
 

 

 
 
RESEARCH ARTICLE 

 
Ubiquitous distribution of fluorescent protein in muscles of four species and two 

subspecies of eel (genus Anguilla) 
 
Short running title: Ubiquitous distribution of FP in genus Anguilla  
 

Aki Funahashi a, Takao Itakura a, Abeer A.I. Hassanin b,c, Masaharu Komatsu a, Seiichi Hayashi a, 
Yoshio Kaminishi a * 

 
a Faculty of Fisheries, Kagoshima University, 4-50-20 Shimoarata, Kagoshima 890-0056, Japan 

b Department of Animal Wealth Development, Faculty of Veterinary Medicine, Suez Canal University, 
Ismailia, Egypt 

c Fish Farming and Technology Institute, Suez Canal University, Ismailia, Egypt 
 
*Corresponding author 
Y. Kaminishi 
Faculty of Fisheries, Kagoshima University, 4-50-20 Shimoarata, Kagoshima 890-0056, Japan 
 E-mail: kaminisi@fish.kagoshima-u.ac.jp 
 
Keywords: eel muscle; fluorescent intensity; fluorescent protein; genus Anguilla; sequence analysis. 
 

 

Abstract 
 

In this study, the localization of Fluorescent Protein (FP) was characterized in the muscles of four 
species and two subspecies of eels Anguilla anguilla, A. australis, A. bicolor bicolor (b.), A. bicolor 
pacifica (p.), and A. mossambica in addition of previously reported A. japonica.  The open reading 
frame of each eel fluorescent protein (FP) was 417 bp encoding 139 amino-acid residues. The 
deduced amino-acid sequences among the four species and two subspecies exhibited 91.4% to 100% 
identity, and belonged to the fatty-acid-binding protein (FABP) family. The gene structure of eel FPs 
in A. japonica, A. anguilla, A. australis, A. bicolor b., A. bicolor p. and A. mossambica contained 
four exons and three introns, and was same in common to that of FABP family. The apo eel FPs 
expressed by Escherichia coli with recombinant eel FP genes were analyzed for the fluorescent 
properties in the presence of bilirubin.  The excitation and emission spectra of holo eel FPs had the 
maximum wavelengths of 490–496 and 527–530 nm, respectively.  The holo eel FPs indicated that 



 

 

the fluorescent intensities were stronger in A. japonica and A. bicolor than in A. mossambica, A. 
australis, and A. anguilla.  The comparison of amino acid sequences revealed two common 
substitutions in A. mossambica, A. australis and A. anguilla with weak fluorescent intensity.  
 
 

Introduction 
 

Green fluorescent protein (GFP), which was first discovered and purified from the jellyfish, 
Aequorea Victoria (Shimomura et al. 1962), has greatly contributed to the advancement of 
biomedical research.  Recently, Hayashi and Toda (2009) firstly found fluorescent protein (eel FP) 
in the skeletal muscle of Japanese eel, Anguilla japonica, as a vertebrate.  The novel protein had a 
molecular weight of 16.5 kDa, and acted as a monomer different from dimers of jellyfish GFP.  
Kumagai et al. (2013) have reported that the eel FP (named UnaG) requires bilirubin as a ligand to 
fluoresce.  Bilirubin is an endogenous product of heme cleavage by heme oxygenase-1 (Tenhunen 
et al. 1969), and it is generally transported by binding to albumin.  Furthermore, bilirubin-inducible 
fluorescent proteins were identified from two species of marine chlopsid eels (Kaupichthys 
hyoproroides and Kaupichthys n.sp.), which belong to Anguilliformes at the same order as genus 
Anguilla (Gruber et al. 2015). 

