were fixed overnight at 
4°C for light microscopy and 1–2 hours at room temperature 
for confocal microscopy. Fixed specimens were rinsed with mul-
tiple exchanges of phosphate-buffered saline (PBS) at pH 7.4 to 
remove pfa. For light microscopy, specimens were moved step-
wise (10%, 20%, 40%) into glycerol (40% glycerol, 10% 10× 
PBS, 50% deionized H2O) for a minimum of 24 hours, mounted 
on Rainex-coated glass slides, and imaged with a stem-mounted 
Nikon Coolpix 4500 digital camera through differential inter
ference contrast (DIC) optics on a Nikon Eclipse E800 com-
pound microscope. Adult specimens were imaged live with a 

Nikon Coolpix 4500 digital camera through one ocular of a 
Wild M5 stereomicroscope. For confocal microscopy, speci-
mens in PBS were transferred into phosphate-buffered saline 
with 0.1% Triton X-100 (PBT). These specimens were then 
pretreated with RNase A at 1.0 mg/mL PBT for 1.0 hour at 
37°C, washed in PBT, and then labeled with a combination of 
propidium iodide (Sigma) at 5 μg/mL PBT and 1:200 BODIPY 
FL-phallacidin overnight at 4°C. 

After labeling, treated specimens were rinsed in PBS and 
mounted for imaging. Mounting involved attachment of speci-
mens to poly-l-lysine-coated glass slides, transfers through an 
isopropanol dehydration series (35%, 50%, 70%, 85%, 95%, 
100%), and immersion and mounting in Murray Clear (2:1 ben-
zyl benzoate:benzyl alcohol), with a coverslip sealed on all sides 
with clear nail polish or topcoat hardener. These slides typically 
included 10 to 20 specimens each, which were scanned and im-
aged with a Zeiss LSM510 laser scanning confocal microscope 
with Zen imaging software. Confocal z-stacks were analyzed, 
sectioned, and rendered in ImageJ (https://​imagej​.nih​.gov). Com-
pound micrographs with DIC optics were rendered from mul-
tiple focal planes with Helicon Focus (Helicon Soft). All images 
were edited with Adobe Photoshop CS3; all figure plates were 
prepared with Adobe Illustrator CS3.

RESULTS

In this study, we present descriptions of particular mor-
phological features that were observed during the development 
of three species of sipunculan worms: P. cryptum, T. alutacea, 
and N. pellucidum (Figure 2). Each of these species exhibits a 
distinct developmental life history pattern, which together rep-
resent three of the four life history patterns recognized within 
Sipuncula (Figure 1). Our observations of comparative develop-
mental morphology include recent observations from analyses of 
compound light and laser scanning confocal microscopy, which 
were performed over a 3-year period from 2010 through 2013 
and previous descriptions made over an extended period of time 
spanning approximately 40 years by researchers in the Life Histo-
ries Program at the Smithsonian Marine Station. Species-specific 
observations on the size and yolk content of eggs, morphological 
features of early cleavage stage embryos, and descriptions of de-
velopmental life history patterns have been previously published 
for each of the study species. Therefore, we build upon previous 
studies that provide a more comprehensive background for our 
recent observations and establish an important framework for 
making inferences regarding the evolution and diversification of 
sipunculan life history patterns discussed in this chapter.

Spawning and Early Development

In the laboratory, temporal patterns of spawning and early 
development were consistent with known reproductive periods 
for each respective species. The body wall around the adult trunk 
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of P. cryptum is semitransparent, which enabled the detection of 
female or male gametes within the coelom and delegation of male 
and female worms to “spawning” bowls. Spawning events oc-
curred within 1 to 2 weeks after extraction of adult worms from 
mollusk shells and most often took place during early morning 
hours from 2:00 to 9:00 am. The eggs of P. cryptum are high in 
yolk content, spherical in shape, and relatively large (135–137 
μm). Fertilized eggs developed on the bottom surfaces of glass or 
plastic containers, as there are no larval stages with ciliated tro-
chal bands that facilitate swimming behavior. Hatching from the 
egg envelope was observed within 32 to 34 hours after fertiliza-
tion, and crawling worms were observed within 44 to 48 hours. 

For the adults of T. alutacea, it was not possible to detect 
gametes by visualization through the body wall. Bowls contain-
ing a predicted mixture of male and female worms of this species 
typically spawned synchronously, within 2 to 3 weeks after ex-
traction from coquina reef rubble. The eggs of T. alutacea were 
also noticeably high in yolk content, spherical in shape, and 
relatively large (137–149 μm). After fertilization, development 
was rapid, with the formation of a swimming trochophore larva 
within 18 to 20 hours and a crawling or swimming pelagosphera 
larva within 28 to 32 hours. 

Within the adults of N. pellucidum, gametes were not vis-
ible, and therefore, male and female worms could not be distin-
guished. This species reliably spawned within 2 to 3 days after 
extraction from mixed porous rubble. In contrast to the other 
two species, the spherical eggs of N. pellucidum were relatively 
small (103–105 μm) and contained visibly lower yolk reserves. 
In this species, swimming blastulae were observed within 14 to 

15 hours of fertilization, swimming trochophore larvae were ob-
served between 45 and 48 hours, and pelagosphera larvae were 
observed to be swimming and feeding after approximately 68 
to 72 hours of development. In all three species, spawning con-
tinued over a period of several days to 1 week, and sometimes 
longer, with some variability in the amount of spawning and 
number of viable embryos between spawning seasons and field 
collections for each species-specific developmental program. We 
did not routinely follow or describe development beyond 3 days 
of fertilization for each species in this study; normal develop-
ment was observed for a minimum of 1 week after fertilization.

In P. cryptum, T. alutacea, and N. pellucidum, fertilization 
initiated a process of unequal, unipolar holoblastic spiral cleav-
age. The first embryonic cell division divided the fertilized egg 
into two blastomeres of unequal size, a smaller AB cell and a 
larger CD cell, with these and subsequent letter designations 
following the conventional nomenclature established by Edwin 
Conklin (1897). The second cycle of embryonic cell divisions 
produced three relatively equal sized blastomeres and a larger 
D blastomere, which enabled the identification of four distinct 
quadrants (A, B, C, D) in each of these spiralian embryos. Dur-
ing third cleavage, each of the four blastomeres divided again, 
producing an 8-cell embryo with four macromeres at the vegetal 
pole and four micromeres at the animal pole. In the embryo of 
P. cryptum, the micromeres of the A, B, and C quadrants are 
larger than their respective macromeres, with the D macromere 
(1D) being the largest cell, followed by the d micromere (1d) 
being larger than all other blastomeres (Rice, 1975). The 8-cell 
embryos of T. alutacea have not been examined for respective 

FIGURE 2. Adult sipunculan taxa with contrasting developmental life history patterns. (A) Phascolion cryptum Hendrix, 1975. (B) Themiste alutacea 
Grübe and Oersted, 1858. (C) Nephasoma pellucidum Keferstein, 1865. Phascolion cryptum exhibits direct lecithotrophic development (I). Themiste 
alutacea develops indirectly through lecithotrophic trochophore and pelagosphera larvae (III). Nephasoma pellucidum develops indirectly through a 
lecithotrophic trochophore larva and a planktotrophic pelagosphera larva (IV). Roman numerals designate one of the four recognized developmental 
life history patterns in the Sipuncula (see Figure 1).
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blastomere sizes but may exhibit a relationship similar to that 
recorded for two congeneric species within the same life history 
category (Rice, 1985). Micromeres and macromeres in the A, B, 
and C quadrants were approximately equal in size within the 
8-cell embryo of N. pellucidum. 

For all three species, features of development associated 
with blastula and gastrula stages were examined, and those em-
bryonic stages were utilized for molecular research applications, 
but they are not described in this study. Information is available 
with more comprehensive descriptions of embryonic cleavage, 
early development, and metamorphosis of P. cryptum and T. alu-
tacea (Rice, 1975) and N. pellucidum (Schulze and Rice, 2009b). 

