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We recently reported the cDNA sequences of 11 copepod luciferases from the superfamilyAugaptiloidea in the order
Calanoida. Theywere classified into two groups, Metridinidae and Heterorhabdidae/Lucicutiidae families, by phylo-
genetic analyses. To elucidate the evolutionary processes, we have now further isolated 12 copepod luciferases from
Augaptiloidea species (Metridia asymmetrica, Metridia curticauda, Pleuromamma scutullata, Pleuromamma xiphias,
Lucicutia ovaliformis and Heterorhabdus tanneri). Codon-based synonymous/nonsynonymous tests of positive selec-
tion for 25 identified copepod luciferases suggested that positive Darwinian selection operated in the evolution of
Heterorhabdidae luciferases, whereas two types of Metridinidae luciferases had diversified via neutral mechanism.
By in silico analysis of the decoded amino acid sequences of 25 copepod luciferases, we inferred two protein se-
quences as ancestral copepod luciferases. They were expressed in HEK293 cells where they exhibited notable lucif-
erase activity both in intracellular lysates and cultured media, indicating that the luciferase activity was established
before evolutionary diversification of these copepod species.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Copepods, dominant among zooplankton, are multicellular organ-
isms with a wide distribution and variety of species throughout the
world. Some species of copepods are thought to produce unknown
biological materials and have exhibited bioluminescence, but their
mechanism and physiological role of this ability have remained a
mystery (Haddock et al., 2010; Herring, 1988).

Bioluminescence of marine organisms is mainly produced by an en-
zymatic reaction of a luciferase and luciferin with oxygen (Shimomura,
2006). In copepods, coelenterazine with the imidazopyrazinone struc-
ture was identified as a representative luciferin (Oba et al., 2009;
Shimomura, 2006). The order Calanoida contains almost all of the biolu-
minescent species. Gaussia luciferase (GLuc) from Gaussia princeps
(Calanoida: Metridinidae) was first cloned in 2002 (Verhaegen and
Christopoulos, 2002). GLuc possessed an N-terminal signal sequence
for extracellular secretion, and showed robust stability and remarkable
luminescent activity. Subsequently, the cDNAs ofMetridia longa lucifer-
ase (MLuc) were isolated (Markova et al., 2004) and we reported the
two forms of luciferase genes from Metridia pacifica (MpLuc1 and 2)

(Takenaka et al., 2008). These copepod luciferases were all secreted lu-
ciferases and reacted with coelenterazine to produce light. We recently
isolated 11 copepod luciferase cDNAs from the five luminous species in
the order Calanoida and evaluated their relative luciferase activities
using zooplankton homogenates and recombinant proteins (Takenaka
et al., 2012). We had also examined the presence of luciferases in
more primitive Calanoida, but failed to isolate luciferases or luciferase-
like genes. To date, all copepod luciferases have been isolated from
species in the Augaptiloidea superfamily from Calanoida, but not from
other superfamilies, such as Pseudocyclopoidea or Centropagoidea,
demonstrating the difficulties in elucidation of the origin and ancient
ancestry of copepod luciferases.

In this study, we isolated 12 additional luciferase genes from
Augaptiloidea species, conducted phylogenetic analyses, and deduced
two amino acid sequences as ancestral copepod luciferases by in silico
analyses using Molecular Evolutionary Genetics Analysis Software
(MEGA5) (Tamura et al., 2011). Furthermore, we confirmed their func-
tional activities using a mammalian expression system and estimated
the evolutionary mechanism of copepod luciferases.

