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Pyrophorus divergens (Coleoptera: Elateridae): Mitochondrial genes utility to
investigate the evolutionary history of Coleoptera and its bioluminescence
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Abstract

The Coleoptera order is the richest group among Metazoa, but its phylogenetics remains incompletely understood. Among Coleoptera,
bioluminescence is found within the Elateroidea, but the evolution of this character remains a mystery. Mitochondrial DNA has been used
extensively to reconstruct phylogenetic relationships, however, the evolution of a single gene does not always correspond to the species
evolutionary history and the molecular marker choice is a key step in this type of analysis. To create a solid basis to better understand the
evolutionary history of Coleoptera and its bioluminescence, we sequenced and comparatively analyzed the mitochondrial genome of the Brazilian
luminescent click beetle Pyrophorus divergens (Coleoptera: Elateridae).
© 2007 Elsevier B.V. All rights reserved.

Keywords: Click beetle; Mitochondrial genome; Elateridae; Pyrophorus; Bioluminescence; Molecular phylogeny

1. Introduction

Metazoan mitochondrial DNA (mtDNA) is a circular
double-strand molecule of 14–39 kb, which usually encodes
13 protein-coding genes, 2 rRNA genes, and 22 tRNA genes
(Wolstenholme, 1992).
Complete or partial single gene sequences have been

successfully used as molecular markers to determine recent
taxonomic levels (Simon et al., 1994; Howland and Hewitt, 1995;

Sagegami-Oba et al., 2007). However, generalizations about the
utility of particular genes for particular taxonomical levels are
impossible (Simon et al., 1994), and specific preliminary analyses
are necessary in order to select the right marker.
Solving ancient taxonomic levels has been a challenge formany

scientists (Howland and Hewitt, 1995; Curole and Kocher, 1999;
Cameron et al., 2004), and complete mitochondrial genomes and
their deduced protein sequences have been used as an alternative to
improve the consistency and resolution of ancient divergences
(Stewart and Beckenbach, 2003; Friedrich and Muqim, 2003;
Nardi et al., 2003; Bae et al., 2004). Furthermore, mitochondrial
genomes produce a large amount of nonredundant molecular data
that can be used to orient the choice of the right gene to estimate the
correct evolutionary history of a great number of taxa.
The order of Coleoptera is the richest group of Metazoa, but

its phylogenetics has not been completely solved, despite its
inclusion in several phylogenetic studies (Crowson, 1972;
Beutel, 1995; Muona, 1995; Howland and Hewitt, 1995). This
order has six sequenced mitochondrial genomes: three from
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Gene 405 (2007) 1–9
www.elsevier.com/locate/gene

Abbreviations:ATP 6 and 8, ATPase subunits 6 and 8; bp, base pair; COX1–
3, cytochrome oxidase subunits 1–3; CytB, cytochrome b; lrRNA, large subunit
rRNA; mtDNA, mitochondrial DNA; NADH1–6 and 4 L, NADH dehydroge-
nase subunits 1–6 and 4 L; PCR, polymerase chain reaction; srRNA, small
subunit rRNA; RC, rescaled consistency.
⁎ Corresponding author. Universidade Federal de São Carlos, Campus de
Sorocaba, Av. Darcí Dafferner 200, Alto da Boa Vista, Sorocaba, SP, Brazil.

E-mail address: viviani@power.ufscar.br (V.R. Viviani).

0378-1119/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.gene.2007.07.035



Cucujiformia, Crioceris duodecimpunctata (Chrysomelidae),
Anoplophora glabripennis (Cerambycidae), and Tribolium
castaneum (Tenebrionidae); and, from Elateriformia, the
bioluminescents Pyrocoelia rufa (Lampyridae), Rhagophthal-
mus ohbai, and Rhagophthalmus lufengensis (Phengodidae)
(Friedrich and Muqim, 2003; Stewart and Beckenbach, 2003;
Bae et al., 2004; Li et al., 2007).
Within Coleoptera, bioluminescence is found in the super-

family Elateroidea (Lawrence and Newton, 1995), which
includes the former Cantharoidea (Lampyridae, Phengodidae,
Rhagophthalmidae, and Homalisidae) (Crowson, 1972) and the
traditional Elateroidea, which includes Elateridae. However, in
addition to the uncertainty about the precise Rhagophthalmidae
taxonomical status, the origin and evolution of bioluminescence
in Coleoptera remain a mystery (Ohmiya et al., 2000; Viviani,
2002).
By using morphological characters, Branham and Wenzel

