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Abstract

Background
Intracellular sequestration requires specialized cellular and molecular mechanisms allowing a predator to
retain and use speci�c organelles that once belonged to its prey. Little is known about how common
cellular mechanisms, like phagocytosis, can be modi�ed to selectively internalize and store foreign
structures. One form of defensive sequestration involves animals that sequester stinging organelles
(nematocysts) from their cnidarian prey. While it has been hypothesized that nematocysts are identi�ed
by specialized phagocytic cells for internalization and storage, little is known about the cellular and
developmental mechanisms of this process in any metazoan lineage. This gap in knowledge is mainly
due to a lack of genetically tractable model systems among predators and their cnidarian prey.

Results
Here, we introduce the nudibranch Berghia stephanieae as a model system to investigate the cell,
developmental, and physiological features of nematocyst sequestration selectivity. We �rst show that B.
stephanieae, which feeds on Exaiptasia diaphana, selectively sequesters nematocysts over other E.
diaphana tissues found in their digestive gland. Using confocal microscopy, we document that
nematocyst sequestration begins shortly after feeding and prior to the formation of the appendages
(cerata) where the organ responsible for sequestration (the cnidosac) resides in adults. This �nding is
inconsistent with previous studies that place the formation of the cnidosac after cerata emerge. Our
results also show, via live imaging assays, that both nematocysts and dino�agellates can enter the
nascent cnidosac structure. This result indicates that selectivity for nematocysts occurs inside the
cnidosac in B. stephanieae, likely in the cnidophage cells themselves.

Conclusions
Our work highlights the utility of B. stephanieae for future research, because: (1) this species can be
cultured in the laboratory, which provides access to all developmental stages, and (2) the transparency of
early juveniles makes imaging techniques (and therefore cell and molecular assays) feasible. Our results
pave the way for future studies using live imaging and targeted gene editing to identify the molecular
mechanisms involved in nematocyst sequestration. Further studies of nematocyst sequestration in B.
stephanieae will also allow us to investigate how common cellular mechanisms like phagocytosis can be
modi�ed to selectively internalize and store foreign structures.

Background
The intracellular sequestration (theft and storage) of structures or cells can be an incredibly useful tool
for understanding how common cellular mechanisms, like phagocytosis, can be modi�ed to selectively



Page 3/24

internalize and store foreign structures. Intracellular sequestration is widespread across Metazoa, with
functions primarily related to metabolism (e.g., kleptoplasty [1, 2] and cnidarian-dino�agellate
endosymbiosis [3]) or defense (e.g., nematocyst sequestration [4, 5]). Most cellular and molecular
investigations have centered on cnidarian-dino�agellate endosymbiosis [6], a metabolic system. Those
studies led to insights into how oxidative environment regulation is involved in the molecular co-evolution
of symbiosis [7] and how we might use knowledge of these symbioses to assist in building coral reef
resilience [8]. However, selectivity for particular symbionts is more �exible than originally thought [9] and
relies on the speci�city of both the symbiont and host [10]. In some cnidarians, cells that sequester
symbionts may also be less selective at the initiation of phagocytosis [11]. These challenges make it
more di�cult to identify how the early stages of phagocytosis have been modi�ed in cnidarian-
dino�agellate systems. In defensive sequestration systems, however, it is much easier to investigate the
cell and molecular speci�city of sequestration, since defensive structures and chemicals have been
stripped from their original cell.

One such defensive form of sequestration, called nematocyst sequestration, involves animals that
sequester stinging organelles (nematocysts) from their cnidarian prey [4, 5]. In nematocyst sequestration,
there is a unique opportunity to investigate the mechanisms of selectivity for a speci�c type of organelle,
which has been separated from its original cell [12–14] and thus does not possess membrane-associated
antigens often used by phagocytes to target cells or cell fragments for engulfment [15, 16]. This type of
sequestration contrasts with many others, which usually involve the internalization of whole cells [3] or of
small chemicals, that do not require internalization via phagocytosis [17–19]. In most groups that
sequester nematocysts, it is hypothesized that these organelles are identi�ed for internalization and
storage by specialized phagocytic cells [4, 5]. Furthermore, in some species selectivity for certain
nematocyst types has also been described (e.g., nudibranch gastropods [20, 21]), which has been shown
to change based on external cues like predator presence. However, we know little about how these
specialized phagocytic cells identify and select for nematocysts. This gap in knowledge is largely due to
the fact that there are currently no laboratory models for describing the cell and molecular processes
involved in nematocyst sequestration, though some experiments have been performed in both
nudibranchs [22] and �atworms [23, 24].