Comparative Developmental Morphology: 28 to 30 Hours

Phascolion cryptum

At approximately 28 to 30 hours of development, the 
trochophore-like stage of P. cryptum is oval shaped along the 
anterior-posterior (A/P) axis, with a double row of disproportion-
ately large cells that encircle the anterior hemisphere (Figure 3A). 
These prototroch cells are nonciliated and contain numerous yolk 
granules. The content of yolk is also noticeably high within cel-
lular components of all three germ layers. There is no apical tuft 
or any form of ciliation on the exterior. Internally, distinct bands 
of circular muscle fibers are detectable and have not yet expanded 
outward to meet the developing body wall. Circular muscle fi-
bers are connected along the midline in both anterior and poste-
rior hemispheres. Two paired sets of ventral and dorsal retractor 

muscle fibers extend from the lateral margins of the stomodeum 
toward the posterior end and are located medial to the circular 
muscles for most of their length. Both sets of retractor and circu-
lar muscles are bilaterally symmetric along the A/P axis and ap-
pear to converge in an anterior arc of fibers between the brain and 
forget regions. Specimens are able to contract in an A/P direction. 
The developing brain shows a localized grouping of numerous 
cell nuclei and has begun to form bilateral lobes. On the ventral 
side within the circlet of prototroch cells, there is a centralized 
cluster of filamentous actin (F-actin) protein fibers surrounded by 
a ring of cell nuclei, which marks the position of the stomodeum 
and developing esophagus. Large nuclei are visible in the region 
of the gut but do not appear to be organized. Numerous cell nu-
clei are located within the posterior hemisphere below the level 
of prototroch cells and follow the contour of the larval-like body, 
although they do not exhibit a particular arrangement. This stage 
of development is within 4 to 6 hours of the process of elongation 
and hatching from the egg envelope. 

Themiste alutacea

Themiste alutacea exhibits the hallmark features of a trocho-
phore larva at this stage. There is a double row of ciliated pro-
totroch cells encircling the anterior hemisphere, with each cell 
bearing a single large nucleus. A ciliated apical tuft extends from 
the anterior-dorsal end of the A/P axis to the outside of the larva. 
Yolk granules are abundant within the prototroch cells and are 
observed throughout in all other regions. Circular muscle fibers 
are detectable and interwoven with multiple accessory fibers and 

FIGURE 3. Laser scanning confocal micrographs of postembryonic stages of (A) Phascolion cryptum, (B) Themiste alutacea, and (C) Nephasoma pel-
lucidum. Shown are z-stack projections; each specimen is a ventral view with anterior to the top. Specimens were labeled with phallacidin (green, F-actin) 
to visualize the muscular system and propidium iodide (gray, DNA) to visualize the position of individual cells during development. Time of develop-
ment is approximately 28–30 hours for each species. Abbreviations are as follows: br, brain; cm, circular muscle fibers; in, intestine precursor cells; pt, 
prototroch cells; st, stomodeum; vr, ventral retractor muscle fibers.
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do not yet show a discrete banding pattern (Figure 3B). Circu-
lar muscle fibers do not connect along the midline toward the 
posterior end. Two pairs of ventral and dorsal retractor mus-
cles are visible, although when compared with the retractors 
in P. cryptum, individual retractor muscle fibers are not well 
defined. This larva does not exhibit contractile movements. 
The stomodeum and esophageal canal are lined F-actin fibers, 
showing a tubular configuration surrounded by cell nuclei. 
Relatively large nuclei are visible at the site of the gut and the 
positions of the bilateral mesodermal bands. Actin filaments are 
also concentrated into a thin band within the central midgut 
where the intestine is developing. Cell nuclei are assembling 
into two lobes and a central commissure in the region of the 
brain. Numerous cell nuclei follow the contour of the larva’s 
posterior end, where they are elongate in shape and oriented 
more or less along the A/P axis. This stage of development is 
within 10 to 12 hours of metamorphoses, which will produce a 
lecithotrophic pelagosphera larva.

Nephasoma pellucidum

At this stage of development, N. pellucidum is spherical and 
swimming. There are a double row of ciliated prototroch cells and 
an apical tuft of cilia. When compared with P. cryptum and T. alu-
tacea, the prototroch cells of N. pellucidum are small and contain 
relatively low levels of yolk granules. In addition to the abundant 
F-actin proteins that were labeled and visualized in epidermal cells 
(e.g., prototroch and body ectoderm), which present a common 
pattern in all three species, high levels of F-actin in N. pellucidum 
were also localized to cytoskeletal outlines of cells within bilateral 
mesodermal domains and developing epithelia of the esophagus 
and gut endoderm (Figure 3C). Circular muscle fibers were not de-
tected at this stage. Ventral and dorsal retractor muscle fibers were 
not detected. Cell nuclei of the brain are organized into bilateral 
lobes. There is a relatively distinct semicircular arc of cell nuclei 
lining the posterior margin of this early trochophore. A stomodeal 
invagination is evident, and the developing esophagus exhibits a 
circular arrangement of epithelial cell nuclei surrounding a cen-
tralized lumen. The labeling of cell nuclei in the gut also reveals 
the alignment of endodermal cells along the apparent precursor 
of an intestinal lumen. Numerous smaller nuclei are concentrated 
on lateral margins of the developing intestine. This larval stage 
precedes the formation of a feeding planktotrophic pelagosphera 
larva by approximately 40 to 42 hours.

Comparative Developmental Morphology: 3 Days

Phascolion cryptum

The most active and motile stage of development in each 
species was observed at approximately 72 hours after fertiliza-
tion (Figure 4A). The vermiform stage of P. cryptum was actively 
crawling along the bottom surfaces of glass and plastic contain-
ers and was highly flexible along its dorsal-ventral (D/V) and A/P 

axes. Phascolion cryptum was able to bend its body in multiple 
directions, contract its body along the A/P axis, and extend itself 
to almost twice its “resting” length. However, it was never ob-
served to fully extend its head outside of the body cavity. Yolk 
could be seen within the digestive organ system and streaming 
throughout the coelomic cavity from the brain to the posteri-
ormost site of attachment of the developing ventral nerve cord. 
Cilia are active on the anteriormost end upon a conical-shaped 
protrusion that extends from the brain to the outside of the body. 
No mouth or anus is open to the outside of the body. There is 
no prototroch, metatroch, or terminal organ present. There are 
typically between 6 and 10 distinct papillae extending from the 
body on the trunk. Laser scanning confocal micrographs show 
a series of relatively thick circular muscle bands that are evenly 
spaced along the A/P axis, and both ventral and dorsal pairs of 
retractor muscles extend from anterior to posterior along most 
of the 3-day vermiform (Figure 5A). At this stage, cell nuclei are 
observed in a continuous narrow band along the ventral midline, 
extending from the ventral side of the brain to the posterior end 
of the worm. Cell nuclei are densely concentrated at the dorsal-
anterior end of the body, forming a dense circular cluster enclos-
ing a central space, which is void of nuclei, and extend into the 
conical-shaped protrusion outside the worm on the anterior end 
of the body. From the surface at the anterior end, between the 
developing brain and ventral nerve cord, cell nuclei of the de-
veloping esophagus extend toward the posterior. The esophagus 
connects with a narrow cylinder of nuclei that continues more 
than two-thirds the length of the body in a posterior direction, 
which then loops toward the anterior and terminates on the dor-
sal side of the body at the level of a constriction between the 
anterior and posterior body regions.

Themiste alutacea

The 3-day pelagosphera larva of T. alutacea is also highly 
flexible along it D/V and A/P axes, and its head is typically ex-
tended outside the body (Figure 4B). This larva is able to con-
strict its body, which greatly extends its overall length, and may 
also contract both its head and/or its posterior end completely 
within the mid-body section. The digestive system and coelomic 
cavity have an abundance of yolk streaming within each of those 
respective regions. There is no mouth or anus at this stage and 
no indication of feeding behavior. A pair of larval eyes is visible 
on the dorsal anterior side of the head. A band of metatrochal 
cilia is active between the head and posterior body region, which 
enables the larva to swim in all directions, along substrates or 
within the water column. The ventral surface of the head is cili-
ated, and a distinct band of cilia forms an arc around two-thirds 
of the head on the dorsal anterior side. A larval cuticle is visible 
on the surface of the body, from the metatroch to the posterior-
most end of the developing trunk. There is no terminal organ. 
Similar to P. cryptum, in T. alutacea there are well-developed 
circular muscle bands and distinct pairs of ventral and dorsal re-
tractor muscles, with each type of muscle group extending along 
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most of the A/P axis (Figure 5B). However, unlike P. Cryptum, 
the retractor muscles are visible beyond the anterior end of the 
trunk body, where they attach to the posterior side of the brain. 
Cell nuclei form a continuous band along the ventral midline at 
the position of the ventral nerve cord, and a concentration of 
nuclei in the head marks the position of the developing brain, 
consisting of a cerebral ganglion and commissure, which is void 
of labeled cell nuclei. Cell nuclei also show the position of a de-
veloping esophagus between the brain and ventral nerve cord. 
The esophagus is continuous with a cylinder-shaped group of 
cell nuclei extending in a posterior direction and representing 
the developing intestine of the gut. The gut bends toward the 
dorsal surface of the trunk, posterior to the anterior body con-
striction, at a distance of approximately one-third the length of 
the trunk, and more posterior along the A/P axis than observed 
in P. cryptum.

