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Abstract

Background: The life cycle of many animals includes a larval stage, which has diversified into an astonishing variety
of ecological strategies. The Nemertea is a group of spiralians that exhibits a broad diversity of larval forms, including
the iconic pilidium. A pelagic planktotrophic pilidium is the ancestral form in the Pilidiophora, but several lineages
exhibit deviations of this condition, mostly as a transition to pelagic lecithotrophy. The most extreme case occurs,
however, in the Pilidiophoran Lineus ruber, which exhibits an adelphophagic intracapsular pilidium, the so-called
Schmidt’s larva.

Results: We combined confocal laser scanning microscopy and gene expression studies to characterize the devel-
opment and metamorphosis of the Schmidt’s larva of L. ruber. The larva forms after gastrulation, and comprises a
thin epidermis, a proboscis rudiment and two pairs of imaginal discs from which the juvenile will develop. The cells
internalized during gastrulation form a blind gut and the blastopore gives rise to the mouth of the larva and juvenile.
The Schmidt’s larva eats other siblings that occupy the same egg capsule, accumulating nutrients for the juvenile. A
gradual metamorphosis involves the differentiation of the juvenile cell types from the imaginal discs and the shed-
ding of the larval epidermis. The expression of evolutionarily conserved anterior (foxQ2, six3/6, gsc, otx), endomeso-
dermal (foxA, GATA456-a, twi-a) and posterior (evx, cdx) markers demonstrate that the juvenile retains the molecular
patterning of the Schmidt’s larva. After metamorphosis, the juveniles stay over 20 days within the egg masses, until
they are fully mature and hatch.

Conclusions: The evolution of the intracapsular Schmidt’s larva involved the loss of the typical feeding structures

of the planktotrophic pilidium and a precocious formation of the imaginal discs, as also observed in other pelagic
lecithotrophic forms. However, no special adaptations are observed related to adelphophagy. As in planktotrophic
pilidium, the molecular mechanism patterning the juvenile is only active in the imaginal discs and not during the
early development of the larva, suggesting two separate molecular programs during nemertean embryogenesis. Our
results illuminate the diversification of larval forms in the Pilidiophora and Nemertea, and thus on the developmental
mechanisms underlying metazoan larval evolution.
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Background

Nemerteans (“ribbon worms”) are a group of mostly
marine predatory worms that exhibit a broad diversity
of larval forms and life cycles [1-3]. Phylogenetically,
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this group is well nested within the Spiralia [4-7], and
closely related to the Lophophorate taxa (brachiopods,
phoronids and bryozoans) [5, 8—11]. Similar to many
other members of the Spiralia, nemerteans exhibit quar-
tet spiral cleavage [12-16], a highly stereotypical mode
of development. After cleavage and gastrulation, most
nemertean embryos develop into a larval stage, which
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can be either of the planuliform type—in the Hoplone-
mertea and Palaeonemertea—or of the pilidium type—in
the Pilidiophora [2, 17] (Fig. 1A). In the planuliform lar-
vae, the adult/juvenile body is largely defined [18-20].
They can be planktotrophic or lecithotrophic [2], and the
transition into the benthic adult is gradual and without a
dramatic metamorphosis [18, 21]. However, planuliform
larvae sometimes possess tissues and organs that are dis-
carded during maturation [18, 19, 21]. Pilidium larvae
exhibit, on the contrary, an archetypical maximally indi-
rect development. The body plan of the pilidium larva
is completely different from the adult morphology, and
the transition between these two stages involves a cata-
strophic metamorphosis [22]. Pilidium larvae often take
the shape of a war helmet (Fig. 1B), although the exter-
nal morphology can vary extensively between species [2,
23, 24]. Almost uniformly, the pilidium larva has a body
formed by a more or less spherical large episphere, two
lateral lappets, and anterior and posterior lobes. The lap-
pets and lobes are used for generating a feeding current
and catching particles of food [25]. The mouth opens
between the two lateral lobes, and connects to a blind gut
through a small vestibule (Fig. 1B). On the opposite pole
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Fig. 1 The Nemertea and the diversity of larval forms. AThe
Nemertea comprises three major monophyletic groups, namely

the Palaeonemertea, the Hoplonemertea and the Pilidiophora [99,
100]. The Palaeonemertea and Hoplonemertea show the so-called
planuliform larvae, while the Pilidiophora shows as ancestral trait the
presence of a planktotrophic pilidium larva (shown in B). This larva is
present in the majority of lineages, although several groups exhibit
several specializations, such as a shift towards lecithotrophic and/or
encapsulated development. B Planktotrophic pilidium larva of Lineus
longissimus. The typical pilidium has a hat-like shape, with an aboral
apical organ and a ventral mouth surrounded by two long oral lobes.
Internally, the larva has a blind gut, and as it matures, the imaginal
discs that will form the adult grow inside. B Is a lateral view. Draw-
ings are not to scale. The drawings of the planuliform larva of the
Palaeonemertea and Hoplonemertea are adapted from [40]. ao apical

organ, bg blind gut, mo mouth, o/ oral lobes. Scale bar in B, 100 um
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of the larva—aboral pole—there is an apical tuft (Fig. 1B).
The occurrence of this type of larva in many different
species suggests that a pelagic planktotrophic pilidium
larva was present in the last common ancestor of the
Pilidiophora [2, 26] (Fig. 1A). During its lifespan, the typ-
ical pilidium larva develops three pairs of rudiments—
imaginal discs—as invaginations of the larval epidermis
inside the blastocoel. The cephalic pair of imaginal discs
forms first [22], from the first quartet micromeres [14],
and originates the head of the juvenile. The second pair—
trunk discs—and third pair—cerebral organ discs—form
subsequently, depending on the feeding of the pilidium
[22]. In addition to these three pairs of imaginal discs, an
unpaired anterior rudiment forms the proboscis, and an
unpaired dorsal mesenchymal disc contributes to the for-
mation of the trunk [22]. The only connection between
the larva and the future juvenile is thus the mouth and
blind gut, which are conserved during metamorphosis.
The growth, differentiation, and eventual fusion of the
imaginal discs form the juvenile. A rapid metamorpho-
sis occurs when the juvenile worm is completely formed
inside the larval body, and often involves the ingestion of
the larval tissue by the hatching juvenile [22, 27].
Although pilidium larvae were considered the typical
example of planktotrophic larvae, recent evidences sug-
gest that lecithotrophy is much more common than pre-
viously thought, occurring in at least 16 Pilidiophoran
lineages [2, 28-32]. Investigation of the metamorpho-
sis of these lecithotrophic pilidium larvae showed that
the juvenile forms from imaginal discs similar to those
observed in a typical planktotrophic pilidium, and that
the larval body—epidermis, apical organ—is also dis-
carded [30, 31]. However, the most extreme case of devi-
ation from the ancestral planktotrophic pilidium occurs
in the species Lineus ruber (Miller, 1774) and Lineus vir-
idis (Miiller, 1774). In these two nemerteans, the embryo
develops into an intracapsular larval form, which even-
tually metamorphoses into the juvenile [29, 33-36]. The
so-called Schmidt’s (in L. ruber) and Desor’s (in L. viridis)
larvae lack the buccal lappets and the apical organ, but
also forms pairs of imaginal discs and a larval epidermis
that is discarded during metamorphosis [29, 37]. Addi-
tionally, the Schmidt’s larva of L. ruber exhibits adel-
phophagy, and predates on unfertilized eggs that occupy
the same egg capsule during development [38, 39]. There-
fore, the Pilidiophora emerges as an ideal group to study
the developmental implications associated with the evo-
lution of an indirect life cycle and the transition between
alternative nutrition modes (planktotrophy, lecithotro-
phy and adelphophagy) and dispersal strategies (pelagic
larvae versus intracapsular larvae). In this context, most
of the recent work has focused on understanding the
embryonic development of pelagic pilidium larvae [22,
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40, 41], whereas little attention has been paid to those
lineages exhibiting the most extreme cases of larval adap-
tation, such as L. ruber and L. viridis.

In this study, we use molecular approaches to char-
acterize the development and metamorphosis of the
adelphophagic intracapsular Schmidt’s larva of the
nemertean L. ruber. By means of confocal laser scan-
ning microscopy and F-actin staining, we show the for-
mation of the imaginal discs and organ rudiments of the
Schmidt’s larva and their subsequent transformation into
the definitive tissues of the juvenile. In addition, we ana-
lyze the patterns of cell proliferation during Schmidt’s
larva formation and metamorphosis. We complement
our morphological analyses with the expression patterns
of anterior/head markers (foxQ2, six3/6, goosecoid, orth-
odenticle), endomesodermal genes (foxA, GATA456-a,
twist-a), and posterior markers (even-skipped, caudal) to
better understand the establishment of the positional and
cellular identities in the Schmidt’s larva and early juvenile
of L. ruber. Our study sheds light into the developmen-
tal changes occurred during the evolution of an intraca-
psular larva from a pelagic form in the group Nemertea,
and thus helps to uncover the embryonic and molecular
mechanisms related to the diversification of life cycles
among metazoans.

Methods

Animal collection and embryo care

Gravid specimens of L. ruber were found under stones
in the coast near Bergen (Fanafjorden; GPS coordinates:
60.251845 north, 5.320947 east) during day low tide in
March and April 2014. Animals were kept in aquariums
with constantly aerated filtered seawater (FSW) at 14 °C,
under a day—night cycle of 13 h of light and 11 h of dark-
ness, and fed once a week with adult Platynereis dumer-
ilii (Additional file 1: Video S1). Under these conditions,
gravid adults laid egg masses spontaneously over the
course of several weeks. Egg masses were collected daily
and kept in separate petri dishes at 14 °C, with changes of
ESW every other day.

Embryo fixation

At the desired developmental stage, egg masses were dis-
sected under the stereomicroscope with the aid of a pair
of tungsten needles to release the embryos from the egg
capsules. Embryos were then transferred to a new petri
dish with FSW, relaxed for 15 min in 7.4 % MgCl, (from
20-day-old embryos onwards), and subsequently fixed
in 4 % formaldehyde in FSW for 1 h at room tempera-
ture (RT). Fixative was removed with 3 washes of 5 min
in phosphate buffer saline (PBS) with 0.1 % Tween-20
(PTw). Specimens for immunohistochemistry were
washed once more in PTw and stored in 0.1 % sodium
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azide in PTw at 4 °C. Specimens for whole mount in situ
hybridization were washed in 50 % methanol in PTw for
5 min, and dehydrated in 100 % methanol twice for 5 min
before storage in pure methanol at —20 °C.