The eels exhibit catadromous migration between their growth habitats in fresh water and their 
spawning areas in the deep ocean.  The genus Anguilla consists of 16 species and three subspecies, 
and they are widely distributed in most tropical, subtropical, and temperate areas all over the world 
except for the South Atlantic and the East Pacific (Ege 1939; Aoyama 2009; Inoue et al. 2010).  In 
this study, we were able to obtain four species and two subspecies of the genus Anguilla, including A. 
japonica, A. anguilla, A. australis, A. bicolor bicolor(b.), A. bicolor pacifica (p.), and A. mossambica 
(Schmidt 1909; Ege 1939; Watanabe et al. 2004).  A. japonica is found in Japan, Korea, China, 
Taiwan, and Vietnam.  A. anguilla is found in the Atlantic and near the Mediterranean coasts of 
Europe and Northern Africa.  A. australis is found near the east coast of mainland Australia, 
Tasmania, and Lord Howe Island.  A. mossambica is distributed in tropical coastal regions of 
Southeast Africa, such as south Kenya, Cape Agulhas, and Madagascar.  The A. bicolor species is 
divided into two subspecies, A. bicolor b. and A. bicolor p. (Ege 1939).  The distribution is 
completely different between the two subspecies.  A. bicolor b. is distributed in the tropical coastal 
regions of the Indian Ocean, while A. bicolor p. is distributed in the coastal regions of the Philippines, 
Borneo Island, Sulawesi Island, and New Guinea Island (Watanabe et al. 2004; Teng et al. 2009).  

It was suggested that the eels obtained in this study also possessed the eel FP.  However, the 
origin of novel eel FPs was not investigated on the molecular phylogeny and gene structure (exon / 
intron structure). Therefore, each of eel FP genes was cloned from cDNA and genomic DNA, and the 
nucleotide sequences were determined and compared in four species and two subspecies of the genus 
Anguilla.  The fluorescent properties of eel FPs were evaluated by using protein expression vector 



 

 

with eel FP gene to assess the relationship between the fluorescent intensities and amino acid 
sequences among them.   

 
 

Materials and methods 
 
Materials 

A. japonica eels weighing about 250 g (Total Length (TL), 54 cm) were purchased from 
Sueyoshi Co. (Kagoshima, Japan).  A. anguilla (TL, 57 cm) eels were obtained from a dealer in 
China.  A. bicolor b. (TL, 52 cm) and A. bicolor p. (TL, 45 cm) eels were obtained from dealers in 
Indonesia and the Philippines, respectively.  A. australis (TL, 77 cm) and A. mossambica (TL, 36 
cm) eels were obtained from Japanese importers through Australia and Madagascar, respectively.  
The species and subspecies were confirmed with the nucleotide sequence of the mitochondrial 
cytochrome b region.  

 
Isolation of RNA and DNA 

 
The four species and two subspecies of eels were treated with cryoanesthesia.  Total RNA and 

genomic DNA were extracted from muscle around the spine with ISOGEN (Nippon Gene Co., Ltd., 
Tokyo, Japan).  Poly(A)+ RNA was purified with an Oligotex-dT30 <Super> mRNA Purification 
kit (Takara Bio Inc., Otsu, Japan). 
 
cDNA Cloning  

 
For degenerate PCR, cDNA was synthesized from poly (A)+ RNA with a PrimeScriptTM 

first-strand cDNA synthesis kit (Takara Bio Inc.).  Degenerate PCR primers were designed from the 
partial amino-acid sequences that were reported by Hayashi and Toda (2009).  The partial 
sequences obtained from the degenerate PCR were used to design the gene specific primers (GSPs) 
for rapid amplified cDNA ends (RACE) PCR, as shown in table 1. 

 The full-length cDNA was generated using SMART RACE cDNA amplification kit (Clontech 
Laboratories, Inc., Mountain View, CA, USA).  In the 5ʹ RACE PCR, the primer of GSP_4R or 
GSP_2R was used.  In the 3ʹ RACE PCR, PCR products were amplified by 2 step procedures of 
RACE (GSP_1F or GSP_5F) and subsequent nested PCR (GSP_3F).  The PCR products were 
cloned into pT7 BlueT vector (EMD Millipore, Billerica, MA, USA), and sequenced.  
 