Nephasoma pellucidum

The pelagosphera larva of N. pellucidum was able to extend 
its body along the A/P axis and retract its head within the ante-
rior body region but does not contract its posterior body to the 

extent observed in the other two species. At 3 days of develop-
ment in the laboratory, this larva is typically swimming off the 
bottom of its container. It may also attach to the bottom or to 
other larvae by its terminal organ. When attached to the bottom 
of a dish, the larva will bend along its D/V axis in a ventral direc-
tion and contact the dish surface with the ventral side of its head. 
The ventral surface of the head is ciliated; there is a prototrochal 
arc of cilia around lateral and dorsal sides of the head, and there 
is a metatrochal band of cilia (Figure 4C). The cilia are active in 
each of these regions. This larva does not contain visible yolk 
resources in the coelom or gut. The mouth and anus are open 
to the exterior of the larva. The digestive system is functional 
and is subdivided into a ciliated esophagus and stomach and an 
intestine that descends from the stomach in a posterior direction 
and then loops back anteriorly to its connection with the anus on 
the dorsal posterior body, midway between the metatroch and 
terminal organ (Figure 4). The digestive system of N. pellucidum 
at this stage also includes a buccal organ and lip gland. The brain 
is visible at the anterior end on the dorsal anterior side of the 
esophagus, and there are visible cell clusters marking the posi-
tion of the ventral nerve cord along the anterior two-thirds of the 
trunk body. Circular muscle bands are detectable along the A/P 

FIGURE 4. Compound light micrographs of prominent dispersive life history stages of Phascolion cryptum, Themiste alutacea, and Nephasoma pel-
lucidum. Multifocal plane stacks are shown; each specimen is oriented with anterior to the top and ventral to the left side. (A) Lecithotrophic crawling 
vermiform stage of P. cryptum. (B) Lecithotrophic crawling-swimming pelagosphera larva of T. alutacea. (C) Swimming planktotrophic pelagosphera 
larva of N. pellucidum. Time of development is approximately 3 days for each specimen. Asterisks mark the ventral-anterior end of a nonfunctional 
esophagus (P. cryptum, T. alutacea) or mouth (N. pellucidum). Abbreviations are as follows: an, anus; br, brain; es, esophagus; int, intestine; lg, lip 
gland; mt, metatroch; pa, papilla; stm, stomach; to, terminal organ; vnc, ventral nerve cord. Light micrographs were imaged with transmitted light il-
lumination through differential interference contrast optics.
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axis, where they are relatively thin and primarily visible along 
the anterior end of the body, posterior to the metatroch (Figure 
5). Two pairs of ventral and dorsal retractor muscles extend from 
their connection with the brain to their respective attachment 
sites on the body wall, posterior to the level of the anus. The re-
tractor muscles of N. pellucidum do not extend as far posteriorly 
as the retractor muscles in P. cryptum or T. alutacea (Figure 5C). 
Additional musculature includes a pair of terminal organ retrac-
tor muscles, a series of contractile rings surrounding the anus, 
and a complex system of fibers supporting the buccal organ and 
esophagus. There is also a small, distinct ring of muscle fibers 
located between the esophagus and stomach.

DISCUSSION

Life History Patterns and Habitat Distribution

We are in search of evidence that may reveal how direct 
and indirect lecithotrophic and planktotrophic developmental 

life history patterns diverged within Sipuncula. The models in-
vestigated in this study include P. cryptum, which develops di-
rectly from an embryo to the vermiform stage; T. alutacea, which 
develops indirectly through lecithotrophic trochophore and 
pelagosphera larval forms; and N. pellucidum, which develops 
indirectly through a lecithotrophic trochophore and a plankto-
trophic pelagosphera larva (see Figure 1). Although each one of 
these species exhibits a distinct life history pattern, the distri-
bution of their adult forms overlap within some regions of the 
Indian River Lagoon (IRL) estuary. However, each species was 
found to be individually more abundant within the relatively dis-
tinct habitat substrate from which it was collected, either within 
or outside the estuary. 

Phascolion cryptum is the most abundant and widely dis-
tributed sipunculan within the IRL (Rice et al., 1983, 1995). 
This abundance could suggest that in this particular shallow sand 
and seagrass environment, direct development has an ecological 
advantage. Outside of the IRL within the wave-swept intertidal 
and subtidal coquina reef substrates along the coast, T. alutacea 
is one of the more common sipunculan species. The presence 

FIGURE 5. Laser scanning confocal micrographs of prominent dispersive life history stages of Phascolion cryptum, Themiste alutacea, and Nepha-
soma pellucidum. Shown are z-stack projections; each specimen is oriented with anterior to the top and ventral to the left side. Specimens were labeled 
with phallacidin (green, F-actin) to visualize the muscular system and propidium iodide (red, DNA) to visualize the position of individual cells during 
development. (A) Lecithotrophic crawling vermiform stage of P. cryptum. (B) Lecithotrophic crawling-swimming pelagosphera larva of T. alutacea. 
(C) Swimming planktotrophic pelagosphera larva of N. pellucidum. Time of development is approximately 3 days for each species. Abbreviations are 
as follows: an, anus; bo, buccal organ; br, brain; cm, circular muscle fibers; dr, dorsal retractor muscle fibers; to, terminal organ; tr, terminal retractor 
muscle fibers; vr, ventral retractor muscle fibers.
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of a relatively short-lived, nonfeeding pelagosphera larva may 
indicate a more adaptive distribution and recruitment strategy 
in that environment, although other species with planktotrophic 
pelagosphera co-occur within the same reef structure. Offshore, 
N. pellucidum is found subtidally in deeper water within mixed 
rubble, along with other sipunculans that exhibit a category IV 
life history pattern. We did not observe T. alutacea in the mixed 
rubble habitat where we found N. pellucidum, and we did not 
observe N. pellucidum within nearshore coquina substrates, fur-
ther suggesting that conditions within the offshore benthos may 
be less accommodating or accessible to the short-lived pelago-
sphera stage of category III development. These general observa-
tions also indicate that nutritional resources several kilometers 
offshore of Florida’s southeast coast may not be optimal for leci-
thotrophic oogenesis and larval development within Sipuncula. 
Additionally, during this study we never observed P. cryptum in 
the same substrate types where we found the other two species, 
which may suggest that direct lecithotrophy with the absence of 
any swimming stage represents a reproductive and/or develop-
mental pattern that has not become adapted to wave-swept envi-
ronments along the coast or the deeper bottom-dwelling ecology 
offshore of the IRL. In several locations within the IRL, typically 
near inlets from the coastal ocean where natural and man-made 
hard substrates are found, we collected low numbers of both 
T. alutacea and N. pellucidum, supporting previous observations 
(Rice et al., 1995). The presence of these two species near inlets 
demonstrates that larval stages likely facilitate movement into or 
out of the estuary and that the lack of a larval form may prevent 
the dispersal of a species out of the estuary to colonize offshore 
habitats, as in the case of P. cryptum. Although not quantitative, 
these observations do provide a basic framework for future stud-
ies that would attempt to measure and identify correlations be-
tween life history patterns and species distributions among local 
or regional habitat types or between climate zones. 

A review of the relatively small number of sipunculan spe-
cies for which development has been studied shows that some 
general habitat-associated trends are apparent. Among the six 
recognized sipunculan families (Kawauchi et al., 2012), the most 
common life history pattern is category IV, with a planktotrophic 
pelagosphera larva (Figures 4C,5C). This pattern includes both 
a relatively short-lived pelagosphera, as indicated by laboratory 
records (Rice, 1985), and teleplanic pelagosphera larvae with a 
potential for long-distance dispersal, as inferred from oceano-
graphic plankton tows (Rice, 1981; Scheltema and Hall, 1975; 
Scheltema and Rice, 1990). The diversity of species that exhibit 
category IV development is globally distributed within sand and 
mud flats, intertidal boulder fields, mixed reef structures along 
coastlines, and muds of the deep sea. Adult worms of category III 
species are often found with worms from category IV, where they 
co-occur within and between coral rubble, mollusk shells, com-
pacted sediments of nearshore reefs, and deeper structures from 
temperate to tropical climate zones (Stephen and Edmonds, 1972; 
Rice, 1975; Cutler, 1994; Rice et al., 1995). The only species de-
scribed with category II development are apparently restricted to 

temperate or polar marine climates (Cutler, 1994; Rice, 1985). 
Species that exhibit category I development have been collected 
subtidally from gastropod shells in soft sand and mud sedi-
ments (Åkesson, 1958; Rice et al., 1983) and from mixed sands 
under boulders and sediment-filled crevices of the intertidal zone 
(Rice, 1967; Gibbs, 1975) of temperate and subtropical regions. 
In summary, planktotrophic pelagosphera consistently develop 
from the larger sand and mud-burrowing species; planktotrophic 
and lecithotrophic pelagosphera typically develop from species 
that inhabit hard substrates, and direct development without any 
larval stage is found in species that occupy relatively calm inlets 
or bays that are protected from surf zones with high wave action.