Proliferation studies

To label proliferative cells at the S-phase of the cell cycle,
embryos at particular points of development were dis-
sected from the egg masses and incubated in FSW sup-
plemented with 100 uM of the thymidine analog EAU for
1 h at 14 °C. After incubation, embryos were immediately
rinsed in FSW, relaxed in 7.4 % MgCl, (from 20-day-
old embryos onwards), and fixed in 4 % formaldehyde
in FSW for 1 h at RT. The fixative was removed with 3
washes of 5 min in PTw and samples were stored in 0.1 %
sodium azide in PTw at 4 °C. Fluorescent labeling of the
incorporated EdU was performed as recommended by
Click-it EAU Alexa Fluor 594 imaging kit (Life Tech-
nologies, NY, USA), and nuclei were counterstained in a
1:10,000 dilution (v:v) of Sytox Green in PTw.

Phalloidin labeling

Specimens fixed and stored for immunohistochemistry
were washed 3 times in PBS to remove the sodium azide.
Actin filaments and nuclei were labeled with 5 U/mL of
Alexa 647 phalloidin (Life Technologies, NY, USA) and
1:10,000 Sytox Green in PBT (PBS, 0.2 % TritonX-100,
0.1 % bovine serum albumin) for 1 h at RT. Stained
embryos were subsequently washed in PBS for 1 h, and
mounted for confocal laser scanning observation (see
below).

Gene expression studies

A fragment of foxA and foxQ2, and the full-length
sequences of cdx, evx, GATA456-a, gsc, otx, six3/6 and
twist-a [GenBank: KT335961-KT335969] were identified
from RNAseq data of mixed developmental stages. Pro-
tein alignments were constructed with MAFFT v.7 [42]
and poorly aligned regions were removed with Gblocks
v.0.91b [43]. RAXxML v.8 [44] was used to infer gene
orthologies (Additional file 2: Figure S1). Resulting trees
were formatted with FigTree and Illustrator CS6 (Adobe).
Single colorimetric whole mount in situ hybridization
was performed as described elsewhere [45], with the only
modification of permeabilizing the samples with protein-
ase K (10 pg/mL in PTw) for 8 min at RT without shak-
ing. After the whole mount in situ hybridization protocol,
embryos were cleared and stored in 70 % glycerol in PTw
with a 1:5000 dilution of the nuclear marker DAPI.

Imaging
EdU-labeled and phalloidin-stained embryos were dehy-
drated in a graded isopropanol series (75, 85, 95 % in
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miliQ water, and twice in 100 % isopropanol for 30-60 s
each step) and cleared in Murray’s reagent (benzyl ben-
zoate to benzyl alcohol, 2:1, v:v). Cleared samples were
imaged under a Leica SP5 confocal laser-scanning micro-
scope (Leica, Wetzlar, Germany). Specimens exhibit-
ing representative expression patterns of the analyzed
genes cleared in 70 % glycerol were imaged with an
Axiocam HRc connected to an Axioscope Ax10 (Zeiss,
Oberkochen, Germany), using bright field Nomarski
optics. Images were analyzed with Fiji and Photoshop
CS6 (Adobe), and figure plates made with Illustrator CS6
(Adobe). Brightness/contrast and color balance adjust-
ments were applied to the whole image, not parts.

Results
Oviposition and timing of development of Lineus ruber
Adult specimens of L. ruber collected from the field dis-
played a dark red pigmentation, which was lighter at
the region of the head (Fig. 2A). L. ruber is a dioecious
species. In mature female animals, multiple individ-
ual ovaries are distributed along two lateral rows, with
each ovary connecting to the epidermis through a small
gonoduct and a gonopore [1]. We did not directly observe
fertilization, but it occurs internally after pseudocopula-
tion [46]. Oviposition occurs spontaneously (Fig. 2B).
Eggs are released through the lateral gonopores packed
into multiple pyriform egg capsules (Additional file 3:
Video S2). As the animal releases the eggs, epithelial
glands secrete an enclosing jelly. The female nemertean
progressively glides out of the jelly and lays the gelatinous
cocoon, where development takes place (Fig. 2C). Ani-
mals kept under lab conditions over a whole year were
still able to reproduce, which indicates that L. ruber can
display iteroparous reproduction, at least in captivity.
Development takes approximately 42 days at 14 °C
(Fig. 3) (Additional file 4: Figure S2). Oocytes are rich in
yolk content and display a stereotypical spiral cleavage
(personal observation and [33]) that results in the forma-
tion of a blastula 4 days after oviposition (Fig. 3A) (Addi-
tional file 4: Figure S2B). Many embryos display abnormal
cell division patterns during cleavage and get arrested at
this early stage of embryogenesis. The number of unvi-
able embryos varies between capsules, as well as between
egg masses. Gastrulation starts after 6 days of develop-
ment and occurs by internalization of cells at one pole of
the embryo, resulting in the formation of an archenteron
and a rounded blastopore (Fig. 3B/, B”) (Additional file 4:
Figure S2C). After 10 days of development, the embryo
adopts the first signs of bilateral symmetry (Fig. 3C’, C"),
with the future anterior end more elongated than the
prospective posterior side. The blastopore is still clearly
open in a centered position, and the ectodermal walls of
the embryo appear more compacted. The intracapsular
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Fig. 2 Oviposition in Lineus ruber. A-C Photographs of live speci-
mens taken under the stereomicroscope. A Adult specimens of L.
ruber show the typical elongated ribbon-like appearance of nemer-
tean worms, with a dark red pigmentation throughout the body.

The head region is of lighter red color, and contains several pairs of
eyespots (white arrows) and a terminal anterior proboscis (asterisk). B
Oviposition occurs through the multiple gonopores located on both
lateral sides of the female. Several fertilized oocytes are packed within
individual pyriform capsules, which are bounded together inside a
jelly mass. As the female releases the eggs and secretes the jelly, it
glides out of the forming egg string. € Laid egg mass containing mul-
tiple egg capsules. The entire development occurs inside this mass.
E.g., egg capsules, hd head, ji jelly cover, wm worm

Schmidt’s larva forms 12 days after oviposition (Fig. 3D/,
D”) (Additional file 4: Figure S2D). The larva exhibits a
clear bilateral symmetry, with the anterior side pointier
than the posterior. The blastopore turns into the mouth
of the larva, and the blastoporal ectodermal rim cells
appear more developed. In addition, four ectodermal
discs occupy the anterior left, anterior right, posterior
left and posterior right sides of the larva. A thin ciliated
epidermis connects these four discs and encloses the lar-
val body. Internally, the archenteron forms a blind gut.
When dissected out of the egg capsules, the Schmidt’s
larvae spin and swim slightly. Inside the capsules, they
feed on the unviable arrested embryos with which they
often cohabitate. As a result of the ingestion of other
siblings, the larva increases in size and the blind gut
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becomes filled with nutrients (Fig. 3E’~E""’) (Additional
file 4: Figure S2E). Approximately 18 days after depo-
sition, the ectodermal discs of the Schmidt’s larva are
more developed and extend over the whole body, which
is now more elongated along the anteroposterior axis and
shows a more worm-like shape (Fig. 3F/, F”). At this point
of development, the original larval epidermis covers the
body, but starts to detach from the developing definitive
epidermis in some regions of the larva. The mouth is still
open in an antero-ventral position.

The metamorphosis into the early juvenile is accom-
plished in most of the larvae about 20 days after ovipo-
sition (Fig. 3G’, G”) (Additional file 4: Figure S2G). The
early juvenile lacks the larval epidermis. We could not
directly follow the fate of this tissue, and it is thus uncer-
tain whether the larval epidermis is ingested by the
developing juvenile, as in the sister species L. viridis [37],
resorbed by the definitive epidermis, or simply discarded.
The early juvenile of L. ruber has a clear worm-shape and
the larval imaginal discs are no longer obvious. The head
has an anterior terminal proboscis, but the eyes are not
yet formed. The mouth occupies an antero-ventral posi-
tion and the gut in most of the juveniles is full of yolk
content and still blind. Juveniles actively move inside the
capsules (Additional file 5: Video S3). As development
proceeds, the definitive tissues and organs mature, the
yolk is gradually absorbed and the juvenile progressively
adopts the morphology of a small adult (Fig. 3H) (Addi-
tional file 4: Figure S2H). Juveniles can escape out of the
capsule, and glide within the jelly enclosing the egg mass.
About 30 days after oviposition, the juveniles show the
first signs of eyespots (Additional file 4: Figure S2I), and
after about 40 days, they also show body pigmentation
(Additional file 4: Figure S2I). Hatching of the juveniles
varies between egg masses, but it often occurs after about
40 days of development (Additional file 4: Figure S2I;
Additional file 6: Video S4). At the moment of hatching,
the size and morphology of the juveniles can vary (Addi-
tional file 7: Video S5), but most of them exhibit a normal
behavior, being capable of preying on eggs of the anne-
lid P dumerilii (Additional file 8: Video S6). A graphical
summary of the main developmental events during L.
ruber embryogenesis is shown in Fig. 31.

The formation of the intracapsular Schmidt’s larva

To better characterize the development of the Schmidt’s
larva, we first analyzed the patterns of actin labeling from
gastrula to early juvenile stages by confocal laser scan-
ning microscopy (Figs. 4, 5, 6). As also observed under
transmitted light (Fig. 3B’), the 8-day-old gastrula shows
a central blastoporal opening in the future ventral side
of the animal that connects with an internal archenteron
(Fig. 4A’, A”). Internally, the archenteron cavity and the
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cells lining it occupy most of the blastocoel, which is also
populated by isolated cells (Fig. 4A”). We could not dis-
criminate whether these come from the endoderm or the
ectoderm.

After 10 days of development, the embryo shows the
cephalic (anteriorly) and the trunk (posteriorly) pairs of
discoidal ectodermal concentrations, clearly segregated
from the ring of ectodermal cells that surround the blas-
toporal opening (Fig. 4B’). In addition, the first signs of
the unpaired proboscis rudiment are visible (Fig. 4B’).
The archenteron cavity is expanded and bent backwards
(Fig. 4B”), and isolated cells are still present inside the
former blastocoel. After 12 days, the embryo adopts the
appearance of a Schmidt’s larva (Fig. 3D’, D”). At this
stage, the ectodermal discs are monostratified epitheli-
ums (Fig. 4C), and the proboscis rudiment is more evi-
dent. Importantly, a thin ciliated epidermis now covers
the entire surface of the larva (Fig. 4C). After 14 days of
development, the indentation of the proboscis rudiment
is more pronounced (Fig. 4D’). The Schmidt’s larva is
now composed of at least seven distinct epithelial aggre-
gates that will be the source of the definitive tissues of
the juvenile during metamorphosis: an unpaired ante-
rior proboscis rudiment, two cephalic discs, the ventral
mouth/pharynx rudiment, the internal endodermal blind
gut, and two trunk discs (Fig. 4D”'). We could not iden-
tify a separate pair of cerebral organ discs at this stage
(Additional file 9: Figure S3A), which is present in most
of the pilidium larvae [17] and was previously described
in the Schmidt’s larva [35]. Likewise, we did not observe
the formation of a well-defined dorsal rudiment (Addi-
tional file 9: Figure S3B). At this stage, the Schmidt’s larva
feeds on other siblings, filling the blind gut with yolk
(Fig. 4D’"). Finally, the analysis of EAU incorporation
during the formation of the Schmidt’s larva shows that
cell proliferation is mostly concentrated in the regions of
the embryo where the imaginal discs form (Fig. 4E-G),
although isolated cells in the internal cavity also prolifer-
ate, which is similar to what is observed in pelagic plank-
totrophic pilidium [47].