Here, we introduce the emerging model nudibranch, Berghia stephanieae, as a research organism to
investigate the cell and developmental features of nematocyst sequestration selectivity. B. stephanieae is
a nudibranch gastropod, a member of the most well-studied clade of nematocyst sequestering animals,
called Aeolidida (=Aeolidoidea) [25–27]. B. stephanieae feeds on the cnidarian Exaiptasia diaphana, an
anemone used to investigate cnidarian-dino�agellate endosymbiosis [28], and is known to sequester
nematocysts from E. diaphana [25, 29]. In nudibranchs, morphology of sequestering tissues [25, 29],
function of these stolen nematocysts [20, 30–33], and some physiology [22] have been explored. Like
other nudibranchs, B. stephanieae sequesters nematocysts in a structure called the cnidosac that is
found at the tips of �nger-like dorsal projections called cerata [25]. Within the cnidosac, special cells
called cnidophages store sequestered nematocysts for long-term use [5, 25]. Although it is known that
cnidophages are where nematocysts are phagocytosed and stored [5, 25], previous research has not
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provided evidence that these cells are where selectivity for nematocysts occurs. One alternative
hypothesis is that nematocysts are the only structures to reach the cnidophages, and therefore these cells
phagocytose only the structures with which they interact. By studying B. stephanieae, we take advantage
of the experimental tractability and transparency of this species to investigate the cellular and molecular
mechanisms that allow cnidophages to selectively sequester nematocysts.

In this paper, we make use of early developmental timepoints to investigate when and where nematocyst
sequestration selectivity occurs in B. stephanieae. It is necessary to investigate this process in earlier
stages because adult cerata are pigmented and di�cult to image. We �rst describe the adult cnidosac
histologically in B. stephanieae as a baseline for our understanding of development. We also con�rm the
selectivity of nematocysts in the B. stephanieae cnidosac and identify at least three nematocyst types
that are found sequestered inside the nudibranch. We then show that the cnidosac develops early in
juvenile development, within 2-4 days post initial feeding, and that the juvenile cnidosac includes all of
the standard hallmarks of the adult cnidosac. Finally, we take advantage of the transparency of the
juvenile cnidosacs to time-lapse image nematocysts (and other food particles) moving through the
digestive tract into the cnidosac. This work provides a starting point for assessing the rate at which
nematocysts may be sequestered by B. stephanieae, and supports the hypothesis that cnidophages
(inside the cnidosac) are the site of nematocyst selectivity.

Results
Adult cnidosac morphology

As previously described [25], adult Berghia stephanieae possess a single cnidosac at the distal end of
each ceras (Figure 1A), which is connected to the digestive gland via a short channel (Supplementary
Figure 1). The cnidosac has a multi-layered, thick musculature (Figure 1B). B. stephanieae does not
appear to have a permanent pore at the distal end of the cnidosac, meaning we see no constriction of the
musculature nor a clear epithelial lining towards the proximal end of the ceras (Figure 1B). The lack of a
pore in this species is consistent with the description provided by Goodheart et al. [25]. Inside the
cnidosac, multiple sequestered nematocysts (also known as kleptocnides) are clustered within
cnidophage cells (Figure 1B, Supplementary Figure 1). The cnidophages contain different types of
nematocysts obtained from their prey (Exaiptasia diaphana), which are often present in the same
cnidosac at the same time (Figure 1C-D). Nematocysts identi�ed inside the cnidosac include basitrichous
isorhizas (basitrichs), microbasic p-mastigophores (the largest nematocysts solely found in the acontia
of Exaiptasia diaphana), and microbasic p-amastigophores of various sizes [34, 35] (Figure 1C-D). We
identi�ed: (1) large microbasic p-mastigophores by their distinctive v-shaped notch and large capsule size
(>50 µm in length; Figure 1C and Supplementary Figure 2A), and by their shaft, which has larger spines
toward the tip of the shaft and ends in a short tubule (Supplementary Figure 3A); (2) small and medium
sized (Figure 1C) microbasic p-amastigophores based on the distinctive v-shaped notch on the shaft
(Supplementary Figures 2B-C) and their short shaft with larger spines towards the coned tip
(Supplementary Figure 3B-C); and (3) basitrichs based on their narrow, elongate shape (Figure 1C and
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Supplementary Figure 2D-E), and the thin shaft with large spines at the base and smaller spines toward
the tips (Supplementary Figure 3D) or consistently small spines along the entire shaft (Supplementary
Figure 3E). In histological sections, spirocysts were differentiated from nematocysts (purple-stained
capsules) by their unstained capsule and characteristic strongly coiled tubule that stains pink to pinkish
purple [35] (Figure 2C). In E. diaphana, we identi�ed spirocysts in the tentacles (Figure 2C), but not in the
acontia (Figure 2E). In B. stephanieae, we only found spirocysts in the digestive gland (Figure 2D), but not
inside the cnidosac (Figure 2F). In TEM images, we noted that sequestered nematocysts are separately
bound in individual vacuoles (Figure 1E), but what causes the apparent bundling of these nematocysts
(i.e., keeps nematocysts close together) within each cnidophage (Figure 1B) is still unknown.