Although there are many informative studies of sipunculan 
development (Gerould, 1903, 1906; Åkesson, 1958, 1961; Rice, 
1967, 1973, 1975; Pilger, 1987; Schulze and Rice, 2009b; Boyle 
and Seaver, 2010; Kristof et al., 2011) and numerous records of 
sipunculan species distributions (Stephen and Edmonds, 1972; 
Cutler, 1994), specific correlations between developmental pat-
tern and adult habitat remain elusive. Furthermore, contrasting 
life histories often overlap spatially where multiple sipunculan 
taxa coexist, irrespective of the habitat, ecosystem, or climate 
where such patterns are found. Because of this, life history 
patterns alone do not provide obvious signatures of environ-
mental selection for the presence or absence of those patterns. 
Alternatively, heritable developmental modifications during oo-
genesis (e.g., yolk production level), embryonic cleavage (e.g., 
micromere-macromere size relationship), and organ formation 
(e.g., the presence or absence of ciliated bands) may provide 
more realistic indicators of how particular life history patterns 
originally diverged from one another and became the four es-
tablished categories we recognize among different sipunculan 
species today.

Life History Patterns Reflect Developmental Priorities

Within Sipuncula, category-specific life history patterns (e.g., 
direct development, indirect lecithotrophy, indirect planktotro-
phy) exhibit morphologically distinct developmental characters. 
Therefore, the presence, absence, and/or degree of morphogenesis 
of different characters such as ciliation, musculature, and a func-
tional gut may indicate there are “priorities” during development 
that enable essential life history behaviors such as swimming, 
crawling, and feeding, respectively. In this context, one priority of 
direct lecithotrophic development is to build the functional mus-
culature of a benthic crawling juvenile worm. In contrast, indirect 
planktotrophic development would emphasize the relatively rapid 
formation of a metatroch, alimentary canal, and the integrated 
central and peripheral nervous systems for the survival of larvae 
in a pelagic environment. Is it reasonable to think that such pri-
orities are developmental signatures of evolutionary changes that 
occurred during the divergence of different life history patterns 
within Sipuncula? Direct laboratory observations combined with 
compound light and confocal laser scanning microscopy suggest 
this may be a valid interpretation. 
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The observed relationship between larger egg sizes and 
higher yolk content among lecithotrophic life history patterns in 
categories I, II, and III may indicate a temporal shift away from 
relatively rapid formation of a functional gut in planktotrophic 
larvae toward an earlier development of juvenile-specific struc-
tures (Anderson, 1973; Havenhand, 1993; Smith et al., 2007; 
Page, 2009; Pernet and McHugh, 2010). This shift is most ob-
vious where micromeres of the A, B, and C quadrants at the 
8-cell stage of lecithotrophic species are larger than their respec-
tive macromeres (Table 1). These micromeres contribute to char-
acteristically large prototroch cells (Figure 3), which eventually 
degenerate to introduce a substantial source of yolk nutrition 
into the coelom during extension and retraction movements as-
sociated with metamorphosis (Gerould, 1906). 

In category IV, the only developmental category that gen-
erates a feeding pelagosphera, micromeres and macromeres in 
the A–C quadrants of 8-cell embryos are approximately equal 
in size. The mechanism most likely responsible for this variation 
in blastomere size relationships and the associated partitioning 
of yolk reserves to prototroch cell precursors is a shift in the 
relative positions of cleavage spindles between the animal and 
vegetal poles in each blastomere of the four-cell embryo. A shift 
has been documented in the position of metaphase chromosomes 
during unequal cleavage in two-cell sipunculan embryos (Boyle 

and Rice, 2014) but not yet along the animal-vegetal axis. Char-
acterization of how and when such a mitotic shift takes place in 
sipunculan embryos will require a series of in-depth molecular 
labeling experiments. Importantly, the observed differences in 
maternal yolk investment and asymmetric cell mitosis between 
blastomeres and between species may represent early “signa-
tures” of the subsequent presence or absence of trochoblast 
ciliation and a swimming trochophore or whether a feeding or 
nonfeeding pelagosphera is formed and therefore which life his-
tory stages may be expected in a particular sipunculan species 
(Table 1). One probable cause for these differences among sipun-
culan embryos could be a genetically regulated increase in yolk 
protein production and its allocation to larger eggs. Although 
mechanistic differences in yolk production have not been experi-
mentally determined in our study, it would not be an unreason-
able hypothesis for sipunculans, considering previous work in 
other marine invertebrates (Vance, 1973; Strathmann, 1977, 
1985; Levin, 1984; Rice, 1985; McEdward and Morgan, 2001; 
Pernet and McHugh, 2010).

To date, modern cell lineage and cell fate studies have not 
been performed in sipunculan embryos. In the absence of such 
studies, there is a noticeable gap in comparative data among spi-
ralian clades. In P. cryptum, T. alutacea, and N. pellucidum, we 
have observed that the fundamental topology of spiral cleavage 

TABLE 1. Developmental characteristics of species-specific life history patterns in Sipuncula. Characteristics are from laboratory obser-
vations. Abbreviations: A/P, anterior-posterior axis; dia, diameter; dpf, days postfertilization; hpf, hours postfertilization.

	 Direct development (I),	 Indirect lecithotrophy (III),	 Indirect planktotrophy (IV), 
Characteristic	 Phascolion cryptum	 Themiste alutacea	 Nephasoma pellucidum

Egg size (dia)	 136 μma	 138 μma	 105 μmb

8-cell blastomeres (A, B, C quadrants)	 micromeres > macromeresa	 micromeres > macromeres	 micromeres = macromeresc

Yolk reserves	 high, cellular and coelomic	 high, cellular and coelomic	 moderate, primarily cellular

Prototroch cells	 large, non-ciliated	 large, ciliated	 small, ciliated

Trochophore larva	 no trochophore	 present, ~20 hpf a	 present, ~48 hpfc

Apical tuft	 absent	 present	 present

Circular muscles ~30 hpf	 distinct circular muscle bands	 indistinct circular muscle bands	� circular muscle bands not 

detected 

Retractor muscles ~30 hpf 	 distinct ventral and dorsal fibers	 diffuse ventral and dorsal fibers	 retractor muscles not detected

Pelagosphera larva with metatroch	 no pelagosphera, crawling 	 lecithotrophic, ~30 hpf	 planktotrophic, ~72 hpf 

	 worm	 crawl-swim larvaa	 swimming larvaa 

Terminal organ	 absent	 absenta	 presentc

Circular muscles ~3.0 dpf	 thick bands of A/P	 thick bands of A/P	 thin bands at anterior

Retractor muscles ~3.0 dpf	 extend length of A/P	 extend length of A/P	� extend 2/3 of A/P, with 

additional musculature 

Functional gut 	 1 weeka	 2 weeksa	 3 daysc

Juvenile worm 	 1 weeka	 4 weeksa	 ~6 weeksc

a 
Rice (1975). 

b 
Åkesson (1958). 

c 
Schulze and Rice (2009).
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is conserved from first cleavage through the blastula stage but 
also recognize that there must be changes in cell sizes, the tim-
ing of quadrant-specific cell divisions, and cell fate specification 
events that differ among their life history patterns. Furthermore, 
our expectation of such changes suggests there are sipunculan-
specific modifications to the “stereotypic” spiralian fate map rel-
ative to other lophotrochozoan groups (Martindale and Henry, 
1995; Boyer et al., 1998; Henry and Martindale, 1999; Hejnol 
et al., 2007; Meyer et al., 2010; Boyle and Rice, 2014). Not only 
do sipunculans produce the unique pelagosphera larval type 
within the Metazoa, but larval precursor stages also begin to 
build novel structures such as a buccal organ, lip gland, terminal 
organ, metatroch, paired sets of retractor muscles, and a distinct 
U-shaped gut configuration. Individually or collectively, these 
structures present interesting research problems for compari-
son with suites of very different, but presumably homologous, 
structures in the embryos and larvae of closely related spiralian 
taxa (Gerould, 1906; Åkesson, 1958; Rice, 1985; Purschke et al., 
1997; Rouse, 1999; Tzetlin and Purschke, 2006; Henry et al., 
2007; Schulze et al., 2007). Moreover, the presence or absence 
of such structures currently guides our ability to distinguish par-
ticular life history patterns among postgastrula stage embryos 
and larvae within Sipuncula. Thus, developmental morphology 

that is directly related to motility or feeding, including trochal, 
muscular, and digestive organ systems, indicates that there is 
traceable variation in developmental priorities between life his-
tory categories (Figures 3, 4, 5).

