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tissues of the sea anemone,
Exaiptasia diaphana

Pei-Jung Shao1†, Yi-Ling Chiu1†, Pin-Hsuan Tsai1
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1Institute of Marine Environment and Ecology, National Taiwan Ocean University, Keelung, Taiwan,
2Center of Excellence for the Oceans, National Taiwan Ocean University, Keelung, Taiwan
Many anthozoans, e.g., sea anemones and corals, have remarkable capacities for

asexual reproduction and regeneration, creating complete individual polyps

from pieces of parental polyp tissue. Notably, polyps produced asexually (or

regenerated) from somatic tissues that originally contain no gonads are capable

of sexual reproduction. However, how somatically derived polyps can reproduce

remains largely unexplored. Here, using a sea anemone, Exaiptasia diaphana, we

show that potential germline progenitor cells are present in the extra-gonadal

tissues, and that they are allocated to newly produced individuals during asexual

reproduction/regeneration. Histological analysis of E. diaphana demonstrated

that polyps asexually produced from pedal lacerates can create mature gametes.

Amputation experiments showed that polyps regenerated from the head, which

originally lacked gonadal tissue, formed gonads and initiated gametogenesis.

Immunohistochemical analysis with a germline marker, vasa, demonstrated the

presence of vasa-positive cells in various polyp tissues. These findings suggest

that vasa-positive cells in extra-gonadal tissues may be a reservoir of germline

progenitor cells to ensure sexual reproductive capacity in individuals produced

asexually or regenerated from somatic tissues.

KEYWORDS
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1 Introduction

Anthozoans (corals, sea anemones, sea pens, sea pansies, etc.) are marine organisms

that belong to the phylum Cnidaria, a group of animals with specialized stinging cells called

cnidocytes (Harrison and Wallace, 1990; Ruppert et al., 2003). The class Anthozoa

comprises more than 5,000 species and forms the largest group in the phylum. They are

widely distributed globally from shallow waters in the tropics and subtropics to deep waters

in cool temperate regions (Harrison and Wallace, 1990; Ruppert et al., 2003; Shikina and
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Chang, 2018). Reef structures formed by corals serve as nurseries

for many marine animals and have great ecological and economic

importance (Odum and Odum, 1955).

Many anthozoans have the ability to produce genetically identical

individuals (polyps) through asexual reproduction, allowing them to

increase colony or population sizes relatively rapidly (Harrison and

Wallace, 1990; Bocharova and Kozevich, 2011). When polyps reach a

certain size (or age), they initiate sexual reproduction to produce

genetically diverse offspring. Gametes are generally produced at

specific sites in gastrodermal tissues, also called gonads (Harrison

and Wallace, 1990; Bocharova and Kozevich, 2011). Fertilized eggs

develop into free-swimming larvae, metamorphose into primary

polyps after settling on appropriate substrates, and then initiate

asexual reproduction to form colonies (Harrison and Wallace,

1990; Shikina and Chang, 2018). Anthozoans lack a medusa phase

and live exclusively as polyps (Harrison and Wallace, 1990; Technau

and Steele, 2011; Shikina and Chang, 2018).

Anthozoans have a remarkable capacity for asexual

reproduction and regeneration. Various modes of asexual

reproduction have been reported, with budding and fission

(longitudinal or transverse) being the major modes (Harrison and

Wallace, 1990; Bocharova and Kozevich, 2011; Bocharova, 2016). In

addition, in many cases, complete polyps are generated from parts

of parental somatic tissues such as tentacles, pedal disks, and

coenosarc (Bocharova and Kozevich, 2011; Bocharova, 2016; Toh

and Ng, 2016). Sexual reproductive capacity is also observed in

polyps that were asexually produced or were regenerated from

somatic tissues that originally contained no gonads. However, how

polyps derived from such somatic tissues can reproduce sexually

has not yet been explored in depth, and underlying cellular

mechanisms remain largely unknown.

One of the prerequisites for sexual reproduction is the presence

of germline cells or cells that are capable of producing germline

cells, such as stem cells. In this study, we hypothesized that such

cells are present in extra-gonadal tissues, and that they are

transmitted to newly developing polyps during asexual

reproduction or regeneration to ensure sexual reproductive

capacity. To verify this hypothesis, this study focused on a

gonochoric sea anemone, Exaiptasia diaphana, previously known

as Exaiptasia pallida or Aiptasia pallida. Exaiptasia diaphana is

distributed globally in temperate and tropical marine shallow-water

environments (Grajales and Rodrıǵuez, 2014). Exaiptasia diaphana

is easy to culture in the laboratory, and it is an excellent model to

study cnidarian-dinoflagellate symbioses (Weis et al., 2008).

Importantly, E. diaphana actively reproduces asexually by pedal

disc laceration (Hunter, 1984; Clayton, 1985). After growth, newly

created polyps undergo sexual reproduction, even under artificial

rearing conditions (Grawunder et al., 2015). Therefore, this animal

has desirable characteristics as a model to study the sexual

reproductive capacity of polyps derived from somatic tissues.

