
Chapter 8
Sea Urchin Larvae as a Model
for Postembryonic Development

Andreas Heyland, Nicholas Schuh, and Jonathan Rast

Abstract Larvae are a diverse set of postembryonic life forms distinct from juve-
niles or adults that have evolved in many animal phyla. Echinoids (sea urchins and
sand dollars) generate rapidly developing, morphologically simple, and optically
transparent larvae and are a well-established model system supported by a broad
array of genomic resources, experimental approaches, and imaging techniques. As
such, they provide a unique opportunity to study postembryonic processes such as
endocrine signaling, immunity, host–microbe interactions, and regeneration. Here
we review a broad array of literature focusing on these important processes in sea
urchin larvae, providing support for the claim that they represent excellent experi-
mental study systems. Specifically, there is strong evidence emerging that endocrine
signaling, immunity, and host–microbe interactions play major roles in larval devel-
opment and physiology. Future research should take advantage of sea urchin larvae
as a model to study these processes in more detail.
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8.1 Larval Forms as Experimental Models in Physiology
and Development

Larval forms are widespread among animal phyla, and as such they represent an
important part of postembryonic development (Carrier et al. 2017). While discus-
sions about what constitutes a larva can be found elsewhere (Bishop et al. 2006a;
Carrier et al. 2017; Hodin et al. 2010; McEdward 2000; McEdward and Janies
1993), they encompass several unique characteristics, which are further discussed in
this chapter (Figs. 8.1 and 8.2): (1) larvae are morphologically, physiologically, and
developmentally separate entities from embryos, juveniles, and reproductive adults
within the life cycle of an organism; (2) larval life cycles can be contrasted with
direct life cycles, where embryos transition directly into a juvenile form; (3) meta-
morphosis is an intricate part of the larval life cycle during which the larva is
transformed into the juvenile; and (4) the transition from larva to juvenile is
frequently accompanied by an ecological transition (settlement), as juveniles inhabit
different ecosystems from the larvae. Here we argue that larvae present a unique
opportunity to study postembryonic development, especially among marine inver-
tebrate phyla, which feature an impressive diversification of form and function.
Technically, larvae have the advantage over adult or juvenile forms in that their
morphologies are relatively simple and therefore amenable to rigorous experimen-
tation. In this review, we provide a summary of research focusing on hallmarks of
postembryonic development. Research on echinoderm larvae, especially sea urchin
larvae, has contributed to our understanding of the evolution of endocrine and
neuroendocrine signaling systems, immunity, asexual reproduction, and
regeneration.

Fig. 8.1 Larva of the sea
urchin Strongylocentrotus
purpuratus after 3 weeks of
development in the lab.
Specimen features eight
larval arms with skeletal
rods (Sk) and a developing
juvenile rudiment (R). Also
visible are pigment cells
(PC) dispersed over the
surface of the larva. The
ciliated band
(CB) surrounds the entire
larval body and is involved
in transporting food
particles to the larval mouth
(M). Food particles are
digested in the larval
stomach (S)

138 A. Heyland et al.



8.2 A Framework for Hormonal Action in Larval
Development and Metamorphosis of the Sea Urchin

Research on the involvement of hormones in echinoderm life histories has led to the
emergence of a conceptual framework of their functions and interactions in larval
development and metamorphosis (Fig. 8.3). While their detailed molecular

Fig. 8.2 Schematic of an indirect sea urchin life cycle with major life history stages—reproductive
adult, embryo, larva, and prereproductive juvenile. The postembryonic period is indicated in blue
tones and consists of larval development (the focus of this chapter), juvenile development, and
reproduction. Embryogenesis (a) initially results in a larval form, which metamorphoses, (b) after
a sometimes extensive period of swimming and feeding in the plankton. Settlement defines the
transition from the plankton to the benthos. Juveniles require months to years, depending on the
species, to reach reproductive maturity (c). Reproduction occurs by free-spawning gametes (sperm
and eggs) into the water column (d). This chapter focuses on the role of endocrine signaling,
immunity, and regeneration in postembryonic development. The molecules indicated in the figure
are histamine (HA) and thyroxine, a thyroid hormone (TH), respectively. Circles with receptors
represent immune system function
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mechanisms remain elusive in many instances, their involvement in critical larval
functions, such as skeletogenesis and programmed cell death (PCD), makes them
attractive candidates for functional physiological studies and offers insight into the
evolution of endocrine signaling. Here we will briefly discuss the current state of
knowledge on the hypothesized endocrine and neuroendocrine regulatory network
underlying larval development and metamorphosis (Fig. 8.3).

8.2.1 The Hypothesized Endocrine and Neuroendocrine
Network of Sea Urchin Larval Development

Thyroid hormones (THs) are regulators of animal development and physiology. For
example, these hormones are both necessary and sufficient for the metamorphic
transition from a tadpole to an adult frog (for review see Tata 1996). Similarly, THs
have been shown to regulate metamorphosis and other life history transitions in
echinoderms, urochordates, cephalochordates, and mollusks (for review see Taylor
and Heyland 2017). The function of THs (specifically T4) in echinoids (sea urchins
and sand dollars) include, but is not limited to the acceleration of development,
specifically juvenile skeletogenesis, and reduction of larval arm length (Flatt et al.
2006; Heyland and Hodin 2004; Heyland et al. 2005, 2009; Heyland and Moroz
2006; Heyland et al. 2001, 2004) (Fig. 8.2). THs are endogenously synthesized from
incorporated iodine in the purple sea urchin S. purpuratus (Miller and Heyland 2010,
2013), and this endogenous synthesis can be complemented by the exogenous
hormone sources such as from the consumed phytoplankton (Heyland et al. 2006,