Eel FP Expression 

 
The cDNA of the encoding eel FP were amplified using primers containing 5'-NdeI and 3'-Xho1 



 

 

sites (table 1).  The eel FP expression vector and bacteria were employed by pCold I DNA 
(Clontech Laboratories, Inc.) with N-terminal His6 tag and BL21 (Takara Bio Inc.) of the E. coli 
strain.  The recombinant vectors were also confirmed for nucleotide sequence. 

After expression of eel FP, His-tagged proteins were isolated with TALONTM Single step 
columns (Clontech Laboratories, Inc.), and digested with the Factor Xa protease.  Factor Xa was 
completely eliminated from the final samples by HiTrap Benzamidine FF (GE HealthCare).  The 
protein concentration was determined by Bio-Rad Protein Assay (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA).  The protein sample buffer was replaced with 30 mM PBS (pH, 7.0) in an 
Amicon Ultra 3K device (Millipore Ireland B.V., Carrigtwohill, Ireland). Bilirubin dissolved with 
dimethyl sulfoxide (DMSO) was added to final concentration of 1 nM in 30 mM PBS.  In order to 
measure the fluorescence spectrum, the protein samples binding to bilirubin were applied to PD-10 
column (GE Healthcare) for the removal of free bilirubin and DMSO.  Protein purity was confirmed 
using SDS-PAGE.  The excitation (Ex) / emission (Em) spectra and intensity of the fluorescent 
proteins were measured with a fluorescence spectrometer (Hitachi F-2000, Hitachi 
High-Technologies Corporation, Tokyo, Japan). 
 
Genomic structure of exon and intron in A. japonica eel FP 
 

The genomic DNA fragments were amplified using forward primer and reverse primer designed 
from the region of 5'-UTR and eel FP coding end (table 1).  The exon-intron structure of genomic 
DNA fragment was determined by comparing with eel FP cDNA sequence. 
 
 

Results 
 
Eel FP cDNA sequence 

 
The nucleotide sequences were derived from the 5ʹ and 3ʹ RACE PCR products and aligned to 

construct the full-length cDNA sequences (table 1 in electronic supplementary material).  Eel FP 
gene sequences of the four species and two subspecies of genus Anguilla displayed an open reading 
frame (ORF) of 417 bp that coded for 139 amino acids.  The 5ʹ untranslated regions (UTRs) were 
78 bp for A. japonica, A. anguilla, A australis, and A. mossambica, 90 bp for A. bicolor p., and 122 
bp for A. bicolor b..  The 5ʹ UTRs nucleotide sequences were highly conserved among the species 
and sub-species under the study.  The 3ʹ UTRs were 136 bp for A. bicolor b., A. bicolor p., and A. 
mossambica and 137 bp for A. japonica, A. anguilla, A australis, and they contained one putative 
polyadenylation signal (AATAAA).  

According to each RACE sequence data, eel FP genes were directly amplified by using cDNA 
of each eel.  Six pCold I vectors with the eel FP genes were prepared to express the proteins, also 



 

 

confirmed for nucleotide sequences.  All sequences were deposited in the GenBank/NCBI data 
bank with the following accession numbers: A. japonica (LC149917), A. anguilla (LC149918), A. 
australis (LC149919), A. bicolor b. (LC149920), A. bicolor p. (LC149921) and A. mossambica 
(LC149922). 

  The deduced amino acid sequences of them were shown in figure 1.  The deduced amino 
acid sequences of eel FPs were highly conserved among six Anguilla genera, and indicated the 
identity from 91.4% to 100% (table 2).  In Asn57, Thr61, Glu77, Ser80, Asp81, Arg112, Arg132, 
and Tyr134 of eel FP, eight amino acid residues that play an important role in the binding of bilirubin 
were conserved as shown in the asterisks of figure 1 (Kumagai et al. 2013).  A tripeptide 
Gly-Pro-Pro involved in FPs from Kaupichthys eels plays an important role for inducible 
fluorescence as reported by Gruber et al. (2015), and were also conserved among six Anguilla genera 
as shown in the grays shading of figure 1.  In addition, the deduced amino-acid sequence of eel FPs 
is similar to that of the fatty acid-binding protein (FABP) family, and have 46.4% – 51.4% 
similarities with those of zebrafish (Danio rerio) FABP3 and FABP7a.  The phylogenetic tree was 
constructed by tree neighbor-joining method with the deduced amino acid sequences of eel FPs and 
FABP family (figure 2).   
 
