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Many pigments, such as melanins, are widely distributed throughout the animal
kingdom. Others have arisen as novelties in particular lineages, for example, the Green
Fluorescent Protein (GFP) found in cnidarians. While GFPs, widely used as fluorescent
tags in biomedical research, are the most famous cnidarian example, other novel
proteins have also been identified within this phylum. A blue protein that contains
a Kringle (KR) domain inserted within a Frizzled cysteine-rich domain (Fz-CRD) was
previously described from the jellyfish Rhizostoma pulmo (named rpulFKz1), however
little is known about this pigment’s evolution or distribution among cnidarians. We
performed a systematic search for homologs of this protein in published genomes
and transcriptomes of 93 cnidarians. Phylogenetic analyses revealed eight predicted
proteins that possess both domains in the same arrangement and that fall within
the same clade as rpulFKz1. The sequence of one of these proteins contains motifs
that match sequenced peptides of Cassio Blue, the blue pigment from Cassiopea
xamachana. Another one of these proteins belongs to Stomolophus meleagris, and
chemical studies on blue pigments that may occur in this genus have shown similarities
to rpulFKz1 and Cassio Blue. Therefore, we hypothesize that the eight rpulFKz1
homologs identified are also pigment precursors. All precursors identified were exclusive
to jellyfish in the order Rhizostomeae, so we herein name this new pigment family
“rhizostomins.” Not all rhizostomes analyzed are blue, however, so these rhizostomin
proteins may also be responsible for other colors, or perform other biochemical and
biophysical roles. Previous studies have hypothesized that cnidarian pigments are
photoprotective, and this study serves as basis for future investigations not only on
the function of rhizostomins, but also on potential biotechnological applications for
these proteins.

Keywords: blue pigment, coloration, protein domain, Frizzled (Fz), Kringle, genomics, transcriptomics

INTRODUCTION

Few features of any organism draw more attention than their color. Color can play an important
role in an organism’s survival, providing camouflage and photoprotection, and influencing sexual
selection and social interactions (Cuthill et al., 2017). Color can be generated either from physical
structures through selective reflection from surfaces or from pigments. Pigments are molecules
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that selectively absorb light and can either be naturally produced
by the organism or acquired by ingestion (Hendry, 1996). Some
common types of pigments in animals are carotenoids, melanins,
tetrapyrroles and quinones (Hendry, 1996; Bandaranayake,
2006). These pigments can serve a wide range of biophysical
and biochemical functions (for an extensive review see Needham,
1974). Research on pigments has led not only to understanding
the ecological implications and evolutionary history of color
development but also to practical applications. Natural pigments
are used as colorants in various textile and cosmetic products,
as well as for foods and beverages that benefit from their low
toxicity compared to synthetic pigments (Venil et al., 2013).
Biotechnology has been revolutionized by Green Fluorescent
Proteins (GFP), a family of protein pigments first identified in
the cnidarian Aequorea victoria (Murbach and Shaerer, 1902)
(Shimomura et al., 1962), and used as fluorescent tags in various
in vivo labeling and detection methods (Matz et al., 2002), which
led to a Nobel Prize in Chemistry in 2008.

Cnidarian coloration is associated with numerous pigment
families, including the GFPs; carotenoids, such as the blue
carotenoproteins in Velella velella (Linnaeus, 1758) (Herring,
1971) and the opsin-like pigments in box jellyfish eyes (Martin,
2004); tetrapyrroles, such as the red-brown porphyrins in
some deep sea scyphomedusae (Herring, 1972); and melanins,
responsible for the magenta and brown color in Pelagia
noctiluca (Forsskal, 1775) (Fox and Millott, 1954). More recently,
a blue protein was described from the jellyfish Rhizostoma
pulmo (Macri, 1778) (Bulina et al., 2004). Blue pigments are
relatively uncommon in nature as these compounds require
a complex structure to absorb red light (Newsome et al,
2014), and there is a growing need to find more stable blue
pigments for industrial purposes (Santos and Bicas, 2021).
The blue pigment isolated from the bell margin of R. pulmo
was initially hypothesized to be a carotenoid (Christomanos,
1954), but later found to consist of a novel protein, named
rpulFKz1, that possesses Frizzled cysteine-rich (Fz-CRD) and
Kringle (KR) domains (Bulina et al., 2004). These protein
domains had not been previously associated with pigmentation
in any organism.