Fig. 8.3 Conceptual diagram of hypothesized endocrine regulatory network underlying larval
development and metamorphosis in the purple sea urchin S. purpuratus. Histamine (HA), thyrox-
ine (T4), and nitric oxide (NO) all have been shown to regulate larval development and metamor-
phosis. The function of these signaling molecules may converge on metamorphic competence, the
stage immediately preceding settlement, via the regulation of programmed cell death (apoptosis).
Round ends indicate activation while line ends indicates inhibition. For references see text. Regular
lines indicate mechanisms that have been extensively tested. Broken lines indicate hypothesized
mechanism for which only preliminary or no evidence exists to date
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2009; Taylor and Heyland 2017). In fact, iodine incorporation into sea urchin
epithelial cells occurs via conserved mechanisms, shared between plants and ani-
mals, which are distinct from TH synthesis mechanisms in mammals and other
vertebrates (Miller and Heyland 2013). Finally, it appears that THs activate
programmed cell death (PCD) in the arm tips of competent sea urchin larvae,
promoting the transition from larva to juvenile (Taylor et al. in review). Because
of this compelling evidence for TH function in invertebrates, sea urchin larvae
provide an excellent model to study underlying mechanisms.

Histamine (HA) is an essential signaling molecule across prokaryotes and eukary-
otes (Kyriakidis et al. 2012), with widespread functions ranging from neuronal
signaling to immunity in animals (Nassel 1999; Roeder 2003; Tabarean 2016). In
sea urchins, it is functionally involved in the formation of the fertilization envelope
(Leguia and Wessel 2006) and has been identified as a natural settlement cue in
several Australian echinoid species (Swanson et al. 2004, 2012). Recent evidence
also suggests that it functions as a regulator of metamorphic competence (Lutek et al.
2018; Sutherby et al. 2012). Specifically, these studies show that HA levels and sea
urchin histamine receptor 1 (suH1R) expression increase during larval development,
peaking at metamorphic competence. Furthermore, the sea urchin genome contains
two putative sequences for histamine receptors, one of which we recently function-
ally characterized (Lutek et al. 2018). This work suggests that suH1R is expressed in
neuronal clusters in the mouth region of the larva and inhibits PCD in competent
larvae.

In addition to TH and HA, nitric oxide (NO) has been shown to signal in
metamorphically competent sea urchin larvae (Fig. 8.2). Specifically, endogenously
released NO functions as an inhibitor of settlement (Bishop and Brandhorst 2001a,
b). Furthermore, this pathway appears to interact with TH signaling in TH treatment
of competent sea urchin larvae results in the reduction of NOS (nitric oxide
synthase—NO synthesis enzyme)-positive neurons (Bishop et al. 2006b). These
results suggest that TH may function antagonistically to NO signaling in competent
larvae. Still, the functional relevance of this interaction requires further studies,
along with a detailed analysis of the interactions between NO, TH, and HA.

8.2.2 Putative Function of TH Signaling in Skeletogenesis

The formation of a skeleton in postembryonic development is common to many
animal groups. Sea urchin larvae prominently and beautifully feature a calcareous
endoskeleton (Fig. 8.1), which provides a structure for the larval arms (for review see
Decker and Lennarz 1988). The formation of the larval skeleton from a subset of
primary mesenchyme cells (PMCs) in the ventrolateral cluster is the result of a
complex gene regulatory network (GRN) involving transcription factors and signal-
ing systems, which have been studied in detail in S. purpuratus and related species
(reviewed in McIntyre et al. 2014). Importantly, the PMC GRN is a target of
activated (phosphorylated) mitogen-activated protein kinase (MAPK, ERK 1/2)
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signaling, and the transcription factors Ets1 and Alx1 are key mediators of MAPK
inputs (McIntyre et al. 2014). Intriguingly, genes involved in this mechanism are
present in several other echinoderm groups lacking skeletons, suggesting that the
evolution of larval skeletons involved the activation of the entire module by specific
signaling factors. One such candidate is vascular endothelial growth factor (VEGF),
which is essential for proper formation of larval spicules in the sea urchin embryo
(Koga et al. 2016).

The function of the larval skeletons is intimately linked to swimming and feeding
performance and therefore dependent on environmental input. For example, sea
urchin larval arms grow longer when food availability is limited (Heyland and
Hodin 2004; Miner 2005; Miner and Vonesh 2004; Strathmann et al. 1992). This
response effectively increases the length of the ciliated band and allows the larva to
capture more food particles, hence compensating for the lack of food in the envi-
ronment (Hart and Strathmann 1994). In addition to the transcription factors and
signaling molecules involved in larval skeleton formation, several genes with spe-
cific functions in skeletal elongation have been identified in the sea urchins
S. purpuratus and Lytechinus variegatus, including the transmembrane protein
P16, SM50, MSP130, advillin, and carbonic anhydrase. These genes are important
candidates for analyzing the molecular basis of arm elongation in sea urchins under
low food conditions (McAlister and Miner 2018).

Neurosecretory mechanisms have been shown to be involved in the regulation of
arm length. For example, Adams et al. (2011) demonstrated that dopamine is
involved in the process that induces reduced feeding structures under abundant
food conditions. Furthermore, Heyland and Hodin (2004) have shown that increased
levels of TH, which potentially originate from algae, can produce a phenotype
similar to the high food phenotype (i.e., shorter arms in high food conditions in
comparison to low food conditions). These findings suggest that receptors detecting
these signals can directly or indirectly modulate the GRN underlying skeletogenesis
and apoptosis (see below). However, the link between these signaling events and
skeletogenesis remains largely unknown. Note that recent findings also suggest a
link between this plastic response and changes in the larval microbiome (further
discussed below).