(2003) proposed that bioluminescence arose three times in
Elateroidea. However, studies based on cDNA sequences of
luciferases, the enzymes responsible for producing light, and on
morphological and behavioral characters do not completely
support the independence between Phengodidae and Rha-
gophthalmidae (Crowson, 1972; Ohmiya et al., 2000; Viviani,
2002). Therefore, another source of information is needed in
order to solve some of these divergences.
Among Elateridae, luminescence is found only in a single

tribe, Pyrophorini (subfamily Agryppinae) (Costa, 1975). By
using the 28S nuclear ribosomal subunit, Sagegami-Oba et al.
(2007) provided strong support for the independence of
Elateridae bioluminescence, but a detailed description of
Coleoptera bioluminescence history is still lacking.
The Coleoptera neotropical fauna from South America is

considered the richest in the world, and accounts for about 23% of
the described species of luminescent beetles, which are found in
three main families: Lampyridae, Elateridae, and Phengodidae.
Except for the systematic review carried out on Elateridae by

Costa (1975) and Costa et al. (1988), for some bionomical studies
carried out on Lampyridae (Viviani, 2001) and Phengodidae
(Viviani and Bechara, 1997), and for cDNA analyses from
Brazilian beetle luciferases (Viviani et al., 1999a,b, 2004, 2005),
the Coleoptera neotropical fauna remains poorly studied.

Fig. 1. Pyrophorus divergens click beetle.

Fig. 2. Map of Pyrophorus divergens mitochondrial genome organization. The
tRNAs are denoted by the shaded blocks and are labeled according to the
IUPAC-IUB single letter amino acid code. Overlapping lines within the circle
denote PCR fragments amplified for cloning and sequencing.

Table 1
Sequences used in the comparative analyses

Order Taxon GenBank accession
number

Reference

Diptera Anopheles
gambiae

L20934 Beard et al. (1993)

Drosophila
yakuba

X03240 Clary et al. (1982)

Lepidoptera Bombyx mori AF149768 Unpublished
Ostrinia
furnacalis

AF467260 Coates et al. (2005)

Coleoptera Crioceris
duodecimpunctata

AF467886 Stewart and
Beckenbach (2003)

Anoplophora
glabripennis

DQ768215 Unpublished

Pyrocoelia rufa AF452048 Bae et al. (2004)
Rhagophthalmus
ohbai

AB267275 Li et al. (2007)

Tribolium
castaneum

AJ312413.2 Friedrich and Muqim
(2003)

Pyrophorus
divergens

EF398270 Present work

Hymenoptera Apis mellifera
ligustica

L06178 Crozier and Crozier
(1993)

Hemiptera Triatoma
dimidiate

AF301594 Dotson and Beard
(2001)

(Outgroup) Philaenus
spumarius

AY630340 Stewart and
Beckenbach (2005)

2 F.G.C. Arnoldi et al. / Gene 405 (2007) 1–9



To generate a solid basis in order to understand the evolutionary
history of Coleoptera and its bioluminescence, we cloned,
sequenced, and comparatively analyzed the complete mitochon-
drial genome of Pyrophorus divergens (Coleoptera: Elateridae)
(Fig. 1), a common large luminescent click beetle from the
Brazilian southeastern Atlantic rain forest.

2. Material and methods

2.1. Insects

Adults of the click beetle P. divergens (Fig. 1) were collected
during spring evenings in an Atlantic rainforest remnant at

Fazenda Santana (Sousas) in Campinas (22°44′45′′S, 47°06′
33′′), SP, Brazil, and frozen at −80 °C.