Genomic analysis 

 
The genomic DNA fragment was amplified from the region of 5'-UTR to the 3' end of eel FP 

based on their RACE sequence, and compared with cDNA nucleotide sequence.  As shown in table 
3, comparison of genomic sequence with cDNA sequences for their eel FPs revealed the presence of 
four exons and three introns within 3,288 to 4,020 bp.  The coding region of all eel FPs starts in the 
first exon and ends in the last exon. All sequences were deposited in the GenBank/NCBI data bank 
with the following accession numbers: A. japonica (LC041351), A. anguilla (LC149923), A. 
australis (LC149924), A. bicolor b. (LC149925), A. bicolor p. (LC149926) and A. mossambica 
(LC149927). 

The gene structures of eel FP were remarkably similar to those of FABP family.  The exon / 
intron numbers and exon size are well conserved in D. rerio FABP3, 7 and many other FABP genes 
such as D. rerio FABP4, Medaka (Oryzias latipes) FABP3 and Human (Homo Sapiens) FABP7 (data 
not shown).  The number of amino acids encoded with the first and the third exons were similar in 
both eel FP and FABPs, but those encoded with the second and the fourth exons were slightly larger 
in eel FP than FABPs (Zimmerman, 2002; Esteves and Ehrlich, 2006; Smathers and Petersen, 2011).   

 
Excitation and emission spectra of eel FP binding bilirubin 

 
Eel FPs were prepared from recombinant DNA vectors of five species without A. bicolor p. 

because of the same amino acid sequence of A. bicolor b.  In this experiment, A. bicolor b. and A. 



 

 

bicolor p. were mentioned as A. bicolor.  Each purified protein from lysed bacteria showed a single 
band on SDS-PAGE analysis.  The fluorescence of eel FPs were detected only under the presence of 
bilirubin (Kumagai et al. 2013).  The fluorescence intensities of the Ex / Em spectra were measured 
in 30 mM PBS (pH 7.0).  The Ex / Em spectra were 492 / 527, 490 / 528, 494 / 529, 495 / 528, and 
496 / 530 nm for A. japonica, A. anguilla, A. australis, A. bicolor, and A. mossambica, respectively, 
and both spectra were almost identical for all eel FPs.  

The fluorescent intensities of each eel FP were measured under various protein concentrations, 
and the fluorescent intensities (arbitrary unit /µM protein) were compared by analyzing the 
regression lines as shown in figure 3.  The fluorescent intensities were stronger in the following 
order: A. japonica = A. bicolor ˃ A. mossambica ˃˃ A. australis ˃˃ A. anguilla.  From the 
viewpoint of arbitrary unit per µM protein, the fluorescent intensity of A. bicolor and A. japonica 
were approximately 10-fold stronger than that of A. anguilla.   
 
 

Discussion 
 

In the present study, cloning and characterization of eel FP genes were reported in four species 
and two subspecies of genus Anguilla namely A. japonica, A. anguilla, A. australis, A. bicolor b., A. 
bicolor p., and A. mossambica.  In a preliminary examination of six kinds of eel, green fluorescence 
was observed in all of the skeletal muscle around the spine, showing the different fluorescent 
intensities among the species.  Meanwhile, no fluorescence was observed in liver, gill, brain, and 
intestine at all six eels.  The full-length cDNAs assembled from 5ʹ and 3ʹ RACE PCR reactions 
were 631 to 644 bp, which encoded for 139 deduced amino-acid residues in the four species and two 
subspecies of eel.   