8.2.3 Function of Hormonal Signaling in Programmed Cell
Death (PCD)

PCD plays a central role in both normal development and disease. In animals with
larval stages, PCD is linked to postembryonic development and metamorphosis
(Tata 1996). Specifically, hormones such as TH in vertebrates and ecdysteroids in
insects are major regulators of this process. For example, THs regulate PCD in frog
tail resorption (Ishizuya-Oka et al. 2010), and ecdysteroid action is a major regulator
of PCD in insect metamorphosis (Buszczak and Segraves 2000). The complement of
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PCD-related proteins (i.e., caspases, CARD, Apaf, BIR, Bcl domain proteins, and
others) in basal animal groups and sea urchins is more similar to vertebrates
(in comparison to model systems such as fruit flies and nematodes where PCD has
been historically studied), indicating that these cell death mechanisms may have
evolved early in animal evolution. Hence, we can gain important insights into the
mechanisms of PCD by studying it in larval development of the sea urchin (Rob-
ertson et al. 2006).

Recent research on TH and HA signaling strongly suggests a link between
endocrine signals and PCD in sea urchin larvae. In addition to the work outlined
above on HA signaling regulating PCD in competent larvae, our data also suggest
that T4 signals upstream of the skeletogenesis GRN in PMCs (Taylor and Heyland
2017; Taylor et al. in review). Part or all of this interaction may be responsible for the
observed shortening of skeletal elements in response to T4 treatment. This hypoth-
esis requires more detailed investigations into the regulation of various proteases
critical for PCD, such as caspases and matrix metalloproteinases (MPPs), by THs.
Cell death is closely linked to changes in the extracellular matrix (ECM). Specifi-
cally, caspases as well as MPPs have been shown to affect cell–cell interactions in
PCD (Herren et al. 1998). More importantly, MMPs have been identified as the main
players in PCD during the metamorphic transition of frogs and insects, and their
function is regulated by metamorphic hormones (THs and ecdysteroids, respec-
tively) (Mathew et al. 2010; Page-McCaw et al. 2007). While the functional role
of these important PCD regulators in sea urchins remains largely unknown, previous
work has identified MMPs as regulators of sea urchin skeletogenesis (Ingersoll and
Wilt 1998), and several forms of MMPs are expressed during embryogenesis
(Ingersoll and Pendharkar 2005). Furthermore, these proteases may play a functional
role in mutable collagenous tissues, a type of tissue, which has received considerable
attention in echinoderms due to its ability to undergo reversible changes in mechan-
ical properties (Ribeiro et al. 2012).

8.3 Sea Urchin Larvae as an Experimental Model
for Bacterial Colonization and Host-Microbe
Interactions in Postembryonic Development

Developmental biology has traditionally carried the view that multicellular organ-
isms are discrete, individual entities. Advances in microbiology and sequencing
technology have led to the emergence of a “holobiont” view: multicellular eukary-
otes are hosts to vast microbial ecosystems continuous with the surrounding envi-
ronment, forming indivisible biological systems (Gilbert et al. 2012; McFall-Ngai
et al. 2013). These microbial residents participate in most (if not all) physiological
processes, but much remains to be understood about interactions between microbes
and developing hosts. The life history and habitat diversity found among echino-
derms (e.g., tropical, temperate, arctic; benthic, planktonic, or brooded) could be
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useful in delineating how the acquisition of distinct microbiota interacts with
environment, feeding, development, and more, in the context of similar and dissim-
ilar host genomes (Williams and Carrier 2018). This section will review the small but
promising literature on bacterial microbiology in sea urchin larvae, as well as future
directions for the field.

Previous research has isolated bacteria from adult echinoids using traditional
culture techniques (Table 8.1). Unkles (1977) demonstrated that Echinus esculentus
guts and cavity fluid were associated with Gammaproteobacteria (Pseudomonas,
Aeromonas, and Vibrio) and some Bacteroidetes (specifically Flavobacteria), while
the peristomial membrane had a distribution intermediate between those tissues and
the surrounding environment. More recently, Hakim et al. (2015, 2016) used next-
generation 16S sequencing to characterize the gut microbiome of adult L. variegatus,
revealing not only distinct bacteria in urchin tissue and the environment, but also
distinct communities associated with different parts of the gut. Pharynx and gut were
dominated by Epsilonproteobacteria relative to the digesta, which were primarily
colonized by Gammaproteobacteria, other Proteobacteria, and Bacteroidetes
(including Flavobacteria). The surrounding seagrass and ocean water were rela-
tively enriched for Cyanobacteria and Alphaproteobacteria, respectively.
Strongylocentrotus intermedius and Strongylocentrotus nudus gonads were reported
to be exclusively colonized by Bacteroidetes, although this may be a result of the
Bacteroidetes (specifically Tenacibaculum)-focused 16S PCR primers used
(Balakirev et al. 2008). Regardless, distinct relative abundances of Flavobacteria
and Sphingobacteria were associated with the “usual” and “gray” S. intermedius
phenotypes, but not with their depth below sea level, which may indicate a func-
tional role associated with these phenotypes (Balakirev et al. 2008). Kiselev et al.
(2013) isolated 22 strains (predominantly Gammaproteobacteria but also
Bacteroidetes and Firmicutes) of 9 genera (Aliivibrio, Bizionia, Colwellia, Olleya,
Paenibacillus, Photobacterium, Pseudoalteromonas, Shewanella, Vibrio) from
adult Strongylocentrotus pallidus cavity fluid and exposed them to congeneric
S. intermedius embryos. Aliivibrio, Vibrio, Colwellia, Shewanella, and
Photobacterium spp. slowed or arrested growth by 3 days postfertilization; the
remaining strains had no noticeable effect (Kiselev et al. 2013). Conversely, some
of these strains induced apparent increases in pigment cell numbers (also see below)
and viability, which may imply a degree of bacteria-immune synergy (Kiselev et al.
2013). These studies illustrate several recurring themes: adult echinoids in diverse
habitats (Clyde Sea for E. esculentus, Gulf of Mexico for L. variegatus, Sea of Japan
for S. intermedius and S. nudus, Sea of Okhotsk for S. pallidus) are similarly
colonized by culturable Proteobacteria and Bacteroidetes relative to their diets
and surrounding environments. Guts and coelomic fluid are associated with
Gammaproteobacteria (particularly the genera Colwellia, Pseudoalteromonas,
Pseudomonas, Shewanella, and Vibrio) and Bacteroidetes (particularly class
Flavobacteria). These taxa are similarly overrepresented using culture-independent
16S sequencing approaches (Hakim et al. 2015, 2016) and may be associated with an
array of functions (De Ridder and Foret 2006; Williams and Carrier 2018).
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Among echinoderms, fewer studies have focused on endogenous microbiota
of sea urchin larvae (Table 8.1). Ho et al. (2017) characterized 89 bacterial
strains associated with 4-arm feeding S. purpuratus larvae; the vast majority
were Gammaproteobacteria, notably genera Alteromonas, Colwellia,