2.2. Mitochondrial DNA extraction, PCR, cloning, and sequencing

Genomic and mitochondrial DNA were extracted from
frozen tissues obtained from 200 mg of the abdomen of one
organism using DNA Easy Kit (QIAGEN, USA), in accordance
with the manufacturer's protocol.
Thewholemitochondrial DNAwas amplified in four fragments

corresponding to the regions between 16S andCOX2 (about 7 kb),
COX2 and NADH5 (4.5 kb), NADH5 and 16S (6 kb), and an
overlapping region between the two latter fragments (500 bp)

Fig. 3. Predicted secondary structures of Pyrophorus divergens mitochondrial tRNAs. tRNAs were predicted using the tRNAscan-SE (Lowe and Eddy, 1997). The I,
N, C, and S(CUN) tRNAs were found and folded manually by sequence comparison with other Coleoptera mitochondrial genomes. Especially, the S(AGN) tRNAwas
folded using Kinefold Web Server (Xayaphoummine et al., 2005).

3F.G.C. Arnoldi et al. / Gene 405 (2007) 1–9



(Fig. 2) using specific primers (Appendix A). These primers
were designed based on P. rufa (NC_003970) (Lampyridae),
A. glabripennis (NC_008221) (Cerambycidae), and T. castaneum
(AJ312413) (Tenebrionidae) mitochondrial genomes. The ampli-
fication reaction was set in a nested polymerase chain reaction
(PCR) using LATaq (Takara, Tokyo, Japan), in accordance with
the manufacturer's protocol and under the following conditions:
1min at 94 °C, five cycles of 30 s at 94 °C, 30 s at 55 °C, and 8min
at 68 °C; 25 cycles of 10 s at 98 °C and 8 min at 68 °C; and a final
elongation step of 10 min at 72 °C.
The three largest fragments were cloned into XL-Topo vector

(Invitrogen, USA), and the overlapping fragment was directly
used for sequencing. Three 7 kb fragment clones and five 6 and
4.5 kb fragments were selected for sequencing. Pure plasmids
were obtained using Miniprep Kit (QIAGEN).
The three clones of the 7 kb fragment containing the A+T-

rich region were sequenced using the deletion kit for kilo-
sequencing (Takara). Each of the five clones containing the
6 kb and 4.5 kb fragments were directly sequenced by primer
walking. Each genome position was independently deter-
mined, at least, 3 times.
The DNA sequencing was performed using BigDye Termi-

nator V3.1 and a Prism 3100-Avant Genetic Analyzer (Applied
Biosystems).

2.3. Sequence assembly

The genome assembly was performed using the Staden
Package (Bonfield et al., 1995).

2.4. General sequence analysis

Multiple sequence alignments were performed using Clustal
W 1.8 (Thompson et al., 1994). General sequence analyses were
performed using MPAlign editor (Arnoldi, 2005). Predicted
protein genes were translated with the genetic codes proposed
by Abascal et al. (2006).

2.5. tRNA searching and folding

In order to find and fold the tRNAs, we used the tRNAscan-
SE (Lowe and Eddy, 1997). Those tRNAs which were not
automatically found were found and folded manually by
sequence comparison with other Coleoptera mitochondrial
genomes. Especially, the Serine tRNA-AGN was folded using
Kinefold Web Server (Xayaphoummine et al., 2005).

Table 2
Organization of Pyrophorus divergens mitochondrial genome

Gene Direction Begin End Anticodon Start
codon

Stop
codon

Note

tRNA-Ile F 1 66 GAT
tRNA-Gln R 132 64 TTG 3 bp

overlap 5′
tRNA-Met F 132 197 CAT 1 bp

overlap 5′
NADH2 F 198 1220 ATA TAA
tRNA-Trp F 1222 1289 TCA 1 bp gap

5′
tRNA-Cys R 1347 1285 GAC 5 bp

overlap 5′
tRNA-Tyr R 1408 1345 GTA 3pb

overlap 5′
COXI F 1404 2945 ATC TAA 5 bp

overlap 5′
tRNA-Leu
(TTR)