In order to prepare the protein expression vectors, each gene of eel FPs was directly amplified 
and cloned by using cDNA with the primers designed from RACE sequences, also six recombinant 
pCold I vectors with eel FP genes were confirmed for nucleotide sequences.  The amino acid 
sequences were highly conserved with 91.4 - 100% identity among them (table 2).  Results revealed 
that the amino acid sequences of eel FP have the similarities to those of zebrafish (D. rerio) FABP3 
and FABP7a.  The amino acid sequences are 133 for FABP3 and 132 amino acids (Lai et al. 2012) 
for FABP7, which are slightly shorter than that of eel FP.  The members of the FABP family 
consists of 126–134 amino acids sequence, and shares identities from 20% to 70% (Zimmerman 
2002; Esteves and Ehrlich 2006; Smathers and Petersen 2011).  The genomic structure of eel FPs 
contained four exons and three introns, and its coding region started in the first exon and ended in the 
last exon.  It has been reported that a large number of vertebrate FABP family genes have four 
exons, and the coding region also starts in the first exon and ends in the last exon.  Exons sizes of 
eel FP gene were very similar to those of FABP families gene (table 3).  These results suggests that 
eel FP may belong to FABP family.   



 

 

The FABPs are a family of transport proteins for fatty acids and other lipophilic substances as a 
ligand.  The heart-type FABP3 is expressed in various tissues, such as heart, skeletal muscle, and 
brain in fish and mammals, and it has important roles in fatty acid oxidation and the esterification of 
tissues exhibiting energy metabolism (Zschiesche et al. 1995; Liu et al. 2003; Glatz et al. 2003; 
Shearer et al. 2005).  Brain-type FABP7 is expressed in radial glial cells, which play an important 
role in the emergence of the laminar organization of the neurons (Rakic 1971; Feng et al. 1994; 
Maruyama et al. 2008).  On the other hand, eel FP requires bilirubin in skeletal muscle as a ligand, 
although the eel blood plasma is held in low concentration of bilirubin and in high concentration of 
biliverdin, unlike human plasma. (Ellis and Poluhowich 1981; Endo et al., 1992).  The eel FP is 
approximately 1000-fold higher affinity for bilirubin than albumin (Kumagai et al. 2013).  Kumagai 
et al. (2013) have been reported that the amino acid residues located in Asn57, Thr61, Glu77, Ser80, 
Asp81, Arg112, Arg132, and Tyr134 of UnaG (identical to eel FP) play an important role in binding 
bilirubin as a ligand.  These amino acid residues were conserved among the eel FP of four species 
and two subspecies, but different to Asn57→Ser and Ser80→Ala of FABP3 and FABP7a (Liu et al. 
2003; Liu et al. 2004).  Additionally, Gruber et al. (2015) have been reported that fluorescent 
FABPs possess a uniquely conserved tripeptide Gly-Pro-Pro sequence motif, which is absent in 
non-fluorescent FABPs.  This tripeptide motif was also conserved between Asn57 and Thr61 in six 
Anguilla genera. The phylogenetic tree and genomic structure support that the eel FP gene has been 
derived from that of FABP, while eel FP exhibits the different characteristics compared to FABP in 
the tissue expression and ligands.   

The Ex / Em spectra were measured for A. japonica, A. anguilla, A. australis, A. bicolor, and A. 
mossambica, respectively, and both spectra were almost identical for all eel FPs.  At UnaG, 
Chlopsid FP I and Chlopsid FP II, the fluorescence quantum yield was determined to be 0.51, 047, 
and 0.37, respectively (Kumagai et al. 2013; Gruber et al. 2015).  In this experiments, the 
fluorescent intensities obtained from arbitrary unit per µM protein were stronger in the order of A. 
japonica = A. bicolor ˃ A. mossambica ˃˃ A. australis ˃˃ A. anguilla (figure 3).  Further 
discussion was made on the different fluorescent intensities of five eel FPs from the viewpoint of 
evolutionary tree.  The origin of genus Anguilla has been estimated to be near Indonesia about tens 
of millions years ago (Aoyama 2001).  Thereafter, it dispersed all over the world by repeating 
speciation many times.  On the molecular phylogenetic tree with the whole mitochondrial genome 
sequences, Minegishi et al. (2005) has reported that A. mossambica is the most basal species, and the 
other species form three geographic clades about 20 million years ago: Atlantic (including A. 
anguilla), Oceania (including A. australis), and Indo-Pacific (including A. japonica, A. bicolor b. and 
A. bicolor p.).  