In this study, we first established clonal strains of E. diaphana

collected from coastal areas of Northern Taiwan, and characterized

their asexual and sexual reproductive capacity. We then established

a gonad transcriptome to select a gene for use as a germline/stem

cell marker, and examined its expression profiles. Finally, to verify
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our hypothesis, we investigated the presence of germline or stem

cells in various polyp tissues using the identified marker.
2 Materials and methods

2.1 Sampling and cultivation of E. diaphana

Sampling of E. diaphana was performed in a ditch (25°09′04.5′′
N, 121°46′41.1′′ E) near the Aquatic Animal Center at National

Taiwan Ocean University (NTOU), northern Taiwan (Figures 1A-

C). Four large individuals (5~7 cm in height) were collected with a

spoon from the ditch wall, and were transported to our laboratory at

NTOU. The four sea anemones were rinsed several times with

seawater, and cultured separately in four 40-L aquaria under T5

lights (6500k; light intensity, 20-40 mmol/m2/s, 12-hr light/dark

cycle). Each aquarium was equipped with an external filtration

system, and the water temperature was set at 28°C. Artemia naupli

were provided as food, five times a week, and one-third of the

seawater in the tanks was replaced every week. We then established

two clonal strains (one male and one female) by allowing them to

reproduce asexually. Developing testes/ovaries were examined in

dissected polyps under a stereo microscope (EZ4, Leica

Microsystems, Mannheim, Germany). To observe development of

lacerated pieces (pedal fragment) into small anemones, collected

pieces were cultured in 6-well plates containing 5 mL of 0.22 mm-

filtered seawater per well. Micrographs were taken with a digital

camera (RX100II, Sony, Tokyo, Japan) under the stereo microscope.

All experiments were carried out in accordance with principles and

procedures approved by the Institutional Animal Care and Use

Committee, NTOU.
2.2 Genomic DNA extraction and analysis
of phylogenetic relationships

Three individuals were sampled from each male and female

strain and homogenized with a homogenizer (IKA Ultra-Turrax,

Sigma-Aldrich, St. Louis, USA) in lysis solution supplied with

Wizard Genomic DNA Purification Kit (Promega, Madison, WI).

Genomic DNA was extracted according to the manufacturer’s

protocol. To compare phylogenetic relationships of the

established E. diaphana strains and existing strains, a set of four

E. diaphana-specific inter-simple sequence repeat (ISSR)-derived

Sequence Characterized Amplified Region (SCAR) markers were

used (Thornhill et al., 2013). PCR was performed with specific

primers for each of the four SCAR markers (Table 1). PCR products

were resolved by electrophoresis, subcloned, and sequenced as

previously described (Shikina et al., 2012). Sequences of SCAR

markers of existing E. diaphana strains were retrieved from

GenBank, and phylogenetically compared with those of E.

diaphana strains established in this study. Sequence alignment

was performed using Muscle software, and results were used to

create a 10,000 bootstrap replicate phylogenetic tree (neighbor-

joining method) using MEGA7 (Kumar et al., 2016).
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2.3 Histological analysis

Specimens of E. diaphana having different pedal disc-sizes (1-2

mm, 3-4 mm, 5-6 mm, 7-8 mm, and 9-10 mm) were sampled from

male and female strains, and fixed with Zinc Formal-Fixx (Thermo

Shandon, Pittsburgh, PA) diluted 1:5 in 0.22-mm-filtered seawater for

16 h. Pedal diameters were measured with a scale when sea anemones

were attached to the sides of the glass aquaria. For both male and

female strains, 3 individuals were collected in each size range.

Samples were embedded in Paraplast plus (Sherwood Medical, St.

Louis, MO) and 4-µm serial sections were prepared with a microtome

(Thermo Shandon). Hydrated sections were stained with

Hematoxylin and Eosin Y (Thermo Shandon), and micrographs

were taken under a microscope (IX71SF1, Olympus, Tokyo, Japan).

To compare the progress of oogenesis in E. diaphana of different

pedal-sizes, oocyte diameters were measured and recorded as the

average of two measurements (the largest dimension of an oocyte and

the second-largest dimension at a right angle to the first).

Approximately 50-300 oocytes were analyzed from each individual,

and average values were calculated. Then, based on diameters of

mature oocytes (Chen et al., 2008), oocyte development was

arbitrarily classified into 3 stages (Stages I-III) (Table 2). To

compare progress of spermatogenesis among E. diaphana of

different pedal disc-sizes, male germ cells comprising the spermary

were observed. Their development was classified into 4 stages (Stages

I-IV) (Table 2). Approximately 100 spermaries were analyzed from
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each individual. All image analyses were performed with Image J

software (Wayne Rasband, National Institutes of Health, Bethesda,

MD, USA; https://imagej.nih.gov/ij).
2.4 Amputation experiment

Large E. diaphana (5~7 mm in pedal diameter) were cut

horizontally into two pieces with scissors, and the resulting head

and trunk were retained. Then, the heads and trunks were put

separately in two 40-L aquaria (~20 heads or trunks per aquarium)

and cultured for 3 months under conditions described above.