Figure 1. Berghia stephanieae adult cerata, cnidosac, and select images of sequestered nematocysts. (A)
Adult animal with many cerata found on the dorsum (Photo credit: Park Masterson). Box indicates the tip
of the ceras, where the cnidosac is found. (B) Histological section of an adult B. stephanieae cnidosac,
including the cnidophages and sequestered nematocysts. Multiple nematocyst types are sequestered
inside the adult B. stephanieae cnidosac, which are shown in (C) Differential Interference Contrast (DIC)
imaging showing the shapes and sizes of various sequestered nematocyst types, and (D) Transmission
Electron Microscopy (TEM) which shows the differences in internal morphology among nematocyst
types. (E) The vacuole double membrane (arrow) surrounding individual nematocysts is also visible with
TEM. Abbreviations: b, basitrich nematocysts; ce, cerata; cp, cnidophages; cs, cnidosac; ex, exit; m,
musculature; mpm, large microbasic p-mastigophore nematocysts; mpa, microbasic p-amastigophore
nematocysts; nem, sequestered nematocysts.

Cnidosac development

Post-metamorphosis, Berghia stephanieae juveniles have elongate, translucent bodies with visible
eyespots, statocysts, and ganglia, as well as large anterior cilia (Figure 3A-A”). The digestive gland in
these animals is compact and lacks the distinctive diverticula that de�ne Cladobranchia as a group [36].
No cnidosacs are visible at this stage; the juveniles have not fed, and thus have a completely empty gut
(Figures 3A-A” and 4A-A’). The body wall musculature does not show any signs of cnidosac formation
(Figure 4A’-A”). Further development does not continue until, and unless, the animals begin to feed on E.
diaphana.

Within 2-4 days post-feeding at room temperature, the digestive gland in the juveniles is �lled with
dino�agellates and partially digested Exaiptasia tissue and nematocysts (Figure 3B). The dino�agellates
inside the digestive gland are the most visible components of the food due to their distinctive brown
coloration (when viewed with DIC optics) and bright auto�uorescence (magenta in confocal images).
After initial feeding, the digestive gland begins to branch away from the original compact mass, forming
two digestive diverticula just behind the statocysts and sometimes a third branch more posteriorly (Figure
3B). The cnidosacs are present at the distal end of the digestive diverticula at this stage (Figure 3B’) with
nematocysts already sequestered (Figure 4B-B’) inside cnidophages (Figures 3B”). At this time there is a
clear extension of the body wall musculature surrounding the nascent cnidosac, inside which
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nematocysts are sequestered (Figure 4B’-B”). This extension will become the cerata as the juveniles
mature. Auto�uorescent dino�agellates are present in the digestive gland, but are never seen inside the
cnidosac.

Further development (up until the adult stage) includes the elongation and growth of the digestive
diverticula, cerata, and cnidosacs (Figures 3C-C”, 4C-C”, and 4D-D” show early juvenile stages J2-J3). As
the cnidosacs grow larger, more nematocysts can be seen inside each cnidosac (Figures 4C-C’ and 4D-D’)
and cilia are visible at the tip of each ceras and along the sides. In some cases, nematocysts are also
visible inside the digestive gland of the animal (Figure 4C). The musculature surrounding the cnidosac
becomes slightly thicker as the animals reach later stages (>2 rows of cerata) (Figure 4D-D”). However,
the muscle layer is still not as thick as that of the cnidosacs in adult B. stephanieae (Figure 1B). At later
stages, juveniles (Figure 4C-C”, and 4D-D”) also begin adding further rows of cerata (usually
symmetrically) at the posterior end of the animal as the juvenile grows longer. After the third row of
cerata has formed, additional rows will be added symmetrically along the length of the animal. In these
cases, both the branched digestive gland and a small cnidosac are visible.

Feeding and nematocyst movement

Berghia stephanieae juveniles begin to feed on Exaiptasia by seemingly attaching the anterior surface of
the inner lip to their prey (Supplementary Video 1). This is followed by a slight raising of the head and
eversion of the radula, which scrapes tissue off the surface of the Exaiptasia. Finally, the radula is pulled
back in toward the jaws, bringing some of the Exaiptasia tissue through the oral tube and pharynx and
into the buccal cavity. The masticated food particles then move into the stomach, where they are rapidly
propelled throughout the digestive gland and into the digestive diverticula through contractions of the gut
(Figure 5). As the animal continues to eat, the contractions of the gut move food particles into and out of
the diverticula, until the digestive gland is completely full, or feeding is disrupted, or there is no more food
to eat.