F 2947 3009 TAA 1 bp gap
5′

COXII F 3012 3693 ATG T 2 bp gap
5′

tRNA-Lys F 3688 3758 CTT 6 bp
overlap 5′

tRNA-Asp F 3758 3822 GTC 1 bp
overlap 5′

ATPase8 F 3826 3981 ATT TAA 3 bp gap
5′

ATPase6 F 3975 4649 ATG TAA 7 bp
overlap 5′

COXIII F 4649 5435 ATG T 1 bp
overlap 5′

tRNA-Gly F 5432 5495 TCC 4 bp
overlap 5′

NADH3 F 5503 5853 ATG TAG 7 bp gap
5′

tRNA-Ala F 5848 5913 TGC 6 bp
overlap 5′

tRNA-Arg F 5913 5978 TCG 1 bp
overlap 5′

tRNA-Asn F 5983 6047 GTT 4 bp gap
5′

tRNA-Ser
(AGN)

F 6048 6114 TCT

tRNA-Glu F 6111 6175 TTC 4 bp
overlap 5′

tRNA-Phe R 6235 6174 GAA 2 bp
overlap 5′

NADH5 R 7959 6239 ATA T 5 bp
overlap 5′

tRNA-His R 8016 7953 GTG 7 bp
overlap 5′

NADH4 R 9350 8018 ATG T 1 bp gap
5′

NADH4L R 9634 9344 ATG TAA 7 bp
overlap 5′

tRNA-Thr F 9632 9695 TGT 1 bp gap
5′

tRNA-Pro R 9760 9696 TGG
NADH6 F 9766 10272 ATA TAA 5 pb gap

5′
CytB F 10272 11405 ATG TAA 1 bp

overlap 5′
tRNA-Ser
(TCN)

F 11404 11469 TGA 2 bp
overlap 5′

NADH1 R 12437 11487 TTG TAG 17 bp gap
5′

Table 2 (continued)

Gene Direction Begin End Anticodon Start
codon

Stop
codon

Note

tRNA-Leu
(CUN)

R 12498 12435 TAG 3 bp
overlap 5′

lrRNA R 13770 12502 3 bp gap
5′

tRNA-Val R 13840 13771 TAC
srRNA R 14650 13845
AT-rich
region

– 14651 16120

4 F.G.C. Arnoldi et al. / Gene 405 (2007) 1–9



2.6. Phylogenetic analysis

Phylogenetic analyses were performed with the use of PAUP⁎

4.0b10 (Swofford, 1998) using parsimony and neighbor-joining
methods (Saitou andNei, 1987) with themean character difference
as the distance measure. Two phylogenetic approaches were used
to test the influence of different criteria on the data set, and,
consequently, its reliability (Cameron et al., 2004). All available
Coleoptera mitochondrial genomes up to the submission date were
included except for one from R. lufengensis, which belongs to the
same genus ofR. ohbai, which is already represented. TwoDiptera
and two Lepidoptera species were also included to represent other

holometabolous orders. We did not include any Hymenoptera
mitochondrial genome because of its unusual sequence evolution.
As outgroup, we used two Hemiptera species that are close to
holometabolous but are, definitely, an outgroup (Nardi et al., 2003;
Stewart and Beckenbach, 2003; Bae et al., 2004) (Table 1). The
MtArt matrix (Abascal et al., 2007) was selected as the amino acid
substitution model.
For parsimony analyses, the branch and bound method was

used in order to find the best tree. In each analysis, all characters
had equal weight.
In order to analyze branch support and repeatability, we used

bootstrap values performed with PAUP⁎ default parameters and

Table 3
Holometabolous mitochondrial genomes nucleotide composition

Taxon Total length Total P.C.G. lrRNA srRNA C.R.