2. Materials and methods

Procedures for zooplankton sampling were described previously
(Takenaka et al., 2012). Total RNA was prepared from one specimen
using RNeasy Plus Micro kit (Qiagen). cDNA was synthesized from
total RNA using the SMART RACE cDNA Synthesis Kit (Takara Bio).
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Internal sequences of copepod luciferase cDNAs were amplified using
White_luc UP1, 5′-GGCTGCACYAGGGGATGYCTKATMTG-3′, and
White_luc LP1, 5′-ACATTGGCAAGACCYTTVAGRCA-3′, which were
designed based on the conserved region of previously isolated cope-
pod luciferases (Takenaka et al., 2012). PCR products (200–300 bp)
were gel-purified, cloned into a pCR2.1 vector (Life Technologies) and se-
quenced using an ABI PRISM 3100 Genetic Analyzer (Life Technologies).
The 5′ and 3′-ends of copepod luciferase cDNAs were amplified using a
gene-specific primer and Universal Primer Mix (UPM) following
manufacturer's instructions. After sequencing the 5′ and 3′-RACE prod-
ucts, the full-length cDNA was amplified using gene-specific primers.
The cDNA sequences of novel luciferases were deposited in the DDBJ/
EMBL/GenBank databases with accession numbers as follows; MaLuc1
(Metridia asymmetrica, AB519700), MaLuc2, (M. asymmetrica,
AB519701), McLuc1 (Metridia curticauda, AB519702), McLuc2, (M.
curticauda, AB519703), PsLuc1 (Pleuromamma scutullata, AB519706),
PsLuc2, (P. scutullata, AB519707), PxLuc1-7 (Pleuromamma xiphias,
AB519708), PxLuc1-8 (P. xiphias, AB716975), PxLuc2 (P. xiphias,
AB519709), LoLuc1-3 (Lucicutia ovaliformis, AB716356), HtLuc1-1-3
(Heterorhabdus tanneri, AB519712) and HtLuc1-2-2 (H. tanneri,
AB519713).

For phylogenetic analyses, the full-length amino acid sequences of co-
pepod luciferases were aligned using the web-based ClustalW program
with default parameters (http://www.genome.jp/tools/clustalw/). Phylo-
genetic treeswere generatedwith themaximum likelihood (ML)method
of the WAG model using the MEGA5 program (Tamura et al., 2011). The
reliability of the trees was computed by 1000 replications of bootstrap
analyses. On the basis of the ML tree, an estimation of the ancestral se-
quences of copepod luciferases was performed. We chose the most
likely amino acid at every branching point of the tree and estimated
two ancestral sequences of copepod luciferases (aCopLuc43 and
aCopLuc48) by MEGA5 program. For a test of positive selection, the
number of synonymous and nonsynonymous nucleotide substitu-
tions per site was estimated from the pairs of sequences (408 bp)
that encode two core domains and the interstitial fragment. A Z-test
of selection was conducted using the modified Nei–Gojobori (assumed
transition/transversion bias = 1) method in MEGA5. The variance of
the difference was computed using the bootstrap method (1000
replicates). All ambiguous positions were removed for each sequence
pair.

The coding sequences of the putative ancestral copepod luciferases
(aCopLuc43 and aCopLuc48) were synthesized de novo (Operon). The
coding regions of copepod luciferases were amplified by Pyrobest DNA
Polymerase (Takara Bio) to subclone into pcDNA3.1/V5-His-TOPO
(Life technologies) for protein expression in HEK293 cells (Health
Science Research Resources Bank). Cells were transfected with the
expression construct using FuGENE HD (Roche Applied Science). Cul-
ture medium and cellular lysate were harvested for 72 h after transfec-
tion. 5 μl of culture medium or cellular lysate was mixed with 10 μl
of 1 ng/μl coelenterazine, 20 mM Tris-HCl (pH 8.0), 50 mM MgCl2,
and measured for 10 s using the luminometer MiniLumat LB 9506
(Berthold).

3. Results and discussions

Firstly, we isolated copepod luciferase genes from M. asymmetrica
(MaLuc1 and MaLuc2), M. curticauda (McLuc1 and McLuc2), and
P. scutullata (PsLuc1 and PsLuc2) (Fig. 1). From these species, two differ-
ent isotypes of luciferase genes were also identified as previously re-
ported (Takenaka et al., 2008, 2012). We further cloned three distinct
luciferases (PxLuc1–7, PxLuc1–8 and PxLuc2) from P. xiphias cDNAs.
The sequences of the C-terminal half of PxLuc1–7 and PxLuc1–8 were
completely identical, but those of the N-terminus were highly diversi-
fied (Fig. 1). PxLuc2 was cloned as a partial cDNA because it encoded
no secretion signal at its N-terminus. Finally, we isolated an additional
luciferase cDNA from L. ovaliformis (LoLuc1–3) and two luciferases

from H. tanneri (HtLuc1-1-3 and HtLuc1-2-2). LoLuc1–3 contained the
same number of amino acid residues (223 amino acids) as that of
LoLuc, whichwas previously reported (Takenaka et al., 2012), and iden-
tity between them was 98.2%. On the other hand, both HtLuc1-1-3 and
HtLuc1-2-2 were also highly similar to previously identified HtLuc1 (90
and 87%, respectively) (Takenaka et al., 2012).