Other studies of blue pigments in jellyfish, such as Cassio
Blue in Cassiopea xamachana Bigelow, 1892 (Phelan et al.,
2006) and those in Stomolophus spp. such as S2bp (Lugo-
Magaifia et al., 2018; Martinez-Pérez et al., 2020), have revealed
that they have similar spectroscopic and physicochemical
properties to rpulFKzl. Phelan et al. (2006) found various
transition metals associated with Cassio Blue, indicating
that it may serve as a ligand for metal complexation.
Cassio Blue may also serve a photoprotective function in
these animals, considering its light absorption properties
and that it occurs in tissues that have high densities of
algal endosymbionts (zooxanthellae, i.e. dinoflagellates of the
family Symbiodiniaceae, LaJeunesse et al., 2018), as it could
selectively filter harmful ultraviolet radiation while transmitting
photosynthetically active wavelengths (Blanquet and Phelan,
1987). This photoprotective function has also been suggested
for pigments in other cnidarians such as corals, which express
UV-screening GFP-like proteins (Gittins et al., 2015), and for

blue carotenoprotein pigments in neustonic animals (Herring,
1965) that may protect them from photooxidative damage
(Sommer et al., 2006).

The protein domains that occur in rpulFKzl (Fz-CRD and
KR) are common but usually occur in separate proteins with
very different functions. Members of the Frizzled protein family
(Fz) are membrane receptors for a variety of signal transduction
pathways, such as Wnt, and have a vital role in developmental
processes related to cell proliferation, cell fate determination
and nervous system development (Huang and Klein, 2004).
Secreted Frizzled-related proteins (SFRP) also play a role in
Wnt pathways as extracellular modulators (Jones and Jomary,
2002). The Fz-CRD is a ligand binding component within Fz and
SERP proteins, but may also be present in other proteins such
as Smoothened (Smo), muscle-skeletal receptor tyrosine kinases
(MuSK) and receptor tyrosine kinase-like orphan receptors
(ROR) (Yan et al., 2014). KR domains mediate protein binding
and commonly occur in proteins involved with blood coagulation
and fibrinolysis, such as serine proteases and plasminogens
(Patthy et al., 1984), but also in apolipoprotein(a) (Anglés-Cano
and Rojas, 2002) and hepatocyte growth factors (Nakamura et al.,
1989). Human plasminogen KRs, for example, serve as binding
sites for fibrins, other plasma proteins, and a variety of cell types
and cell-associated proteins (Chang et al., 1998). Fz-CRD and
KR domains have only been reported together within a protein
in the extracellular domain of RORs, and these receptors play a
critical role in developmental processes linked to Wnt pathways
(Green et al., 2008). In cnidarians, Wnt has been associated with
patterning of the body axes (Guder et al., 2006; Watanabe et al.,
2014; Sanders and Cartwright, 2015), although Wnt signaling
pathways may play a role in pigment expression in other animals
(Squarzoni et al., 2011; Zhu et al., 2016).

Considering the similarities found between rpulFKz1, Cassio
Blue and Stomolophus spp. pigments, we hypothesize that
they are part of a novel and unexplored pigment family
that commonly appears blue. To explore the presence of
potential pigment precursors homologous to rpulFKzl across
cnidarians, we performed a systematic search of Fz-CRD and
KR domains and conducted phylogenetic analyses to investigate
their relationships. We also analyzed arrangement, amino acid
composition and structure of proteins that contained these
domains. This gives further insight into the expression and
function of these pigments, and provides a basis to understand
the evolution of pigments in cnidarians and explore their
potential industrial applications.

MATERIALS AND METHODS

Publicly available protein sequences predicted from whole
genomes of cnidarians were downloaded and this dataset
was supplemented by available transcriptomes. In total, 93
cnidarian species were included, encompassing the major orders
or suborders from all classes in this phylum (Supplementary
Table 1). Sequence reads were downloaded from NCBI SRA,
TSA, or Protein databases, and if necessary, assembled de novo
using Trinity v. 2.4.0 (Haas et al., 2013) with default parameters

Frontiers in Marine Science | www.frontiersin.org

September 2021 | Volume 8 | Article 752949


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Lawley et al.

Rhizostomins: A Novel Pigment Family

and enabling trimmomatic (Bolger et al., 2014), jaccard clip,
and without normalization of reads. CD-Hit v. 4.6.8 (Fu et al,,
2012) was used to cluster highly similar sequences and reduce
redundancy, and sequences were translated where required
with TransDecoder (within the Trinity suite), with a minimum
peptide length of 50 amino acids, retaining only the single best
open-reading frame per transcript.