Table 8.1 Bacterial phyla associated with adult and larval sea urchins

Stage Tissue(s) Sea urchin species Method Bacterial phyla Reference

Adult Gut, cavity
fluid, peri-
stomial
membrane

Echinus
esculentus

Culture, mor-
phology,
staining

Bacteroidetes
Proteobacteria
(γ)
Other

Unkles
(1977)

Adult Gonad Strongylocentrotus
intermedius

Culture, 16S Bacteroidetes Balakirev
et al. (2008)

Adult Gonad Strongylocentrotus
nudus

Culture, 16S Bacteroidetes

Adult Cavity fluid Strongylocentrotus
pallidus

Culture, 16S Bacteroidetes
Firmicutes
Proteobacteria
(γ)

Kiselev et al.
(2013)

Adult Pharynx,
gut tissue,
gut digesta,
feces

Lytechinus
variegatus

16S Bacteroidetes
Proteobacteria
(α, β, γ, δ, ε)
Other

Hakim et al.
(2015) and
Hakim et al.
(2016)

4-arm
larva

– Strongylocentrotus
purpuratus

Culture, 16S Actinobacteria
Bacteroidetes
Cyanobacteria
Proteobacteria
(α, β, γ)
Other

Ho et al.
(2017)

4-, 6-,
8-arm
larvae

– Strongylocentrotus
purpuratus

16S Bacteroidetes
Cyanobacteria
Planctomycetes
Proteobacteria
(α, β, γ)
Verrucomicrobia
Other

Carrier and
Reitzel
(2018)

4-, 6-,
8-arm
larvae

– Mesocentrotus
franciscanus

16S Bacteroidetes
Cyanobacteria
Planctomycetes
Proteobacteria
(α, β, γ)
Verrucomicrobia
Other

4-, 6-,
8-arm
larvae

– Strongylocentrotus
droebachiensis

16S Bacteroidetes
Cyanobacteria
Planctomycetes
Proteobacteria
(α, β, γ)
Verrucomicrobia
Other
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Pseudoalteromonas, Pseudomonas, and Vibrio. Representatives of the
Actinobacteria, Bacteroidetes, and Cyanobacteria were also present. Repeated
isolation experiments and comprehensive 16S sequencing corroborate these results:
larvae are associated primarily with Proteobacteria, Bacteroidetes, and
Cyanobacteria, distinct from the communities present in their surrounding environ-
ment (Ho et al. 2017). Culturable diversity turned out to be lower than that revealed
with 16S sequencing, and associated diversity was lower when larvae were raised in
the laboratory than in the field (unpublished data). Cyanobacteria and some types of
Proteobacteria may be especially difficult to culture, at least using traditional
methods. However, much of the microbiota appears to be relatively stable, even
when larvae are raised in artificial seawater, suggesting that the host–microbe
interactions underlying these associations could be studied in the lab.

Microbial transmission can occur in several dimensions, (vertical vs. horizontal,
parental vs. exogenous, larva to adult, etc.), and many larvae-associated taxa overlap
with taxa previously identified in adults, raising questions about the dynamics of the
host–microbiota relationship in echinoid development and life history. Likely com-
partments for bacterial colonization are the digestive tract and the ectoderm, either its
external surface or the subcuticular space (Cameron and Holland 1983, 1985).
Subcuticular bacteria have been observed in adult echinoids (De Ridder and Foret
2006; Holland and Nealson 1978) and some echinoderm larvae (Cameron and
Holland 1983, 1985; Holland and Nealson 1978; Cerra et al. 1997). Still, to our
knowledge, this phenomenon has not been observed in sea urchin larvae. 16S
fluorescent in situ hybridization reveals that larval bacterial load is miniscule until
about 3–4 days of development, coinciding loosely with the onset of feeding, after
which the vast majority of associated bacteria are present in the mouth and gut lumen
(unpublished data) (Smith et al. 2008). Small numbers of bacteria are sometimes
associated with the external ectoderm, but are rarely or never seen in the cuticle.
Blastocoelar bacteria are generally only seen in injured or dead larvae, or under
experimental conditions, where they are rapidly cleared by phagocytes (Ho et al.
2017).

In the face of environmental variation, sea urchin larvae acclimate physiologi-
cally by differentially expressing genes as well as adjusting phenotypic traits (see
also discussion of phenotypic plasticity above). For many other animal taxa, accli-
mation is a combined physiological as well as microbial response, whereas in the
latter, the community composition and their relative proportions of the host-
associated microbiome are restructured. In a recent study, Carrier and Reitzel
(2018) tested the hypothesis that feeding-induced plasticity in urchin larvae (a host
response to environmental variation) correlates with a phenotype-specific
microbiome, a proxy for hologenomic acclimation. In their study, they find support
that across a phenotypic continuum, urchin larvae associate with phenotype-specific
microbiome, of which was independent of dietary state (i.e., food quantity), devel-
opmental stage, and ecological drift. This pattern was convergent between
S. purpuratus, S. droebachiensis, and Mesocentrotus franciscanus larvae, even
though they associated with species-specific microbiomes. Furthermore, the authors
find support that the magnitude that phenotypic plasticity is expressed strongly
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correlates with the degree to which the larval host differentially associates with the
microbiome. Collectively, these data could represent an additional layer of adapta-
tion to changing environmental feeding conditions, reinforcing the view that echi-
noid larval microbiota are associated with feeding.