Metamorphosis of the Schmidt’s larva and organogenesis
in the early juvenile

After 16 days of development, the Schmidts larva has
significantly increased in size due to the feeding event,
the blind gut is expanded and the blastocoel obliterated
(Fig. 5A). The larva, however, still has a spherical morphol-
ogy. At this stage, cells below the surface epidermis start
to form actin-positive projections (inset in Fig. 5A), which
might be the earliest signs of muscle development. Eight-
een days after oviposition, the larva adopts a worm-like
morphology, with the posterior tip of the trunk more elon-
gated (Fig. 5B’). The presence of actin-positive fibers below
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Fig. 3 The embryonic development of Lineus ruber. A-H Photographs of fixed dissected embryos of L. ruber at representative stages of devel-
opment. A A stereotypical quartet spiral cleavage results in the formation of a yolky coeloblastula. B/, B” Gastrulation occurs at one pole of the
embryo and results in the formation of a central round blastopore and an internal archenteron. €’, €” The late gastrula shows the first signs of
bilateral symmetry, with the future anterior end pointier than the posterior side, which is more round (more evident in €”). D/, D” The Schmidt's
larva forms after 12 days of development. It exhibits an anterior pair and a posterior pair of ectodermal imaginal discs (arrowheads), and the blas-
topore has become the mouth of the larva. A thick ectodermal tissue lines the mouth opening. E’~E’”” The Schmidt's larva of L. ruber can feed on
other siblings that occupy the same egg capsule. The ingestion of this yolk material increases the size of the larva and fills up the blind gut. At this
stage, the imaginal discs are still visible (arrowheads) and a conspicuous epidermis covers the larva (arrows). F/, F” About 18 days after oviposition,
the Schmidt’s larva metamorphoses into the juvenile. The imaginal discs (arrowheads) expand and the larval epidermis (arrows) detaches from the
body. G/, G” After metamorphosis, the juvenile shows a worm-like shape, elongated along the anteroposterior axis but not along the dorsoventral
axis, mostly because of the high amounts of yolk present in the blind gut. The head region is more developed and the rudiment of the proboscis
is now evident. H 8 weeks after oviposition, the juveniles are morphologically similar to the adults, and have absorbed part of the ingested yolk. I
Schematic summary of the embryonic development of L. ruber at 14 °C. The light blue area depicts the ingested yolk. Drawings are not to scale. A,
B”,C”,D” E” E"' F” G” H show lateral views. B/, C’, D/, E/, F/, G’ show blastoporal/ventral views. In €’—H anterior is to the left. bc blastocoel, bg
blind gut, bp blastopore, id imaginal discs, iy ingested yolk, le larval epidermis, mo mouth, pb proboscis, pr pharyngeal rudiment. Scale bars (A-D")
50 wm; (E/, E’””, ') 100 wm; (G’, H) 500 um
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Fig. 4 Formation of the Schmidt’s larva in Lineus ruber. A’-G z projections of confocal scans of embryos and larvae labeled against F-actin (gray A’-
D’’’) and incorporated EdU (blue E-G) counterstained with the nuclear marker Sytox Green (yellow) at 8, 10, 12 and 14 days after oviposition (dao).
A’, A" The gastrula has a central ventral blastopore and a wide open archenteron, with isolated cells occupying the blastocoel (arrowheads A”).
B’-B’’ After 10 days of development, the embryo shows 4 paired ectodermal discs (marked by dashed lines B’), an incipient proboscis rudiment,
and the ventral ectodermal ring around the blastopore (dashed circle B’). Internally, the archenteron widens and bends backwards, forming a blind
gut. There are still numerous cells in the blastocoel (arrowheads). € After 12 days, an anterior indentation forms between the two anterior imaginal
discs, and the whole embryo becomes covered by a thin epidermis. D’-D’// The mature Schmidt’s larva shows 7 separate imaginal discs covered
by a larval epidermis (arrowheads D'’): the anterior terminal proboscis imaginal disc (arrowhead D); the four lateral imaginal discs (cephalic pair and
trunk pair); the imaginal disc associated with the mouth; and the imaginal disc of the gut. At this stage of development, the larva feeds on other
siblings (D’”). E-G After gastrulation, proliferative cells are scattered and distributed in the ectoderm and cells in the blastocoel (E). With the forma-
tion of the Schmidt's larva, proliferation concentrates mostly on the regions that form the imaginal discs (arrowheads F; imaginal discs indicated

by dashed lines). However, isolated cells in the space between the imaginal discs also proliferate (arrowheads G). A’-D"’, E-G are ventral views. D'
Is a lateral view, with the dorsal side to the top. In all panels, anterior is to the left. ac archenteron, bg blind gut, bp blastopore, id imaginal disc, iy
ingested yolk, le larval epidermis, mo mouth, pb proboscis. Scale bars (A’-B’/, D'’-G) 50 wm; (C, D’) 10 pm
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the epidermis is more evident, and the cephalic discs are
much more developed (Fig. 5B”). The larval epidermis is
still present in some regions of the body (Fig. 5B"). After
20 days of development, the larva of L. ruber has fully
metamorphosed into a juvenile (Fig. 5C’, C"). At this stage,
the mouth has a clear antero-ventral position, with a well-
developed musculature (Fig. 5C’). The head shows two
bilateral lobes, with a conspicuous longitudinal and trans-
verse musculature, and the cerebral organ canals become
visible (Fig. 5C”). In addition, longitudinal and circular
muscle fibers form the body wall musculature of the devel-
oping juvenile (Fig. 5C"”’). During metamorphosis, the
amount of proliferative cells increases (Fig. 5D, E). After
16 days of development, they are abundant in the cephalic
discs, although an important number of proliferative cells
are also scattered throughout the trunk region. In the early
juvenile, proliferation occurs throughout the entire body,
but most intensely on the lateral sides of the head.

After 25 days of development, the shape of the juveniles
can vary considerably, mostly depending on the amount
of yolk ingested during the larval stage (Fig. 6A-C).
Those with more yolk retain a more rounded morphol-
ogy, although they still exhibit a well-developed mus-
culature, proboscis, mouth, pharynx, and head region
(Fig. 6A). Some of these large specimens contain another
developing embryo (Fig. 6B), which demonstrates that the
Schmidt’s larva not only feeds on arrested embryos, but
can also ingest apparently viable embryos. Finally, those
juveniles with less ingested yolk exhibit a more mature
anatomy (Fig. 6C-E). The elongated shape along the
anteroposterior axis is more evident, and the body is also
flatter along the dorsoventral axis. The body wall muscu-
lature is conspicuous (Fig. 6C), and the pharynx shows a
strong muscular plexus (Fig. 6D/, D). The mouth opens
behind the brain, which is composed of two bilateral
lobes surrounded by the head musculature (Fig. 6D").
Some muscular fibers cross the brain lobes (Fig. 6D").
The anterior median region is occupied by the proboscis
(Fig. 6D/, D'""), and the dorsal ectoderm posterior to the
brain exhibits well formed cerebral organ canals on each
side of the head (Fig. 6D’", E) [48]. They exhibit a heavily
ciliated epidermis and terminate in a wider ampulla, in
correspondence with the putative chemotactile function
[1]. Labeling against F-actin cannot resolve the presence
of a cerebral organ associated with the cephalic slit at this
stage. Altogether, these results indicate that the juvenile
of L. ruber acquires the basic anatomy of the adult after
25 days of development at 14 °C.

Molecular specification during the formation of the
Schmidt’s larva

To characterize in greater detail the formation of the
Schmidt’s larva, we identified and studied the expression
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pattern of genes involved in the specification of anterior
and cephalic tissues (foxQ2, six3/6, goosecoid [gsc], orth-
odenticle [otx]) [40, 45, 49-60], endomesodermal cell
fates (foxA, GATA456-a, twist-a [twi-a]) [56, 60-70],
and posterior territories (even-skipped [evx] and caudal
[cdx]) [59, 60, 70-77] during blastula and gastrula stages,
and in the Schmidt’s larva.

Anterior genes are first detected at the gastrula stage
(Fig. 7A-L""). At this stage, gsc is expressed in two clus-
ters of ectodermal cells of the blastoporal rim (Fig. 7H),
and otx is more broadly expressed around the blasto-
poral opening (Fig. 7K). All analyzed anterior genes
are expressed in the Schmidt’s larva. In the intraca-
psular larva, foxQ2 is expressed in the most anterior
region of the cephalic discs and the proboscis rudiment
(Fig. 7C’, C"), six3/6 is expressed in the anterior region
of the cephalic discs and the anterior ectoderm of the
mouth (Fig. 7F/, F”), gsc is expressed in two antero-lat-
eral clusters of cells (Fig. 7I', I”), and otx is expressed
in the cephalic discs, anterior mouth, and the blind gut
(Fig. 7L/, L").

Endomesodermal genes are only detected late in
the Schmidt’s larva (Fig. 7M-U"). The fox gene foxA
is expressed in the mouth and pharynx of the larva
(Fig. 70/, O"), the endodermal gene GATA456-a is
detected in the blind gut (Fig. 7R/, R”) and the meso-
derm-associated gene twi-a is broadly expressed in all
the imaginal discs of the Schmidt’s larva (Fig. 7U’, U”).

Finally, the posterior gene evx is expressed already at
one pole of the blastula (Fig. 7V), and is later restricted
to the presumably posterior side of the gastrula (Fig. 7W)
and the posterior end of the Schmidt’s larva (Fig. 7X/,
X'"). The gene cdx is however only weakly detected at
the posterior tip of the Schmidt’s larva (Fig. 7Y-AA").
Altogether, the expression of anterior, endomesodermal
and posterior genes suggest that the establishment of the
basic molecular regionalization of the embryo of L. ruber
occurs during the formation of the Schmidt’s larva.