Predicted proteins were searched for cysteine-rich Frizzled
(Fz-CRD), Kringle (KR), and Green Fluorescent Protein (GFP)
domains using hmmsearch within HMMER v. 3.1 (Eddy,
1998) based on each domain’s HMM profile from Pfam (Finn
et al., 2016) (accessions PF01392, PF00051, and PF01353,
respectively). Sequences were further aligned within each domain
using hmmalign. Identical sequences were removed and the
remaining submitted to BLASTP (NCBI), from which the best
hit (determined by E-value) was used to indicate possible
protein annotation. Alignments were manually trimmed based
on each domain’s HMM logo within Geneious (Kearse et al.,
2012). Sequences with less than five amino acids and gaps
that were present in more than 80% of sequences were
removed. Phylogenetic analyses were performed in IQTREE v.
1.6.12 (Nguyen et al., 2015) under maximum likelihood as the
optimality criterion, using ModelFinder (Kalyaanamoorthy et al.,
2017) for model selection and measuring ultrafast bootstrap
resampling frequencies (Hoang et al, 2018) and SH-aLRT
(Guindon et al,, 2010) from 1,000 pseudoreplicates. Resulting
trees were visualized and edited in FigTree v. 1.4.4.!

Sequences with both Fz-CRD and KR protein domains that
fell within the clade of the Rhizostoma pulmo pigment precursor,
rpulFKzl (GenBank accession AAS83462), were investigated
further. SignalP v. 5.0 (Almagro Armenteros et al., 2019) was
used to predict signal sequences, NetNGlyc v. 1.0 (Gupta et al.,
2004) to predict N-glycosylation sitesand TMHMM v. 2.0 (Krogh
et al., 2001) to predict transmembrane helices. I-TASSER (Yang
et al, 2015) was used to predict 3D structure and potential
ligand binding sites. To explore previously published peptide
data, PeptideCutter (Gasteiger et al., 2005) was used to predict
protease cleavage sites and ProteoMapper (Mendoza et al.,
2018) was used to map peptide digests to predicted proteins.
These sequences were further aligned using MAAFT (Katoh and
Standley, 2013). A sequence logo was created for the cnidarian
Fz-CRD and KR alignments using WebLogo (Crooks et al.,
2004) and matched with the equivalent regions in the sequence
alignment that included rpulFKz1, which was manually edited
for exact correspondence. Important sites for Wnt-binding and
conserved N-glycosilation sites in the Fz-CRD were identified
based on Dann et al. (2001) and Yan et al. (2014). Ligand binding
sites in the KR domain were identified based on Thewes et al.
(1990) and Chang et al. (1998).

All alignments and phylogenetic trees retrieved were
deposited in Figshare (Lawley et al, 2021). Bioinformatic
analyses were performed on Griffith University’s High
Performance Computer Cluster “Gowonda,” and relevant
codes used are available in GitHub.’

'https://tree.bio.ed.ac.uk/software/figtree
2github.com/lawleyjw/Rhizostomins

RESULTS

Within the genetic data of the cnidarians analyzed, 2,524
predicted proteins contained the Fz-CRD protein domain
while 1,114 contained the KR domain (Figures 1, 2; see
detailed phylogenetic trees in Supplementary Figures 1, 2
for a complete account of sequences analyzed). Of these, 358
predicted proteins possessed both domains (blue terminals in
Figures 1, 2). Predicted proteins with both domains derive
from representatives of most orders or suborders of cnidarians,
except Spirularia, Narcomedusae, Coronatae, Amyostaurida,
and both Endocnidozoa (Myxozoa) orders. Nevertheless, only
endocnidozoans lacked predicted proteins with the Fz-CRD and
only one species in this group had a predicted protein with the
KR domain (Thelohanellus kitauei Egusa and Nakajima, 1981).
GFP domains were also searched as candidate pigments, but were
not found in any of the scyphozoans analyzed and therefore not
considered in any further analyses.