Length %A+T AA.⁎ %A+T Length %A+T Length %A+T Length %A+T

Coleoptera
Pyrophorus divergens 16120 69.44 3723 67.51 1269 72.73 806 72.20 1470 74.69
R. ohbai 15704 79.10 3692 77.48 1277 82.53 785 82.54 1044 85.34
Anoplophora
glabripennis

15774 78.30 3693 76.95 – – 1076 79.46 1115 87.98

Tribolium casteneum 15881 71.68 3700 69.17 1280 76.01 774 76.22 1239 82.48
Pyrocoelia rufa 17739 77.41 3689 76.27 1242 81.64 765 81.83 1522 87.58
Crioceris
duodecimpunctata

15880 76.88 3694 75.20 1276 82.44 804 79.60 1220 83.27

Diptera
Anopheles gambiae 15363 77.56 3733 75.93 1325 82.49 800 79.62 518 94.2
Drosophila yakuba 16019 78.58 3727 76.64 1326 83.33 789 79.34 1077 92.85

Lepidoptera
Bombyx mori 15643 81.32 3714 79.50 1375 84.36 783 85.56 499 95.39
Ostrinia furnacalis 14536 80.37 3719 79.35 1339 84.98 435 82.75 – –

Hymenoptera
Apis mellifera
ligustica

16343 84.85 3676 83.24 1371 84.60 786 81.42 827 96.00

⁎Stop codons are not included.
Length, number of nucleotides; %A+T, percentage of A and T; P.C.G., protein-coding genes; AA., number of amino acids; C.R., control region.

Table 4
Base composition at each codon position of protein-coding genes from Holometabolous mitochondrial genomes

1st codon position 2nd codon position 3rd codon position Overall

%A %T %G %C %A %T %G %C %A %T %G %C %A %T %G %C

Coleoptera
Pyrophorus divergens 31.23 31.13 21.21 16.41 20.17 46.11 14.20 19.5 36.23 37.65 10.1 16.08 29.21 38.30 15.14 17.33
R. ohbai 35.86 36.61 16.65 10.86 20.72 47.72 13.29 18.25 44.20 47.34 3.46 4.98 33.59 43.89 11.14 11.36
Anoplophora
glabripennis

34.17 36.01 17.68 12.10 20.98 47.44 13.78 17.76 44.08 48.17 3.08 4.57 33.08 43.87 11.51 11.48

Tribolium casteneum 32.86 31.89 19.64 15.59 19.51 46.78 14.27 19.43 38.43 38.02 14.33 14.45 30.27 38.9 9.08 14.45
Pyrocoelia rufa 35.99 35.32 17.10 11.57 19.86 48.19 13.41 18.51 43.94 45.48 4.28 6.28 33.2 43.0 11.60 12.12
Crioceris
duodecimpunctata

34.29 35.73 17.75 12.20 20.68 47.29 14.07 17.94 42.12 45.47 5.38 7.01 32.36 42.83 12.40 12.38

Diptera
Anopheles gambiae 31.05 37.94 19.93 11.06 20.57 46.09 13.97 19.34 45.45 46.84 3.39 4.30 32.36 43.63 12.43 11.57
Drosophila yakuba 31.07 38.63 19.69 10.59 20.23 46.20 14.24 19.31 45.29 48.51 28.70 3.32 32.19 44.45 12.27 11.08

Lepidoptera
Bombyx mori 37.31 37.50 15.72 9.45 22.26 48.62 13.19 15.91 43.67 49.13 2.71 4.46 34.41 45.09 10.54 9.94
Ostrinia furnacalis 37.67 36.75 16.07 9.49 21.64 48.72 13.28 16.34 43.66 49.61 2.68 4.00 34.32 45.03 10.68 9.94

Hymenoptera
Apis mellifera
ligustica

40.17 39.03 12.21 8.56 23.53 51.79 10.47 14.20 47.57 47.60 2.80 2.01 37.09 46.14 8.23 8.52

5F.G.C. Arnoldi et al. / Gene 405 (2007) 1–9



5000 replications, which, according to Müller (2005), are enough
to achieve around 1% of accuracy in a 95% confidence interval.