Molecular specification during metamorphosis

and organogenesis in the early juvenile

We next studied the expression of the anterior, endo-
mesodermal and posterior markers during metamor-
phosis and in the early juvenile of L. ruber. During
metamorphosis, the anterior gene foxQ2 is expressed
in the most anterior region of the cephalic discs and
in the proboscis (Fig. 8A’, A”). In the juvenile, foxQ?2 is
expressed in the anterior head, including the proboscis
(Fig. 8B/, B”). The gene six3/6 is expressed in the cephalic
discs and in the anterior mouth during metamorpho-
sis (Fig. 8C’, C"), and broadly in the head region and
anterior mouth in the juvenile (Fig. 8D’, D”). The gene
gsc is expressed in two antero-lateral domains during
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Fig. 5 Metamorphosis of the Schmidt’s larva of Lineus ruber. A-E z projections of confocal scans of larvae and early juvenile labeled against F-actin
(gray A-C"""") and incorporated EdU (blue D, E) counterstained with the nuclear marker Sytox Green (yellow) at 16, 18 and 20 days after oviposi-
tion (dao). A Larvae at 16 days of development are rounded and show the first signs of cell differentiation (arrowheads in the inset mark F-actin
projections). B’-B’"’ After 18 days of development, the larvae are more elongated along the anteroposterior axis, and circular and longitudinal fibers
extend below the epidermis (arrowheads B’). The imaginal discs are more developed (B”’) and the larval epidermis is only present in some parts
(arrowheads B'"). C’-C'""" After 20 days of development, the imaginal discs have formed the basic anatomical features of the juvenile. The rhyn-
chocoel occupies the central region of the head, and the mouth opening occupies the antero-ventral side of the animal. The musculature is now
much more developed, in particular in the head region around the developing brain lobes (arrowheads €’”) and in the body wall (C’””"). D, E During
metamorphosis of the Schmidt’s larva into the juvenile, proliferation is widespread, although more concentrated in the anterior imaginal discs at
early stages (D) and in the lateral sides of the head in the early juvenile (E). A is a lateral view, with the dorsal side to the top. The rest of the panels
are ventral views. In all panels, anterior is to the left. In D, E the blue staining in the ingested yolk is background. coc cerebral organ canals, id imagi-
nal disc, iy ingested yolk, le larval epidermis, mo mouth, ph pharynx, pb proboscis. Scale bars (A, B/, €', ", D, E) 100 wm; (B”, B””, C'"’, C"""") 25 um
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Fig. 6 The early juvenile of Lineus ruber. A-E z projections of confocal scans of juveniles labeled against F-actin (gray) counterstained with the
nuclear marker Sytox Green (yellow) 25 days after oviposition (dao). A Juveniles with a large volume of ingested yolk keep a spherical shape,
although they exhibit mature tissues. B The adelphophagy of the Schmidt’s larva not only affects unviable embryos, but also developing siblings.
C-E Juveniles with a moderate quantity of yolk soon adopt a worm-like shape. The body wall musculature is well developed and the head region
has a muscular mouth (D), and a central rhynchocoel with the two brain lobes at each side (D’’-D’"’). Posterior to the brain, the ectoderm on the
left and right sides of the head invaginates and forms the cerebral organ canal (D, E), the connection of the cephalic organ with the exterior. Note
in (E) the particular ciliation of the inner canal compared with the outer epidermis. A A lateral view, with the dorsal side to the top. B-E Are ventral
views. In all panels, anterior is to the left. bl brain lobes, coc cerebral organ canal, iy ingested yolk, le larval epidermis, mo mouth, pb proboscis. Scale

metamorphosis (Fig. 8E/, E”), and in two clusters of cells
associated to the cerebral organ canals and that might
correspond to the cerebral organs in the juvenile (Fig. 8F,
F') (Additional file 10: Figure S4). Finally, the anterior
gene otx is expressed broadly during metamorphosis,
mostly in the anterior region, the mouth and scattered
cells on the dorsal side (Fig. 8G’, G”). In the early juve-
nile, otx is expressed in the head region, and in subsur-
face isolated cells of the dorsal side of the trunk (Fig. 8H/,
H"). The cell types expressing otx on the dorsal side are
unknown.

During metamorphosis, the endomesodermal marker
foxA is expressed strongly in the mouth, as well as in
three clusters of cells anterior and lateral to the mouth
and in scattered cells of the ventral region of unknown
type (Fig. 81, I”). In the juvenile, foxA is detected in the
mouth, ventral side of the trunk and in the posterior
tip (Fig. 8J’, J”). The endodermal marker GATA456-
a is expressed in the blind gut during metamorphosis
(Fig. 8K/, K), and in the definitive endoderm and central

part of the head in the juvenile (Fig. 8L/, L”’). The meso-
dermal gene twi-a is expressed throughout the entire
body during metamorphosis and in the early juvenile
(Fig. SM/—N"").

The posterior gene evx is expressed in a small cluster
of cells at the posterior tip during metamorphosis, as
well as in two lateral bands of scattered cells in the lat-
eral sides of the larva, presumably the developing lateral
nerve cords (Fig. 80, O”). In the early juvenile, expres-
sion of evx is detected in the lateral nerve cords, the dor-
sal nerve cord and in the posterior end of the juvenile
(Fig. 8P/, P"'). The gene cdx is strongly expressed in the
posterior end during metamorphosis (Fig. 8Q’, Q") and
in the posterior ectoderm and endoderm of the juve-
nile (Fig. 8R/, R”). Therefore, the expression of anterior,
endomesodermal and posterior genes during metamor-
phosis and in the juvenile together is congruent with the
fates of the imaginal discs assigned after the morpholog-
ical analyses in the Schmidt’s larva of the nemertean L.
ruber.
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Fig. 7 Gene expression during Schmidt’s larva formation in Lineus
ruber. A-AA’" Whole-mount in situ hybridization in blastulae,
gastrulae and Schmidt’s larvae of L. ruber. A-C"" foxQ2 is expressed in
the anterior region of the Schmidt’s larva. D-F’’ six3/6 is expressed
in the anterior cephalic imaginal discs and in the anterior mouth.
G-I"" gsc is detected in two ventro-lateral clusters at each side of the
blastopore (arrowheads H) and mouth. J-L otx is expressed around
the blastopore opening, and in the anterior imaginal discs and gut
of Schmidt’s larva. M-0"’ foxA is expressed in the mouth and larval
pharynx. P-R"” GATA456-a is detected in the blind gut of the larva.
S-U"" twi-a is expressed in all imaginal discs of the larva. V-X"" evx is
expressed in one pole of the blastula (arrowhead V), one side of the
gastrula and in the posterior end of the Schmidt's larva. Y-AA” cdx is

mo

weakly detected in the posterior end of the larva (arrowhead in AR").

All panels of blastula embryos are lateral views, and panels of gastru-
lae are blastoporal views. In the Schmidt’s larva, panels on the left are
ventral views and panels on the right side are lateral views. In all cases,
anterior of the Schmidt's larva is to the left. bp blastopore, mo mouth
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Discussion

The embryonic development of the Schmidt’s larva

The typical planktotrophic pilidium larva takes the shape
of a helmet, with a large hollow episphere originating
from the blastocoel [2, 17, 24]. On top of the episphere,
there is an apical tuft, and the mouth opens on the oppo-
site pole in between four lobes: one anterior, one pos-
terior, and two long lateral lobes. Likely connected to
their active swimming and predatory behavior [25], the
pilidium larva has a well-developed neuromuscular sys-
tem [22, 78, 79]. The modified lecithotrophic pilidium
larvae retain some of the basic morphological features of
their planktotrophic counterparts, such as the presence
of ciliary bands—in some cases—and an apical tuft [28].
However, the oral lobes are missing [2, 30—32], consist-
ently with the absence of a planktotrophic feeding behav-
ior. Although not yet described in lecithotrophic pilidium
larvae, the presence of ciliary bands and an apical tuft
that exhibit complex behaviors [28] supports that there is
likely a neuromuscular system in these larvae. Therefore,
in all pelagic pilidium larvae, regardless of their trophic
mode, the larval body involves the differentiation of sev-
eral cell types and larval-specific tissues, in addition to
the imaginal discs that will form the juvenile. Our mor-
phological study on L. ruber indicates that this is not the
case in the intracapsular Schmidt’s larva (Fig. 4). The for-
mation of the Schmidt’s larva is intimately linked to the
development of the imaginal discs that will originate the
definitive juvenile, and the transitory larval epidermis is
the only larval-specific tissue detected [37]. Despite the
fact that the Schmidt’s larva of L. ruber actively feeds on
other siblings and can spin inside the egg capsule and
when dissected out, we did not observed muscular fibers
or any conspicuous ciliary band. Swimming is thus likely
controlled by the normal ciliation of the larval epidermis,
and the uptake of food material might be stimulated by
the strong ciliation of the pharyngeal tract.

In a planktotrophic pilidium, only the cephalic discs
form during embryonic development [14, 22]. The other
two pairs—the trunk and the cerebral organ discs—are
feeding-dependent, and form days or weeks after the
pilidium has entered the water column. In lecithotrophic
pilidium larvae, a relationship between feeding and imag-
inal disc formation is obviously not observed, and all pairs
of discs form more or less at the same time, just after gas-
trulation [30]. This situation is similar to what we observe
in the intracapsular Schmidt’s larva of L. ruber (Fig. 4).
Unlike the typical planktotrophic pilidium, which has
three pairs of imaginal discs, we only observe two pairs
in the Schmidt’s larva of L. ruber, namely a cephalic pair
and a trunk pair. Soon after these two pairs are formed,
the proboscis rudiment appears. We could not observe
an unpaired dorsal disc, although there are scattered
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Fig. 8 Gene expression during metamorphosis in Lineus ruber. A’-R’”’ Whole-mount in situ hybridization during metamorphosis and in early
juveniles of L. ruber. A’-B’" foxQ2 is expressed in the anterior end of the metamorphic embryo and juvenile. €’~D*’ six3/6 is detected in the anterior
mouth and cephalic lobes of the metamorphic embryo and in the head region and anterior mouth of the juvenile. E’~F’’ gsc is expressed into
antero-lateral domains during metamorphosis and in the juvenile. G’-H’” otx is broadly expressed in the anterior region and dorsal side of the met-
amorphic larva and juvenile. I’-J" foxA is expressed in the mouth and pharynx, as well as three clusters (arrowheads V, 1) of the metamorphic larva.
In the juvenile, foxA is expressed in the mouth, inner head, ventral side and posterior end of the endoderm (arrowheads ¥, J’"). (K'-L"") GATA456-a is
detected in the gut during metamorphosis and in the juvenile. M/~N" twi-a is broadly expressed throughout the metamorphic larva and juvenile.
O’-P” evx is detected in the posterior tip of the larva (arrowhead 0'') and in postero-lateral scattered cells during metamorphosis. In the juvenile,
evx is expressed in the posterior end of the animal (arrowhead P’) and in the lateral and dorsal nerve cords. Q’-R"’ cdx is expressed in posterior end
of the larva during metamorphosis and in the posterior end and endoderm of the juvenile. In metamorphic larvae and early juveniles, panels on the
left are ventral views and panels on the right side are lateral views. In all cases, anterior is to the left. mo mouth
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mesenchymal cells in that region of the larva that could
contribute to the formation of the dorsal side of the juve-
nile. Previous reports described the presence of a third
pair of discs associated with the formation of the cerebral
organs [29]. Our morphological analyses cannot resolve
the presence of a distinct third pair, but we do observe a
specific region of the larva that seems to be committed to
the formation of these sensory organs (see below). Our
results are, however, consistent with what was described
for the lecithotrophic pilidium of Micrura akkeshiensis
[30]. Although further studies are needed to completely
understand the exact cellular mechanisms of imaginal
disc formation in the Schmidt’s larva of L. ruber, our data
suggest that the transition to lecithotrophy is associated
with a heterochronic shift—predisplacement—on the
growth of the imaginal discs, which form earlier than in
planktotrophic forms.