From the 358 predicted proteins with both Fz-CRD and KR
domains (blue terminals in Figures 1, 2), 350 are part of a clade
that contains all proteins with ROR receptors as best BLAST
hit (blue terminals in clade A, Figures 1, 2). The remaining
eight are part of a separate clade (blue terminals in clade B,
Figures 1, 2) that contains the pigment precursor of Rhizostoma
pulmo, rpulFKz1 (red terminal in Figures 1, 2). Each of these
eight proteins belong to scyphozoan jellyfishes in the order
Rhizostomeae. In both phylogenies there are sequences that did
not contain both Fz-CRD and KR domains that fall within
this clade (non-blue terminals in clade B, Figures 1, 2), but
most still belong to rhizostomes. The only exception to this
is a predicted protein that belongs to a coronate scyphozoan,
Periphylla periphylla (Péron and Lesueur, 1810), that appears
only in the KR phylogeny (clade B, Figure 2). However its
sequence contains only 37 of the 76 amino acid positions in the
KR alignment, which leads to uncertainty regarding its position
in the phylogeny.

In the Fz-CRD phylogeny, all proteins within the clade
containing the pigment precursor rpulFKz1 (clade B, Figure 1)
return a best BLAST hit to rpulFKzl, except for one of the
Cassiopea xamachana sequences that retrieved a SFRP-like gene
as best BLAST hit (orange terminal on the right in Figure 1).
This clade is most closely related to a clade consisting mainly
of predicted proteins with Fz-like genes as their best BLAST
hit (green terminals on the right in Figure 1). Outside of the
ROR and the pigment precursor’s clades, 78% of the predicted
proteins also retrieved Fz-like or SFRP-like genes as best BLAST
hit (excluding sequences with uncharacterized and hypothetical
proteins as best BLAST hit).

In the KR phylogeny, most proteins in the clade containing
rpulFKz1 (clade B, Figure 2) return rpulFKz1 as best BLAST
hit, yet the clade also includes proteins with a best BLAST hit
to notch-like genes, or, in a single case, an apolipoprotein-
like gene. This potential apolipoprotein-like gene 1is the
incomplete scyphozoan (Periphylla periphylla) sequence
mentioned above. The clade containing rpulFKzl is most
closely related to Atolla and Aurelia predicted proteins, one of
which produces a best BLAST hit against a plasminogen-like
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Cyanea_TRINITY_DN78392_c0_g2_i1.p1_ AAS83462.1_blue_pigment_protein_precursor_Rhizostoma_pulmo
Chrysaora_TRINITY_DN52408_c0_g1_i1.p1_ XP_025836140.1_frizzled-2_Agrilus_planipennis
Cyanea_TRINITY_DN93781_c0_g1_i1.p1_AAS83462.1_blue_pigment_protein_precursor_Rhizostoma_pulmo
Cyanea_TRINITY_DN2511_c0_g1_i1.p1_ AAS83462.1_blue_pigment_protein_precursor_Rhizostoma_pulmo
Cyanea_TRINITY_DN18245_c1_g1_il.p1_ XP_006820151.1_PREDICTED_frizzled-2_Saccoglossus_kowalevskii
Cyanea_TRINITY_DN18245_c0_g1_i1.p1_ AAS83462.1_blue_pigment_protein_precursor_Rhizostoma_pulmo
Cyanea_TRINITY_DN73606_c0_g1_i2.p1_ AAS83462.1_blue_pigment_protein_precursor_Rhizostoma_pulmo
Cyanea_TRINITY_DN73606_c0_g1_i1.p1_ AAS83462.1_blue_pigment_protein_precursor_Rhizostoma_pulmo
Chrysaora_TRINITY_DN661_c0_g1_i1.p1_XP_010767868.1_PREDICTED_frizzled-7-like_partial_Notothenia_coriiceps
Chrysaora_TRINITY_DN661_c0_g1_i2.p1_XP_027054091.1_frizzled-8-like_partial_Pocillopora_damicornis
Pelagia_TRINITY_DN24869_c0_g1_i1.p1_ AAS83462.1_blue_pigment_protein_precursor_Rhizostoma_pulmo
Pelagia_TRINITY_DN23162_c0_g1_i1.p1_AAS83462.1_blue_pigment_protein_precursor_Rhizostoma_pulmo
Pelagia_TRINITY_DN20562_c0_g1_i1.p1_ XP_019758522.1_PREDICTED_frizzled-4-like_Dendroctonus_ponderosae
Pelagia_TRINITY_DN53489_c0_g1_i1.p1__AAS83462.1_blue_pigment_protein_precursor_Rhizostoma_pulmo
Pelagia_TRINITY_DN9510_c0_g1_i4.p1__AAS83462.1_blue_pigment_protein_precursor_Rhizostoma_pulmo
Pelagia_TRINITY_DN31860_c0_g1_i1.p1_ RWS30169.1_frizzled-9-like_protein_Leptotrombidium_deliense
Pelagia_TRINITY_DN9510_c0_g1_i7.p1__RWS30169.1 frizzled-9-like_protein_Leptotrombidium_deliense