Several bacterial taxa found in sea urchin larvae are consistently associated with
settlement and metamorphosis and have been hypothesized to be functionally
involved in the induction of settlement (Table 8.2). For example, Huggett et al.
(2006) isolated culturable bacteria from coralline algae and demonstrated settlement
of the sea urchin Heliocidaris erythrogramma in response to biofilms produced by
Pseudoalteromonas, Vibrio, Shewanella, Photobacterium, and Pseudomonas
strains. Settlement is significantly reduced or blocked in H. erythrogramma and
Tripneustes gratilla sea urchin larvae, as well as Acanthaster planci sea star larvae,
when inducing macroalgae or rocks are cleared of their associated bacteria
(Dworjanyn and Pirozzi 2008; Huggett et al. 2006; Johnson et al. 1991). A. planci
larvae were observed by electron microscopy to settle and metamorphose only on
regions colonized by bacteria, which included Alteromonas or Pseudomonas, and
Vibrio (Johnson et al. 1991). Mos et al. (2011) tested a broad set of potential
settlement cues and concluded that seaweeds with their associated bacteria were
the most effective settlement cue for T. gratilla. Furthermore, H. erythrogramma
settlement was found to be strongly correlated with the diversity of Amphiroa anceps
and Corallina officinalis macroalgae-associated bacterial communities, but no sig-
nificant relationship was observed for Holopneustes purpurascens, which settled
consistently in response to algae-derived HA (Nielsen et al. 2015). Together, these
results suggest that competent larvae may respond to specific bacterial strains or at
least algal–bacterial consortia, depending on the echinoid and bacterial species
involved. Further study is required to elucidate the molecular cues associated with
bacteria and algae that regulate this process and the pathways of bacterial transfer
and colonization between food sources, adults, larvae, and juveniles.

8.4 Sea Urchin Immunity in Larval Development

Echinoderms have had an important place in the history of immunology ever since
Ilya Metchnikoff first described phagocytosis in asteroid and echinoid larvae
(Metchnikoff 1893; Tauber 2003). Though the field of immunology has been
primarily focused on vertebrate systems, with strong contributions from insects,
there is every reason to believe that sea urchins have need of a complex immune
system, and much research has confirmed that this is the case. Sea urchins are
relatively long-lived invertebrates, and some species are among the animals with
the longest lifespans (Ebert and Southon 2013). Marine environments are dense
microbial ecosystems full of potential pathogens. Prolonged life expectancy in such
environments implies broad and robust antimicrobial immunity (Bodnar and
Coffman 2016; Buckley and Rast 2012). Embryos and larvae must survive to
metamorphic competence in similar environments as their adults, suggesting a

8 Sea Urchin Larvae as a Model for Postembryonic Development 147



T
ab

le
8.
2

B
ac
te
ri
al
ge
ne
ra

as
so
ci
at
ed

w
ith

in
du

ct
io
n
of

la
rv
al
se
ttl
em

en
t

E
ch
in
od

er
m

sp
ec
ie
s

B
ac
te
ri
al
ph

yl
a

B
ac
te
ri
al
ge
ne
ra

In
du

ct
io
n
cu
e

M
et
ho

d
R
ef
er
en
ce

A
ca
nt
ha

st
er

pl
an

ci
P
ro
te
ob

ac
te
ri
a
(γ
)

A
lte
ro
m
on

as
/P
se
u-

do
m
on

as
V
ib
ri
o

L
iv
e
ba
ct
er
ia
as
so
ci
at
ed

w
ith

th
e

m
ac
ro
al
ga
e
L
ith

ot
ha

m
ni
um

ps
eu
do

so
ru
m

C
ul
tu
re
,m

or
ph

ol
-

og
y,

bi
oc
he
m
is
tr
y

Jo
hn

so
n

et
al
.(
19

91
)

H
ol
op

ne
us
te
s

pu
rp
ur
as
ce
ns

P
ro
te
ob

ac
te
ri
a
(γ
)

P
ho

to
ba

ct
er
iu
m

T
ha

la
ss
om

on
as

V
ib
ri
o

M
on

oc
ul
tu
re

bi
ofi

lm
s

C
ul
tu
re
,1

6S
S
w
an
so
n

et
al
.(
20

06
)

H
el
io
ci
da

ri
s

er
yt
hr
og

ra
m
m
a

A
ct
in
ob

ac
te
ri
a,

B
ac
te
ro
id
et
es
,P

ro
te
ob

ac
te
ri
a

(α
,γ
)

A
lte
ro
m
on

as
A
es
tu
ar
iib

ac
te
r

C
yt
op

ha
ga

M
ic
ro
co
cc
us

T
ha

la
ss
om

on
as

P
ho

to
ba

ct
er
iu
m

P
se
ud

oa
lte
ro
m
on

as
P
se
ud

om
on

as
Sh

ew
an

el
la

V
ib
ri
o

M
on

oc
ul
tu
re

bi
ofi

lm
s

C
ul
tu
re
,1

6S
H
ug

ge
tt

et
al
.(
20

06
)

T
ri
pn

eu
st
es

gr
at
ill
a

P
ro
te
ob

ac
te
ri
a
(γ
)

P
se
ud

oa
lte
ro
m
on

as
T
ha

la
ss
om

on
as

V
ib
ri
o

L
iv
e
ba
ct
er
ia
,b

ac
te
ri
al
su
pe
rn
at
an
ts
,m

ix
ed

bi
ofi

lm
s

C
ul
tu
re
,1

6S
M
os

et
al
.