The presence of clearly differentiated transitory larval
tissues and the formation of the juvenile from distinct
undifferentiated growth zones results in a drastic, rapid
metamorphosis in the planktotrophic pilidium [22]. The
worm forms inside the hollow episphere of the larva and
at some point hatches and devours the remaining larval
tissues [22, 27]. Lecithotrophic pilidium metamorphose
more or less similarly, with the worm growing inside the
larva and eventually hatching and devouring the remain-
ing larval epidermis and apical organ [30, 31, 37]. In the
Schmidt’s larva of L. ruber, the metamorphosis appears
to be more gradual. In support of this observation, cell
differentiation, such as the formation of the first myo-
cytes and muscle fibers, starts before the larval epidermis
is shed (Fig. 5), and the molecular regionalization of the
early Schmidt’s larva corresponds to that exhibited by
the early juvenile (Figs. 7, 8; see below). Our results thus
indicate that the transition between the Schmidt’s larva
and the juvenile, which happens after about 18 days of
development, mostly involves the differentiation of the
definitive cell types and the establishment of the organ
rudiments of the worm (e.g., the brain lobes, the cer-
ebral organs), as well as the loss of the larval epidermis.
The early juvenile thus formed still needs several days
to adopt the final worm-like shape, and even weeks to
exhibit a more mature morphology. This might be related
to the intracapsular mode of development, since the
juveniles can stay in a closed protected environment for
around 20 days after metamorphosis.

The molecular patterning of the Schmidt’s larva

The study of gene expression in different spiralian lar-
vae has revealed important similarities in the molecular
underpinnings of cell type specification and embryonic
patterning [80, 81]. To improve our understanding of
the developmental events leading to the formation of the
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Schmidt’s larva and its metamorphosis into the juve-
nile, we analyzed the expression patterns of nine con-
served genes associated with the formation of anterior/
head structures, the endomesoderm, and posterior
embryonic regions (Figs. 7, 8). The genes foxQ2, six3/6
and otx are expressed in the most anterior regions of
the trochophore larva of annelids and molluscs [51, 52,
57, 82], the trilobed larva of the brachiopod Terebrata-
lia transversa [50], and the brain and anterior sensory
organs of planarian flatworms [53]. In nemerteans, the
gene six3/6 is expressed in the anterior invaginations of
the hoplonemertean larva of Pantinonemertes californ-
iensis [59] and in the cephalic discs and apical organ of
the pilidium larva of Micrura alaskensis [40, 59]. Consist-
ently, we observed expression of foxQ2, six3/6 and otx in
the most anterior region of the cephalic imaginal discs
of the Schmidt’s larva and head of the juvenile (Fig. 9A).
Importantly, the gene gsc, which is related to the forma-
tion of the oral nervous system of many spiralian larvae
[51, 56], is expressed in two lateral clusters of cells of
the Schmidt’s larva and later on the developing cerebral
organs of the juvenile (Fig. 9A). Although we could not
track its specific origin, the expression of gsc suggests
that the cerebral organs develop from a region mor-
phologically different from the other imaginal discs that
becomes specified early in development. In this respect,
there seems to be variation between pelagic pilidium
larvae, since M. akkeshiensis seems to form the cerebral
organs from pharyngeal invaginations, rather than sepa-
rate imaginal discs [30].

Cell lineage studies established that the fourth quartet
micromeres and macromeres form the endoderm of the
planktotrophic pilidium larva, and that the larval meso-
derm—musculature—arises from the blastomeres 4d
(endomesoderm) and 3a, 3b (ectomesoderm) [13, 14].
Early descriptions of the development of the Schmidt’s
larva suggested that the larval mesoderm also arises
from a 4d blastomere [33]. Although cell lineage analy-
ses are still lacking, our observations indicate that the
blastomeres internalized during gastrulation contrib-
ute to the larval gut, but the absence of clearly differen-
tiated muscular cells hamper defining the mesoderm
in the Schmidt’s larva. In this respect, the origin of the
loose cells occupying the blastocoel is unclear, and could
come from cells delaminated from either the ectoderm or
the gut epithelium. Additionally, the ubiquitous expres-
sion of the mesodermal marker twist [63, 65, 66, 69] in
all imaginal discs of the Schmidts larva (Fig. 9B) sug-
gests that mesodermal differentiation occurs simultane-
ously throughout the body. Differently from the situation
observed with the development of the mesoderm, the
expression of the gut-related genes foxA and GATA456,
which have been related to the molecular specification



Martin-Duran et al. EvoDevo (2015) 6:28 Page 14 of 18

A B C

Schmidt’s larva Early juvenile Schmidt’s larva Early juvenile Schmidt’s larva Early juvenile

=@
== / \ @ Ventral
% \ / view

Anterior genes Endomesodermal genes

foxQ2 ® otx @ foxA twi-a ® evx

Six3/6 @® gsc ® GATA456-a cdx

Fig. 9 Summary of gene expression during Lineus ruber embryonic development. A-C Schematic representation of the expression patterns of
anterior, endomesodermal, and posterior markers, respectively, in the Schmidt’s larva and early juvenile of L. ruber. A The anterior/head markers
foxQ2, six3/6 and otx are expressed in the cephalic imaginal discs and head of the juvenile. Additionally, otx is expressed in the gut of the Schmidt’s
larva and scattered dorsal cells of the juvenile trunk. The gene gsc is expressed in two antero-lateral clusters of the Schmidt’s larva and in the cer-
ebral organs of the juvenile. B The endodermal genes foxA and GATA456 are complementary expressed in the blind gut of the Schmidt’s larva and
early juvenile. The mesodermal gene twist-a is expressed broadly in all imaginal discs and juvenile tissues. C The posterior markers evx and cdx are
expressed in the posterior end of the Schmidt’s larva and juvenile. The depicted expression patterns are for guidance and not necessarily represent
exact expression domains. Dots of color indicate overlapping expression. The ingested yolk is depicted with a light blue circle. Drawings are not to
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and regionalization of the spiralian gut [62—-64], indicates
that the blind gut of the Schmidt’s larva and of the early
juvenile still retains the ancestral spiralian patterning of
an anterior gut region (foxA positive) and a mid-por-
tion (GATA456 positive) (Fig. 9B). We did not observe
the formation of a posterior anal opening after 25 days
of development. However, the juveniles seem to have a
clear through gut at the moment of hatching, suggesting
that the anus opens at some point in between these time
points.

The paraHox gene cdx and the homeotic gene evx are
expressed in the posterior region of most analyzed spiral-
ian embryos [71, 75, 77]. Consistently, they are expressed
in the posterior region of the trunk imaginal discs in the
Schmidt’s larva, and in the posterior tip of the early juve-
nile (Fig. 9C). Strikingly, evx is the only gene expressed at
the blastula stage, and none of the studied genes, which
cover a wide range of axial fates and cell types, were
expressed during cleavage stages. However, six3/6 is
expressed at the blastula stage (blastosquare) in Micrura
alaskensis [40]. Despite this difference, our data and
other studies of gene expression during nemertean devel-
opment [40, 59] contrast with what is reported on other
spiral cleaving embryos, in which the early establish-
ment of blastomere lineages is associated with an early

expression of lineage-associated genes, including most
of the genes reported in our study [54, 56—58, 60, 62, 64,
65, 67, 69, 75, 77]. In agreement with our observation,
Hox genes are only expressed in the imaginal discs of
the planktotrophic pilidium larva, and not during larval
development [40]. Similarly, Hox genes are first expressed
in the invagination-stage larva of the hoplonemertean P
californiensis [59]. On the other hand, the bifunctional
protein Bcatenin controls endoderm specification in the
nemertean Cerebratulus lacteus [41], as it also happens
in other bilaterian embryos [83—85]. These observations
together indicate that some basic molecular aspects of
the nemertean development have diverged compared
with other spiralian lineages, in particular those con-
trolling early embryogenesis. Whether these differences
are based on gene innovation, such as the bicoid gene
of dipterans [86, 87], or on the redeployment of factors
and gene networks in new developmental contexts will
require further analyses.

The evolution of the adelphophagic intracapsular forms

in the Pilidiophora

The presence of distinct larval types within the Pilidi-
ophora—a group that shares a common mode of early
development and a similar adult morphology—offers an
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ideal opportunity to address the developmental processes
that underpin the evolution of new larval forms. The
transition from a planktotrophic to a lecithotrophic pilid-
ium is markedly related to the loss of the circumoral cili-
ated lobes of pelagic forms [28, 30—32], and the storage of
yolk content in the larval epidermis [37]. From a develop-
mental perspective, the juvenile still develops from two or
three pairs of imaginal discs in lecithotrophic forms [30,
31], as in the typical planktotrophic pilidium [2, 17, 22].
However, there is a precocious development of the imagi-
nal discs in lecithotrophic forms, which develop all the
rudiments of the juvenile early and more or less simul-
taneously, instead of progressively as the larva feeds. All
these developmental changes are observed in the intra-
capsular forms of L. ruber and L. viridis [29, 33-36] (this
study), and are also well-established consequences of the
transition from a planktotrophic to lecithotrophic nutri-
tional mode in many other bilaterian lineages [88].