r~]60.3/87

2.0 2.0

FIGURE 1 | Maximum likelihood phylogenetic relationships between cnidarian Fz-CRD sequences. Green and orange terminals represent sequences that retrieved
Fz-like or SFRP-like genes (respectively) as best BLAST hit. Clade A, shown on the left, contains all peptides with ROR receptors as best BLAST hit, which includes

most of the predicted proteins that also presented a KR domain (blue terminals). The remaining proteins with both domains are present in clade B (blue terminals),
which includes the pigment precursor rpulFKz1 (red terminal). Clade B and its sister clade are shown in detail on the right (as indicated by arrow), with the best
BLAST hit for each sequence listed next to the gene identifier. Numbers on nodes represent ultrafast bootstrap resampling frequencies and SH-aLRT. Scale bars
represent the number of amino acid substitutions per site. See Supplementary Figure 1 for a detailed Fz-CRD phylogenetic tree.

0.5

Atolla_TRINITY_DN22670_c0_g1_i1.p1__MAG86138.1_hypothetical_protein_Flavobacteriaceae_bacterium
Aurelia_scaffold761.g1.t3__XP_002587446.1_hypothetical_protein_BRAFLDRAFT_100128_Branchiostoma_floridae
Aurelia_scaffold761.g1.t1__XP_019630377.1_PREDICTED_plasminogen-like_partial_Branchiostoma_belcheri

FIGURE 2 | Maximum likelihood phylogenetic relationships between cnidarian KR domain sequences. Yellow terminals represent sequences that retrieved
plasminogen-like genes as best BLAST hit. Clade A, shown on the left, contains all peptides with ROR receptors as best BLAST hit, which includes most of the
predicted proteins that also presented a Fz-CRD (blue terminals). The remaining proteins with both domains are present in clade B, which includes the pigment
precursor rpulFKz1 (red terminal). Clade B and its sister clade are shown in detail on the right (as indicated by arrow), with the best BLAST hit for each sequence
listed next to the gene identifier. Numbers on nodes represent ultrafast bootstrap resampling frequencies and SH-aLRT. Scale bars represent the number of amino
acid substitutions per site. See Supplementary Figure 2 for a detailed KR phylogenetic tree.

gene (yellow terminals on the right in Figure 2). Outside of
the ROR and the pigment precursor’s clades, 29.3% of the
predicted proteins (the highest proportion, excluding sequences
with highest BLAST hits to uncharacterized/hypothetical
proteins or  Symbiodinium  microadriaticurn  LaJeunesse

sequences) retrieved plasminogen-like genes as best BLAST hit
(LaJeunesse, 2017).

Alignment of rpulFKz1 with the eight rhizostome Fz-CRD
and KR domain-containing homologs revealed that, in all cases,
the KR domain seems to be inserted within the Fz-CRD domain
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(Figure 3). Typical features of Frizzled-related domains are
present in most cnidarian Fz-CRD domains (indicated by the
sequence logo below alignment, Figure 3), and include 10
conserved cysteine residues (highlighted in yellow) and three
Wnt interaction sites (red boxes), of which one contains a
highly conserved N-glycosylation site that is important for Wnt
binding (highlighted in green). Likewise, most cnidarian KR
domains contain the six conserved cysteine residues as well as
characteristic ligand binding motifs (black boxes in Figure 3).
However, the rhizostome Fz-CRD and KR domain-containing
sequences lack several conserved features within the Fz-CRD
domain, namely two of the conserved cysteines (one of these
is within a Wnt interaction region, position 138, Figure 3)
and the predicted N-glycosylation site important for Wnt
binding (position 89, Figure 3). Each of the sequences, except
Nemopilema_GHAR01040358.p1 (sequence 3, Figure 3) and

Rhopilema_mRNA.RE16034 (sequence 6, Figure 3), contained a
predicted signal peptide.