As this process continues, the channel between the digestive gland and the cnidosac opens and closes
with the contractions of the gut (Figure 6). These contractions provide the opportunity for nematocysts to
move into the cnidosac, often at a rapid pace (~0.4s in Figure 6A-C). However, the large contractions and
expansions that occur in the stomach and digestive gland can also act to move nematocysts out of the
cnidosac (Figure 6D-F) at an equally rapid rate. This rapid movement is also true for other food particles
inside the digestive gland, including intact dino�agellates (Figure 7; Supplementary Video 2).
Furthermore, both nematocysts and dino�agellates can move into the cnidosac (Figures 6-7).

Discussion
Nematocyst sequestration represents an excellent opportunity to investigate how ubiquitous cellular
mechanisms like phagocytosis can be modi�ed to selectively internalize and store extrinsic structures.
However, laboratory models for nematocyst sequestration have long remained elusive, largely due to
di�culties in culturing nudibranch species in the laboratory, including low levels of settlement and
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metamorphic success in the absence of speci�c environmental cues [37–39] and limitations on culturing
the prey for a given species [40]. With Berghia stephanieae, these challenges have been overcome due to
its lecithotrophic development [41, 42] and dietary preference for Exaiptasia diaphana [40, 42], a cnidarian
species that is simple to culture under laboratory conditions [43]. Here, we show that the nudibranch
species B. stephanieae is an excellent model for nematocyst sequestration, in part due to the ease of
access to early developmental stages where juveniles are more transparent and manipulable. These tools
have allowed us to address the “when” and “where” of selectivity for nematocysts in B. stephanieae. Our
results clearly indicate that in B. stephanieae, nematocyst sequestration begins shortly after feeding and
prior to ceras formation, and nematocyst selectivity occurs inside the cnidosac, likely within the
cnidophage cells. We discuss the importance of these �ndings below.

The when - cnidosac development

The morphology of the adult cnidosac in Berghia stephanieae is broadly consistent with previous work in
this species, and in the family Aeolidiidae [25, 44]. This morphology includes a short, simple entrance into
the cnidosac from the digestive gland, a thick (multi-layered) musculature surrounding the cnidosac, a
putative proliferation zone of cnidophage cells at the proximal end of the cnidosac [25], multiple
nematocysts housed within cnidophage cells along the lining of the cnidosac, and an exit. However, we
did not identify a clear epithelial lining inside the cnidosac toward the tip (i.e., a cnidopore), which is a
structure commonly found in members of Aeolidiidae, including Aeolidia papillosa [44], Anteaeolidiella
chromosoma, and Cerberilla amboinensis [25]. The cnidopore has been hypothesized to be a special
adaptation for releasing the exceptionally long and narrow nematocysts sequestered from anemones
[25]. The lack of this structure in B. stephanieae suggests that this is not a necessary feature for
managing such nematocysts.

Sequestered nematocysts appear within fully-formed cnidosacs within 2-4 days after feeding. Cnidosacs
are de�ned as a “muscular prolongation of the digestive gland located in the apex of each ceras” [25]. In
B. stephanieae juveniles, digestive diverticula (branches) and cnidosacs develop before the beginning of
cerata formation (Figures 3B-B”, 4B-B”). These early stage cnidosacs, prior to ceras formation, already
have a clear musculature (Figure 4B”, C”). Furthermore, nematocysts are also clearly bound inside what
appear to be cnidophages (Figure 3B’-B”), indicating that, if not fully mature, these cnidosac structures
are at least fully functional. These results differ from regeneration work in other nudibranch species,
including Hermissenda crassicornis [41, 45, 46] and Pteraeolidia semperi [46]. In both species,
experiments following the regeneration of cerata after autotomy (or removal) suggested that cerata and
the digestive gland form �rst, followed by the cnidosac [45, 46]. In Pteraeolidia semperi, cnidosacs were
documented regenerating from a cell aggregation at the tip of the regenerating digestive tract [46]. A prior
study on B. stephanieae, focused on neuromuscular development, also incorrectly identi�ed the timing of
cnidosac development after ceras formation, based on the presence of �lled cnidosacs under light
microscopy [41]. These inconsistencies may be due to differences among species [45, 46], differences
between regeneration and development [45, 46], or lower resolution imaging techniques [45, 46].
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Our results show that nematocyst sequestration in B. stephanieae begins much earlier than previously
thought. This fact will be useful for studies in B. stephanieae in the long term, because the cerata and
cnidosacs at these early juvenile stages are more accessible visually due to less external pigmentation
relative to later stages [41]. Similarly, our ability to detect nematocyst sequestration this early in juvenile
development means that in the future we could score gene knock-out phenotypes (e.g. generated by
CRISPR/Cas9 genome editing) at juvenile stages. Clari�cation of the timing of nematocyst sequestration
may also allow for the use of transient knock-down methods in B. stephanieae, such as morpholinos or
RNA interference [47]. B. stephanieae juveniles therefore promise to be an excellent tool for investigating
the cell and molecular processes involved in nematocyst sequestration.