Survivorship of heads and trunks was determined by dividing

numbers at the end of culture by initial numbers. The experiment

was conducted in triplicate, with a total of approximately 60

individuals (parts) cultured in each group. Presence or absence of

gonads and gametogenesis was investigated in regenerated

individuals (n=9 for each group). Histological sections were

stained with Hematoxylin and Eosin Y (Thermo Shandon), and

observed under a microscope (BX51, Olympus).
2.5 Gonad transcriptome

Testes/ovaries were isolated with forceps under a stereo

microscope (EZ4, Leica Microsystem) from sea anemones with
FIGURE 1

Establishment of E. diaphana clonal strains from Taiwan. (A) Map of Taiwan. A red star indicates the sampling location. (B) The ditch near the Aquatic
Animal Center of National Taiwan Ocean University (NTOU), where parental E. diaphana were collected. (C) Appearance of E. diaphana maintained
in an aquarium. (D) Initial stage of pedal laceration (asexual reproduction) of E. diaphana. The anemone attached to the glass surface of the
aquarium wall was photographed from the bottom (pedal disc side). The box indicates the source of the inset (higher magnification view). An arrow
indicates a lacerated piece observed at the peripheral margin of pedal disc. [(E) and e’] Polyp formation from a lacerated piece. The lacerated piece
(E) was isolated from the aquarium wall and maintained in a 6-well plate. Regeneration into a juvenile polyp e’) was observed within 14 days of
culture. (F) Schematic diagram of the process for establishing a clonal strain. (G) Phylogenetic analysis of E. diaphana strains using SCAR markers.
Location names and names in parentheses indicate the location where the strains were established and the name of the strain, respectively.
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pedal disc diameters >7 mm and pooled in a Petri dish (9-cm

diameter) containing 50 mL of 0.22-mm-filtered seawater. After

several washes with 0.22 mm-filtered seawater, isolated gonads were

snap-frozen with liquid nitrogen and stored at -80°C until use. Total

RNA of the 2 samples (pooled testis and ovary samples) was

extracted with TRIzol reagent (Thermo Fisher Scientific,

Waltham, MA). Then, DNase I-treated RNA samples were sent to

the Beijing Genomics Institute (BGI, Shenzhen, China) and

qualified using a Bioanalyzer 2100 (Agilent Technologies, Santa

Clara, USA) with an RNA 6,000 Labchip kit (Agilent Technologies).

cDNA libraries were constructed from high-quality RNAs (RIN > 9)

using TruSeq RNA Sample Prep Kits (Illumina, San Diego, USA),

according to the manufacturer’s protocol. Libraries were subjected
Frontiers in Marine Science 04
to 150-bp paired-end Illumina Hiseq sequencing. Illumina adaptors

and low-quality bases or reads (QV< 20) were trimmed from raw

sequences. Only high-quality data were used for the subsequent

transcriptome assembly. Trimmed reads obtained above were

mapped to the genomic reference sequence of E. diaphana

(Baumgarten et al., 2015). Unmappable trimmed reads of each

sample were assembled using Trinity v2.0.6 software (Grabherr

et al., 2011). CD-HIT-EST was used to remove contig sequence

redundancy (Li and Godzik, 2006). Obtained unigenes were

annotated to the NCBI non-redundant protein (nr) database

using the alignment algorithm, RAPSearch2, with a cut-off E-

value <= -3.
2.6 Identification of germline markers

To identify genes that could be used as markers for germline

cells or cells capable of producing germline cells, i.e., stem cell-like

cells, genes that are reportedly expressed in cnidarian germline cells

or multipotent stem cells were used as queries in the E. diaphana

gonadal transcriptome, based on the literature (Mochizuki et al.,

2001; Seipel et al., 2004; Extavour et al., 2005; Rebscher et al., 2008;

Alié et al., 2011; Leclère et al., 2012; Nishimiya-Fujisawa and

Kobayashi, 2012; Shikina et al., 2012; Shikina et al., 2015; Praher

et al., 2017). We utilized the following two strategies: 1) Gene names

or keyword searches were performed in annotation results; and 2)

Full-length cDNA sequences of genes in other animals were

retrieved from Genbank (NCBI), and local BLAST searches were

conducted (BLASTP, cut-off -E value 1e-5) against translated

sequences of E. diaphana gonadal transcriptome.
TABLE 1 List of primers used in this study.