One of the identified rpulFKzl homologs is from
C. xamachana (Figure 3, sequence 1). The alignment of
this sequence with C. xamachana Cassio Blue tryptic digests
from a previous study (Phelan et al., 2006) revealed that there is
an average 78.4% (& 14.4%) match between digest sequences and
the protein (Figure 4 and Supplementary Table 2), with digest
sequences spanning 3-15 amino acids. Predicted trypsin cleavage
sites mostly coincide with ends of tryptic digest sequences
(blue squares in Figure 4). When the peptide sequences
generated from these Cassio Blue tryptic digests were mapped
against the full set of predicted C. xamachana proteins, three
mapped to the rpulFKzl homolog (sequences 8, 10 and 16 in
Figure 4); this was the only predicted protein to which more
than one peptide mapped.

1 assiopea Cam g221
moptara. ShAROIOR28 1 p1

3 Nemoplema_GHARO1040358.1 51

& Nemoplerma GHARDI03656 151

5. Rhoplema, MANARE15725

& Rnoplems. MANAREY cosi

7. Rnopilema’ mRNA RE 1608 MY

& SteooERS TRINITY. ON160_c0_g1_11p1 MK L L

9. Rhizostoma_ AASB3462.1 MA

S

1 Costopea Com 21030

TEGAAPPCKS 1CSS- | EKSCSGMLNMLM-
L

7. Rhopllema. mANARE16087

cK
& Stomlaphus TRNITY oNT60 01,101
9. Rhizostoma_AASE3462 CKM

Y Tafatatataraty

FIGURE 3 | Alignment of rpulFKz1 and homologous rhizostome Fz-CRD and KR domain-containing sequences, showing the insertion of the KR domain within the
Fz-CRD (Frizzled-related domains). Red squares indicate regions important for Wnt interaction in Fz-CRD, while black boxes show ligand binding regions in the KR
domain. Green boxes show N-glycosylation sites and highlighted in green is a conserved N-glycosylation site that is important for Wnt binding, which is absent in the
aligned sequences. Conserved cysteine residues are highlighted in yellow. The sequence logo below the alignment shows the relative frequency of amino acids for

each position in the alignment of all cnidarian Fz-CRD and KR domains analyzed. No signal peptides could be predicted for Nemopilema_GHAR01040358.p1
(sequence 3) and Rhopilema_mRNA.RE16034 (sequence 6).

1
1. Cassiopea_Cxam_g22103.t1

130 130
IS
il L] [ I | [ ] ] 1 [} nn
2. Phelan673
3. Phelan771 X XMEK
4. Phelan880 GLM LeR
5. Phelan94g
6. Phelan9sg
7. Phelan991
8. Phelan99s VIGADYR
9, Phelan1039 EPEOSQK
10. Phelan1053 [EMG | SQK
1. Phelan1134
12. Phelan1177 A/ /K
13. Phelan1204
14, Phelan1283 CEGSHED
15. Phelan1578
16. Phelan1612
17. Phelan1717 VMOROE
18. Phelan2053
19. Phelan2162
150 170 130 190 200 210 20 220 200 250 250 73
1. Cassiopea_Cxam_g22103.t1 - YAQED L L. PL KKEIGTP
] nn L] nn [ ] nn [ LI | [ | ]
2. Phelan673 NADIBEK
3. Phelan771
4. Phelan8g0
5. Phelan94g R K
6. Phelan9sg «SN
7. Phelan991 L OBIEEORK
8. Phelan99s
9. Phelan1039
10. Phelan1053
11. Phelan1134 SETL
12. Phelan1177
13. Phelan1204 AQDDIS - H Y QIEK
14, Phelan1283
15. Phelan1578 R T
16. Phelan1612 veoveL

17.Phelan1717
18. Phelan2053

19. Phelan2162 P YAQED SENYCR

FIGURE 4 | Alignment of predicted protein and tryptic digests of Cassio Blue, the blue pigment from Cassiopea xamachana. Amino acids highlighted in green
indicate a perfect match whilst yellow indicates discordance with at least one sequence in alignment. Amino acids that are not highlighted indicate a full discordance.
Blue squares represent predicted trypsin cleavage sites.
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Structural predictions of rpulFKzl and its homologs were
attempted, but these could not be predicted confidently, with
C-scores < —1.03 (most < —1.5, see Supplementary Table 3). In
most cases, the closest structural analog in the Protein Data Bank
(PDB) to these proteins was the type II human plasminogen,
chain A (PDB ID: 4DURA, see Supplementary Table 3),
which had a higher sequence identity to the KR domain.
Transmembrane helices could also not be predicted for most
sequences except Rhopilema_mRNA.RE16087, for which one
transmembrane helix is predicted (from positions 25 to 61
of the alignment in Figure 3), although it overlaps with
the signal peptide.