The where - nematocyst selectivity

Our results show that Berghia stephanieae selectively sequesters nematocysts (over spirocysts or
dino�agellates) inside the cnidosac. Most studies on nematocyst sequestration in nudibranchs have
assumed, but not demonstrated, that only nematocysts are sequestered, or have not clari�ed the type of
cnidocysts found within nudibranch cnidosacs [25]. Three types of cnidocysts are produced in the
phylum Cnidaria: nematocysts, spirocysts, and ptychocysts. Nematocysts are the most widespread
across the phylum, with spirocysts and ptychocysts only known from Hexacorallia (and ptychocysts only
from the hexacorallian order Ceriantharia) [48]. The lack of clari�cation regarding which cnidocysts are
sequestered may be due to the fact that few nematocyst-sequestering nudibranchs feed on cnidarians
known to possess ptychocysts or spirocysts (i.e., Hexacorallia) [49]. However, nudibranchs in Aeolidiidae
feed on anemones (including Exaiptasia diaphana), which possess high concentrations of spirocysts in
their tentacles for prey capture (e.g., Figure 2C) [50, 51]. We know of only one study that suggested the
presence of spirocysts inside the cnidosac, which were identi�ed in specimens of an undescribed species
of Spurilla from Argentina [52]. However, no images of these structures were provided, so independent
con�rmation is impossible. The selectivity for nematocysts we �nd in B. stephanieae, however, may be
due to the more defensive (and offensive) function of nematocysts in cnidarians. Nematocysts deliver
venom as a means of defense and offense [48], unlike spirocysts [53] and most likely ptychocysts [54].
Therefore, selectivity of nematocysts over less potent structures like spirocysts provides support for a
defensive function of nematocyst sequestration in nudibranchs, which is a long-standing debate (see refs
in [5]).

In addition to differentiating cnidocyst types (spirocysts versus nematocysts), we further identi�ed the
types of nematocysts sequestered in the B. stephanieae cnidosac, including basitrichous isorhizas, large
microbasic p-mastigophores, and microbasic p-amastigophores of varying sizes (Supplementary Figures
2 and 3). Based on previous work in Exaiptasia diaphana (Exaiptasia pallida in [34]) and the size and
type of the nematocysts found in B. stephanieae (Figure 1C-D; Supplementary Figures 2 and 3), we have
evidence of the sequestration of nematocysts from multiple tissues in Exaiptasia (including the acontia
and tentacles). In some nudibranch species, researchers have found that certain nematocyst types are
preferentially sequestered in the cnidosacs [20, 21, 55, 56]. For example, larger, more penetrant
nematocyst types [57, 58] such as mastigophores and long isorhizas, appear to be preferred in some



Page 9/24

species. We found no direct evidence suggesting B. stephanieae select for particular types of
nematocysts, though large microbasic p-mastigophores were prevalent in the cnidosacs. Future studies
performing more quanti�cation of nematocyst types compared to their distribution across prey tissues
will be necessary to test this hypothesis further in B. stephanieae.

In B. stephanieae, our results support the hypothesis that selectivity for nematocyst occurs within the
cnidosacs, most likely with the cnidophages [59]. This support stems from the fact that both
nematocysts (Figure 6) and dino�agellates (Figure 7) can enter the cnidosac during digestion, without
�rst being internalized within digestive cells. Other hypotheses suggest that nematocysts are selected for
by modi�ed digestive cells inside the digestive gland, and move along the digestive tract to the cnidosac
[30], or that the entrance of the cnidosac (which is surrounded by a muscular sphincter [30]) is a barrier to
all structures except for nematocysts. Given our evidence for selectivity occurring inside the cnidosac, we
now know to target cnidophages when investigating the molecular mechanisms of nematocyst
sequestration. In cnidarian-dino�agellate endosymbiosis, recognition and phagocytosis appear to be
mediated by microbe-associated molecular pattern (MAMP)-pattern recognition receptors (PRR) that
target a variety of molecular patterns on the cell surface of potential symbionts [3]. Similar interactions
may also be used to identify plastids in Sacoglossa sea slugs that sequester functional choloroplasts
[60]. But in nudibranchs, nematocysts that are selected for and phatocytosed by cnidophages have been
stripped of their nematocyte (the cell where nematocysts form) [4, 30]. This raises questions as to
whether cnidophages can also use MAMP-PRR interactions to select for nematocysts over other tissues
and structures from their prey (e.g., spirocysts or dino�agellates). B. stephanieae would be an excellent
system for investigating how phagocytosis has been modi�ed to select for structures that have been
stripped of their original cell.