Primer Name PCR Type Nucleotide Sequence (5’ to 3’) Amplicon size

ApSCAR3 F Phylogenetic tree GACCGTTAAAATCTAAAGGTTTACATTAAGTACAAG
345 bp

ApSCAR3 R Phylogenetic tree GGATAATGGTAGAGGGAAAGAAAGTGTCCGTAC

ApSCAR4 F Phylogenetic tree CTCATCAGCCCAATCAAATTAGAC
770 bp

ApSCAR4 R Phylogenetic tree GTCCAAATATGAAATAATTAGACTG

ApSCAR5 F Phylogenetic tree GCAAGTGTTTGTCTCAGCTTGTGTGAATCTG
836 bp

ApSCAR5 R Phylogenetic tree CACAAAGTTTCATGCTCTTAGTAAGTTCAG

ApSCAR7 F Phylogenetic tree CCATTCATGACGAAATAGCTATCCACGTCC
586 bp

ApSCAR7 R Phylogenetic tree GATCTTAAATAATTAATAATATAGCCACATATTAATCC

vasa 5’RACE 1 RACE ACGTGAGGCGCTGGGTAGACCTCTCTTGA

vasa 5’RACE 2 RACE CTAGTAGTCTTCCAGGTGTGGCAGCCAGG

vasa 3’RACE 1 RACE CCTGGCTGCCACACCTGGAAGACTACTAG

vasa 3’RACE 2 RACE GCTGATCGCATGCTGGATATGGGCTTTGA

vasa F Quantitative RT-PCR GCGTCATACGACAGAATGATCC
105 bp

vasa R Quantitative RT-PCR CGTCACCACTGTAGGAGTAAGA

b-actin F Quantitative RT-PCR GCTATGTTGCCTTGGACTTTG
124 bp

b-actin R Quantitative RT-PCR GGGCATCGGAATCTCTCATT
TABLE 2 Criteria for classification of developmental stage of germ cells.

Gonad
(observation

object)
Stage Characteristics

I
Spermary (male germ cell cluster) filled with
spermatogonia

Testis II
Spermary filled with spermatogonia and
primary spermatocytes

(spermary) III
Spermary filled with secondary spermatocytes,
spermatids, and sperm

IV Spermary filled with sperm

Ovary I Oocytes of 11-30 mm in diameter

(oocyte) II Oocytes of 31-60 mm in diameter

III Oocytes of >61 mm in diameter
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2.7 Phylogenetic analysis of
vasa-related genes

Sequences of vasa and PL10 subfamily members from various

animals were retrieved from GenBank, and phylogenetically

compared with E. diaphana vasa and PL10 obtained in the

present study. Sequence Alignment was performed using Muscle,

and results were used to create a 10,000-bootstrap-replicate

phylogenetic tree (neighbor-joining method) using MEGA7

(Kumar et al., 2016).
2.8 Quantitative RT-PCR

Different polyp tissues, i.e., tentacles, testes, ovaries, and

mesenterial filaments, were microscopically isolated from E.

diaphana. Total RNA was extracted with TRIzol reagent (Thermo

Fisher Scientific) following the manufacturer’s protocol. First‐strand

cDNA was synthesized from 2 mg of DNase‐treated RNA using

SuperScript III reverse transcriptase (Thermo Fisher Scientific).

Transcript levels were analyzed with quantitative real-time RT-PCR

using a Bio-Rad CFX Connect™ Real-Time PCR detection system

(Bio-Rad Laboratories, Hercules, CA). The reaction was performed

with iQ™ SYBR Green Supermix (Bio-Rad Laboratories) under the

following amplification conditions: 95°C for 5 min, 40 cycles of 95°C

for 15 s and 60°C for 1 min. Exaiptasia diaphana b-actin was used as

a reference gene. Calculations were performed with the 2−▵▵Ct

method (Livak and Schmittgen, 2001). Primers (Table 1) were

designed using Primer Express 3.0 software (Applied Biosystems,

USA). Primer efficiencies were determined with a 5-fold dilution

series of template cDNA. Only primer pairs that worked at 90-100%

efficiency were used for the analysis.
2.9 Western blotting

Proteins of tentacles, testes, ovaries, and mesenterial filaments

were extracted with TRIzol reagent (Invitrogen) following the

manufacturer’s protocol. Protein concentrations were determined

using a bicinchoninic assay (BCA) protein assay kit (Pierce

Biotechnology, Rockford, Il, USA). Protein samples (10 mg) were
subjected to SDS-PAGE and Western blotting, as previously

described (Shikina et al., 2012). For the primary antibody

reaction, an antibody against Euphyllia ancora (a stony coral,

recently renamed Fimbriaphyllia ancora Luzon et al., 2017) vasa

was used (Shikina et al., 2012). The antibody was diluted 1:20,000 in

Tris-buffered saline and 0.1% Tween 20 (TBST) with 1% skim

milk and used for the reaction. For the secondary antibody

reaction, alkaline phosphatase-conjugated goat anti-rabbit IgG

antibody (AnaSpec, San Jose, California; 0.25 mg/mL in TBST

with 1% skim milk) was used. Visualization of immunoreactive

signals on membranes was performed using NBT/BCIP solution

(Sigma-Aldrich).
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2.10 Immunohistochemical staining

Immunohistochemical staining was performed according to

methodology described elsewhere (Shikina et al., 2012). Briefly,

hydrated sections were incubated for 30 min with HistoVT ONE

(Nacalai Tesque, Inc, Kyoto, Japan) for antigen retrieval. After

washing with phosphate-buffered saline containing 0.1% Tween 20

(PBT), sections were incubated for 10 min in 3% H2O2, and for 1 h

in in 5% skimmilk for blocking. Sections were then incubated for 16

h in anti-E. ancora vasa antibody (1:4,000 in PBT with 2% skim

milk) (Shikina et al., 2012) at 4°C. For the secondary antibody

reaction, sections were incubated with a biotinylated goat anti-rat

IgG antibody (Vector Laboratories, Burlingame, USA; diluted 1:

2,000 in PBT with 2% skim milk) for 30 min. Immunoreactive

signals were visualized with avidin–biotin–peroxidase complex

(ABC) solution (Vector Laboratories), and 3,30-diaminobenzidine

(DAB; Sigma-Aldrich). Sections were counterstained with

haematoxylin. Observations were performed under a microscope

(BX51, Olympus).
2.11 Statistics

All data are presented as means ± standard errors (SE). For

comparisons among more than three groups, statistical significance

was determined using one-way ANOVA followed by Tukey’s test,

with statistical significance at P<0.05. All analyses were performed

using SPSS software.
3 Results

3.1 Establishment of E. diaphana clonal
strains and characterization of their
asexual reproductive capacity

A number of E. diaphana were found in a ditch near the aquatic

animal center of National Taiwan Ocean University in northern

Taiwan (Figures 1A, B). We collected several specimens and reared

them in aquaria in the laboratory (Figure 1C). Exaiptasia diaphana

underwent active asexual reproduction following pedal laceration

(Figure 1D). Pedal laceration began when the anemones formed small

fragments (1-2 mm in diameter) by separating part of the peripheral

margin of pedal disc tissue extended on the glass surface of aquaria

(Figure 1D). The lacerated pieces (pedal fragments) transformed into

small anemones within about 1-2 weeks (Figures 1E, e’). Exaiptasia

diaphana that were cultured for more than 2 years in the laboratory,

continued to grow and produced many individuals asexually. Four to

eight lacerated pieces were produced per week per individual.

Eventually, we were able to establish two clonal strains (one male

and one female) (Figure 1F). Phylogenetic analysis with SCAR

markers showed that established clones were genetically different

from known E. diaphana strains (Figure 1G).
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3.2 Characterization of sexual
reproductive capacity

To investigate the sexual reproductive capacity of these

established E. diaphana strains, some large individuals (> 5-6 mm

in pedal disc diameter) were dissected and examined anatomically

and histologically. Ovaries and testes were formed in mesenterial

tissues of some large females and males, respectively (Figures 2A,

B). Microscopically, ovaries were faint yellow, whereas testes were

white. Developing germ cells were confirmed histologically

(Figure 2C, D). Subsequent investigation of the relationship

between polyp (pedal disc) size and gametogenesis showed that

larger individuals of both sexes tend to have more mature gametes

(Figures 2E, F). Females with a pedal disc diameter > 5-6 mm had

larger mature oocytes (Figure 2E). Mean diameters of oocytes in

females with pedal sizes of 5-6, 7-8, and 9-10 mm were 37.2 ± 1.7

mm (n=137 oocytes), 45.0 ± 7.9 mm (n= 686 oocytes), and 59.8 ± 7.8

mm (n=935 oocytes), respectively. Male E. diaphana with pedal disc

diameters > 3-4 mm had mature sperm (Figure 2F). Gametogenesis
Frontiers in Marine Science 06
was not observed in females < 3-4 mm or males < 1-2 mm in pedal

disc diameter (Figures 2E, F).
3.3 Characterization of the sexual
reproductive capacity of
regenerated polyps

To further understand the sexual reproduction capacity of E.

diaphana, we conducted an amputation experiment. Exaiptasia

diaphana (5~7 mm in pedal diameter) were cut horizontally in two,

and the resulting heads and trunks were cultured in separate tanks

(Figure 2G). Heads (upper part of the polyp) were mainly composed of

tentacles, the mouth, the upper part of the pharynx, and body wall, and

contained no gonadal tissues. In contrast, trunks (lower part of the

polyp) were composed of gonads, part of the pharynx, mesenterial

filaments, body wall, and pedal disk (Figure 2G). After a few months of

culture, all surviving individuals had regenerated their lost body parts.

Survivorship of trunk-regenerated and head-regenerated polyps was
FIGURE 2

Characterization of the sexual reproductive capacity of established E. diaphana strains. (A) A dissected female E. diaphana with developed ovaries. (B)
A dissected male E. diaphana with developed testes. (C) An isolated ovary. (D) An isolated testis. Insets in (C, D) are histological sections of the ovary
and testis, respectively. (E) The frequency distribution of oocyte stages among female E. diaphana with different pedal diameters (n = 3 individuals
for each group, in total 15 individuals). (F) The frequency distribution of spermatogenic stages among male E. diaphana with different pedal
diameters (n = 3 individuals for each group, in total 12 individuals). Stage classification was performed according to criteria in Table 2. (G) Schematic
illustration of the amputation experiment to further characterize the sexual reproductive capacity of E. diaphana. Polyps (64 individuals) were cut in
two horizontally, and the resulting heads and trunks were cultured in separate tanks for 3 months. Three of the 64 trunk samples were lost for
unknown reasons just prior to the experiment, so the final number of trunk samples in the experiment was 61. (H) Survivorship (%) of trunk-
regenerated polyps and head-regenerated polyps. Data are expressed as means ± SEs (triplicate experiments. Sixty-four and sixty-one individuals
were analyzed for trunk-regenerated and head-regenerated polyps, respectively). (I) Percentage of regenerated E. diaphana undergoing
gametogenesis. Presence or absence of gonads and gametogenesis were histologically investigated in regenerated individuals (n=9 for each group).
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26.3 ± 6.1% and 61.5 ± 3.4%, respectively (Figure 2H). Particularly, in

trunk-regenerated polyps, which originally had no gonads, formation

of gonads and gametes was histologically confirmed in all individuals,

as in head- regenerated polyps (Figure 2I).
3.4 Gonad transcriptome and identification
of a germline marker, vasa, in E. diaphana