(2
01

1)

148 A. Heyland et al.



need for broad immune competence in these stages as well. Today, there is much
work describing the immune systems of adult echinoids, and immunity in other life
history stages are beginning to receive renewed attention (reviewed in Smith et al.
2018). This work has been greatly aided by access to genome sequences from the
purple sea urchin and several other echinoderms, which reveal the presence of a
broad suite of genes encoding innate immune receptors, signals, and effectors
(Buckley and Rast 2017; Hibino et al. 2006; Sea Urchin Genome Sequencing
et al. 2006). Although sea urchins do not have the same adaptive immune system
that characterizes vertebrate immunity, they share developmental and regulatory
systems with vertebrates that are also important in the larva. This section will review
literature and emerging perspectives on sea urchin larval immunity and address
potential future directions for the field.

Several mesenchymal cell types in sea urchin embryos and larvae are capable of
rapid recognition and phagocytosis of foreign particles in the blastocoel as demon-
strated in both L. variegatus (Silva 2000) and in S. purpuratus (Ho et al. 2017).
Embryos and larvae also express humoral immune effectors such as complement
factors (Shah et al. 2003) and antibacterial peptides (Li et al. 2014). The develop-
ment and morphology of several larval mesenchymal cell lineages have been well
described (Gibson and Burke 1987; Ruffins and Ettensohn 1993; Tamboline and
Burke 1992), and a subset of these was recently shown to have specific immune
functions (Buckley et al. 2017; Buckley and Rast 2017; Ho et al. 2017). In the purple
sea urchin embryo, two populations of secondary mesenchymal cells are specified at
the blastula stage, which give rise to several types of immune cells in the larva. These
include five cell categories (Fig. 8.4): (1) pigment cells contain red granules and are
motile with several dendritic cell-like pseudopodia (Gibson and Burke 1987; Ho
et al. 2017). In unchallenged larvae, these cells are closely associated with the
ectoderm and form clusters near the apex and arm tips. Upon bacterial challenge,
they become rounded and hypermotile and often enter the blastocoelar space
(Ho et al. 2017). (2) Globular cells are large cells filled with round vesicles that
impart an unusual, popcorn-like appearance. Expression of a lineage-specific mem-
brane attack complex/perforin family (MACPF)-like factor suggests possible effec-
tor function for these cells (MACPFA2 Ho et al. 2017). Several motile globular cells
typically patrol the blastocoel, consistent with an immune surveillance function.
(3) Filopodial cells include the primary phagocytes of echinoid larvae. This hetero-
geneous cell category possesses small, rounded cell bodies and extended long
(10–50 μm) cytoplasmic projections, forming a dynamic intercellular network
connecting the basal surfaces of the gut and ectodermal epithelia throughout the
blastocoelar space (Ho et al. 2017). Upon bacterial challenge, a subpopulation of
filopodial cells activates the echinoid-specific antimicrobial effector SpTransformer
(185/333). (4) Ovoid cells are elliptical phagocytes that appear when bacteria are
introduced into the blastocoel. These cells are not observed in unchallenged larvae.
The developmental origin of these cells is not known but they may be an activated
form of filopodial cell (Ho et al. 2017). (5) Amoeboid cells are small, highly motile
comma-shaped cells (Gibson and Burke 1987; Ho et al. 2017). Their role in

8 Sea Urchin Larvae as a Model for Postembryonic Development 149



immunity is unclear, but they migrate rapidly to bacterial infection sites and carry out
complex interactions with epithelia and other immunocytes (Ho et al. 2017).

In four-arm purple sea urchin larvae, exposure to laboratory Escherichia coli,
either through blastocoelar microinjection or from the surrounding seawater, does
not induce a strong response (Ho et al. 2017). However, Vibrio diazotrophicus, a
marine bacterium isolated from adult Strongylocentrotus droebachiensis (Guerinot

Fig. 8.4 Cellular immune response in the sea urchin larva. (a) A complex of several filopodial cells
phagocytosing injected Vibrio diazotrophicus (V.d.). (b) An amoeboid cell in the blastocoel. (c) A
globular cell with several filopodia in the blastocoel. (d) Pigment cells apposed to the ectoderm just
after injection of V.d. showing inactivated extended morphology. (e) Pigment cells several hours
after injection showing rounded activated morphology. (f) A group of interacting filopodial cells
and pigment cells at site of injected V.d. (g) Site of injection 5 min after introduction of Vibrio
lentus. Some cells have already begun to accumulate in area of bacteria. (h) Same region after
30 min. A large complex of several cell types has accumulated including filopodial cells, globular
cells, pigment cells, and other uncharacterized cell types (surrounded by dotted line). CP coelomic
pouch, EC ectoderm, MG midgut, N nucleus; arrow, pigment cell nucleus; arrowhead, filopodial
cells; asterisk, selected bacterial cells
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et al. 1982), in culture seawater induces reproducible and synchronous changes in
larval immunocyte behavior. Specifically, the midgut epithelium becomes dramati-
cally thickened, and pigment cells retract their projections and migrate to the
blastocoelar space and basal surfaces of the mouth, esophagus, and gut. Increased
interactions between pigment cells and the various classes of blastocoelar cells are
also observed (Ho et al. 2017). Pigment cell migration by 24 h is reduced consid-
erably when larvae are exposed to killed vs. live Vibrio (Ho et al. 2017), so the
response likely depends on activity of the living bacteria. In addition, a rapid and
vigorous phagocytic response is induced when Vibrio are injected into the larval
blastocoel (Ho et al. 2017).