Figure 3 showed that the eel FPs were also divided into two groups of Indo-Pacific and others 
(Atlantic and Oceania) according to the fluorescent intensity.  The comparison of amino acid 
sequences indicated that Leu63 near Thr61 and Tyr110 near Arg112 in Indo-Pacific group were 
substituted to Phe63 and Leu110 in other group as shown in figure 1.  We suggest that these 



 

 

substitutions of amino acid affect the fluorescence intensity, because of common substitution in other 
group with weak fluorescent intensity.  
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Table 1.  Oligonucleotide primers used for eel FP cDNAs and genomic DNAs cloning and 
construction of the expression vectors 
 

 

Abbreviations: I = inosine, R = A or G, S = C or T, W = A or T, and Y = C or T.  The sites of the 
restriction enzymes NdeI or XhoI are underlined.  

Primer Nucleotide sequences 

Primers for partial fragment amplification 
H8(b)_F 5'-GAYWSICAYAAYTTYGGIGA-3'  

C9(b)_F 5'-GARAAYGGICCIAAYACITT-3' 
H5H6e_R 5'-GAYWSICAYAAYTTYGGIGA-3'  
H5H6k_R 5'-TCYTTICCRTCCCAYTTYTG-3' 
3' and 5' RACE  

GSP_1F 5'-CCCAGAAGGACGGAGACAAAATGACA-3' 
GSP_3F 5'-GGAGCCCCAAAGGAATTAAGCGATG-3' 
GSP_5F 5'-GGGCCGAATACGTTCTTTGACACTG-3' 
GSP_2R 5'-CAGCTTCTCTCCCACCAAGTTCACG-3' 

GSP_4R 5'-CGTCGAACTCCTCCCCTAATTTGAAC-3' 
Expression vector 
pCold_Nde1_1F 5'-gccgCATATGGTCGAGAAATTTGTTTGGC-3' 
pCold_Nde1_3F 5'-gccgCATATGGTCGAGAAATTTGTTGGT-3' 

pCold_Xho1_2R 5'-aaaaCTCGAGTCATTCCGTCGCCCTCCG-3' 
pCold_Xho1_4R 5'-aaaaCTCGAGTCATTCCGACGCCCTCCG-3' 
Exon-intron 
5UTR_1F 5'-GGAAAAAGAGGCAACAGCTT-3' 

5UTR_3F 5'-CAACAGCTTTGCGAGCATCT-3' 
3UTR_2R 5'-AGGAGGAAGACAGGGCGACA-3' 
pCold_Xho1_2R 5'-aaaaCTCGAGTCATTCCGTCGCCCTCCG-3' 
pCold_Xho1_4R 5'-aaaaCTCGAGTCATTCCGACGCCCTCCG-3' 



 

 

Table 2.  Anguilla genus eel FP and Anguilla and Danio rerio genera fatty acid-binding protein (FABP) family genes: comparisons of the 
deduced amino-acid sequences, % identity  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
A. japonica 

 
A. anguilla

 
A. australis

 
A. bicolor b.

 
A. bicolor p. 

 
A. mossambica

 
D. rerio 
FABP3 

D. rerio 
FABP7a 

A. japonica － 92.1 94.3 96.4 96.4 93.6 49.3 51.4 
A. anguilla  － 95.0 91.4 91.4 94.3 46.4 47.9 
A. australis  － 95.0 95.0 96.4 50.0 50.0 
A.bicolor b.  － 100.0 95.7 51.4 50.7 
A. bicolor p.  － 95.7 51.4 50.7 
A. mossambica  － 50.0 48.6 
D. rerio FABP3 － 61.7 
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Table 3.  Comparison of exon/ intron structure between genus Angillua eel FP and D. rerio FABP. 

