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Green fluorescent proteins (GFPs) are well known for 

their intensive use in cellular and molecular biology in 

applications that take advantage of the GFPs self-folding 

and built-in fluorophore characteristics as biomarker. Oc 

currence and function of GFPs in nature is less known. For 

a long time GFPs were described only from some cnidar 

ians, and it is only recently that they were also found in 

copepod 
crustaceans. Here we describe the occurrence 

of 
a 

GFP from three species of amphioxus, namely Branchio 

stoma floridae, B. lanceolatum, and B. belcheri (Chordata: 

Cephalochordata). This is the first time an endogenous GFP 

has been found in any representative of the deuterostome 

branch of the Animal Kingdom. We have isolated and char 

acterized a gene (AmphiGFP) from B. floridae that encodes 

a GFP protein related to those of cnidarians and copepods 

in both its amino acid sequence and its predicted higher 

order structure (an 11-stranded ?-barrel enclosing 
a 

flu 

orophore). Bayesian and maximum parsimony phylogenetic 

analyses demonstrate that the AmphiGFP protein is mark 

edly more closely related to copepod than to cnidarian 

GFPs. In adults of all three amphioxus species, the green 

fluorescence is strikingly concentrated anteriorly. The an 

terior end is the only body part exposed to light in these 

shallow-water dwellers, suggesting possible photoreceptive 
or photoprotective functions for the endogenous GFP. 

Green fluorescent proteins (GFPs) are familiar to most 

biologists as invaluable tools for cellular and molecular 

biology (1). However, in spite of the considerable effort 

spent on developing GFPs for laboratory reagents, much 
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remains to be learned about the taxonomic distribution and 

biological function of these proteins in nature. To date, 

GFPs have been found in only two major groups in the 

metazoan tree: 
specifically, in a number of cnidarians, rel 

atively near the base of the tree, and in a few copepod 

crustaceans, relatively derived within the protostome branch 

(2, 3). The cnidarian GFPs are often associated with biolu 

minescence, but those found so far in copepods are not. We 

now report that the limited taxonomic distribution of ani 

mals with endogenous GFPs may be partially due to inad 

equate sampling efforts, because we have found such mol 

ecules in the cephalochordate amphioxus. About 10 years 

ago, we began to suspect that endogenous GFPs are present 

in amphioxus, because the eggs and embryos emit a uniform 

green fluorescence when illuminated with UV light (this 

phenomenon is illustrated in reference 4). The present note 

reports on the isolation and molecular characterization of 

indubitable GFPs from three amphioxus species (none of 

which are bioluminescent). This is the first demonstration of 

the presence of these distinctive molecules in any deutero 

stome. In addition, the tissue distribution of amphioxus 

fluorescence, interestingly localized at the anterior end of 

the adult body, gives insights into possible functions of the 

endogenous GFPs (discussed below). 

The present note concerns three amphioxus species: 

Branchiostoma floridae Hubbs, 1922 (the Florida am 

phioxus, collected in Tampa, Florida), Branchiostoma lan 

ceolatum (Pallas, 1774) (the European amphioxus, collected 

in Banyuls-sur-Mer, France), and Branchiostoma belcheri 

Gray, 1847 (the Asian amphioxus, collected in Enshu-nada 

Sea, Japan). For adults of these three species, the fluores 

cence spectra, stimulated by incident UV (380 nm), had 
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peaks at 524 nm, 526 nm, and 527 nm, respectively (Fig. 1). 

To establish a link between this green fluorescence and a 

possible endogenous GFP in the tissues of amphioxus, a 

cnidarian protein (GenBank AY157666) was blasted 

(tblastn) using the EST_OTHERS database in GenBank. 

The search identified numerous clones of GFP from unfer 

tilized egg, gastrula, neurula, larval, and adult libraries for 

B. floridae, all sharing the same sequence that was yet 

distinct from the cnidarian sequence. Using primers based 

on the EST nucleotide sequence, we obtained cDNA of the 

expressed gene by reverse transcriptase RT-PCR with 

mRNA extracted from the adult B. floridae as the template. 

The cDNA sequence is identical to the EST sequence. The 

sequence, which we named AmphiGFP and deposited in 

GenBank (EF157660), encodes a protein of 218 amino acids. 

Conversion of the amino acid sequence of AmphiGFP to a 

three-dimensional structure by Swiss-Model (ExPASy 

server) and modeling from the known crystal structure of a 

fluorescent protein from a copepod (5) showed that the 

predicted higher order structure of the amphioxus protein 

closely resembles that of endogenous fluorescent proteins in 

cnidarians and copepods. All these molecules compose an 

11-stranded ?-barrel enclosing a central strand that includes 

a cyclized tripeptide fluorophore?based on glycine-ty 

rosine-glycine in both amphioxus and copepods, but on 

serine-tyrosine-glycine in most fluorescent cnidarians. 