8.4.1 The Larval Immune Gene Response and IL-17

As mentioned above, the purple sea urchin genome encodes a broad panel of
immune factors, including orthologs of transcription factors involved in vertebrate
immunity (e.g., SCL/TAL2, E2A/HEB/ITF2, GATA1/2/3, PU.1), cytokines and
receptors (e.g., IL-1, IL-17, TNF), complement factors (e.g., C3/4/5, Bf), antimicro-
bial peptides (e.g., Strongylocins), and an expansive repertoire of innate immune
receptors (e.g., TLRs, NLRs, SRCRs) (for a comprehensive list, see Buckley and
Rast 2017; Hibino et al. 2006). However, the degree to which this immune toolkit is
utilized in the embryo and larval stages was initially unclear. This question was
addressed by sequencing whole transcriptomes from four-arm Strongylocentrotus
purpuratus larvae exposed to Vibrio diazotrophicus in a time series over a 24-hour
period (Buckley et al. 2017). Coincident with the changes in immune cell behavior
described above, expression of homologs of genes involved in every layer of
vertebrate immune response also is evident, including transcription factors (Atf2,
CEBPα, and γ, NF-κB), signaling adaptors (NFkBIz, TNFAIP3, Traf6), cytokines
(IL-17, TNF), and effectors (SpSoul1 and the echinoid-specific SpTransformer
(185/333) family) (Buckley et al. 2017). Genomic analysis finds
35 Strongylocentrotus purpuratus IL-17 homologs separated into 10 subfamilies; a
small group of IL-17 ligands belonging to two subfamilies (SpIL17-1 and SpIL17-4)
are strongly upregulated early in response to bacterial exposure. Whole-mount in
situ hybridization (WMISH) localizes expression of both families to the midgut and
hindgut epithelia. Since these events happen very early in response to exposure and
the gut lumen is a primary site of bacterial exposure and recognition, these results
implicate the gut epithelium as a primary regulator of immune response. Another
group, SpIL17-9, is expressed in a similarly rapid fashion in adult coelomocytes
following Vibrio diazotrophicus injection.

Two IL-17 receptors (IL17-R1 and IL17-R2) have been identified in the purple
sea urchin genome via the presence of SEF/interleukin-1 receptor (SEFIR) domains
(Buckley et al. 2017; Buckley and Rast 2017; Hibino et al. 2006). WMISH exper-
iments localize expression of both receptors at low levels to multiple tissues and cells
throughout the larva (Buckley and Rast 2017). Larvae raised from zygotes
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microinjected with antisense morpholinos targeting the IL17-R1 exhibit reduced
expression of an array of downstream genes, including IL17-4, after Vibrio
diazotrophicus exposure, suggesting a feedback mechanism (Buckley et al. 2017).
Further study is required to elaborate other potential immune pathways, but these
studies demonstrate that the IL17/IL17-R system is a major regulator of immune
response in sea urchin larvae.

8.4.2 Partitioning the Immune System Between Embryo,
Larva, and Adult

Although immune genes are expressed from the beginning of development, analysis
of embryonic RNAseq profiles (Tu et al. 2014) indicates a sharp increase in the
complexity of immune gene expression at the onset of feeding. This coincides with
the differentiation of several immune cell types (Ho et al. 2017; Solek et al. 2013),
the establishment of robust immune signaling systems (Buckley et al. 2017), and
increasing complexity of microbial associations (see above). The immune system is
further elaborated in terms of immune cell number and efficiency of response as the
larva grows. The initial wave of immune cells is derived from embryonic mesoderm
that is subdivided by a GRN involving transcription factors that have important
homologs in vertebrate hematopoietic systems (Schrankel et al. 2016; Solek et al.
2013). The source of later larval immune cells remains unknown. In larvae, expres-
sion of the transcription factors necessary for early immune cell specification is
maintained in the coelomic pouches and in a small group of mesenchymal cells at the
aboral larval apex (Solek et al. 2013). These areas are candidate sources for the
expansion of larval immune cells as the larva grows.

The immune cells of larvae and adults have similarities as well as differences
(Ho et al. 2017; Solek et al. 2013). The red spherule cells of adults share expression
of transcriptional regulators and enzymes with larval pigment cells, as do adult and
larval phagocytic cells. Larval amoeboid cells share morphology and behavior with
the amoeboid forms of adult colorless spherule cells. In contrast, there are no
obvious morphological counterparts of vibratile cells and several other adult immune
cell types in the larva. In terms of recognition and effector gene expression, there
appear to be distinct differences between larvae and adults. Although some of these
may fall away as different immune activation mechanisms are explored, it seems that
the larva expresses a set of immune genes that overlap, but also differ, from those of
the adult and that to some extent the genome encodes two immune systems that
operate in these distinct life stages (Ho et al. 2017). How the immune system is
elaborated during the course of larval development, how it may function at meta-
morphosis, and how the larval immune system contributes to that of the adult are
questions that remain to be explored.

152 A. Heyland et al.



8.5 Asexual Reproduction and Regeneration

8.5.1 Regeneration in Echinoderm Larvae

Regeneration is an essential component of postembryonic development in animals,
as it provides the option to rebuild vital organs and tissues. This process is wide-
spread among invertebrates and has been extensively studied in adult echinoderms
for over a century (Candia and Paolo 2010). Still, it has been known for some time
that the capability of regeneration is not restricted to adults and that larvae can
regenerate body parts as well. Generally, regeneration proceeds through a series of
processes, which include wound healing, cell fate changes, cell migration and
proliferation, as well as cell–cell signaling. In some animals, such as cnidarians,
regeneration originates from highly proliferative stem cells (Holstein et al. 2003).
The generality of this mechanism among animals remains unclear however.