To efficiently identify marker genes for germline cells of E.

diaphana, we performed gonad transcriptome sequencing. Testes

and ovaries were isolated from E. diaphana with pedal disc diameters

7-8 mm (one individual for each sex), and were subjected to RNA-seq

(Table S1). Approximately 234 million raw reads comprising 28 Gb

of clean, transcriptomic, sequencing data were obtained by Illumina

paired-end sequencing. De novo assembly of all clean reads produced

26,932 unigenes with an average size of 1,226 bp and an N50 of 1,660

bp (Table S1). Sequences were deposited in NCBI BioProject under

accession numbers PRJNA1004228.

After annotation, genes reportedly expressed in germline cells of

sea anemones were searched and identified in the established gonadal

transcriptomes (Table S2). We then focused on vasa, and performed

molecular identification and characterization. Full-length E.

diaphana vasa cDNA was successfully determined by PCR,

followed by RACE-PCR (GenBank No. ON375355). The deduced

amino acid sequence was confirmed to contain conserved motifs

characteristic of Vasa proteins, including the Q-motif, ATPase motifs,

motifs involved in ATP binding and cleavage, RNA unwinding

motifs, and the helicase C domain (Figure 3A). A phylogenetic

analysis of DEAD-box protein family members showed that E.

diaphana Vasa belonged to the Vasa family, and is not associated

with PL10 proteins (Figure 3B). Tissue distribution analysis of E.

diaphana vasa transcripts by quantitative RT-PCR showed that the

transcripts were expressed significantly more abundantly in ovary

than in other tissues (Figure 3C). Transcripts were also present in

testis, although the statistical significance was not determined

(Figure 3C). Subsequent Western blotting detected expression of E.

diaphana Vasa protein primarily in testes and ovaries. The

immunoreactive band was also faintly detected in tentacles and

mesenterial filaments of both sexes (Figure 3D). The size of the

immunoreactive band was approximately 82 kDa, close to the

predicted molecular mass of 81 kDa of E. diaphanaVasa (Figure 3D).

Immunohistochemical analysis of gonads demonstrated that

E. diaphana Vasa is expressed in oogonia and developing

oocytes in the ovary (Figures 4A, B). Vasa was also expressed

in spermatogonia (Figures 4C, D), spermatocytes, and spermatids

in the testes, (Figures 4E, F). Immunoreactivity was faint or almost

undetectable in mature sperm (Figure 4F). These results

demonstrated that vasa can be used as a marker of germline cells.
3.5 Detection of Vasa-positive cells in
extra-gonadal tissues

Finally, we investigated germline cells or cells capable of

producing germline cells in various somatic tissues in polyps
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using vasa expression as a marker. In tentacles, vasa-positive cells

were detected in patchy clusters in the gastrodermis (Figures 5A, a’).

The morphology of vasa-positive cells in tentacles was different

from that in gonads. Vasa-positive cells in tentacles exhibited

irregular shapes and had small nuclei that stain well with

hematoxylin (Figure 5a’). In contrast, there are few vasa-positive

cells in pharynx and mesenteries (Figures 5B, b’), mesenterial

filaments (Figures 5C, c’), pedal disc (Figures 5D, d’), or lacerated

pieces (Figures 5E, e’). Vasa-positive cells in those tissues were

present singly, and were morphologically similar to early-stage

germ cells that were observed in gonads of juvenile anemones

(Figures 5F, f’).
4 Discussion

Anthozoans employ both asexual and sexual reproduction to

ensure both population growth and genetic diversity. However,

mechanisms that ensure sexual reproductive capacity in asexually

reproducing or regenerating individuals have been little studied,

and remain largely unknown. In this study, we verified that

germline cells or cells capable of producing germline cells exist in

extra-gonadal t issues, and that they are al located to

newly produced/regenerating individuals during asexual

reproduction/regeneration.

First, we established new E. diaphana strains and demonstrated

their flexible sexual reproductive capacity after asexual

reproduction/tissue regeneration. Subsequently, gonadal

transcriptomes were established, and the vasa gene was isolated as

a germline marker. Finally, we demonstrated the presence of vasa-

positive cells in various polyp tissues, as well as lacerated pieces

using immunohistochemical analysis. Data obtained supported our

hypothesis. Vasa-positive cells found in extra-gonadal tissues may

function as a reservoir of progenitors of germline cells to ensure

sexual reproductive capacity in polyps that are asexually produced

or regenerated from somatic tissues. This study provides new

insight into sea anemone reproductive biology.

Individuals that were asexually produced from pedal discs

initiated gametogenesis at pedal sizes >3-4 mm for males and >5-6

mm for females. In addition, our amputation experiment showed that

E. diaphana has high regenerative and flexible sexual reproductive

capacity. These results strongly suggest germline cells or cells capable

of producing germline cells in tissues other than gonads.