While the presence of intracapsular development is
an obvious advantage in the intertidal habitat of L. ruber
and L. viridis, the ecological impact of adelphophagy is
not that clear. Moreover, how the adelphophagic behav-
ior evolved in nemerteans, and which are—if any—the
developmental changes associated with this event, is still
unknown. Adelphophagy has been reported in several
bilaterian groups, including vertebrates, echinoderms,
insects, molluscs, annelids and platyhelminthes [89, 90],
and often involves heterochronic shifts in the maturation
of feeding structures [91, 92], changes in the morphology,
composition and development of the nurturing-eggs [89,
93-95], and the development of specialized structures in
the embryos [96-98]. Our study demonstrates that the
ingestion of siblings in L. ruber starts before metamor-
phosis (Fig. 3), and extends during the whole time the
post-metamorphic juveniles are inside the egg string.
Moreover, predation is not only restricted to unviable
or uncleaved eggs—oophagy—but can also occur with
seemingly normal embryos (Fig. 6). These observations
contrast with previous reports on L. ruber stating that
adelphophagy was limited to oocytes and happened after
metamorphosis [34]. Importantly, the larvae and meta-
morphosis of L. ruber and L. viridis seems to be largely
similar. We did not observe any specific morphological
adaptation of the Schmidt’s larva of L. ruber to a preda-
tory behavior, such as a muscular pharynx or anchoring/
collecting structures (Fig. 3). The only reported differ-
ence between the larval forms of L. ruber and L. viridis
is the sealing of the mouth after metamorphosis in L.
viridis [35]. Retaining an opened mouth was related to
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the post-metamorphic adelphophagy of L. ruber [37],
but our results cast doubt on this interpretation, since
the Schmidt’s larva of L. ruber uptakes yolk nutrient way
before metamorphosis (Fig. 4). Therefore, the presence
of adelphophagy in L. ruber seems to be neither related
to the presence of specialized nurturing-eggs, since the
larva also feeds on developed embryos, nor on the pres-
ence of any particular morphological or developmental
adaptation. Further comparative work on L. viridis might
help illuminate the evolution of this fascinating trait in
nemertean embryos.

Conclusions

In this study, we characterize the embryonic devel-
opment of the adelphophagic intracapsular larva—
Schmidt’s larva—of the nemertean worm L. ruber.
A detailed morphological analysis showed that the
Schmidt’s larva develops after gastrulation through the
formation of two pairs of imaginal discs—cephalic and
trunk pairs—a proboscis and a gut rudiment, and a thin
epidermis, which is the only transitory tissue of the larva.
The Schmidt’s larva of L. ruber actively feed on mostly
unfertilized eggs, but also developing siblings. This intra-
capsular cannibalism is not associated with the formation
of any specialized feeding structure or muscular tissue in
the Schmidt’s larva, and might be mediated by the strong
ciliation observed in the lining epithelium of the pharynx
rudiment. Similar to other lecithotrophic pilidium larva,
the formation of the imaginal discs of the Schmidt’s larva
in L. ruber occurs simultaneously, and independently of
the feeding on other eggs. Anterior (foxQ2, six3/6, otx,
gsc) and posterior (evx, cdx) gene markers are expressed
in the cephalic and trunk discs, respectively, and endo-
mesodermal genes are detected in the pharynx and gut
rudiments (foxA, GATA456-a) and broadly in all discs
(twi-a). Therefore, the basic molecular patterning of
the early juvenile is already established in the Schmidt’s
larva. During organogenesis, the imaginal discs grow and
fuse forming the epidermis of the juvenile, and differenti-
ate into the basic definitive cell types and tissues. How-
ever, the final morphology of the worm is not attained
until several days after metamorphosis. The only tissue
that is discarded is the larval epidermis. Altogether, our
results indicate that the developmental and morphologi-
cal adaptations of the intracapsular larva of L. ruber are
comparable to those observed in pelagic lecithotrophic
pilidium forms, suggesting that similar evolutionary tra-
jectories underpin the evolution of the great diversity of
larval strategies observed in the Pilidiophora.
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Additional files

Additional file 1: Video S1. Adult Lineus ruber feeding on the annelid
Platynereis dumerili.

Additional file 2: Figure S1. Analyses of gene orthology. (A-G) Maxi-
mum likelihood phylogenetic trees for cdx, evx, foxQ2/foxA, GATA456-a,
gsc/otx, six3/6, and twi-a. Replicate bootstrap values were calculated with
the autoMRE option in RAXML v.8. Lineus ruber sequences are highlighted
in red. Models of protein evolution used for each tree: cdx: LG, evx: LG,
foxQ2/foxA: LG, GATA456-a: Dayhoff, gsc/otx: LG, six3/6: LG, and twi-a: JTT.

Additional file 3: Video S2. Oviposition in Lineus ruber.

Additional file 4: Figure S2. The embryonic development of Lineus
ruber inside the egg masses. (A-J) Photographs of live specimens taken
under the stereomicroscope. (A) At the moment of oviposition (0 days
after oviposition, dao), the fertilized oocytes are packed inside pyriform
capsules that attach to a central scaffold (arrowheads). The whole egg
capsules are embedded in a jelly that isolates them from the exterior.
Oocytes are rich in yolk content. (B) Cleavage takes about 5 days and
results in the formation of a coeloblastula. At this stage, one can observe
arrested embryos with abnormal patterns of cell division (arrow). (C)

9 days after oviposition, embryos have gastrulated (arrow) and show a
conspicuous blastopore (asterisk). There are often several developing
embryos together with arrested cleaving embryos (arrowhead) within
the same egg capsule. (D) 12 days old embryos adopt the form of the
early Schmidt’s larva (arrows). (E) The Schmidt's larvae (arrows) feed on
the arrested embryos present within the same egg capsule, growing in
size and filling up the blind gut with nutrients. (F-G) The growth and
differentiation of the imaginal discs of the Schmidt’s larva result in the
formation of the juvenile worm (arrows). There are still unfertilized eggs
(arrowhead) together with the metamorphic larvae within the same cap-
sule. (H) The juveniles soon adopt a worm-like appearance, many of them
hatching out of the capsule, but remaining within the jelly of the egg
mass. (I-J) The juveniles stay inside the egg string for about two weeks
more, while they mature and adopt an adult-like looking. After 30 days of
development, pigmentation in the head region (arrowhead in I and in the
inset in J), likely associated with the formation of eyes, becomes visible.
Later on, the pigmentation extends to the rest of the body (see inset in
J). About 40 days after oviposition, the fully mature juveniles (arrows in J)
escape from the remains of the egg string. At this time, there are still some
unfertilized eggs and less matured juveniles (arrow, inset in J). hd head, iy
internalized yolk.

Additional file 5: Video S3. Developing embryos inside the egg
capsule.

Additional file 6: Video S4. Hatching of Lineus ruber juveniles from the
egg mass.

Additional file 7: Video S5. Hatchlings of Lineus ruber.

Additional file 8: Video S6. Juveniles of Lineus ruber feeding on Platy-
nereis dumerilii eggs.

Additional file 9: Figure S3. The dorsal side of the Schmidt’s larva. (A,

B) z projections of confocal scans of a larva labeled against F-actin (gray)
counterstained with the nuclear marker Sytox Green (yellow) 10 days after
oviposition. (A) The Schmidt’s larva shows an accumulation of mesenchy-
mal cells in between the cephalic discs and the pharynx rudiment (white
arrowheads). However, there are no conspicuous epithelial discs that can
be assigned as cerebral organ discs at this stage. (B) On the dorsal side of
the Schmidt’s larva, there is no obvious unpaired dorsal disc, but scattered
mesenchymal cells (white arrowheads) located just underneath the larval
epidermis. (A, B) are dorsal views. In both panels, anterior is to the left. bg,
blind gut; cd, cephalic discs; le, larval epidermis; pr, pharynx rudiment; td,
trunk discs. Scale bars, 50 wm in both panels.

Additional file 10: Figure S4. Expression of gsc in mature juveniles.
(A’-A’"") z projection of a whole-mount in situ hybridization of gsc in

an early juvenile counterstained with the nuclear marker DAPI (red).
Signal is observed in the epidermal invaginations that correspond to the
cerebral organ canals (inset in A”; squares in A’ and A’ indicate the area
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magnified). (B, B”) Whole-mount colorimetric in situ hybridization of gsc
in mature juveniles of L. ruber. At this stage, gsc is expressed in a dorsal
anterior domain (arrow) and in two internal paired domains at the end

of the cephalic slit, where the cerebral organs are located (arrowheads).
(A’-A’"")is a dorsolateral view. (B) is a ventral view. (B”’) is a lateral view.
In all panels, anterior to the left. cs, cephalic slits; mo, mouth.

Abbreviations
DAPI: 4'6-diamino-2-fenilindol; EJU: 5-ethynyl-2/-deoxyuridine.

Authors’ contributions

JMMD, BCV, and AH designed the study. BCV performed the collections, and
JMMD and BCV conducted the experiments. JMMD, BCV, and AH analyzed
the data and wrote the manuscript. All authors read and approved the final
manuscript.

Acknowledgements

We thank the members of the Hejnol’s lab for support and discussions, and in
particular Carmen Andrikou, Aina Berve, Anlaug Boddington, Auxane Buresi,
Daniel Thiel, and Gabriella H. Wolff for contributing with animal collections. We
also thank Kevin Pang for a critical read of the manuscript and the two anony-
mous reviewers for their helpful comments. This research was funded by the
Sars Centre core budget and AH was supported by The European Research
Council Community’'s Framework Program Horizon 2020 (2014-2020) ERC
grant agreement 648861. JMMD is supported by Marie Curie IEF 329024
fellowship.

Compliance with ethical guidelines

Competing interests
The authors declare that they have no competing interests.

Received: 29 July 2015 Accepted: 14 September 2015
Published online: 28 September 2015

References

1. Hyman LH. The acoelomate bilateria—phylum rhynchocoela. The
invertebrates. New York: McGraw-Hill; 1951. p. 459-531.

2. Maslakova SA, Hiebert TC. From trochophore to pilidium and back
again—a larva’s journey. Int J Dev Biol. 2014;58(6-8):585-91.

3. von Déhren J. Nemertea. In: Wanninger A, editor. Evolutionary Develop-
mental Biology of Invertebrates. Wien: Springer; 2015. p. 155-92.

4. Giribet G, Distel DL, Polz M, Sterrer W, Wheeler WC. Triploblastic
relationships with emphasis on the acoelomates and the position of
Gnathostomulida, Cycliophora, Plathelminthes, and Chaetognatha: a
combined approach of 185 rDNA sequences and morphology. Syst Biol.
2000;49(3):539-62.

5. Dunn CW, Hejnol A, Matus DQ, Pang K, Browne WE, Smith SA, et al.
Broad phylogenomic sampling improves resolution of the animal tree
of life. Nature. 2008;452(7188):745-9.

6. Hejnol A, Obst M, Stamatakis A, Ott M, Rouse GW, Edgecombe GD, et al.
Assessing the root of bilaterian animals with scalable phylogenomic
methods. Proc Biol Sci. 2009;276(1677):4261-70.

