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Cell tracking supports secondary gastrulation in the moon
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Abstract The moon jellyfish Aurelia exhibits a dramatic re-
organization of tissue during its metamorphosis from planula
larva to polyp. There are currently two competing hypotheses
regarding the fate of embryonic germ layers during this meta-
morphosis. In one scenario, the original endoderm undergoes
apoptosis and is replaced by a secondary endoderm derived
from ectodermal cells. In the second scenario, both ectoderm
and endoderm remain intact through development. In this
study, we performed a pulse-chase experiment to trace the fate
of larval ectodermal cells. We observed that prior to metamor-
phosis, ectodermal cells that proliferated early in larval devel-
opment concentrate at the future oral end of the polyp. During
metamorphosis, these cells migrate into the endoderm, ex-
tending all the way to the aboral portion of the gut. We there-
fore reject the hypothesis that larval endoderm remains intact
during metamorphosis and provide additional support for the
Bsecondary gastrulation^ hypothesis. Aurelia appears to offer
the first and only described case where a cnidarian derives its
endoderm twice during normal development, adding to a
growing body of evidence that germ layers can be dramatical-
ly reorganized in cnidarian life cycles.
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Introduction

Gastrulation is generally considered the definingmoment when
an animal embryo differentiates the cells that will generate the
surficial tissues and organs (the ectoderm) from those in the
interior (the endomesoderm), but this is not always the case.
Some taxa exhibit Bprolonged gastrulation^—where the pre-
cise beginning and end of embryonic gastrulation is ambigu-
ous. For example, gastrulation in certain platyhelminth lineages
involves one or more Btransitory epidermises,^ where the
Btrue^ epibolic movement creates the final ectoderm long after
the point when nerve and muscle cells can be structurally iden-
tified (Morris et al. 2004; Martín-Durán and Egger 2012). In
the embryonic head ofDrosophila melanogaster, cells from the
Bectoderm^ continue to delaminate for several additional hours
following gastrulation, contributing to mesodermal tissues like
blood and endothelia (De Velasco et al. 2004). In some marine
taxa, Bmaximal indirect development^ or Bcatastrophic
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metamorphosis^ involves a major reorganization of tissues,
sometimes including the destruction and reformation of entire
germ layers. Such reorganization is commonplace in echino-
derms, Blophophorates,^ and certain spiralian lineages
(Davidson et al. 1995; Fuchs et al. 2011; Temereva and
Malakhov 2015). Pilidiophoran nemerteans provide an extreme
example, wherein the juvenile worm develops from the larval
epidermis, and then proceeds to consume the rest of the larval
body (Maslakova 2010). In all of these cases, similar structures
across different life stages might be derived from unique cellu-
lar precursors, challenging their embryological homology.

It is unclear how commonplace germ layer reorganization
is in early branching animal lineages such as the Cnidaria (a
phylum including sea anemones, corals, jellyfish, and hydras).
Anthozoan cnidarians—such as the sea anemone
Nematostella vectensis—generally develop via gradual meta-
morphosis, with the endoderm of the larva generating the gut
of the polyp (Fritzenwanker et al. 2007). In some
medusozoans—such as Hydractinia echinata and Clava
multicornis—larval metamorphosis involves significant apo-
ptosis destroying most of the ectoderm and/or endoderm, al-
though the extent to which embryological germ layers are
reorganized is unknown (Seipp et al. 2001, 2010; Pennati
et al. 2013). In an immunohistochemical study of the moon
jellyfish Aurelia (Bsp.1^ isolate sensu Dawson and Jacobs
2001), Yuan et al. (2008) hypothesized that metamorphosis
of the larva (called a planula) involves the complete degrada-
tion of the endoderm, and the development of a new, second-
ary endoderm derived from ectodermal cells (Fig. 1a). This

event occurs long after the canonical gastrulation process that
generates the planula, wherein the two germ layers are formed
through multipolar ingression and/or invagination (Smith
1891; Hyde 1894; Mergner 1971; Fioroni 1979). Yuan et al.
(2008) subsequently named this event Bsecondary
gastrulation.^ If confirmed, it would represent the only de-
scribed case in which a cnidarian’s endoderm is derived twice
during normal development. However, a more recent analysis
of serial semithin sections suggests that germ-layer continuity
exists between the larva and polyp of Aurelia (Fig. 1b;
Mayorova et al. 2012), throwing the secondary gastrulation
hypothesis into doubt.

These competing interpretations of Aurelia metamorpho-
sis, illustrated in Fig. 1, could be distinguished by lineage
tracing of the planula ectoderm. If Yuan et al. (2008) are cor-
rect, then labeled ectodermal cells in the planula should be
found throughout the endoderm of the polyp. If the model
proposed by Mayorova et al. (2012) is accurate, then labeled
ectodermal cells from the planula should be absent from en-
doderm in the polyp body column. Previous work suggests
that cell division is low or absent in the planula endoderm
(Yuan et al. 2008), supporting the argument that a cell prolif-
eration assay could provide a robust ectodermalmarker. In this
study, we successfully labeled dividing cells in the planula
ectoderm using 5-ethynyl-2′-deoxyuridine (EdU) and follow-
ed these cells through metamorphosis. We found that these
cells and their descendants localize at the future oral pole of
the polyp, and then spread throughout the entirety of the polyp
endoderm. This study provides renewed support for the sec-
ondary gastrulation hypothesis and suggests that germ layers
can be dramatically reorganized in some cnidarians.