We then employed marker-assisted cell identification to identify

such cells. In hydras and hydractinians, vasa protein is expressed

not only in germline cells, but also in multipotent stem cells, e.g.,

interstitial cells (i-cells), which can self-renew and generate multiple

cell lineages, such as nematocytes, nerve cells, gland cells, and

germline cells (Nishimiya-Fujisawa and Kobayashi, 2012).

With reference to these studies, E. diaphana vasa was then cloned

and the distribution of vasa-positive cells was investigated by

immunohistochemical staining. As a result, a small number of

vasa-positive cells were found in the pedal region and

gastrodermal tissues of the lacerated pieces. These vasa-positive

cells were morphologically similar to germline cells found in gonads

of juvenile polyps. Given their distribution, location, and
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morphological characteristics, it appears that vasa-positive cells in

the pedal and lacerated pieces are germline cells that may have

migrated to the gonadal region during the dynamic morphogenetic

process that transformed lacerated pieces into juvenile polyps

(Figure 6). However, we cannot rule out the possibility that the

somatic population dedifferentiates and generates germline cells. In

the future, our hypothesis will be verified by establishing transgenic

sea anemones, e.g., vasa-GFP sea anemones with the germ cell

lineage specifically labeled, and by observing germ cell distribution

and migration in detail using live imaging and germ cell

transplantation techniques.

In many organisms, gametes generally originate from germline

cells, e.g., primordial germ cells or germ line stem cells in

embryonic/adult gonads (Wylie, 1999). In contrast, in sea
Frontiers in Marine Science 08
anemone germ cells have been thought to originate from

gastrodermal (gonadal) epithelial cells, and spermatogonia or

oogonia have been assumed to differentiate de novo from those

somatic cells (Bocharova and Kozevich, 2011). Although many

studies describing sea anemone gametogenesis have been

published, to the best of our knowledge, there is no experimental

evidence for reprograming of gastrodermal (gonadal) epithelial cells

into germ cells. In the present study, immunohistochemical analysis

demonstrated that vasa-positive cells are constantly present in the

gastrodermis of lacerated pieces, and in the gonadal region

(between mesenterial filaments and retractor muscles) from

juvenile to adult polyps. These findings suggest instead that

gastrodermal (gonadal) somatic cells most likely do not

differentiate into germline cells, but rather that germline cells are
B C

D

A

FIGURE 3

Molecular identification and characterization of E. diaphana vasa. (A) The deduced amino acid sequence of a cloned cDNA encoding a E. diaphana
vasa (GenBank accession no. ON375355). *, motifs conserved among DEAD-box protein family members; black dashed line, CCHC zinc fingers;
black box with dashed line, RGG motif. (B) A phylogenetic tree of amino acid sequences of Vasa- and PL10-related proteins constructed using the
neighbor-joining method. Numbers adjacent to nodes represent bootstrap probability (%). Branches correspond to values of 50% and higher.
Lengths of lines indicate genetic distances. Names and corresponding GenBank accession numbers of proteins analyzed are as follows: (left) Vasa,
Mouse (Mus musculus, EDL18409), Zebrafish (Danio rerio, AAI29276), E. diaphana (This study, WCJ13147), Waratah sea anemone (Actinia tenebrosa
XP_031556804), Starlet sea anemone (Nematostella vectensis, AFP87471), Acroporid coral, (Acropora digitifera, XP_015780252), Hood coral
(Stylophora pistillata, XP_022779027), and Hammer coral (Euphyllia ancora, AFP52950); (right) PL10, Mouse (Mus musculus, AAA39942), Zebrarish
(Danio rerio, NP_571016), Starlet sea anemone (Nematostella vectensis, XP_001627306), Exaiptasia (Exaiptasia pallida, XP_020899200), Hammer
coral (Euphyllia ancora, AFP52949), and Acroporid corals (Acropora millepora, XP_029207734). (C) Distribution of E. diaphana vasa transcripts in
various male and female polyp tissues, as analyzed by quantitative RT-PCR. Data are shown as means ± SEs (5 males and 5 females) of relative
values with that of the ova group. Groups with different letters are significantly different (p < 0.05). (D) Tissue distribution analysis of E. diaphana vasa
protein in male and female samples, as assessed by Western blotting. Molecular weight markers are shown on the left. Ten, tentacles; Tes, testis; Mf,
mesenterial filaments; Ova, ovary.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1278022
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Shao et al. 10.3389/fmars.2023.1278022
always present in gonads at least from juvenile to adult polyps for

gametogenesis in sea anemones.