We used UV irradiation (380 nm) to study the tissue 

distribution of the green fluorescence in living developmen 
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Figure 1. Fluorescence spectra (with emission maxima) from intact 

adult amphioxus illuminated with UV (380 nm) and measured by SE200 

low-light digital spectrograph (Catalina Scientific Instruments, Tucson, 

AZ). Spectra from living specimens of Branchiostoma floridae and B. 

lanceolatum, and from a specimen of B. belcheri preserved in KNAlater 

(Ambion, Austin, TX) (exposure to RNAlater does not alter GFP emission 

spectra; our unpublished observations). For comparison, emission spec 

trum for EGFP from hydrozoan cnidarian Aequorea (Biovision Research 

Products, Mountain View, CA) measured in same apparatus is included. 

tal stages and adults of the Florida amphioxus, in living 

adults of the European amphioxus, and in KNAlater-pre 

served adults of the Asian amphioxus (Fig. 2). In the Florida 

species, the fluorescence, which is ubiquitous in the eggs 

and larvae (4), first becomes patchily distributed in the 

larvae (Fig. 2A, B), and finally becomes localized at the 

anterior end of the juveniles and adults, exclusively in the 

support cells of the oral cirri (although not in the skeletal 

arch from which they spring) (Fig. 2C, D). In ripening 

adults of the Florida amphioxus, fluorescence is also de 

tected in the ovaries, specifically in the growing oocytes, but 

not in the testes (data not shown). In adults of the European 

amphioxus, UV also induces green fluorescence intensely in 

the oral cirri and more diffusely in the epidermis?chiefly at 

the anterior end of the body, but also very inconspicuously 
near the posterior end (Fig. 2E, F); the anterior fluorescence 

is in the support cells of the cirri, but not in the skeletal arch 

(Fig. 2G). Adults of the Asian amphioxus also emit green 

fluorescence?strongly from the supporting cells of the oral 

cirri and their skeletal arch support (Fig. 2H), as well as 

weakly from the epidermis at the anterior end of the animal. 

AmphiGFP belongs to the 11-stranded ?-barrel super 

family of proteins. This superfamily is considered to include 

some proteins that fluoresce in colors other than green, some 

chromoproteins that do not fluoresce at all, and G2FP motif 

proteins, which are components of the extracellular matrix 

of most metazoans (6-9). We assessed the relationships 

between AmphiGFP and other known proteins in the super 

family by phylogenetic analyses with Bayesian and maxi 

mum parsimony methods (Fig. 3). In our analysis, am 

phioxus GFP is more closely related to fluorescent proteins 

of copepods than to those of cnidarians, an arrangement in 

accord with current and previous hypotheses of metazoan 

phylogeny (10). A fair indication of the degree of similarity 

among fluorescent proteins of these three animal groups is 

the only 19% amino acid identities between AmphiGFP and 

a cnidarian (Aequorea victoria) GFP, as contrasted to 35% 

amino acid identities between AmphiGFP and a copepod 

(Pontellina plumata ppluGFP2) GFP. Importantly, our phy 

logenetic analysis is consistent with earlier work (2) sug 

gesting that fluorescent proteins of bilaterian animals orig 

inated from a single ancestral fluorescent protein in a basal 

metazoan. Thus, AmphiGFP is evidently not independently 

derived from a deuterostome G2FP motif protein (several of 

which are included in our analysis). 

The ecological significance of endogenous fluorescent 

proteins is poorly understood (2, 11, 12). Even so, the tissue 

distribution of AmphiGFP suggests a couple of possible 

functions for the endogenous molecule in amphioxus. One 

is photoreception, as indicated by the localization of fluo 

rescence in support cells of the oral cirri, although these 

structures are not one of the four currently recognized 

photoreceptive tissues in amphioxus (13). There is, how 

ever, ultrastructural evidence consistent with the possible 
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Figure 2. Fluorescence of intact specimens of three amphioxus species under UV illumination (380 nm). (A) 

Early larva of Branchiostoma floridae under visible light; (B) same under UV with patchy green fluorescence, 

most intense just posterior to the mouth (arrow). (C) Postmetamorphic juvenile of B. floridae under visible light, 

with oral cirri indicated by arrow; inset, oral cirri of same animal fluorescing under UV. (D) Detail of fluorescing 

support cells of B. floridae in oral cirri of adult under UV (arrow indicates that no cells of skeletal arch fluoresce). 