Materials and methods

Aurelia planulae were collected from several brooding female
medusae at the Cabrillo Marine Aquarium in San Pedro, CA.
Actively swimming planulae were transferred into 10 mL of
artificial seawater with 100 μM EdU, and incubated for two
hours at room temperature. Animals were then washed three
times in >250 mL of filtered seawater, and transferred into
250mL of filtered seawater using a 10μl pipette. Planula were
kept in the dark at 18 °C and allowed to go through metamor-
phosis over the following week. Animals were collected
through a series of time points following EdU exposure, rang-
ing from 0 h to 7 days. Individuals were fixed in 4 % formal-
dehyde for 1 h, and then washed at least four times in PBSTr
(0.3 % Triton X-100 in PBS buffer). EdU was conjugated to a
fluorescent azide using the Click-iT EdU Alexa Fluor 488
Imaging Kit (Invitrogen, Cat # C10337) according to the man-
ufacturer’s protocol. Following the Click-iT protocol, animals
were labeled with additional fluorescent stains and/or antibod-
ies, using the protocol described in Yuan et al. (2008). Primary
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Fig. 1 Diagrams illustrating competing hypotheses regarding the
metamorphosis of Aurelia from planula to polyp. a The Bsecondary
gastrulation^ hypothesis proposed by Yuan et al. (2008). In this
scenario, the endoderm generated during gastrulation (the primary
endoderm) degrades during metamorphosis, and is replaced by a
secondary endoderm generated from ectodermal cells. b The hypothesis
proposed by Mayorova et al. (2012). In this scenario, the endoderm from
the planula is retained in the polyp. A small amount of ectoderm moves
into the endoderm during the formation of the oral cavity (mouth), but this
migration of ectodermal tissue ends at the pharynx, where ectodermal
cells meet the original endodermal tissue
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antibodies used include anti-tyrosinated tubulin (mouse;
1:800) and anti-acetylated tubulin (mouse; 1:1000).
Following antibody staining, animals were incubated for
15 min in TO-PRO®-3 Iodide nuclear stain (1:1000; Life
Technologies, Cat # T3605). Specimens were mounted onto
slides using ProLong Gold (Invitrogen) and viewed on a Zeiss
Imager M2 Confocal Microscope. Digital stacks were ana-
lyzed using ImageJ.

Results

Following EdU exposure, all cell labeling was restricted to the
planula ectoderm (Fig. 2a–d). This result was robust (N > 50),
despite slight variation in the age of planula housed by the
brooding females (Fig. 2b). There was no obvious pattern of
EdU incorporation across the primary axis, suggesting that
cells across the ectoderm undergo division at equivalent rates.
Labeled nuclei are most common in the superficial layer of the
ectoderm, although it is unclear if they are restricted to this
region. By day 7, most larva had begun metamorphosis, but
many remained actively swimming in the water column. In
these 7-day old planulae, all EdU-positive cells had shifted
towards the future oral pole of the polyp (N > 50; Fig. 2e, f).
When young polyps derived from these planulae were ana-
lyzed, EdU-positive cells were discovered throughout the en-
doderm (N = 20; Fig. 2g, h).

A series of digital longitudinal sections from metamor-
phosing planula elucidate the process of cell migration into
the polyp endoderm (Fig. 3). Early in metamorphosis
(Fig. 3a–c), a reduction in acetylated tubulin demarcates the
boundary between the hypothesized primary and secondary
endoderms (Enp and Ens in Fig. 3a; compare to Fig. 5 h in
Yuan et al. 2008). At this stage of development, EdU-positive
cells first labeled in the planula are now concentrated in the
oral region of the ectoderm (similar to Fig. 2e–f) as well as the
hypothesized secondary endoderm. Later in development—as
the oral opening of the primary polyp develops and the phar-
ynx takes shape—this field of EdU-positive cells moves ab-
orally (Fig. 3d–f). The gap in nuclear staining caused by the
acellular mesoglea allows for the clear demarcation of ecto-
derm and endoderm (Fig. 3f). At this stage, nearly all EdU-
positive cells reside in the endoderm, where they extend from
the oral cavity to the aboral base of the endoderm. The pres-
ence of EdU-positive cells throughout the endoderm is
retained in the primary polyp (Fig. 3g–i).