Conclusions
Nematocyst sequestration is an excellent system for studying direct ecological interactions of predators
and prey at the cell and molecular levels. Here, we show that the nudibranch Berghia stephanieae is an
incredibly useful experimental research organism for studying nematocyst sequestration, due in part to
the success of lab cultures for this species. Furthermore, our results show that the developmental and cell
biology of nematocyst sequestration can be thoroughly investigated in B. stephanieae. We show that
nematocyst sequestration begins shortly after feeding and prior to ceras formation in this species, which
will be useful for future studies aimed at visualizing or disrupting the process of nematocyst
sequestration. Finally, we show that selectivity for nematocysts (over other structures like spirocysts)
occurs inside the cnidosac in B. stephanieae, likely in the cnidophage cells. With this information, we can
begin to investigate whether the cnidophages use immune processes like MAMP-PRR recognition to
identify nematocysts. If so, this would allow us to directly investigate how common and ubiquitous
cellular mechanisms (like phagocytosis) can be modi�ed to selectively internalize and store extrinsic
structures based on external cues.
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Methods

Animal maintenance and preparation
Adults of Berghia stephanieae were maintained in continuous culture in the Lyons Lab at the Scripps
Institution of Oceanography, broadly following techniques laid out by Carroll and Kempf [42]. Animals
were kept at a salinity of 1.024 sg in arti�cial seawater (Instant Ocean, Spectrum Brands, Blacksburg, VA)
at room temperature (~20°C) in �nger bowls. We prepared ASW with Instant Ocean (Reef Crystals Reef
Salt) to a salinity of 33 ppt and a speci�c gravity of 1.024. B. stephanieae animals were fed Exaiptasia
diaphana three days per week (Monday, Wednesday, Friday). The amount of food varied based on animal
size: For example, adults were fed whole Exaiptasia (~1cm pedal disc diameter) per 6 animals, and just
metamorphosed juveniles were fed 3-5 Exaiptasia tentacles per hundreds of animals. E. diaphana were
purchased from Carolina Biological Supply, Burlington, NC. 

 

Prior to �xation for histology or antibody staining, we relaxed juveniles of B. stephanieae in a 1 part 7.3%
MgCl2 to 2 parts Arti�cial Sea Water (ASW) solution for ~20 minutes. For live imaging, we did not perform
a relaxation step. We initially staged juveniles based on previous descriptions of juvenile development
[41], and selected animals between the early juvenile and juvenile stages, as these are the stages where
the animals begin feeding and cerata emerge.

Histology
Post-relaxation, we �xed juveniles and adult cerata using 4% Paraformaldehyde (PFA, diluted in ASW
from 16% ampules) overnight at 4°C, then rinsed twice in diH2O (30s each). We performed a post-�xation
stain using Ponceau S (0.1% Ponceau S and 1.0% glacial acetic acid) for 1.5 hours, followed by a diH2O
rinse. We then immediately ran the tissues through a dehydration series: (1) 50% ethanol (EtOH) for 15
min, (2) 60% EtOH for 15 min, and (3) 70% EtOH for 15 minutes. We stored tissues at 70% EtOH prior to
embedding. In preparation for embedding, we subjected tissues to a further dehydration series: (1) 80%
EtOH for 15 min, (2) 95% EtOH for 15 min, (3) 100% EtOH for 15 minutes (x2). We embedded samples
with Spurr's Low Viscosity Embedding Media Kit (Electron Microscopy Sciences #14300), following the
standard “Firm” formulation provided by the manufacturer, and cured at 60°C overnight.

 

We sectioned the plastic blocks with a microtome and glass knives, to a thickness of 3 µm. We then
stained sections with Azure A for ~30s. We rinsed slides with diH2O for 30s before placing them on a hot
plate to dry. We then mounted the sections in Permount (Fisher Scienti�c, SP15-100) for long-term
storage and imaging. We took section images on a Zeiss AxioM2 �uorescence microscope with an
attached digital camera. We combined image stacks in Helicon Focus (version 7.7.5), adjusted images

https://paperpile.com/c/AZO3lQ/Cnny
https://paperpile.com/c/AZO3lQ/icpR
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for brightness and contrast using Fiji (version 2.3.0, [61]), and prepared image plates using the FigureJ
plugin [62]. We histologically examined at least two cnidosacs from �ve separate adult B.
stephanieae (and ~20 cnidosacs in one animal), and at least three juveniles from each of the four stages.