DISCUSSION

Our search demonstrated that Fz-CRD and KR domains
are ubiquitous among cnidarians, yet only eight protein
sequences were discovered that fall within the same clade and
have the same domain structure as rpulFKzl (Bulina et al,
2004). Among these proteins, the sequence that belongs to

digests and the rpulFKzl homolog potentially come from
amino acid modifications in the chromophore or even due to
sequencing error, and we propose that the digest sequences
derive from the rpulFKzl homolog. Additionally, we also
identified a rpulFKzl homolog from Stomolophus meleagris
Agassiz, 1860, and previous studies on the blue pigments
of Stomolophus spp. have found similar spectroscopic and
physicochemical properties to rpulFKz1 and Cassio Blue (Lugo-
Magana et al., 2018; Martinez-Pérez et al., 2020). Therefore,
we hypothesize that the eight proteins identified as rpulFKzl
homologs are also pigment precursors. These precursors are
exclusive to jellyfish that belong to the order Rhizostomeae.
Of the rhizostomes included in this study, only C. xamachana
possesses zooxanthellae (Djeghri et al., 2019), and Cassio Blue
was not present in isolated and purified algae homogenates
(Blanquet and Phelan, 1987), so it is unlikely that the
pigment precursors identified derive from zooxanthellae or other
contaminants. All of these findings support the establishment of
a novel pigment family that we herein name as rhizostomins,
which includes rpulFKzl and Cassio Blue. Recent studies
show rhizostomes as a monophyletic group (Gomez Daglio

Cassiopea xamachana has motifs that mostly match Cassio

Blue tryptic digests (Phelan et al., 2006). Mismatches between et al.,

and Dawson, 2017; Kayal et al,
2010),

2018; although see Bayha
therefore we hypothesize a single origin of
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FIGURE 6 | Rhizostome jellyfish from genera that possess the rhizostomin pigment precursors identified in this study. (A) Rhizostoma pulmo, (B) Cassiopea
xamachana, (C) Stomolophus meleagris, (D) Stomolophus sp. 2, (E) Rhopilema esculentum, (F) Rhopilema asamushi and (G) Nemopilema nomurai. Photos by
Prof. André Morandini (A,B), Prof. Ronald Larson (C), Dr. Liza Gomez Daglio (D), Mr. Takashi Murai (E,G) and Tsuruoka City Kamo Aquarium (F).

Frontiers in Marine Science | www.frontiersin.org 7 September 2021 | Volume 8 | Article 752949


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Lawley et al.

Rhizostomins: A Novel Pigment Family

rhizostomins among cnidarians (Figure 5). These homologous
proteins do not appear in a monophyletic group in the
phylogenetic trees herein due to independent analysis of
protein domains.

Rhizostomins that have been studied to date are all blue
pigments. Nevertheless, we found pigment precursors in species
that do not have blue coloration, such as Nemopilema nomurai
Kishinouye, 1922 and Rhopilema esculentum Kishinouye, 1891
(Prof. Shin-ichi Uye and Prof. Hiroshi Miyake, personal
communication; Figures 6E,G), as well as S. meleagris
(Figure 6C). Similar to S. meleagris and Stomolophus sp.
2 sensu (Gomez Daglio and Dawson, 2017) (Figure 6D),
R. esculentum has a congener that possesses blue coloration,
Rhopilema asamushi Uchida, 1927 (Figure 6F). It is possible
that modifications in the protein structure of rhizostomins,
especially in the chromophore, could result in different colors.
This is the case, for example, for GFP-like proteins, which despite
chromophore diversity in the four color classes (green, yellow,
orange-red and non-fluorescent purple-blue), share the same
“beta-can” fold of the polypeptide chain (Matz et al., 2002). The
structure of rhizostomins is yet to be elucidated, even though
there are indications of where the covalent bonds that form
the chromophore might be (Bulina et al., 2004). Our attempts
at predicting protein structure were unsuccessful. The closest
structural analog in most cases was a human plasminogen, likely
because it possesses a KR domain, which was the most conserved
domain of the pigment precursors.