3. Results

3.1. Genomic structure

The P. divergens complete mitochondrial genome codes 13
putative proteins, two ribosomal RNAs, and 22 tRNAs, which
represents a typical insect mitochondrial genome (NCBI accession
number EF398270). This molecule contains 6521 adenines, 4673
thymines, 3181 cytosines, and 1745 guanines, totaling 16,120 bp.
The genome arrangement is almost the same as that of the other

Coleoptera and insect mitochondrial genomes (Stewart and
Beckenbach, 2003; Friedrich and Muqim, 2003; Bae et al.,
2004), which share the proposed Pancrustacea ancestral organi-
zation (Boore et al., 1998) (Fig. 2).
All tRNA sequences could be folded into usual two-

dimensional structures; 17 were automatically found by
tRNAscan-SE (Lowe and Eddy, 1997) and other four – I, N,
C, S(CUN) – were manually folded by comparison with other
published sequences (Fig. 3). Especially the tRNA for Serine
(AGN) was folded using Kinefold Web Server (Xayaphoum-
mine et al., 2005).
The click beetle P. divergens has a compact mitochondrial

genome, displaying a 1470 bp A+T-rich noncoding region,
identified by the position between the srRNA and tRNA-Ile,
which is supposed to contain the replication origin. Another 45
noncoding nucleotides are spread along the whole genome in

short sequences, mainly 1–7 bp (Table 2). In addition, it has
genes that overlap over 74 bp (Table 2).
The usual ATG start codonwas found in six of the 13 predicted

genes whereas the others show ATT, ATC, ATA, and TTG. In
seven of the 13 predicted genes, the stop codon has the usual
TAA, four are a single T, and the last two are TAG (Table 2).
The regions coding for the large and small ribosomal subunits

were predicted to have around 1268 and 805 bp, respectively.

3.2. Base composition and codon usage

The A+T content represents 69.44% of the total genome
whereas the G+C content represents 30.55%. The latter is one of
the highest among insect mitochondrial genomes and is just
slightly lower than the content of Tricholepidion gertschi (NCBI
accession number AY191994) (31%), Thermobia domestica
(AY639935) (33%), Nesomachilis australica (AY793551)
(31%), and Petrobius brevistylis (AY956355) (32%).
Excluding the stop codons, the genome contains 3723

protein codons or 11,169 coding nucleotides, of which 67.51%
were represented by nucleotides A and T. The 1269 bp long
lrRNA subunit has 72.73% of its nucleotides as A+T, whereas
the 806 bp long srRNA has 72.20%. The 1470 bp long control
region has an A+T content of 74.69%. These contents are the
lowest among the Coleoptera mitochondrial genomes studied
(Table 3) and one of the lowest levels among the Holometabola.
Considering each codon position of the new genome, the A+T

content was 62.36% in the first position, 66.28% in the second
position, and 73.88% in the third position (Table 4). The A+T

Fig. 4. Phylogenetic analysis of all mitochondrial protein coding genes. All characters were equally weighted and the MtArt matrix was selected as amino acid
substitution model. Values above and under branches represent bootstrap support from 5000 replicates when parsimony and neighbor-joining were used respectively.
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content is lower in the first and third positions compared to other
Coleoptera mitochondrial genomes.

3.3. Phylogenetic analysis

The predicted protein sequences were used all together in
a concatenated manner to reconstruct the phylogenetic rela-
tionships (Fig. 4). The resulting topology is in accord with that
published by Bae et al. (2004). The Coleoptera branches are
partially in accord with the classical view, clustering
all Cucujiformia in one branch, and P. divergens mitochondrial
genome with the bioluminescents P. rufa and R. ohbai,
Elateriformia members, in another one. Interestingly, our data
clustered R. ohbai and P. divergens, and left P. rufa alone in
another branch, whereas, in the classical view (Crowson, 1972;
Lawrence and Newton, 1995; Beutel, 1995), P. rufa and R.
ohbai should be closer to each other than to P. divergens.
We also analyzed mitochondrial single gene topologies of

Coleoptera. Using parsimony, we found that only NADH2 and
COX2 topologies were consistent with that one using all
mitochondrial protein-coding genes, i.e., reconstructed the same
Coleoptera branches with bootstrap values above 50%. In
addition, using neighbor-joining, the NADH2 and NADH4
genes also reconstructed the same topology for Coleoptera.
When the rescaled consistency (RC) index of each gene was

analyzed, the lowest amount of homoplasy was found in the
COX2, NADH4L, COX3, COX1 and CytB genes.