Transmission Electron Microscopy
Post-relaxation, samples were sent to the Electron Microscopy Core Facility at the University of California,
San Diego. They �xed adult cerata with 2% paraformaldehyde and 2.5% of glutaraldehyde in 0.15 M
Sodium Cacodylate buffer (SC buffer, pH 7.4) for at least 24 hours. They stained in 1% osmium in 0.15M
sodium cacodylate for 1-2 hours on ice, followed by a 5x10 min wash in 0.15M SC buffer and rinse in
ddH2O on ice. They then incubated the samples in 2% of uric acid for 1 to 2 hrs at 4°C, followed by a
dehydration series in ethanol (50%, 70%, 90%, 2x100%), with 10 min on ice for each step. They then
placed the samples in dry acetone for 15 min at room temperature (RT), followed by 50:50
(ethanol:Durcupan) for 1 hour or longer at RT and 100% Durcupan overnight. The following day, they
moved the samples into fresh 100% Durcupan for half a day at RT and embedded tissues in Durcupan in
60°C oven for 36 to 48hrs. They collected ultrathin sections (60nm), which they cut on Leica microtome
with Diamond knife, followed by post staining with both uranyl acetate and lead. We captured images on
a JEOL 1400 plus TEM at 80KV with Gatan 4kx4k camera at the facility. We prepared image plates using
the FigureJ plugin [62].

Fluorescence Imaging
Post-relaxation, we �xed juveniles using 4% Paraformaldehyde (PFA) overnight at 4°C. We rinsed samples
with PBT (0.1% Tris detergent in 1X Phosphate Buffered Saline (PBS)) for 10 min (x3) and incubated
either overnight at 4°C or for 2 hours at room temperature (RT) in blocking solution (500 µL Bovine Serum
Albumin, 400 µL Normal Donkey Serum, 9.1 mL 1X PBS with 0.1% Tween). We then placed samples in
acetylated alpha-tubulin primary antibody (Anti-mouse; Sigma-Aldrich T6793) (diluted in blocking
solution; Table 1) overnight at 4°C, rinsed three times in PBT, then incubated in secondary antibody (Anti-
mouse, Alexa Fluor 594) overnight at 4°C (incubated in blocking solution; Table 1). Finally, we
counterstained tissues with DAPI (143 µM; ThermoFisher Scienti�c #D1306) to stain nematocysts [63],
and Alexa Fluor 488 Phalloidin (1:500; ThermoFisher Scienti�c #A12379) prior to 1X PBS rinses (x3) and
mounting in a solution containing 80% glycerol and 20% 1X PBS. We performed imaging with a Leica
Sp8 inverted confocal microscope with a resonant scanner and lightning deconvolution. We visualized
images using Fiji (version 2.3.0, [61]), and prepared image plates using the FigureJ plugin [62].

 

Live imaging

https://paperpile.com/c/AZO3lQ/XLQp
https://paperpile.com/c/AZO3lQ/UFLG
https://paperpile.com/c/AZO3lQ/jJOb
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For live imaging, we placed juveniles on uncoated glass slides with small fragments of Exaiptasia
diaphana tentacles. We then covered the animals with a coverslip held up by clay feet but refrained from
applying pressure until after the Berghia juveniles began to eat. Once they started eating the
Exaiptasia tentacles, we pressed down on the corners of the coverslip until the digestive gland and
cnidosacs of the animals were easily visible under the microscope. We took live videos of these juveniles
with a Zeiss AxioM2 �uorescence with an attached digital camera.
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Figures

Figure 1

Berghia stephanieae adult cerata, cnidosac, and select images of sequestered nematocysts. (A) Adult
animal with many cerata found on the dorsum (Photo credit: Park Masterson). Box indicates the tip of the
ceras, where the cnidosac is found. (B) Histological section of an adult B. stephanieae cnidosac,
including the cnidophages and sequestered nematocysts. Multiple nematocyst types are sequestered
inside the adult B. stephanieae cnidosac, which are shown in (C) Differential Interference Contrast (DIC)
imaging showing the shapes and sizes of various sequestered nematocyst types, and (D) Transmission
Electron Microscopy (TEM) which shows the differences in internal morphology among nematocyst
types. (E) The vacuole double membrane (arrow) surrounding individual nematocysts is also visible with
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TEM. Abbreviations: b, basitrich nematocysts; ce, cerata; cp, cnidophages; cs, cnidosac; ex, exit; m,
musculature; mpm, large microbasic p-mastigophore nematocysts; mpa, microbasic p-amastigophore
nematocysts; nem, sequestered nematocysts. 