Germline cells in cnidarians are assumed to originate from

interstitial cells (i-cells), although interstitial cells have so far been

demonstrated experimentally only in hydrozoans (Technau and

Steele, 2011; Gold and Jacobs, 2013). In Hydras, various studies

have demonstrated that i-cell populations are primarily composed

of multipotent stem cells (MPSCs) and germline stem cells (GSCs)

(Nishimiya-Fujisawa and Kobayashi, 2012). MPSCs can self-

renew and generate multiple cell lineages, such as nerve cells,

gland cells, and GSCs. In contrast, GSCs can self-renew and

generate cells of the germline lineage, but not the somatic

lineage (Nishimiya-Fujisawa and Kobayashi, 2012). In the

colonial marine hydroid, H. echinata, i-cells give rise to all cell

types, including ectodermal and endodermal epithelial cells and

germline cells (Müller et al., 2004; Künzel et al., 2010; Plickert

et al., 2012). Interestingly, vasa genes are expressed in i-cell

populations and germline cells in Hydra and Hydractinia. Most

recently, the existence of an adult Vasa2+/Piwi1+ multipotent

stem-like cell population, which can produce both germline and

somatic lineages, was demonstrated in the sea anemone,
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Nematostella vectensis (Miramón-Puértolas and Steinmetz,

2023). Taking these reports into account, vasa-positive cells

found in extra-gonadal tissues in E. diaphana may be cells

having potencies similar to those of i-cells or multipotent stem-

like cell population. Gene silencing by RNA interference (RNAi)

(Agrawal et al., 2003; Wilson and Doudna, 2013) will allow us to

explore functions of the vasa gene and presence of i-cells in

E. diaphana.

In this study, we collected E. diaphana from a ditch near the

aquatic animal culture center at National Taiwan Ocean University,

located on the northern coast of Taiwan. Because the center directly

uses seawater from the ocean to cultivate marine organisms, a

variety of planktonic organisms are brought from the ocean into the

facility. Exaiptasia diaphana may also be brought into the center

with seawater, and was eventually found growing naturally in the

ditch where we sampled. Our phylogenetic analysis using SCAR

markers (Thornhill et al., 2013) showed that clonal strains

established in this study were genetically different from known E.

diaphana strains. Currently, E. diaphana is being used as a model

organism to investigate the symbiotic relationship between corals

(cnidaria) and dinoflagellates at cellular and molecular levels (Weis
FIGURE 4

Immunohistochemical characterization of Vasa protein expression in E. diaphana female and male germ cells. (A, B). Anti- E. diaphana Vasa
immunoreactivity in oogonia (og) and developing oocytes (oc) in ovaries (ova). The section was prepared from an E. diaphana with a pedal size of 7-
8 mm. (C, D). Anti- E. diaphana Vasa immunoreactivity in spermatogonia (sg) in testis (tes). The section was prepared from a male E. diaphana with a
pedal size of 3-4 mm. (E, F) Anti-E. diaphana Vasa immunoreactivity in spermatocytes (sc) and spermatids (st) in testis (tes). The section was
prepared from male E. diaphana with a pedal size of 7-8 mm. Note that immunoreactivity was detected in spermatocytes and spermatids, but was
faint or almost undetectable in sperm (inset). Boxed regions in (A, C, E) indicate the source of higher magnification views [(B, D, F) respectively]. In
(A, C, E), broken lines indicate the shape of the mesentery tissues.
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et al., 2008; Davy et al., 2012; Sproles et al., 2020; Cui et al., 2023).

PCR analysis of strains established in this study revealed that they

possess mainly Clade B symbionts (data not shown). Our strains

could also be used as material to study cnidarian endosymbiosis.

Exaiptasia diaphana offers various advantages as an experimental

animal. For example, they are easy and inexpensive to maintain in the

laboratory (Weis et al., 2008; Davy et al., 2012). Monthly spawning can
Frontiers in Marine Science 10
be induced under certain conditions (Grawunder et al., 2015). The

genome of E. diaphana has been sequenced (Baumgarten et al., 2015),

and fundamental techniques for gene functional analyses are being

developed (Jones et al., 2018). Moreover, adult E. diaphana are large

enough to allow us to isolate specific types of polyp tissue, e.g., testis

and ovary, from living polyps. This enables us to conduct tissue-specific

transcriptome/proteome analysis. Since E. diaphana belongs to the
FIGURE 5

Marker (Vasa protein)-assisted detection of potential germline cells or cells capable of producing germline cells in various somatic tissues of E.
diaphana. Vasa-positive cells in tentacles (A), pharynxes and mesenteries (B), mesenterial filaments (C), dissected pedal tissue (D), lacerated pieces
(E), and gonads of juvenile polyps (F). In tentacles, vasa-positive cells are mosaically distributed, forming clusters in the gastrodermal region (arrows).
They exhibited irregular shapes and had small nuclei, well stained by hematoxylin. z, zooxanthellae. In contrast, in other polyp tissues, there are only
a few vasa-positive cells, which exhibited morphological similarities to early-stage germ cells present in gonads of juvenile polyps. Boxed regions in
(A–F) indicate the source of higher magnification views (a’-f’, respectively).
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same class as scleractinian corals (Class Anthozoa), they share many

morphological and physiological characteristics with scleractinian

corals, e.g., symbiosis. Exaiptasia diaphana may be useful as a model

to study molecular and cellular mechanisms underlying gametogenesis

and spawning in anthozoans. Comparisons of a recently established

coral gonad transcriptome (Chiu et al., 2020) with the gonadal

transcriptome established in this study will likely reveal similarities

and differences that underlie gametogenesis in sea anemones and

corals. This approach may give us valuable molecular insights into

reproductive biology of anthozoans.
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