7. Paps J, Bagufa J, Riutort M. Bilaterian phylogeny: a broad sampling
of 13 nuclear genes provides a new Lophotrochozoa phylogeny
and supports a paraphyletic basal acoelomorpha. Mol Biol Evol.
2009;26(10):2397-406.

8. Bourlat SJ, Nielsen C, Economou AD, Telford MJ. Testing the new animal
phylogeny: a phylum level molecular analysis of the animal kingdom.
Mol Phylogenet Evol. 2008;49(1):23-31.

9. Nesnidal MP, Helmkampf M, Meyer A, Witek A, Bruchhaus |, Ebers-
berger |, et al. New phylogenomic data support the monophyly of
Lophophorata and an Ectoproct-Phoronid clade and indicate that
Polyzoa and Kryptrochozoa are caused by systematic bias. BMC Evol
Biol. 2013;13:253.


http://dx.doi.org/10.1186/s13227-015-0023-5
http://dx.doi.org/10.1186/s13227-015-0023-5
http://dx.doi.org/10.1186/s13227-015-0023-5
http://dx.doi.org/10.1186/s13227-015-0023-5
http://dx.doi.org/10.1186/s13227-015-0023-5
http://dx.doi.org/10.1186/s13227-015-0023-5
http://dx.doi.org/10.1186/s13227-015-0023-5
http://dx.doi.org/10.1186/s13227-015-0023-5
http://dx.doi.org/10.1186/s13227-015-0023-5
http://dx.doi.org/10.1186/s13227-015-0023-5
http://dx.doi.org/10.1186/s13227-015-0023-5
http://dx.doi.org/10.1186/s13227-015-0023-5
http://dx.doi.org/10.1186/s13227-015-0023-5
http://dx.doi.org/10.1186/s13227-015-0023-5

Martin-Duran et al. EvoDevo (2015) 6:28

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

Laumer CE, Bekkouche N, Kerbl A, Goetz F, Neves RC, Sarensen MV, et al.
Spiralian phylogeny informs the evolution of microscopic lineages. Curr
Biol. 2015;25(15):2000-06.

Giribet G, Dunn CW, Edgecombe GD, Hejnol A, Martindale MQ, Rouse
GW. Assembling the Spiralian Tree of Life. In: Telford MJ, Littlewood DTJ,
editors. Animal evolution. Genomes, fossils, and trees. Oxford: Oxford
University Press; 2009.

Martindale MQ, Henry JQ. Modifications of cell fate specification in
equal-cleaving nemertean embryos: alternate patterns of spiralian
development. Development. 1995;121(10):3175-85.

Henry JQ, Martindale MQ. The origins of mesoderm in the equal-cleav-
ing nemertean worm Cerebratulus lacteus. Biol Bull. 1996;191:286-8.
Henry JJ, Martindale MQ. Conservation of the spiralian developmental
program: cell lineage of the nemertean, Cerebratulus lacteus. Dev Biol.
1998;201(2):253-69.

Henry JQ, Martindale MQ. The establishment of embryonic

axial properties in the nemertean, Cerebratulus lacteus. Dev Biol.
1996;180(2):713-21.

Maslakova SA, Martindale MQ, Norenburg JL. Fundamental properties
of the spiralian developmental program are displayed by the basal
nemertean Carinoma tremaphoros (Palaeonemertea, Nemertea). Dev
Biol. 2004,267(2):342-60.

Maslakova SA. The invention of the pilidium larva in an otherwise
perfectly good spiralian phylum Nemertea. Integr Comp Biol.
2010;50(5):734-43.

Maslakova SA, von Déhren J. Larval development with transitory epi-
dermis in Paranemertes peregrina and other hoplonemerteans. Biol Bull.
2009;216(3):273-92.

Maslakova SA, Malakhov V. A hidden larva in nemerteans of the order
Hoplonemertini. Dokl Biol Sci. 1999,366:314-7.

Iwata F. Studies on the comparative embryology of nemerteans with
special reference to their interrelationship. Publ Akkeshi Mar Biol Stat.
1960;10:1-51.

Hiebert LS, Gavelis GS, von Dassow G, Maslakova SA. Five invaginations
and shedding of the larval epidermis during development of the hop-
lonemertean Pantinonemertes californiensis. J Nat Hist. 2010;44:2331-47.
Maslakova SA. Development to metamorphosis of the nemertean
pilidium larva. Front Zool. 2010;7(1):30.

Hiebert TC, von Dassow G, Hiebert LS, Maslakova SA. The peculiar
nemertean larva pilidium recurvatum belongs to Riserius sp., a basal
heteronemertean that eats Carcinonemertes errans, a hoplonemertean
parasite of Dungeness crab. Invertebr Biol. 2013;132:207-25.

LacalliT. Diversity of form and behaviour among nemertean pilidium
larvae. Acta Zool. 2005;86:267-76.

von Dassow G, Emlet RB, Maslakova SA. How the pilidium larva feeds.
Front Zool. 2013;10(1):47.

Thollesson M, Norenburg JL. Ribbon worm relationships: a phylogeny
of the phylum Nemertea. Proc Biol Sci. 2003;270(1513):407-15.

Cantell CE. The devouring of the larval tissue during metamorphosis of
pilidium larvae (Nemertini). Ark Zool. 1966;18:489-92.

Maslakova SA, von Dassow G. A non-feeding pilidium with

apparent prototroch and telotroch. J Exp Zool B Mol Dev Evol.
2012;318(7):586-90.

Schmidt GA. Vergleichend embryologische Studien tber die Typen der
Embryonalanpassungen bei Hirudineen und Nemertinen. Z Morph
Okol Tiere. 1937;32:650-71.

Iwata F. On the development of the nemertean Micrura akkashiensis.
Embryologia. 1958;4:103-31.

Schwartz ML. Untying a gordian knot of worms: systematics and tax-
onomy of the Pilidiophora (phylum Nemertea) from multiple data sets.
[PhD thesis]. Washington DC: The George Washington University; 2009.
Schwartz ML, Norenburg JL. Three New Species of Micrura (Nemertea:
Heteronemertea) and a New Type of Heteronemertean Larva from the
Caribbean Sea. Caribb J Sci. 2005;41:528-43.

Nusbaum J, Oxner M. Die Embryonalentwicklung des Lineus ruber Mull.
Ein Beitrag zur Entwicklungsgeschichte der Nemertinen. Z wiss Zool.
1913;107:78-197.

Le Gontcharoff M. développement post-embryonnaire et la croissance
chez Lineus ruber et Lineus viridis (Némertes Lineidae). Ann Sci Nat Ser.
1960;12:225-79.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Page 17 of 18

Schmidt GA. Embryonic development of littoral nemertines Lineus
desori (mihi, species nova) and Lineus ruber (O. F. Mdilleri, 1774, G. A.
Schmidt, 1945) in connection with ecological relation changes of
mature individuals when forming the new species Lineus ruber. Zool
Pol. 1964;14:75-122.

Desor E. On the embryology of Nemertes, with an appendix on the
embryonic development of Polynde; and remarks upon the embryol-
ogy of marine worms in general. Boston J Nat Hist. 1848;6:1-18.

von Dohren J. The fate of the larval epidermis in the Desor-larva of
Lineus viridis (Pilidiophora, Nemertea) displays a historically constrained
functional shift from planktotrophy to lecithotrophy. Zoomorphology.
2011;130:189-96.

Gontcharoff M. Biologie de la regénération et de la reproduction chez
quelque Lineidae de France. Ann Sci Natur (Zool). 1951;13:149-35.
Alluchon-Gerard MJ, Gontcharoff M. Sur le développement abortif

de certains embryons de Lineus ruber (O.F. Mller) (Hétéronémertes).
Wilhelm Roux' Archiv. 1970;164:226-35.

Hiebert LS, Maslakova SA. Hox genes pattern the anterior-posterior axis
of the juvenile but not the larva in a maximally indirect developing
invertebrate, Micrura alaskensis (Nemertea). BMC Biol. 2015;13:23.
Henry JQ, Perry KJ, Wever J, Seaver E, Martindale MQ. Beta-catenin

is required for the establishment of vegetal embryonic fates in the
nemertean, Cerebratulus lacteus. Dev Biol. 2008;317(1):368-79.

Katoh K, Standley DM. MAFFT multiple sequence alignment software
version 7:improvements in performance and usability. Mol Biol Evol.
2013;30(4):772-80.

Talavera G, Castresana J. Improvement of phylogenies after removing
divergent and ambiguously aligned blocks from protein sequence
alignments. Syst Biol. 2007;56(4):564-77.

Stamatakis A. RAXML version 8: a tool for phylogenetic analy-

sis and post-analysis of large phylogenies. Bioinformatics.
2014;30(9):1312-3.

Martin-Durdn JM, Janssen R, Wennberg S, Budd GE, Hejnol A. Deuter-
ostomic development in the protostome Priapulus caudatus. Curr Biol.
2012;22(22):2161-6.

Riser NW. Nemertinea. In: Pearse JS, Giese AG, editors. Reproduction of
marine invertebrates. New York: Academic Press; 1974. p. 359-89.

Bird AM, von Dassow G, Maslakova SA. How the pilidium larva grows.
Evodevo. 2014;5:13.

Ling EA. The structure and function of the cephalic organ of a nemer-
tine Lineus ruber. Tissue Cell. 1969;1:503-24.

Martin-Duran JM, Hejnol A. The study of Priapulus caudatus reveals con-
served molecular patterning underlying different gut morphogenesis
in the Ecdysozoa. BMC Biol. 2015;13:29.

Santagata S, Resh C, Hejnol A, Martindale MQ, Passamaneck YJ. Devel-
opment of the larval anterior neurogenic domains of Terebratalia trans-
versa (Brachiopoda) provides insights into the diversification of larval
apical organs and the spiralian nervous system. Evodevo. 2012,3:3.
Arendt D, Technau U, Wittbrodt J. Evolution of the bilaterian larval
foregut. Nature. 2001;409(6816):81-5.

Steinmetz PRH, Urbach R, Posnien N, Eriksson J, Kostyuchenko RP, Brena
C, et al. Six3 demarcates the anterior-most developing brain region in
bilaterian animals. Evodevo. 2010;1(1):14.

Umesono Y, Watanabe K, Agata K. Distinct structural domains in the
planarian brain defined by the expression of evolutionarily conserved
homeobox genes. Dev Genes Evol. 1999;209(1):31-9.

Boyle MJ, Yamaguchi E, Seaver EC. Molecular conservation of metazoan
gut formation: evidence from expression of endomesoderm genes in
Capitella teleta (Annelida). Evodevo. 2014;5:39.