FABP family sequences were obtained from GenBank as shown in table1 in electronic 
supplementary material. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

Exon (bp) (amino acid residure) Intron (bp) 

1st 2nd 3rd 4th 1st 2nd 3rd 

A. japonica  73 (24) 188 (63) 102 (34) 57 (18) 2701 491 348 

A. anguilla 73 (24) 188 (63) 102 (34) 57 (18) 2362 492 347 

A. austlalis 73 (24) 188 (63) 102 (34) 57 (18) 2716 493 344 

A. bicolor b. 73 (24) 188 (63) 102 (34) 57 (18) 2372 490 323 

A. bicolor p. 73 (24) 188 (63) 102 (34) 57 (18) 2370 485 347 

A. mossambica 73 (24) 188 (63) 102 (34) 57 (18) 2218 489 347 

D. rerio FABP3 73 (24) 173 (58) 102 (34) 54 (17) 4233 249 4431 

D. rerio FABP7 73 (24) 173 (58) 102(34) 51 (16) 146 153 1363 
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Figure 1.  Alignment of the deduced amino acid sequences on six eel FP and Chlopsid FP from 
Kaupichthys eels by analyzed with CLUSTAL W.  The identical positions are indicated by 
dots.  The amino acid residues that play an important role in the binding of bilirubin are 
indicated with asterisks (Kumagai et al. 2013).  The tripeptide sequence motif that involves 
the evolutionary switch from non-fluorescent to fluorescent FABPs are indicated with gray 
shading (Gruber et al., 2016). 
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Figure 2.  Phylogenetic tree of eel FPs and fish FABPs constructed by the neighbor-joining 
method with amino acid sequences.   

The bootstrap values that are based on the number per 1,000 samplings are indicated in 
each node.  The scale bar under the tree indicates 0.05 amino acid substitutions per site.  
The amino acid sequences used in this analysis are shown in table1 in electronic 
supplementary material. 
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Figure 3.  The regression lines between protein concentration and fluorescent intensities on five 
species eels.  

! ! ! A. japonica : y = 4251x– 224.7,  R2 = 0.970 
      A.bicolor : y = 4101x– 92.9,  R2 = 0.995 
! ! ! A.mossambica :  y = 2633x– 27.2,  R2 = 0.975 
! ! ! A.australis :  y = 1165x– 10.2,  R2 = 0.998 
! ! ! A.anguilla :  y = 418x– 16.4,  R2 = 0.999 
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Table 1. List of nucleotide and protein sequences used in analysis 
 

Accession No. Organism Gene Note 
AB731138 Anguilla japonica GFP RACE 
LC002777              Anguilla anguilla GFP RACE 
LC002778              Anguilla australis GFP RACE 
LC002779              Anguilla bicolor bicolor GFP RACE 
LC002780              Anguilla bicolor pacifica GFP RACE 
LC002781              Anguilla mossambica GFP RACE 
LC149917 Anguilla japonica GFP pCold 
LC149918 Anguilla anguilla GFP pCold 
LC149919 Anguilla australis GFP pCold 
LC149920 Anguilla bicolor bicolor GFP pCold 
LC149921 Anguilla bicolor pacifica GFP pCold 
LC149922 Anguilla mossambica GFP pCold 
LC041351 Anguilla japonica GFP gene 
LC149923 Anguilla anguilla GFP gene 
LC149924 Anguilla australis GFP gene 
LC149925 Anguilla bicolor bicolor GFP gene 
LC149926 Anguilla bicolor pacifica GFP gene 
LC149927 Anguilla mossambica GFP gene 
PRJNA19511 Kaupichthys hyoproroides Chlopsid FP I 
PRJNA223153 Kaupichthys n. sp. Chlopsid FP II 
AAH49060 Danio rerio fabp3 
AAH55621 Danio rerio fabp7a 
AAQ92970 Danio rerio fabp7b 
NP694492 Danio rerio fabp10a 
BAA92355 Anguilla japonica H-FABP 
CU207343 Danio rerio fabp3 gene 
AY145893 Danio rerio FABP7 gene 