The newly identified full-length luciferases were relatively small
proteins, ranging from 19.8 to 24.3 kDa. They were secreted into
the culture media when they were expressed in HEK293 cells (data
not shown). The identity of the deduced amino acid sequences of
these novel and previously-identified copepod luciferases was signifi-
cantly greater at the internal and C-terminal regions compared to the
N-terminus (Fig. 1). Alignment of amino acid sequences of all known
copepod luciferases, including the luciferases reported in this paper, fur-
ther confirmed the presence of two short, repeat sequences that contain
consensus amino acid residues of C-x(3)-C-L-x(2)-L-x(4)-C-x(8)-P-x-
R-C (x, amino acid residue) in the primary structures of copepod lucifer-
ases. The substrate specificity and bioluminescent spectra of the novel
luciferases were similar to those of previously identified copepod lucif-
erases (Table 1).

As shown in Fig. 2, we obtained an expectedML phylogenetic tree by
analyzing the amino acid sequences of 12 additional copepod lucifer-
ases and 13 other, previously identified luciferases. Phylogenetic analy-
sis of these protein sequences suggested that the type I and II luciferase
genes from Metridia and Pleuromamma were generated by gene dupli-
cation at node c after separation ofMetridinidae and Lucicutiidae super-
families at node a (Fig. 2). Gene duplication plays an important role in
evolution by giving opportunities for acquisition of novel gene func-
tions. Therefore, we suspected that positive Darwinian selection operat-
ed after gene duplication of two types of Metridia and Pleuromamma
luciferase genes. To examine this hypothesis, we used a simple method
of calculating the numbers of synonymous (dS) and nonsynonymous
(dN) nucleotide substitutions per site between sequences. The number
of synonymous and nonsynonymous nucleotide substitutions per site
was estimated from the pairs of sequences of two core domains and
the interstitial fragment (408 bp) by using MEGA5 software. Testing
the probability of the null hypothesis of neutral evolution (dN = dS)
in favor of the alternative hypothesis of positive selection (dN N dS) is,
unexpectedly, only rejected for Heterorhabdidae luciferase sequences,
not for those of Metridinidae (Table 2). Therefore, these results suggest
that divergence between type I and type II luciferase genes from
Metridia and Pleuromamma occurred by neutral evolution at node c in
Fig. 2, whereas ancient Heterorhabdidae luciferases did not have gene
duplication, but exhibited positive Darwinian selection and the creation
of adaptive luciferases. These findings were unexpected because activi-
ties of Heterorhabdus and Heterostylites luciferases were much weaker
than those of Metridia and Pleuromamma luciferases, illustrating a
loss of gene function. One hypothesis is that bioluminescence was
disadvantageous for ancient Heterorhabdus and Heterostylites species,
since their feeding mechanism changed from suspension feeding to
predation (Nishida and Ohtsuka, 1996). Alterations of feeding behavior
of Heterorhabdusmight consequently lead to the loss of luciferase func-
tions, driven by positive Darwinian selection.

We tried to isolate luciferase-like genes from Pseudocyclopoidea,
an evolutionary older superfamily than Augaptiloidea, using several
degenerate PCR primers, but this attempt failed (data not shown).
Therefore, we inferred the amino acid sequences of ancestral copepod
luciferases by computational analysis using MEGA5. The aCopLuc43
(position at node a) is a common ancestor for Metridinidae and
Lucicutiidae superfamilies, while aCopLuc48 (node b) is a common
ancestor for the Heterorhabdidae superfamily (Figs. 1 and 2). Both
ancestral luciferases contained highly conserved amino acid residues
of C-x(3)-C-L-x(2)-L-x(4)-C-x(8)-P-x-R-C in the tandem repeat se-
quences (Fig. 1). Coding sequences of ancestral copepod luciferases
were synthesized de novo and subcloned into a mammalian expression
vector to demonstrate whether they were enzymatically active or not.
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Fig. 1. Alignment of the amino acid sequences of 25 copepod luciferases and two inferred ancestral copepod luciferases (aCopLuc43 and aCopLuc48). Dark shade represents highly
conserved amino acid residues. Positions of two similar, repeat domains are underlined.
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Both ancestral copepod luciferases exhibited remarkable luciferase
activities in the intracellular lysates and culture media when they
were mixed with coelenterazine (Fig. 3). As shown in Fig. 3, luciferase
activities in cellular lysates of both ancestral luciferaseswere significantly
higher than those in culture media, presumably due to the lack of