When comparing direct development with indirect plank
totrophy at ~24 hours after fertilization, we noticed an emphasis 
on the formation of particular organ systems in each of the two 
species. In P. cryptum, mesodermal linings of coelomic compart-
ments are not yet defined, the esophagus is developing from the 
stomodeum but shows no sign of a lumen or tubular architecture, 
and the endoderm does not show any indication of epithelial or-
ganization in the region of the intestine (Figure 6A). In contrast, 
the ciliated, swimming 24-hour embryos of N. pellucidum have 
an esophagus with a lumen that extends in a dorsal direction to its 
connection with the stomach, there are epithelia forming around 
the esophageal tube and the stomach, and the founder cells of 
visceral mesoderm and mesoderm-associated cavities mark the 
positions of both lateral and anterior coeloms (Figure 6B). In the 
embryos of P. cryptum at ~28–30 hours of development, there are 
well-defined circular muscles and longitudinal retractor muscle 
fibers, and the embryo has an ability to contract (Figure 3A). At a 
similar time of development in the swimming embryos of T. alu-
tacea, the circular and retractor muscle groups are visible but not 

FIGURE 6. Laser scanning confocal micrographs of the postgastrula stage embryos of (A) Phascolion cryptum and (B) Nephasoma pellucidum. Medial 
z-stack projections are shown; each specimen is oriented in lateral view with anterior to the top. Both specimens were labeled with phallacidin (green, 
F-actin) to visualize cell and tissue margins and propidium iodide (red, DNA) to visualize the position of individual cells during development. Time of 
development is approximately 22 to 24 hours in each species. Abbreviations are as follows: br, brain; en, endoderm; es, esophagus; pt, prototroch cells; 
st, stomodeum.
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as well organized as they are in P. cryptum, and no circular or re-
tractor muscle fibers are detectable in N. pellucidum at that time. 
However, epithelia are forming around margins of the esopha-
gus and intestine of N. pellucidum, whereas no corresponding 
epithelia are distinguishable in either one of the lecithotrophic 
species. Again, organogenesis within the category IV embryo ap-
pears to be prioritized for building a functional larval gut that 
will soon be required to feed on exogenous nutrients, whereas the 
musculature is already contractile and at a more advanced stage 
during early development of the crawling vermiform in category I 
and the crawling-swimming pelagosphera larva of category III, 
respectively (see Figure 1).

Prioritized differences in organ formation are even more 
pronounced in the most prominent dispersive stages at 3 days of 
development (Figures 4, 5). In the 72-hour pelagosphera larva of 
N. pellucidum, different arrangements of cells, tissues, and com-
plex musculature delineate the buccal organ, esophagus, stom-
ach, intestine, and anus of a functional digestive system, and 
there is a pair of terminal organ retractors that are indirectly in-
volved in feeding but are not found at any stage of development 
in the other two species. Comparatively thick bands of circular 
muscles and extensive retractor muscle fibers in P. cryptum and 
T. alutacea are observed to facilitate crawling and elongation be-
havior on and within substrates in the laboratory, yet neither 
one of their respective digestive systems are complete, nor will 
they be functional for another 6 to 7 days and 10 to 11 days, 
respectively (Rice, 1975). During that time, endogenous yolk re-
sources sustain their development through metamorphosis into 
a juvenile worm. An overall comparison between the most con-
trasting developmental patterns is revealing: within a few days 
of fertilization, planktotrophic larvae develop a nervous system 
for navigation, ciliation for swimming, musculature to obtain 
and handle food, and a functional gut for digestion, yet from the 
moment of fertilization in species with direct development, em-
bryogenesis constructs the tissues, organ systems, and body plan 
of a juvenile worm. Thus, sipunculan life history patterns are 
developmentally prioritized. This hypothesis implicates a history 
of shifts in the timing of gene regulation, morphogenesis, and 
character loss, from egg production through organ system devel-
opment, during evolutionary transitions between planktotrophy 
and lecithotrophy (Raff and Wray, 1989; Smith, 2003; Pernet 
and McHugh, 2010), as discussed further below. 

Life History Patterns and Characters  
Are Asymmetrically Distributed

The two most comprehensive monographs on sipunculan 
systematics, including detailed taxonomic descriptions, identi-
fication keys, and distribution records, estimate the number of 
species at ~320 (Stephen and Edmonds, 1972) and 149 (Cutler, 
1994). However, recent measurements of genetic connectivity 
between distant, yet potentially overlapping populations, and 
thus evidence for either cryptic speciation or cosmopolitanism, 
suggest the true number of valid species is somewhere between 

those two estimates (Kawauchi and Giribet, 2010, 2013; Schulze 
et al., 2012; Hsu et al., 2013; Johnson et al., 2015). The number 
and naming of sipunculan families has also “progressed” over 
time from several nondistinct group names (Baird, 1868; Pick-
ford, 1947; Åkesson, 1958) to four family designations, Sipun-
culidae, Golfingiidae, Phascolosomatidae, and Aspidosiphonidae 
(Stephen and Edmonds, 1972), then six family designations with 
the addition of Themistidae and Phascolionidae (Cutler, 1994; 
Maxmen et al., 2003; Schulze et al., 2007). These designations 
were followed by molecular phylogenetic analyses with a revised 
proposal for the following six families: Sipunculidae, Golfingi-
idae, Siphonosomatidae, Antillesomatidae, Phascolosomatidae, 
and Aspidosiphonidae (Kawauchi et al., 2012). The most recent 
study of relationships by Lemer et al. (2015), which reevaluated 
the families with comparative transcriptomic data, independent 
of all molecular characters previously analyzed for Sipuncula, 
provided strong support for the six families that were proposed 
by Kawauchi et al. (2012). When combined with information 
from multiple related studies of sipunculan development (Rice, 
1985, 1989; Rice et al., this volume; Schulze et al., this volume) 
these phylogenetic analyses have collectively enabled us to assign 
one or more of the four recognized developmental life history 
patterns (Figure 1) to each of six sipunculan families. From this 
assignment process we have discovered that all four develop-
mental life history patterns (I, II, III, IV) are exhibited by spe-
cies in the family Golfingiidae (Figure 7). Notably, each one of 
the species examined in our study, P. cryptum, T. alutacea, and 
N. pellucidum, belongs to one of the sipunculan genera within 
Golfingiidae. With one recorded exception (Rice, 1970), indirect 
planktotrophic development in category IV is the only life his-
tory pattern observed within each of the five remaining sipuncu-
lan families (Figure 7). 

On the basis of this correlation of life history pattern with 
family-level assignment, a variety of modifications to devel-
opmental characters must have occurred on the evolutionary 
branch leading to Golfingiidae. Our observations suggest those 
modifications may have included variations in yolk production, 
changes in egg size, asymmetries in the positions and/or the ori-
entations of macromere cleavage spindles, alternate patterns 
and locations of ciliation, temporal changes in the formation of 
different organ systems, and the reduction or complete loss of 
a larval life history stage (Table 1). Accordingly, as mentioned 
previously, although the nature of spiral cleavage is conserved 
on multiple levels and among multiple animal clades (Henry 
and Martindale, 1999), many important studies indicate there 
is considerable flexibility in the spiralian developmental pro-
gram (Freeman and Lundelius, 1992; Boyer et al., 1998; Henry 
and Martindale, 1999; Lambert, 2010), including patterns of 
blastomere cleavage (Costello and Henley, 1976; Henry, 1986; 
Render, 1989), determination of embryonic quadrants and axes 
(Lambert and Nagy, 2003; Henry et al., 2006; Lambert, 2007; 
Henry and Perry, 2008), cell fate specification (Martindale and 
Henry, 1995; Hejnol et al., 2007; Lambert, 2007; Meyer and 
Seaver, 2010; Meyer et al., 2010), and organ formation (Render, 
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FIGURE 7. Correspondence of developmental life history patterns to a hypothesis of evolutionary relationships within Sipuncula. Genera 
are located on the branch tips of the cladogram. Five sipunculan families (Sipunculidae, Golfingiidae, Siphonosomatidae, Phascolosoma-
tidae, and Aspidosiphonidae) are located to the right side of individual clades of genera; one family (Antillesomatidae) is placed adjacent 
to the only recognized genus within its family. Roman numerals designate the predominant developmental life history patterns (see Figure 
1) observed within each family. The cladogram is modified from Kawauchi et al. (2012).
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1983; Henry, 1989; Maslakova et al., 2004a, 2004b; Henry et 
al., 2007). If true, such flexibility would suggest there may have 
also been considerable morphogenetic potential for the evolution 
of distinct life history patterns, not only within the embryos of 
ancestral spiralians but also after individual spiralian lineages 
diverged, such as the branch leading to Sipuncula. We find it very 
interesting that in every species of sipunculan worm where early 
development has been examined, embryos undergo a pattern of 
unequal, holoblastic spiral cleavage (Rice, 1985, 1988). Com-
pared with other spiralian groups that have equal and unequal 
cleavage (e.g., mollusks, polychaetes) or only equal-cleaving 
embryos (e.g., nemerteans, platyhelminths), unequal cleavage is 
conserved across Sipuncula regardless of which developmental 
life history pattern a particular species exhibits. It is not yet clear 
how unequal cleavage became the established program for sipun-
culans worldwide; however, the implications are provocative.