Pineda D, Salé E. Planarian Gtsix3, a member of the Six/so gene family,
is expressed in brain branches but not in eye cells. Gene Expr Patterns.
2002,2(1-2):169-73.

Lartillot N, Le Gouar M, Adoutte A. Expression patterns of fork head and
goosecoid homologues in the mollusc Patella vulgata supports the
ancestry of the anterior mesendoderm across Bilateria. Dev Genes Evol.
2002,212(11):551-61.

Nederbragt AJ, te Welscher P, van den Driesche S, van Loon AE, Dictus
WJ. Novel and conserved roles for orthodenticle/otx and orthopedia/otp
orthologs in the gastropod mollusc Patella vulgata. Dev Genes Evol.
2002,212(7):330-7.



Martin-Duran et al. EvoDevo (2015) 6:28

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

Arenas-Mena C, Wong KS. HeOtx expression in an indirectly developing
polychaete correlates with gastrulation by invagination. Dev Genes
Evol. 2007;217(5):373-84.

Hiebert LS, Maslakova SA. Expression of Hox, Cdx, and Six3/6 genes

in the hoplonemertean Pantinonemertes californiensis offers insight
into the evolution of maximally indirect development in the phylum
Nemertea. Evodevo. 2015;6:26.

Perry KJ, Lyons DC, Truchado-Garcia M, Fischer AH, Helfrich LW, Johans-
son KB, et al. Deployment of regulatory genes during gastrulation and
germ layer specification in a model spiralian mollusc Crepidula. Dev
Dyn. 2015. doi:10.1002/dvdy.24308.

Martin-Duran JM, Romero R. Evolutionary implications of morpho-
genesis and molecular patterning of the blind gut in the planarian
Schmidtea polychroa. Dev Biol. 2011;352(1):164-76.

Boyle MJ, Seaver EC. Expression of FoxA and GATA transcription factors
correlates with regionalized gut development in two lophotrochozoan
marine worms: Chaetopterus (Annelida) and Themiste lageniformis
(Sipuncula). EvoDevo. 2010;1(1):2.

Martin-Duran JM, Amaya E, Romero R. Germ layer specification and
axial patterning in the embryonic development of the freshwater
planarian Schmidtea polychroa. Dev Biol. 2010;340(1):145-58.

Boyle MJ, Seaver EC. Developmental expression of foxA and gata genes
during gut formation in the polychaete annelid Capitella sp. I. Evol Dev.
2008;10(1):89-105.

Pfeifer K, Schaub C, Wolfstetter G, Dorresteijn A. Identification and char-
acterization of a twist ortholog in the polychaete annelid Platynereis
dumerilii reveals mesodermal expression of Pdu-twist. Dev Genes Evol.
2013,;223(5):319-28.

Passamaneck YJ, Hejnol A, Martindale MQ. Mesodermal gene expres-
sion during the embryonic and larval development of the articulate
brachiopod Terebratalia transversa. Evodevo. 2015;6:10.

Arenas-Mena C. Embryonic expression of HeFoxAT and HeFoxA2 in an

indirectly developing polychaete. Dev Genes Evol. 2006;216(11):727-36.

Gillis WJ, Bowerman B, Schneider SQ. Ectoderm- and endomesoderm-
specific GATA transcription factors in the marine annelid Platynereis
dumerilli. Evol Dev. 2007;9(1):39-50.

Dill KK, Thamm K, Seaver EC. Characterization of twist and snail gene
expression during mesoderm and nervous system development in the
polychaete annelid Capitella sp. |. Dev Genes Evol. 2007,217(6):435-47.
Fuchs J, Martindale MQ, Hejnol A. Gene expression in bryozoan larvae
suggest a fundamental importance of pre-patterned blastemic cells in
the bryozoan life-cycle. Evodevo. 2011;2(1):13.

de Rosa R, Prud’homme B, Balavoine G. Caudal and even-skipped in the
annelid Platynereis dumerilii and the ancestry of posterior growth. Evol
Dev. 2005;7(6):574-87.

Frobius AC, Seaver EC. ParaHox gene expression in the polychaete
annelid Capitella sp. |. Dev Genes Evol. 2006;216(2):81-8.

Kulakova MA, Cook CE, Andreeva TF. ParaHox gene expression in larval
and postlarval development of the polychaete Nereis virens (Annelida,
Lophotrochozoa). BMC Dev Biol. 2008;8:61.

Hui JH, Raible F, Korchagina N, Dray N, Samain S, Magdelenat G, et al.
Features of the ancestral bilaterian inferred from Platynereis dumerilii
ParaHox genes. BMC Biol. 2009;7:43.

Samadi L, Steiner G. Conservation of ParaHox genes'function in pat-
terning of the digestive tract of the marine gastropod Gibbula varia.
BMC Dev Biol. 2010;10:74.

Seaver EC, Yamaguchi E, Richards GS, Meyer NP. Expression of the pair-
rule gene homologs runt, Pax3/7, even-skipped-1 and even-skipped-2
during larval and juvenile development of the polychaete annelid Capi-
tella teleta does not support a role in segmentation. Evodevo. 2012;3:8.
Le Gouar M, Lartillot N, Adoutte A, Vervoort M. The expression of a
caudal homologue in a mollusc, Patella vulgata. Gene Expr Patterns.
2003;3(1):35-7.

Hay-Schmidt A. Catecholamine-containing, serotonin-like and neuro-
peptide FMRFamide-like immunoreactive cells and processes in the
nervous system of the pilidium larva (Nemertini). Zoomorphology.
1990;109:231-44.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

Page 18 of 18

Hindinger S, Schwaha T, Wanninger A. Immunocytochemical studies
reveal novel neural structures in nemertean pilidium larvae and provide
evidence for incorporation of larval components into the juvenile nerv-
ous system. Front Zool. 2013;10(1):31.

Lyons DC, Henry JQ. Ins and outs of Spiralian gastrulation. Int J Dev Biol.
2014;58(6-8):413-28.

Arenas-Mena C. Indirect development, transdifferentiation and the
macroregulatory evolution of metazoans. Philos Trans R Soc Lond B Biol
Sci. 2010;365(1540):653-69.

Marlow H, Tosches MA, Tomer R, Steinmetz PR, Lauri A, Larsson T, et al.
Larval body patterning and apical organs are conserved in animal
evolution. BMC Biol. 2014;12:7.

Martindale MQ. The evolution of metazoan axial properties. Nat Rev
Genet. 2005;6(12):917-27.

Martindale MQ, Hejnol A. A developmental perspective: changes in
the position of the blastopore during bilaterian evolution. Dev Cell.
2009;17(2):162-74.

Petersen CP, Reddien PW. Wnt signaling and the polarity of the primary
body axis. Cell. 2009;139(6):1056-68.

McGregor A. How to get ahead: the origin, evolution and function of
bicoid. Bioessays. 2005;27:904-13.

Stauber M, Jackle H, Schmidt-Ott U. The anterior determinant bicoid

of Drosophila is a derived Hox class 3 gene. Proc Natl Acad Sci USA.
1999;96:3786-9.

Allen JD, Pernet B. Intermediate modes of larval development: bridg-
ing the gap between planktotrophy and lecithotrophy. Evol Dev.
2007;9(6):643-53. doi:10.1111/j.1525-142X.2007.00202 x.

Perry JC, Roitberg BD. Trophic egg laying: hypotheses and tests. Oikos.
2006;112:706-14.

Collin R. Nontraditional Life-History Choices: What Can “Intermediates”
Tell Us about Evolutionary Transitions between Modes of Invertebrate
Development? Integr Comp Biol. 2012;52(1):128-37.

Gibson G, Carver D. Effects of extra-embryonic provisioning on larval
morphology and histogenesis in Boccardia proboscidea (Annelida,
Spionidae). J Morphol. 2013;274(1):11-23.

Buckley D, Alcobendas M, Garcia-Paris M, Wake MH. Heterochrony,
cannibalism, and the evolution of viviparity in Salamandra salamandra.
Evol Dev. 2007;9(1):105-15.

Smith HL, Gibson GD. Nurse egg origin in the polychaete Boccardia
proboscidea (Spionidae). Invertebrate Reprod Dev. 1999;35:177-85.
Lesoway MP, Abouheif E, Collin R. The development of viable and nutri-
tive embryos in the direct developing gastropod Crepidula navicella. Int
J Dev Biol. 2014;58(6-8):601-11.

Oyarzun FX, Brante A. A new case of poecilogony from South america
and the implications of nurse eggs, capsule structure, and maternal
brooding behavior on the development of different larval types. Biol
Bull. 2015;228(2):85-97.

Harrath AH, Sluys R, Zghal F, Tekaya S. First report of adelphophagy

in flatworms during the embryonic development of the planar-

ian Schmidtea mediterranea (Benazzi, Baguna, Ballester, Puccinelli &

Del Papa, 1975) (Platyhelminthes, Tricladida). Invertebr Reprod Dev.
2009;53:117-24.

Martin-Durdn JM, Monjo F, Romero R. Planarian embryology in

the era of comparative developmental biology. Int J Dev Biol.
2012;56(1-3):39-48.

Cardona A, Hartenstein V, Romero R. Early embryogenesis of planaria:

a cryptic larva feeding on maternal resources. Dev Genes Evol.
2006;216(11):667-81.

Kvist S, Laumer CE, Junoy J, Giribet G. New insights into the phylog-
eny, systematics and DNA barcoding of Nemertea. Invertebr Syst.
2014,28:287-308.

Andrade SC, Montenegro H, Strand M, Schwartz ML, Kajihara H,
Norenburg JL, et al. A transcriptomic approach to ribbon worm sys-
tematics (Nemertea): resolving the Pilidiophora problem. Mol Biol Evol.
2014;31(12):3206-15.


http://dx.doi.org/10.1002/dvdy.24308
http://dx.doi.org/10.1111/j.1525-142X.2007.00202.x

	Evolution and development of the adelphophagic, intracapsular Schmidt’s larva of the nemertean Lineus ruber
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animal collection and embryo care
	Embryo fixation
	Proliferation studies
	Phalloidin labeling
	Gene expression studies
	Imaging

	Results
	Oviposition and timing of development of Lineus ruber
	The formation of the intracapsular Schmidt’s larva
	Metamorphosis of the Schmidt’s larva and organogenesis in the early juvenile
	Molecular specification during the formation of the Schmidt’s larva
	Molecular specification during metamorphosis and organogenesis in the early juvenile

	Discussion
	The embryonic development of the Schmidt’s larva
	The molecular patterning of the Schmidt’s larva
	The evolution of the adelphophagic intracapsular forms in the Pilidiophora

	Conclusions
	Authors’ contributions
	References