4. Discussion

The P. divergens mitochondrial genome displays the usual
pattern for an insect. It is 16 kb in size with a gene arrangement

like proposed for the insect ancestral mitochondrial genome
(Boore et al., 1998). The genome has the usual A+T-rich region
between srRNA and tRNA-I genes, whereas P. rufa has an
additional noncoding region between NADH2 and tRNA-W.
The start codons are predominantly ATG, and the stop codons
are predominantly TAA.
Phylogenetic analysis of all protein-coding genes of available

Coleoptera mitochondrial genomes supports the monophyly of the
Elateroidea (Lawrence and Newton, 1995) by clustering the
bioluminescents P. rufa (Lampyridae), R. ohbai (Phengodidae),
and P. divergens (Elateridae). However, this analysis does not
support the former Cantharoideamonophyly proposed byCrowson

Table 5
Phylogenetic information and amount of homoplasy in Holometabolous
mitochondrial genes

Gene Total Info Constant RC

ATP6 230.0000 0.5130 0.3522 0.2801
ATP8 53.0000 0.7736 0.1509 0.2085
COX1 515.0000 0.2641 0.6155 0.2812
COX2 229.0000 0.4629 0.4105 0.3435
COX3 263.0000 0.4449 0.4297 0.2910
CYTB 384.0000 0.4375 0.4063 0.2855
NADH1 329.0000 0.4985 0.3252 0.2503
NADH2 348.0000 0.7500 0.1494 0.2406
NADH3 119.0000 0.5798 0.3361 0.2665
NADH4 451.0000 0.6208 0.2794 0.2494
NADH4L 101.0000 0.6040 0.1980 0.2954
NADH5 584.0000 0.5702 0.3031 0.2467
NADH6 178.0000 0.7697 0.1292 0.2497

Total, total number of characters in the alignment; Info, percentage of
parsimony-informative characters in the data matrix; Constant, percentage of
constant characters in the data matrix; RC, rescaled consistency index.

Fig. 5. Neighbor-joining phylogenetic analysis of Coleoptera cDNA luciferases. Values in branches represent bootstrap support from 1000 replicates. Luciola cruciata
(M26194.1), Lampyris noctiluca (AY753186.1), Photuris pennsylvanica (D25415.1), Photinus pyralis (M15077.1), Cratomorphus distinctus (AY633557.1), Pyrocoelia
rufa (AF328553.1), Hotaria parvula (L39929.1), Pyrophorus plagiophthalamus (AF543414.1), Pyrearinus termitilluminans (AF116843.1), Phrixothrix vivianii
(AF139644.1), Phrixothrix hirtus (AF139645.1), Rhagophthalmus ohbai (AB255748.1).
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(1972) because it clusters P. divergens and R. ohbai together
(Fig. 4), instead of the expected clade with R. ohbai and P. rufa.
According to Crowson (1972) and Beutel (1995), Phengo-

didae and Lampyridae bioluminescence could have the same
ancestral origin. Surprisingly, our analysis indicates that R.
ohbai is closer to click beetles than to fireflies, suggesting a
possible independence between Lampyridae and Phengodidae
bioluminescence. Considering recent results that supported the
independence of click beetles's bioluminescence (Sagegami-
Oba et al., 2007), we speculate that bioluminescence could have
appeared, within Elateroidea (Lawrence and Newton, 1995),
three times independently.
Although the phylogenetic analysis basedon cDNA frombeetle

luciferases (Fig. 5) is in accordwith the classical view,we note that,
functionally, luciferases from Elateridae and Phengodidae are
closer to each other, which are pH insensitive, than to Lampyridae
luciferases, which are pH sensitive (Viviani, 2002) (Fig. 5).
Our result is based on a 3784-characters matrix and points to

the R. ohbai and P. divergens clade (Fig. 4). However, we note
that this result does not display unquestionable robustness
because the unexpected branch has only intermediate bootstrap
support, it is not completely insensitive to different substitution
weights (unpublished data), and we observed the traditional
clade (P. divergens, (R. ohbai, P. rufa)) in around 30% of our
single gene phylogenetic analyses.
To reconstruct phylogenetic relationships of a greater number of