Discussion

In this study, we found that ectodermal cells in the planula of
Aurelia sp.1 congregate at the posterior pole and then migrate
into the endoderm during polyp metamorphosis. This obser-
vation was possible because EdU functions as a robust marker
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Fig. 2 EdU labeling of ectodermal cells in the planula, and their
migration through development. All scale bars represent 50 μm. a
Digital cross section of a planula larva following 2 h of EdU exposure.
b The same image as (a), with only EdU-positive cells visible. The
ectoderm (Ec) and endoderm (En) are separated by a dotted line. c
Digital cross section of multiple planulae collected from a single adult
female, following 2 h of EdU exposure. These individuals represent a
diversity of young planula, ranging from the earlier and more spherical
individual at the bottom, to the older, more elongated individual at the top
left. d The same image as (c), with only EdU-positive cells visible. e A
planula 4 days after EdU exposure. In this individual, all EdU-positive

cells have shifted towards the posterior (future oral) pole, which can be
readily distinguished by the flattened ridge and stronger tyrosinated
tubulin staining of the aboral pole (Yuan et al. 2008). f Planula 7 days
after EdU exposure, demonstrating the consistency of this cell migration
in late stage larva. Arrows mark the aboral pole of the future polyp. g A
young polyp derived from planula, 7 days after EdU exposure. The
animal was dissected following fixation (partially noted with the dotted
yellow line) so that endodermal EdU staining could be imaged at low
magnification. h Partial digital cross section from another young polyp.
This image demonstrates that the endodermal EdU signal seen in (g) is
not a consequence of tissue damage
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of ectodermal cells in Aurelia planula, which suggests that cell
division in the endoderm is minimal or absent at this stage.
This is consistent with Yuan et al. (2008), who found no sig-
nificant signal for another cell division marker (phosphorylat-
ed histone H3) in planula endoderm. In contrast, this is unlike
what is observed in the endoderm of mature polyps, where
cellular proliferation occurs at a constant rate comparable to
the ectoderm (Gold and Jacobs 2013; Takashima et al. 2013).
While the data presented here is insufficient to demonstrate
that this small set of non-dividing primary endodermal cells is
destroyed in conjunction with the migration of the secondary
endoderm, such a scenario is supported by evidence of nuclear
degradation and caspase activity in the primary endoderm
duringmetamorphosis (Yuan et al. 2008). However, it is worth
noting that caspase is not a specific marker for cellular
apotosis, and future work is required to definitively confirm
that the primary endoderm is destroyed.

We envision two interpretations regarding the nature of
Aurelia’s Bsecondary gastrulation^ event. Secondary gastrula-
tion could be an example of catastrophic metamorphosis,
where the larval endoderm degenerates, and postembryonic
endoderm is formed by cells of the definitive planula ecto-
derm. This would suggest that cells in the planula ectoderm
transdifferentiate into endodermal cells or were never

differentiated following gastrulation. Alternatively, one might
consider this event an extreme form of Bprolonged
gastrulation.^ In such a scenario, the planula ectoderm is, in
reality, a mixed Becto-endoderm^ containing a population of
cells fated to be endoderm. An early, incomplete gastrulation
process that moves only a subset of cells with endodermal fate
into the embryo, leaving behind an outer layer that still con-
tains much of the presumptive (postembryonic) endoderm.
Gene expression studies comparing germ-layer makers be-
tween Aurelia and cnidarians with more gradual metamorpho-
sis (such as Nematostella) could help resolve these competing
interpretations.

While larval metamorphosis in Aurelia sp.1 represents, to
our knowledge, the first described case of secondary gastrula-
tion in a cnidarian, this observation is consistent with a larger
trend in cnidarian development where the de novo generation
of structures is favored over the reorganization of structures
from the prior life stage. Examples of this phenomenon in-
clude the destruction and redevelopment of cnidarian nervous
systems (Nakanishi et al. 2008; Pennati et al. 2013), muscu-
lature (Helm et al. 2015), and tentacles (Gold et al. 2015;
Kraus et al. 2015). The extent to which mechanisms of gut
formation have been modified through cnidarian evolution
should be further examined and ought to be taken into account
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Fig. 3 Movement of EdU-positive
cells into the endodermduring larval
metamorphosis. All images
represent digital cross sections, and
all scale bars represent 50 μM. a–c
A planula at an early stage of
metamorphosis, following Fig. 2c. a
Acetylated tubulin staining, with the
hypothesized primary endoderm
(Enp) and secondary endoderm
(Ens) labeled according to Yuan
et al. (2008). An insert is included to
show the relevant boundary
between the two endoderms at
higher magnification. b The same
individual, illustrating the
distribution of EdU-positive cells.
Note the lack of EdU staining in the
presumptive primary endoderm. c
Acetylated tubulin andEdU staining
overlaid with TO-PRO nuclear
stain. The gap in staining
demonstrates the boundary between
ectoderm (Ec) and endoderm (En).
d–f A metamorphosing larva in the
process of developing the oral
cavity. g–i A primary polyp,
featuring a complete oral cavity
(gut)
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in current debates regarding animal gut homology, such as the
possibility of independent gut evolution in early branching
animal lineages such as ctenophores (Martindale and Hejnol
2009).
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