Figure 2
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Histological sections of tissues from (A) Exaiptasia diaphana and (B) Berghia stephanieae. Only
nematocysts (purple capsules around pink or purple shafts) from the anemone tissue are sequestered
inside cnidosacs, whereas spirocysts (pink spiral with unstained capsules) and dino�agellates remain in
the digestive gland in B. stephanieae. E. diaphana tissues (cross section) include (C) tentacles and (E)
acontia. B. stephanieae tissues (longitudinal section) include (D) the cnidosac and (F) digestive gland.
Panels C and F show close-up images of nematocysts (C’,F’), spirocysts (C’’,F’’), and dino�agellates
(C’’’,F’’’). Abbreviations: ac, acontia; cs, cnidosac, d, dino�agellates, dg, digestive gland; m, musculature;
nem, nematocyst(s); sp, spirocyst(s); ten, tentacles.
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Figure 3

DIC and histology images of early stage Berghia stephanieae juveniles. These images show development
of the cnidosac and beginning of nematocyst sequestration: (A) pre-feeding juvenile, (B) juvenile with
cnidosacs and small cerata buds, and (C) juvenile with two rows of cerata. (A’-C’) are close up images of
the digestive gland (A’) or cnidosac (B’-C’) in the whole animal DIC images. (A”-C”) are histological
sections of animals of the same stage showing the digestive gland (A”) or cnidosac (B”-C”) of those
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animals. Abbreviations: cp, cnidophage; cs, cnidosac; dg, digestive gland; dgb, digestive gland branch; nc,
nematocysts.

Figure 4

Confocal images of early stage Berghia stephanieae juveniles. These images show development of the
cnidosac and beginning of nematocyst sequestration: (A) pre-feeding juvenile, (B) juvenile with cnidosacs
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and small cerata buds, (C) juvenile with two rows of cerata, and (D) juvenile with three rows of cerata.
Animals were stained with acetylated alpha tubulin for cilia (magenta), DAPI for nematocysts (cyan), and
Phalloidin for muscle (yellow). Some additional auto�uorescence can be seen in B-D from the
dino�agellates in the gut of each animal. (A’-D’ and A”-D”) are close up images of the epithelium (A’ and
A”) or a cnidosac (B’-D’ and B”-D”) from the whole animal confocal images, and (A”-D”) only show the
Phalloidin (yellow) channel to highlight the musculature of the cnidosacs. Abbreviations: ci, cilia; cs,
cnidosac; d, dino�agellates; m, muscle; nem, nematocyst(s).
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Figure 5

Berghia stephanieae juvenile digestion. Video stills (A-B) and cartoons (C-D) showing the peristaltic
expansion and contraction of the digestive gland (grey outline) in a B. stephanieae juvenile over the
course of one second (6.20-7.20s in Supplementary Video 1), which occurs to move food to the distal
ends of the diverticula. (A) and (C) show the expansion (teal arrows) of the primary digestive gland mass
in the center of the animal, along with the contraction (pink arrows) of the diverticula. (B) and (D) show
the subsequent contraction of the primary digestive gland mass in the center of the animal, along with
the expansion of the diverticula. The cnidosacs (purple, C-D) do not �uctuate in size. Abbreviations: cs,
cnidosac; dg, digestive gland; tl, tail.

Figure 6

Nematocyst movement in a Berghia stephanieae juvenile. Video stills (Supplementary Video 2) showing
the rapid movement of nematocysts (fractions of a second) both into and out of the cnidosac via
contractions of the digestive gland. In (A-C) a nematocyst enters the cnidosac (yellow dots) within 0.4s; In
(D-F), the same nematocyst moves out of the cnidosac in 0.6s; (F) Shows the full path of the nematocyst
through time. Abbreviations: cs, cnidosac; en, entrance; dg, digestive gland.
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Figure 7

Dino�agellate movement in a Berghia stephanieae juvenile. Video stills (Supplementary Video 3) showing
the rapid movement (fractions of a second) of dino�agellates (brown circles) both into and out of the
cnidosac via contractions of the digestive gland. In (A-C) dino�agellates move into the cnidosac within
0.8s; In (D-F), the same dino�agellates move out of the cnidosac in 1.2s. Abbreviations: cs, cnidosac; en,
entrance; d, dino�agellates, dg, digestive gland.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SupplementaryVideo1.avi

SupplementaryVideo2.avi

SupplementaryVideo3.avi

https://assets.researchsquare.com/files/rs-1304261/v1/877eb71fe0ec2897b57a8a6b.avi
https://assets.researchsquare.com/files/rs-1304261/v1/0477d8dd1b93293d7d620f93.avi
https://assets.researchsquare.com/files/rs-1304261/v1/e83cf079c7faab76f5fc7c54.avi