N-terminal secretion signals. Both ancestral luciferases did not
react with Cypridina luciferin at all (data not shown). These results
suggested that the ancient Augaptiloidea luciferases might have been
active before evolutionary diversification of the species. Ancestral se-
quence reconstruction (ASR) is a recently developed strategy for

Table 1
Substrate specificity and bioluminescence spectra of copepod luciferases.

Luciferase MpLuc1 MpLuc2 MoLuc1 MoLuc2 McLuc1 McLuc2 MaLuc1 MaLuc2

Coe 100% 100% 100% 100% 100% 100% 100% 100%
Cyp luciferin 0.01 0.12 0.16 0.06 0.53 0.30 0.12 0.47
Coe-f 4.23 2.92 1.00 1.38 1.83 0.98 4.04 1.53
Coe-n 0.44 0.12 0.42 0.06 0.31 0.18 0.21 0.20
Coe-cp 0.00 0.01 0.02 0.01 0.07 0.04 0.02 0.09
Coe-hcp 0.01 0.09 0.08 0.04 0.37 0.22 0.10 0.30
λmax (nm) 485 485 492 493 482 493 493 492

Luciferase PsLuc1 PsLuc2 PaLuc1 PaLuc2 PxLuc1-7 PxLuc1-8 LoLuc1-1 LoLuc1-3

Coe 100% 100% 100% 100% 100% 100% 100% 100%
Cyp luciferin 0.05 0.60 0.07 0.18 0.14 0.21 0.27 0.44
Coe-f 1.85 1.38 2.66 0.42 3.83 4.44 0.11 0.22
Coe-n 0.02 0.28 0.03 0.04 0.11 0.10 0.10 0.16
Coe-cp 0.01 0.20 0.02 0.04 0.04 0.07 0.06 0.11
Coe-hcp 0.04 0.59 0.05 0.14 0.13 0.21 0.18 0.30
λmax (nm) 492 491 493 490 492 ND ND 493

Luciferase activity of culture medium of HEK293 cells expressing each copepod luciferase wasmeasured by adding synthetic coelenterazine (Coe), Cyp luciferin or coelenterazine analogs
(Coe-f, Coe-n, Coe-cp and Coe-hcp). Values were given as a relative to reaction with Coe (defined as 100%). Cyp luciferin is a synthetic Cypridina luciferin. Bioluminescence spectra (λmax)
weremeasured for 1 min after addition of Coe into HEK293 culturemedium containing recombinant copepod luciferases by ATTO AB-1850 lumiFL-Spectrocapture (ATTO, Japan). ND, not
determined.
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molecular evolution (Thornton, 2004). Using phylogenetic analysis,
synthesizing ancestral sequences and testing functional expression
using molecular techniques, ASR can help reconstruct ancestral pro-
teins, such as alcohol dehydrogenase (Thomson et al., 2005), chymase
protease (Chandrasekharan et al., 1996), EF-Tu (Gaucher et al., 2003),
GFP-like proteins (Field and Matz, 2010), RNase (Zhang and
Rosenberg, 2002), steroid receptors (Harms and Thornton, 2010) and
Opsins (Yokoyama et al., 2008). To our knowledge, this is the first report
of an inferred ancestral gene related to bioluminescence. Compared to
other resurrected genes, luciferase has considerable advantages in the
analyses of ancestral gene reconstruction. In terms of dynamic range,
copepod luciferases, such as MpLucs and GLuc show greater linearity
in their activity (103 ~ 105 RLU). This provides for an accurate quantita-
tive assessment of reconstructed ancestral genes. Furthermore, the
measurement of luciferase activity is very simple and fast, necessitating
only the mixing of a protein and its substrate, followed by photon

counting for several seconds in a luminometer. Additional advantages
of using copepod luciferases is that they are relatively small molecules
(~20 kDa) and have a robust stability even at high temperature
(N60 °C) (Takenaka et al., 2008). Smaller sequences facilitate computa-
tional analysis and artificial synthesis of ancestral genes. These advan-
tages of luciferases make them useful models for future ASR research.
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