Bipinnaria larvae of sea stars can regenerate most larval structures after bisection
(i.e., cutting the animal into an anterior and posterior half), including the stomach,
mouth, intestine, and anal opening (Vickery et al. 1999a, b, 2001a, b; Vickery and
McClintock 1998). A recent study on cell proliferation during regeneration in the bat
star Patiria miniata shows a marked reduction immediately following bisection,
prior to the onset of wound-proximal proliferation (Hinman and Cary 2017).
Transcriptome analysis of bisected larvae also suggests conservation of gene expres-
sion changes associated with wound healing and proliferation with those found in
other animals with regenerative capabilities. Still, localization of specific target
genes (e.g., SRAP—sea start regeneration-associated protease, vasa, dysferlin, and
vitellogenin) and a detailed analysis of cellular changes occurring after bisection
during the regeneration process (Oulhen et al. 2016) suggest that larval regeneration
in P. miniata also involves broad cellular changes instead of just proliferation by
pre-specified stem cell populations. These findings suggest that regeneration follows
a distinct differentiation pattern. Future research will have to clarify these regener-
ative mechanisms in more detail, and sea urchin larvae provide an ideal model
organism for such investigations.

8.5.2 Asexual Reproduction Via Budding in Sea Urchins

In contrast to vertebrates, where sexual reproduction is the predominant reproductive
strategy, other animal taxa have evolved asexual life cycles involving the generation
of larval or adult forms without a preceding embryogenesis. Larval budding has been
described in four of the five echinoderm classes, i.e., ophiuroids (Balser 1998),
asteroids (Rao et al. 1993), and more recently, echinoids (Eaves and Palmer 2003;
Vaughn and Strathmann 2008) and holothuroids (Eaves and Palmer 2003). While
the mechanisms underlying this process remain largely unknown, its widespread
distribution warrants a more detailed analysis. A variety of abiotic factors such as
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pH, salinity, temperature, and turbulence have been shown to induce budding (Allen
et al. 2018). Additionally, it has been shown that conspecific larvae in the environ-
ment as well as predators may elicit a budding response in sea urchin larvae (Allen
et al. 2018). Still, the mechanisms underlying these events, as well as their adaptive
significance within the life cycle of an organism, remain elusive. Presumably, some
mechanisms involved in regeneration are also important for budding as the larval
body needs to be rebuilt. Other processes however may be quite different as
regeneration likely involves a stronger response of the immune system during
wound healing. Moreover, bisected larvae can draw from a pool of differentiated
cells, while buds, which typically consist of only one or two cell types, need to
transdifferentiate these cells into a variety of other cell types. It will be interesting to
investigate the similarities and differences of molecular and cellular mechanisms
between budding and regeneration among sea urchin larvae.

8.6 Synthesis

• Larval forms are morphologically distinct from the juvenile. Functional evidence
on endocrine and immunity functions during larval development indicates the
existence of similarities and differences between the larva and the adult.

• While hormones fulfill critical functions in the internal regulation of metamor-
phosis and settlement, the ecological transition from the planktonic to the benthic
environment appears to involve interactions with bacteria, through biofilms or
secreted factors.

• While cell death plays a key role in postembryonic development, its function is
strongly linked to endocrine signaling and potentially the immune response.

• The complexity of immune gene expression and of the cellular immune system
increases over the course of larval development.

• The acquisition of complex microbiota and the elaboration of cellular immunity
and immune gene expression are temporally and functionally associated with the
onset of feeding in planktotrophic larvae.

Box 1
Adaptive immunity: Also known as anticipatory immunity, adaptive immunity
is found in all vertebrates where immune receptors are somatically assembled
from incomplete genomic elements and selected for binding to nonself in the
individual. Immunoglobulins and T-cell receptor systems in jawed vertebrates
and variable lymphocyte receptor (VLR) systems in jawless vertebrates are
thus far the only well-described examples of this type of receptor system.

Budding: Form of asexual reproduction, which has been observed in a
diversity of marine invertebrate larvae. It results in the formation of a new

(continued)
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Box 1 (continued)
individual by cleaving off ectoderm and endodermal cells from the larva,
which can then form a completely new larval body.

Holobiont: A multicellular eukaryote host and its associated microbial
symbionts (or microbiota). The combined genomes of the host and its
microbiota (host genome þ microbiome) are the hologenome.

Innate immunity: Protective systems based on nonself-recognition recep-
tors that are directly encoded in the genome like any other gene. Receptors that
mediate this type of immunity generally target highly conserved microbial
molecules and associated infection signals. These systems are found through-
out animals.

Larva: Developmental stage in animals with indirect life histories, preced-
ing juvenile and/or adult stages and following embryogenesis. Larvae are
dispersed through the water column, transition into a juvenile via a sometimes
drastic metamorphosis, and frequently occupy a different habitat than the
juvenile and/or adult. Bipinnaria and pluteus larvae are example of sea star
and sea urchin larval stages, respectively.

Larval skeletogenesis: The formation of an endoskeleton in sea urchin and
other larval forms. Sea urchin larvae require the skeleton to swim and feed.
Note that in sea urchin larvae, skeletogenesis occurs in both, the larval and
juvenile compartment.

Metamorphosis: Developmental transition from a larva to a juvenile, which
typically involves the development of juvenile structures inside the larva as
either a rudiment or imaginal disks. Once juvenile structures matured, larval
structures will be destroyed as part of the metamorphic transition.

Programmed cell death (apoptosis): A form of cell death, which is medi-
ated by specific intracellular programs.

Settlement: Transition from the planktonic to the benthic habitat upon
induction by specific environmental cues. In marine invertebrate larvae, set-
tlement links the planktonic with the benthic part of the live cycle.

16S: A gene encoding the RNA component of the prokaryotic 30S small
ribosomal subunit. Useful in both universal and specific identification of
microbes due to the presence of both highly conserved regions, present in all
prokaryotes, and hypervariable regions, which evolve more rapidly, and can
distinguish closely related taxa to genus- or species-level resolution.
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