Equal cleavage is thought to be the ancestral or primitive 
mechanism of D quadrant specification and establishment of the 
D/V axis in spiralian lophotrochozoans (Freeman and Lundelius, 
1992; Lambert, 2010). Unequal cleavage is associated with pre-
cocious specification of the D/V axis and the asymmetric distri-
bution of cytoplasmic materials among blastomeres of the early 
embryo (Freeman and Lundelius, 1992; Boyer and Henry, 1998). 
Spiralian groups with unequal cleavage tend to have many derived 
characters, as exemplified by annelid taxa such as oligochaetes 
and leeches that “display highly modified forms of development” 
(Henry and Martindale, 1999:262). Freeman and Lundelius 
(1992) also point out that when the D quadrant is specified early 
in unequally cleaving spiralians, the first functional stages are 
observed among life history patterns with direct development or 
advanced larval forms such as the setigers of polychaetes, veligers 
of mollusks, and pelagosphera larvae of sipunculans. 

The actual timing and mechanism of D quadrant identity 
or establishment of the D/V axis have not yet been examined 
in Sipuncula, although with unequal cleavage being conserved 
across the clade, we assume that these events would be similar 
to observations in other spiralians (Costello and Henley, 1976; 
Freeman and Lundelius, 1992; Henry and Martindale, 1999). 
There is a notable correlation between cleavage pattern and egg 
size among polychaete annelids (Anderson, 1973; Schroeder 
and Hermans, 1975), where unequal cleavage is typically asso-
ciated with larger eggs (≥100 μm). Thorson (1950) found that 
benthic invertebrate species that develop from small eggs gener-
ally have a planktonic larval phase, whereas species with larger 
eggs (>180 μm) develop directly into juveniles without a larval 
stage in their life cycle. Jägersten (1972) extends that trend to 
life history nutritional modes, where a low level of egg yolk is 
associated with planktotrophy and an abundance of yolk is asso-
ciated with lecithotrophy. Thus far, every sipunculan species ex-
amined has an egg with at least one dimension exceeding 100 μm 
in diameter, and among species, there is a consistent trend show-
ing that smaller eggs are associated with planktotrophic species, 
whereas larger eggs are found among a variety of lecithotrophic 
patterns (Rice, 1985, 1989). 

Taken together, egg size, yolk content, cleavage pattern, tim-
ing of D quadrant specification, and life history all appear to be 
correlated. These relationships are clearly demonstrated within 
Sipuncula (Table 1), where large yolky eggs exhibit unequal spiral 
cleavage and develop through direct and indirect lecithotrophic 
life history patterns (Rice, 1967, 1975, 1985, 1989). Such relation-
ships are also consistent among the three species in this study, where 
contrasting egg sizes, nutritional modes, and priorities in organ 
development vary with life history pattern: larger eggs, higher yolk 
content, larger micromeres, and a nonfunctional gut during early 
development in lecithotrophic species and smaller eggs, lower yolk 
content, smaller micromeres, and a functional gut in planktotro-
phic species. However, it is important to recognize that a gradi-
ent of egg sizes and intermediate larval types are found in several 
marine invertebrate groups across the Metazoa, including the oc-
currence of “facultative feeding” (Allen and Pernet, 2007; Pernet 
and McHugh, 2010). Although we have not found cases of facul-
tative planktotrophy or lecithotrophy among sipunculan larvae, 
they may exist. Therefore, a clear planktotrophy-lecithotrophy 
dichotomy based on larval development, morphology, and food 
requirements may be somewhat misleading, especially when used 
to interpret the direction of evolutionary transitions between life 
histories (Allen and Pernet, 2007). 

The Evolution of Developmental Life History  
Patterns within Sipuncula

The ancestral pattern of development from which all sipun-
culans are derived was first hypothesized to include yolk-rich eggs 
and swimming lecithotrophic larvae (Åkesson, 1958; Gerould, 
1906; Rice, 1967). The genus Golfingia represented that pattern, 
which included species thought to exhibit the most primitive 
forms of development and adult morphology (see Rice, 1967). 
From those ancestors, sipunculans would evolve in one direction 
toward species with direct development and in another direction 
toward a life cycle with planktotrophic larvae (Rice, 1975:157, 
fig. 45). Then, in 1985, Rice proposed a new hypothetical scheme 
for the evolution of sipunculan developmental patterns (Rice, 
1985:291, fig. 18.5). In that scheme, a spiralian stem group 
taxon with a feeding trochophore gave rise to planktotrophic 
modes of development in category IV, followed by subsequent 
evolution of all other life history patterns (Figure 8). Therefore, 
the inferred diversification of life histories within Sipuncula is 
from an ancestral pattern of indirect development with a plank-
totrophic pelagosphera larva toward an oceanic pelagosphera in 
one direction and, in another direction, toward different forms 
of indirect lecithotrophic development with a nonfeeding pela-
gosphera, followed by, or in parallel with, transitions toward 
direct development, including the eventual reduction and loss of 
all larval stages. As previously mentioned, all four categories of 
extant life history patterns are found within Golfingiidae (Fig-
ure 7), a single large family that contains approximately one-
half of the number of currently recognized species (Cutler, 1994; 
Kawauchi et al., 2012). The revised hypothetical scheme (Rice, 
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1985), which designated planktotrophy as part of the ancestral 
life cycle, was based on development, histology, and morphol-
ogy. That hypothesis is now generally supported by a series of 
molecular hypotheses of sipunculan relationships (Schulze et al., 
2007; Kawauchi et al., 2012; Lemer et al., 2015). 

Additional information that is not depicted in the revised 
scheme or any of the molecular trees should also be considered. 
First, all sipunculan trochophore larvae are lecithotrophic, and 
they are observed in three of the four developmental categories 

(II, III, IV). Thus, the first larval form of indirect lecithotrophic 
and indirect planktotrophic development is nonfeeding. Sec-
ond, gene expression and confocal imaging experiments show 
that direct development and a unique parthenogenic pattern 
pass through trochophore-like and elongation stages with gut, 
musculature, nervous system, and prototroch cells having posi-
tions and morphologies similar to their homologous organs in 
the swimming trochophore and first metamorphic stages of cat-
egories II, III, and IV (Boyle and Seaver, 2010; Boyle and Rice, 