taxa, we could not use all mitochondrial protein-coding genes
because of the time and cost of determining and analyzing the
whole mitochondrial genome for many species. Moreover, it is
impossible to generalize about the utility of particular genes for
particular taxonomical levels (Simon et al., 1994). In this context,
another important utility of complete sequencing mitochondrial
genomes is that it produces a large and nonredundant amount of
data that is useful for understandingmore aboutmitochondrial gene
evolution and their utility in estimating phylogenetic relationships
for particular taxonomical levels. Therefore, we performed
phylogenetic analyses under parsimony and neighbor-joining
criteria using each gene as the source of information, and compared
these results with the reconstruction using all mitochondrial genes.
We observed that, when parsimony was used, only the NADH2

and COX2 genes estimated correctly the expected topology of
Coleoptera with bootstrap values above 50% for every branch.
Using neighbor-joining, only the NADH2 and NADH4 genes
reflected the same topology with overall bootstrap support higher
than 50%.
The RC index was analyzed in order to measure the amount of

homoplasy in each gene. The COX2, NADH4L, COX3, CytB,
COX1 and ATP6 genes showed the lowest amount of homoplasy
(Table 5). ExcludingNADH4L, these are themost conserved genes.
We also tested the utility of gene combinations and

concatenated the ATP6 and CytB genes, which reconstructed
topologies close to the expected and displayed the best RC
indexes, with NADH2 and COX2. The best results were obtained
with NADH2 concatenated with the ATP6 or COX2, with overall
branch support very close to those using all protein-coding genes.
These genes are also the smallest of those tested and, conse-
quently, easier to be sequenced.

In summary, our data suggest that, in order to reconstruct the
molecular evolutionary history of Coleoptera and Elateroidea, a
reasonable starting point would be either employing NADH2 or
COX2 individually, or employing the combination of NADH2
with the ATP6 or COX2 genes.

5. Conclusions

The click beetle P. divergens has the usual insect
mitochondrial genome, and the results of our phylogenetic
analysis supported the monophyly of Elateroidea sensu reported
by Lawrence and Newton (1995). However, our analysis
clustered together P. divergens and R. ohbai against the classical
clade with P. rufa and R. ohbai, and did not support the
monophyly of Cantharoidea sensu reported by Crowson
(1972). This result suggests that Lampyridae and Phengodidae
bioluminescence could be independent and could have appeared
three times parallel within Elateroidea. However, more taxa are
needed to confirm these conclusions and to provide more
details. Our comparative analysis suggested that the most
reasonable starting point would be either employing the
NADH2 and COX2 genes alone, or employing the combination
of NADH2 with ATP6 or COX2.
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Appendix A. Primers used to amplify the whole
mitochondrial genome

Primer name Sequence

Hm_COX2-1F ATAGARCAATTAACMTTYTTYCAYGAYCA
Hm_COX2-2R GRTTTRTWCCRCARATCTCWGARCATTG
Hm_16S-1F ATAATTTAARRTYTRAYCTGCTCAATGA
Hm_16S-2R ARAAATWACGCTGTTATCCCYAAGGTAA
COX2_F1 CATGATCACGCCATGATAATCCTAGTAATAATTACC
COX2_F2 CACCTATCGTTTCCTTCTTGAAGGACAAACAATTG
COX2_R1 CCGCAGATCTCTGAGCATTGACCGAAATATATTCC
COX2_R2 TAGCCGTCCAGGATTGGCGTCAACCTTAACTCCTATTG
16S_F1 TTGCCGCGGTATTTTGACCGTGCGAAGGTAGC
16S_F2 AATGATTGGACGAGGGGACAGCTGTCTACTATTGA
16S_R1 TACGCTGTTATCCCTAAGGTAATTTTCATTAATCT
16S_R2 ATCTTCCAGTCACCCCAACCAAACACCTATTCATG
ENADH5F GGACTAATAATCAAAAACATCATTGAAGC
SNADH5F TCGGTCCGTTTGAGTTATTACAC
OverlapF CAAGTTGACTAGACAAGGC
OverlapR GGTATGATTACTGCTCTTTCTAACC
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