Phylogenetic analyses of the cnidarian Fz-CRD and KR
protein domains indicate that pigment precursors likely evolved
from an insertion of a KR domain from plasminogen-like
genes into a Fz-CRD domain from Fz-like or SFRP-like genes.
Fz proteins, however, are transmembrane receptors (Huang
and Klein, 2004), whereas most rhizostomins did not possess
transmembrane helices and are likely secreted (Blanquet and
Phelan, 1987; Bulina et al., 2004). Rhizostomins are therefore
more similar to SFRPs, which are also secreted (Jones and Jomary,
2002). Fz-CRD and KR domains also appear in ROR receptors,
however, in this case they occur intact and alongside other
protein domains. Previously, only domain fusion was reported
in the evolution of proteins with Fz-CRDs (including ROR)
(Yan et al,, 2014), and fusion is one of the most common
domain rearrangements in protein evolution (Bjorklund et al,
2005). Domain rearrangements often occur in the evolution
of multi-domain proteins (Bjorklund et al., 2005), although
an insertion of a domain into another is unusual (Aroul-
Selvam et al., 2004). When it occurs, it is more often a single
domain insertion and the inserted domain is usually smaller
than the parent domain (Aroul-Selvam et al, 2004), which
is what we observed for the rhizostome pigment precursors.
Rhizostomins are the only reported case of a domain insertion
within a parent Fz-CRD.

Both Fz-CRD and KR domains are involved in ligand binding,
and genes with a Fz-CRD, such as ROR, are associated with
Whnt signaling pathways (Dann et al,, 2001). The KR domain is
well conserved across cnidarians, especially the ligand binding
regions. Yet, the Fz-CRD of the rhizostomins lacks two of the
ten typical C residues, which usually form one of the disulfide

bonds (Dann et al., 2001; Yan et al., 2014). The N-glycosylation
site that may be important for Wnt binding (Yan et al,
2014), situated within a Wnt interaction region, is also missing
from rhizostomins. These modifications may indicate that these
molecules are no longer involved, or have a distinctive role, in
Wnt pathways. However, tissue-specific expression patterns of
Wnt genes in jellyfish (Khalturin et al., 2019) resemble some of
the color patterns observed in the rhizostomes used in this study
(Figure 6). For example, the expression of Wnt-11a around the
bell margin of Aurelia ephyrae (see Figure 4j—n in Khalturin et al.,
2019) is similar to that of the blue pigment rpulFKz1, which
appears around the bell margin of Rhizostoma pulmo (Bulina
et al., 2004; Figure 6A). Some Wnt genes in Aurelia are highly
upregulated in the endodermal gastrovascular system, while
others are predominantly expressed in both the bell margin and
oral arms (Khalturin et al., 2019), the latter of which matches the
locality of the red-brown coloration in N. nomurai (Figure 6G).
Considering the apparent similarity in tissue-specific expression
of some Wnt genes and rhizostomins, it is possible that their
expression is co-regulated.

There are over 70 species in the order Rhizostomeae that
range in color not only from red-brown to blue, but also
white, green, pink and purple (Jarms and Morandini, 2019).
Some of these colors might even vary within a single species
(Lampert et al., 2012). Some rhizostomes harbor zooxanthellae
that usually give them a yellow-brown color (e.g., Phyllorhiza
punctata von Lendenfeld, 1884), yet others may appear brown
but not harbor zooxanthellae [e.g., Catostylus mosaicus (Quoy
and Gaimard, 1824)]. This demonstrates that color variation
in this group of jellyfish is not directly linked to the presence
of endosymbionts (Lampert et al, 2012). Cassio Blue, the
rhizostomin of C. xamachana, has been hypothesized to function
as a metal reservoir (Phelan et al, 2006) and to confer
photoprotection (Blanquet and Phelan, 1987; Phelan et al,
2006). The latter case is not unprecedented for cnidarians, as in
corals such as Acropora millepora (Ehrenberg, 1834), differential
expression of a red-fluorescent GFP-like pigment (amilFP597)
is correlated with light exposure and reduced photodamage of
zooxanthellae (Gittins et al., 2015).

CONCLUSION

Rhizostome jellyfish harbor unique pigments with Fz-CRD
and KR domains, which we herein term rhizostomins. We
hypothesize these pigments have a single origin and likely evolved
from an insertion of a KR domain, derived from a plasminogen-
like gene, into a Fz-CRD, derived from a Fz-like or SFRP-like
gene. There are modifications in important Wnt binding and
interactions sites in the Fz-CRD of rhizostomins, indicating
that they may not play a role in Wnt pathways. We also show
that pigment precursors occur in species that are not blue,
and we hypothesize that this pigment family may include other
colors. Rhizostomins may confer photoprotection in a similar
manner to other cnidarian pigments. Future studies may not only
demonstrate their function and color variation, but also their
potential biomedical and industrial applications.
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