FIGURE 8. Schematic representation of a hypothesis for the evolution of developmental life history patterns within Sipuncula. Roman numerals desig-
nate the four recognized life history patterns: (I) direct development, (II) indirect development without a pelagosphera larva, (III) indirect development 
with a lecithotrophic pelagosphera larva, and (IV) indirect development with a planktotrophic pelagosphera larva. In each of the indirect developing 
patterns (II, III, IV), the first larval stage is a nonfeeding, lecithotrophic trochophore with a prototrochal band of cilia as the primary organ of locomo-
tion. Indirect patterns with a pelagosphera larva (III, IV) show a metatrochal band of cilia as the primary organ of locomotion. The ancestral larval form 
for sipunculan life history evolution is inferred to be a feeding trochophore larva, shown at the bottom of this schematic. Modified from Rice (1985).
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2014). Such similarities likely reflect a shared history of devel-
opmental transitions from the ancestral pattern. Third, among 
planktotrophic species, there is a broad diversity of both short-
lived (Rice, 1985; Schulze and Rice, 2009b) and long-lived pela-
gosphera larvae (Rice, 1981; Scheltema and Rice, 1990), which 
may have evolved independently or through speciation in several 
of the families with exclusively category IV development (Rice, 
1985, 1988; Kawauchi et al., 2012). Either developmental cat-
egories I, II, and III, all observed within Golfingiidae and found 
among Phascolion, Golfingia, Phascolopis, Themiste, and Thy-
sanocardia, have lost planktotrophy, or a feeding larva was lost 
in their common ancestor, although Nephasoma has retained the 
ancestral category IV pattern (Figure 7). Relationships among 
genera within Golfingiidae are unresolved and will be the next 
important target of phylogenetic analysis (Lemer et al., 2015). 
Fourth, a single case of lecithotrophic parthenogenesis, Them-
iste lageniformis (Pilger, 1987); one hermaphroditic species, Ne-
phasoma minuta (Gibbs, 1975); and one with asexual budding, 
Aspidosiphon elegans (Rice, 1970), exist. Apart from budding, 
the other two examples of asexual reproduction belong to spe-
cies within Golfingiidae, further suggesting it is the most devel-
opmentally diverse family. Moreover, there are definitive fossil 
sipunculans in lower Cambrian rocks, Archaeogolfingia and 
Cambrosipunculus, which are “strikingly similar to the modern 
golfingiid sipunculans” (Huang et al., 2004:1673). Evidence of 
“golfingiid-like” body plans from ~520 mya, the earliest known 
sipunculan records, implies that extant life history patterns (I, 
II, III, IV) represent a very ancient, yet asymmetric, diversifica-
tion of developmental phenomena and associated genera within 
Sipuncula (Figures 7, 8). 

Currently, there is no straightforward explanation for how 
or why direct and indirect lecithotrophic development evolved 
from an ancestral lineage in which embryogenesis led to a swim-
ming, feeding pelagosphera larva. The presence of intermediate 
larvae with facultative feeding would help guide an explanation 
(Allen and Pernet, 2007), although none have been identified. 
However, among the first three life history categories (I, II, III), 
the early appearance of juvenile structures (e.g., intestine, intro-
vert retractors, nephridia, tentacles) is prevalent. For example, 
relative to the development of N. pellucidum (IV), which pro-
duces smaller eggs with lower yolk content and a functional lar-
val gut, the nonfeeding lecithotrophic larva of T. alutacea (III) 
and direct development in P. cryptum (I) reach their respective 
juvenile stages much earlier. The observed contrast may reflect 
lineage-specific adaptations to expedite the colonization of avail-
able parental habitats (e.g., gastropod shells, reef structure). 
Within these and other habitats, particular sipunculan species 
are common (Rice, 1975; Rice et al., 1983, 1995; Pilger, 1987). 
The lack of a larval stage or having short-duration nonfeed-
ing larval stages would limit dispersal distance and might help 
retain offspring locally in subsequent generations, especially if 
there is active selection for adult habitats as observed in other 
marine worms (Levin, 1984; Grassle et al., 1992; Qian, 1999; 
Snelgrove et al., 1999; Pernet, 2003). The wide distribution and 

abundance of P. cryptum in assorted gastropod shells of seagrass 
beds along the IRL and T. alutacea within coquina reefs along 
the outer coast are examples of populations that likely benefited 
from evolutionary transformations to lecithotrophy (Figures 7, 
8). In these environments, accelerated development of juvenile 
worms would shorten the overall length of time from fertiliza-
tion to metamorphosis and settlement. Therefore, within Sipun-
cula, direct and indirect lecithotrophic life histories may imply 
adaptive developmental strategies. This implication is supported 
by evidence for the direction of evolution from an ancestral pat-
tern (explained above), a situation in contrast to most molluscan 
life histories for which an adaptive explanation is apparently not 
required (discussed below), and also by the observed contrasts 
in egg size, yolk content, and delay in timing of a functional 
gut relative to planktotrophy (N. pellucidum), which are consis-
tent with similar hypotheses for lecithotrophy in other spiralian 
taxa (Strathmann, 1978, 1985; Freeman and Lundelius, 1992; 
Schneider et al., 1992; Pernet, 2003; Pernet and McHugh, 2010). 
In a more simplistic and primarily correlative view (Thorson, 
1950; Jägersten, 1972; Anderson, 1973; Schroeder and Her-
mans, 1975; Rice, 1985, 1989; Strathmann, 1985), larger rela-
tive egg sizes from larger maternal investments of yolk have led 
to lecithotrophy and direct development. Thus far, no definitive 
molecular or genetic mechanisms have explained this correlation 
(Thorson, 1950; Strathmann, 1985).

Our observations have been focused primarily on morpho-
logical similarities and differences between the most contrasting 
life history patterns: direct and indirect planktotrophic develop-
ment of P. cryptum and N. pellucidum, respectively. Compared 
with embryonic stages, as previously described (Figure 6), de-
velopmental priorities in organ system formation are even more 
pronounced in subsequent stages (Figure 9). At ~56 to 58 hours 
of development in N. pellucidum, circular and retractor muscles 
are active; musculature of the buccal organ, esophagus, stomach, 
and intestine is well developed; a ciliated track joins major sub-
regions of the digestive system; and the terminal organ is almost 
functional. The brain and ventral nerve cord are morphologi-
cally distinct and tethered by muscle fibers, ciliated metatroch 
cells are in place, ciliated prototroch cells are relatively small, 
and coelomic and digestive compartments are almost depleted 
in yolk (Schulze and Rice, 2009b), although nephridia are not 
yet organized. In contrast, at ~33 to 35 hours of development 
in P. cryptum, although circular and retractor muscles are ac-
tive and well developed, the gut is not differentiated into epithe-
lia or lined with cilia, there is no buccal or terminal organ, the 
brain and nerve cord are not well organized, there are no ciliated 
bands, the prototroch cells are large with yolk, and the nephridia 
show distinct morphology. Comparatively, both species are ~10 
to 12 hours away from producing their most prominent dispersal 
stages: the planktotrophic pelagosphera of N. pellucidum and 
the crawling vermiform of P. cryptum (Figures 4, 5). Although 
some organs are present in one species and not the other, we 
can assume that shared developmental characters are homolo-
gous and that both species pass through a similar stage, for 
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example, a ciliated prototroch in the swimming trochophore of 
N. pellucidum and an unciliated prototroch in the nonswimming 
trochophore-like stage of P. cryptum (Figure 3). 

Our observations reveal changes in the timing of appear-
ance of differentiated cell types, tissues, and organs between sim-
ilar stages of development in each species. Such changes between 
closely related species of marine invertebrates with contrasting 
life histories are considered indicators of a history of heteroch-
ronic shifts in development (Jägersten, 1972; Strathmann, 1985; 
Raff and Wray, 1989; Swalla et al., 1994; Byrne, 1995; Irvine et 
al., 1999; McEdward, 2000; Wray and Strathmann, 2002; Smith, 
2003; Moss, 2007; Raff, 2008; Page, 2009; Pernet and McHugh, 
2010). Cautiously, we recognize that heterochrony is only rela-
tive to an inferred ancestral pattern of development, which for 
Sipuncula includes a planktotrophic pelagosphera. Therefore, 
temporal shifts in embryonic and larval morphogenesis would 

implicate not only past changes in the timing of development of 
homologous characters but also loss of characters (e.g., ciliated 
bands, buccal organ, terminal organ) during diversification from 
indirect planktotrophy through lecithotrophy to direct devel-
opment without an intervening larval stage (Figure 8). As Page 
(2009) insightfully points out, molluscan life histories essentially 
undergo direct development of class-specific juvenile bodies, 
upon which transient larval structures are “superimposed” for a 
temporary planktonic phase. Because they do not have separate 
larval and juvenile body plans, “heterochrony is not needed to 
explain the appearance of juvenile structures prior to loss of the 
transient larval structures” (Page, 2009:223). However, sipuncu-
lan worms with direct development (P. cryptum) have lost mul-
tiple characters, including whole organs, during their inferred 
diversification from planktotrophy. Thus, although pelagosphera 
and juvenile stages share the same body, the pelagosphera is not 

FIGURE 9. Laser scanning confocal micrographs of the elongation stages of (A) Phascolion cryptum and (B) Nephasoma pellucidum. Each series of im-
ages shows a single specimen viewed in four progressively deeper z-stack projections through the medial region from left to right. Each image is a ventral 
view with anterior to the top. Both specimens were labeled with phallacidin (green, F-actin) to visualize tissue margins, musculature, and the digestive 
system and propidium iodide (red, DNA) to visualize the position of individual cells during development. Time of development in each series of confo-
cal micrographs is approximately 35 hours for P. cryptum and 58 hours for N. pellucidum. Abbreviations are as follows: br, brain; cm, circular muscle 
fibers; co, coelom; es, esophagus; in, intestine; ne, nephridium; pt, prototroch cells; st, stomodeum; stm, stomach; vr, ventral retractor muscle fibers.
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simply a transient, swimming, feeding planktonic juvenile with 
prolonged direct development. A planktotrophic pelagosphera 
must transform from a trochophore into its unique body plan 
with many larval-specific characters. Subsequent development 
entails a complex metamorphosis of anterior organ systems, in-
cluding formation of a retractable introvert with elaborate ten-
tacular and sensory systems, and with an extended planktonic 
period, some teleplanic forms may not be able to undergo meta-
morphosis, thereby swimming and feeding indefinitely as a larva. 
Heterochrony is most likely part of a broader explanation for 
the evolution of direct development from indirect planktotrophy 
in Sipuncula (Figure 8). Relative to the ancestral life history, we 
hypothesize that there have been multiple adaptive reductions 
in the amount of developmental time required to build juvenile 
organs in direct and indirect lecithotrophic species within Golfin-
giidae (Figure 7).