(E) Adult specimen of B. lanceolatum under visible light, with oral cirri indicated by arrow. (F) Same animal 

under UV with fluorescence conspicuous anteriorly and weak posteriorly (arrow). (G) Detail of oral cirri of adult 

B. lanceolatum (arrow indicates no cells in skeletal arch fluoresce). (H) Detail of oral cirri of adult B. belcheri 

(arrow indicates fluorescence in skeletal arch). Scale line is 100 /Lim for A and B; 250 pim for D; 300 ?im for 

C, G, and H; and 3 mm for E and F. Scale line for B is the same as A; scale line for F is the same as E. 
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Figure 3. Phylogenetic analysis of the 11-stranded ?-barrel protein superfamily in animals. Sequences for 

AmphGFP and a recently discovered copepod fluorescent protein from Chiridius poppei (9) were aligned, using 

ClustalW (29) and manual adjustment, against the cDNA dataset and alignment from a previous analysis (2); this 

database includes a range of fluorescent proteins from Cnidaria and copepod arthropods as well as G2FP motif 

proteins from three deuterostomes (tunicate Halocynthia roretzi, mouse Mus musculus, and human Homo 

sapiens) and two protostomes (worm Coenorhabditis elegans, and fly Drosophila melanogaster). The alignment 

used and results are available at Treebase (www.treebase.org). Maximum parsimony analyses of the 816 

characters (696 parsimony informative) were performed using PAUP* 40b 10 (30), with default settings, except 

for stepwise addition using 100 random-addition sequences. This resulted in a single shortest tree of length 5335. 

Bootstrap and jackknife (with 37% deletion of characters) values were assessed in PAUP* using 1000 replicates, 

and the majority-rule consensus tree matched the most parsimonious tree. Bayesian analyses with MrBayes 3.1 

(31) were run with default priors (rate matrix: 0-100, branch lengths: 0-10, gamma shape: 0-1), a random 

starting tree, and six Markov chains. MrModelTest 2.2 (32) indicated use of the GTR+I+G model under both 

the hLRT and AIC criteria. Of the 1,100,000 generations run, with a tree saved every 1000 generations, the first 

100,000 generations (100 trees) were discarded as burn-in. The majority-rule consensus tree of the remaining 

1000 trees for each analysis gave the posterior probabilities for each clade. Both maximum parsimony and 

Bayesian analyses gave congruent results and show that AmphGFP is most closely related to its homologs in 

copepod arthropods (protostomes) and is not derived independently from non-fluorescent G2FP proteins. 

Bayesian posterior probability values to the left of supported nodes; bootstrap (bold) and parsimony jackknife 

(italics) values to the right (values less than 90% not shown). 

role of oral cirri in photoreception: cirral support cells stack 

on top of each other, delimiting between-cell extracellular 

pockets into which project microvilli and cilia (one per cell) 

(14, see fig. 89), the whole stack of cells being associated 

with axonal processes of presumed sensory neurons (15). 

These characteristics are those of rhabdomeric photorecep 

tor organs (16, 17), whose activity could be coupled with 

AmphiGFP given that, like other fluorescent proteins, Am 

phiGFP can probably undergo reversible photochemical 

transformations (18) and thus has the potential to transduce 

light energy into chemical energy. The photoreceptive func 

tion is also suggested when we consider the ecological 

behavior of the animal, which lives burrowed in the sand 

except for its head, from which oral cirri face the water 

column and thus the downwelling sunlight. The animal in 

this almost-completely-burrowed position has long been 

shown to be sensitive to change in light exposure (19). 

A second possible function of AmphiGFP may be pho 

toprotection against intense visible light, lower wavelength 

(UVA, blue) light, or both. This possibility is suggested by 

the presence of fluorescence throughout the tissues of the 

pelagic amphioxus embryos as well by as the concentration 

of fluorescence at the anterior end of the body of the 

adult?the end that usually projects slightly from the bur 
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row of these relatively shallow-living marine animals. At a 

first level of defense, the aromatic fluorophore core of 

AmphiGFP could absorb high-energy light and scatter it or 

dissipate it as less damaging, lower energy fluorescence (12, 

20, 21), possibly by a mechanism involving F?rster reso 

nance energy transfer (22). Moreover, at a second level of 

defense, the molecule could act as an antioxidant to detoxify 

reactive oxygen/free radicals (23), because imidazolinone 

fluorophores are known to have a high affinity for molecular 

oxygen (24-26). 

In conclusion, with our demonstration of AmphiGFP, 

amphioxus becomes the only deuterostome known to con 

tain an endogenous fluorescent protein. Even with this dis 

covery, the distribution of fluorescent proteins among ani 

mals remains sparse and widely scattered?with known 

representatives in only one isolated group of deuterostomes 

(amphioxus), in one isolated group of protostomes (a few 

copepods), and in one group of relatively basal metazoans 

(namely, some hydrozoan and anthozoan cnidarians). This 

sparse distribution could be indicative of horizontal gene 

transfer, although 
there are not many well-accepted 

exam 

ples of this phenomenon in metazoans (27, 28); of second 

ary loss from most taxa; or of inadequate taxonomic sam 

pling. It is possible that more members of the highly 

distinctive 11-stranded ?-barrel protein superfamily (other 

than the ubiquitous G2FP proteins) remain to be discovered, 

and some of these, not necessarily fluorescent, might be 

relatively common and involved in functions more general 

than the production of conspicuous fluorescence. 
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