It will be important to follow this up with an empirical test 
for “phylogenetic patterns of change in developmental timing” 
by defining specific features of multiple characters and plot-
ting them onto independent sipunculan phylogenies (Smith, 
2003:615). This approach will attempt to evaluate the polarity 
of developmental changes across life histories within Sipuncula, 
possibly within accurate evolutionary time frames (Raff and 
Wray, 1989; Smith, 2003; Kawauchi et al., 2012). Of course, a 
number of associated challenges need to be to overcome. Sche-
matically, the above hypothesis is oversimplified (Figure 8), as 
direct and indirect lecithotrophy may have diversified in parallel, 
through a number of putative intermediate feeding and/or non-
feeding larval stages. Developmentally, the complex process of 
diversification would require a series of heritable changes lead-
ing to the loss or suppression of larval characters (Strathmann, 
1978; Freeman and Lundelius, 1992; Rouse, 2000), including 
changes in the regulation, timing, and location of the expres-
sion of transcription factors and signaling proteins within gene 
networks that specify those characters (Boyle and Seaver, 2010; 
Boyle et al., 2014; McEdward, 2000; Raff, 2008; Wray, 2007). 
Additional challenges include resolving the current lack of con-
gruence between classification schemes and between molecular 
and morphological trees (Stephen and Edmonds, 1972; Gibbs 
and Cutler, 1987; Cutler, 1994; Jenner, 2004; Bleidorn, 2007; 
Kawauchi et al., 2012), as well as interpreting primary absence 
or secondary loss for particular characters and thus the correct 
direction of character evolution (Purschke et al., 2000, 2014; 
Jenner, 2004; Bleidorn, 2007). 

Across the Metazoa, the loss and/or homoplasy of both 
molecular and morphological characters appears to be more 
common than previously thought (Moore and Willmer, 1997; 
Purschke et al., 2000, 2014; Purschke, 2002; Bleidorn, 2007; 
Dunn et al., 2014, 2015; Jékely et al., 2015). Within Annelida, 
there are several hypotheses of morphological character reduc-
tion or loss, with examples from coelomic cavities (Smith et al., 
1986), nuchal organs (Purschke et al., 2000; Rouse and Pleijel, 
2001; Purschke, 2002), eyes (Worsaae, 2005), chaetae (Ax, 
1999; Rouse and Pleijel, 2001), and ciliary bands (Rouse, 1999; 

Purschke, 2002). Furthermore, some relatively recent studies 
suggest there has been a loss of segmentation in both the Echiura 
and Sipuncula (Purschke et al., 2000; Hessling and Westheide, 
2002; Bleidorn, 2007; Kristof et al., 2008), although in sipun-
culans such interpretations are questionable (Åkesson, 1958; 
Rice, 1985; Wanninger et al., 2005; Boyle and Rice, 2014). 
These challenges also extend to life histories, where each pat-
tern represents a suite of characters. For example, not long ago, 
lecithotrophy was considered the ancestral developmental mode 
for polychaetes, with feeding larvae having evolved several times 
(Rouse, 2000). Yet among marine invertebrates in general, and 
several clades in particular, the inferred direction of evolution 
includes a loss of ancestral planktotrophy and associated feeding 
structures (Strathmann, 1978; Hart, 1996; Wray, 1996; Pernet, 
2003; Nielsen, 2009; Freeman, 2015). Our scheme of sipuncu-
lan diversification does not conflict with that trend (Figure 8), 
but it does contrast with the suggested ancestral mode for poly-
chaetes. However, the unsegmented Sipuncula are now consid-
ered members of the segmented Annelida (Struck et al., 2007, 
2011; Dunn et al., 2008), with developmental and phylogenetic 
evidence for planktotrophy as the ancestral pattern. Upon review 
of the two most recent phylogenomic relationships, sipunculans 
are hypothesized to be among the basal annelid lineages (Struck 
et al., 2011; Weigert et al., 2014), which all appear to have feed-
ing larvae. Thus, planktotrophy is most likely a plesiomorphic 
condition of the annelid radiation, providing a new framework 
for character reconstruction. 

Deeper Questions and Future Goals  
of Life History Research

Indeed, this is an exciting time to revisit fundamental ques-
tions about the origins and evolution of marine invertebrate life 
histories, including definitions of indirect development. Some 
invertebrate groups “do not have a larval body separate from 
the juvenile/adult body” (Page, 2009:223; see also Rawlinson, 
2010), in contrast to other groups in which the larval and juve-
nile bodies are distinct and independent of each other (Zimmer 
and Woollacott, 1977; Davidson et al., 1995; Maslakova, 2010). 
Obviously, these groups are not directly comparable. As Page 
(2009) has suggested for some molluscan taxa, indirect develop-
ment could be reinterpreted as the temporary planktonic phase 
of an otherwise direct life cycle. There are also views on the ori-
gin of indirect life history patterns in which larval forms repre-
sent transitory, feeding or nonfeeding dispersive stages between 
the embryonic products of adult reproduction and descendants 
of the next generation. One view suggests that the primitive life 
cycle of an “ancestral coelomate protostome” would include a 
bathypelagic larval form (Freeman and Lundelius, 1992:235; 
Jägersten, 1972). This life history pattern would most likely have 
been inherited from the protostome-deuterostome ancestor, the 
eubilaterian stem species. Another view suggests that the ances-
tral bilaterian, a predecessor of the protostome-deuterostome 
ancestor, was a direct-developing marine organism resembling 



3 0   •   S M I T H S O N I A N  C O N T R I B U T I O N S  T O  T H E  M A R I N E  S C I E N C E S

an acoelomorph flatworm (Hejnol and Martindale, 2008; Raff, 
2008). Yet the bilaterally symmetric planula larvae of Cnidaria, 
which branched off from a lineage leading to the Bilateria, 
imply that indirect development is perhaps the ancient life his-
tory pattern for bilaterian taxa, if not Metazoa. These and other 
larval forms further imply that indirect larval stages were rein-
stalled in the life cycles of marine organisms leading from the 
direct-developing Urbilateria to the protostome-deuterostome 
ancestor. Scientists may never know the correct answer about 
the original life history pattern of the metazoan stem species, 
which is likely obscured because of the loss of species through 
extinction and, with them, the loss of essential clues about pat-
terns and processes of life history evolution. Therefore, we re-
main cautious about broad statements on the origins of direct 
versus indirect development in major clades (e.g., Protostomia, 
Lophotrochozoa). In the case of Sipuncula, our current view is 
relatively clear: planktotrophy is part of the ancestral develop-
mental life history pattern. 

With this investigation, we have shown that there is stark 
contrast between direct development and indirect planktotro-
phy in the priority and timing of events that take place during 
construction of functional organ systems (Figure 9). However, 
the morphogenesis of complex organ systems, modifications to 
existing gene networks that specify them, and the loss or gain of 
cell types, tissues, and organs over time are poorly understood 
processes. With access to living embryonic and larval resources 
from contrasting life history patterns in Florida, there is an impe-
tus for applying a more complete set of tools to our life histories 
research. We have begun to unravel some of the mysteries with 
experiments on developmental gene expression; we have gen-
erated developmental transcriptome catalogs for three species, 
including P. cryptum and N. pellucidum, and we will be attempt-
ing to establish the first cell lineage and fate map for a member 
of Sipuncula. With this integrated approach, it will be possible 
to finally address several outstanding questions for comparison 
with studies in other spiralian groups: Why are there no sipuncu-
lan eggs that undergo equal cleavage? When is the sipunculan D 
quadrant specified? And why are there no feeding trochophore 
larvae within this clade? The Sipuncula should be, and will be, 
pursued as new and complementary nonmodel organisms in the 
field of evolutionary developmental biology.
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