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The family Trigonalyidae is considered to be one of the most basal lineages in the suborder Apocrita of Hymenop-
tera. Here, we determine the first complete mitochondrial genome of the Trigonalyidae, from the species
Taeniogonalos taihorina (Bischoff, 1914). This mitochondrial genome is 15,927 bp long, with a high A + T-
content of 84.60%. It contains all of the 37 typical animal mitochondrial genes and an A + T-rich region. The or-
ders and directions of all genes are different from those of previously reported hymenopteran mitochondrial
genomes. Eight tRNA genes, three protein-coding genes and the A + T-rich region were rearranged, with the
dominant gene rearrangement events being translocation and local inversion. The arrangements of three tRNA
clusters, trnY-trnM-trnl-trnQ, trnW-trnL2-trnC, and trnH-trnA-trnR-trnN-trnS-trnE-trnF, and the position of
the cox1 gene, are novel to the Hymenoptera, even the insects. Six long intergenic spacers are present in the ge-
nome. The secondary structures of the RNA genes are normal, except for trnS2, in which the D-stem pairing is
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Taeniogonalos taihorina absent.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The insect mitochondrial genome is usually a double-stranded circu-
lar molecule, with a length ranging from 14 to 20 kb (Boyce et al., 1989),
containing 13 protein-coding genes, 22 transfer RNA (tRNA) genes, two
ribosomal RNA (rRNA) genes and an A + T-rich region (Boore, 1999).
The mitochondrial genome shows maternal inheritance, lack of extensive
recombination, and a high mutation rate relative to the nuclear genome
(Ballard and Whitlock, 2004). Because of this, many mitochondrial
genes are frequently used in studies of population genetic structure and
phylogenetic inference (Simon et al., 1994, 2006). Recently, a rapid

Abbreviations: atp6, ATP synthase FO subunit 6; atp8, ATP synthase FO subunit 8; cob,
cytochrome b; cox1, cytochrome c oxidase subunit 1; cox2, cytochrome c oxidase subunit
2; cox3, cytochrome c oxidase subunit 3; nad1, NADH dehydrogenase subunit 1; nad2,
NADH dehydrogenase subunit 2; nad3, NADH dehydrogenase subunit 3; nad4, NADH de-
hydrogenase subunit 4; nad4l, NADH dehydrogenase subunit 41; nad5, NADH dehydroge-
nase subunit 5; nad6, NADH dehydrogenase subunit 6; rrnL, mitochondrial 16s ribosomal
RNA; rmS, mitochondrial 12s ribosomal RNA; trnX, transfer RNA genes with isotype given
in single-letter symbols of amino acid codes.
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increase in complete mitochondrial genome sequences in public data-
bases has made it possible to use the whole genome in evolutionary stud-
ies (Boore et al., 1998; Dowton et al., 20093, 2009b; Wei et al., 20103,
2010b). Notably, higher-level phylogenetic relationships among or within
some insect orders can be robustly reconstructed by employing the com-
plete mitochondrial genomes, such as holometabolous insects (Wei et al.,
2010b), Neuropterida (Cameron et al., 2009), Orthoptera (Zhou et al.,
2010), Hemiptera (Hua et al., 2008, 2009), Coleoptera (Haran et al.,
2013; Kim et al.,, 2009), Diptera (Cameron et al., 2007; Negrisolo et al.,
2004) and Hymenoptera (Cameron et al., 2008; Castro and Dowton,
2007; Dowton et al., 2009a; Gotzek et al., 2010; Wei et al., 2010b).

Gene rearrangements are usually conserved within major lineages
(Boore, 1999), but may be highly rearranged in certain groups. Gene re-
arrangement events may serve as useful phylogenetic markers and
models for evolutionary studies. Frequent gene rearrangement has
been observed in apocritan Hymenoptera from broad examinations of
gene segments and whole genome sequences.

The family Trigonalyidae has been proposed to be one of the most
basal lineages in the suborder Apocrita of Hymenoptera (Dowton and
Austin, 1994; Dowton et al., 1997; Klopfstein et al., 2013; Ronquist
et al.,, 1999). At present, no complete mitochondrial genome has been
sequenced from members of this family. Here, we determine the
complete mitochondrial genome sequence of Trigonalyidae from the
species Taeniogonalos taihorina (Bischoff). We then characterize the
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Table 1
Primers used in the study.

Region Primer Product length  Primer pairs
position (bp)

cox2-nad3 3400-5731 2331 ATTGGACATCAATGATATTGA?
TTAGGGTCAAATCCRCAYTC?

cox3-cox1 5470-6101 631 GCAGCTGCYTGATAYTGRCA*®
TAAACTTCAGGGTGACCAAAAAATCAP

cox1-nad4 5744-10,046 4302 GATGAACAGTTTATCCTCCTT®
CACAATAATTGCATCATTAC”

nad4-rrnL 9837-14,012 4175 RAAACDGGWGCYTCWACATGAGC?
ATACCTTAGGGATAACAGCATAAP

rml-rmS  13,858-15,702 1844 CCGGTTTGAACTCARATCATGTAA?
GTGCCAGCAGYYGCGGTTANAC?

rmS-cox3  15,169-3174 3932 TGACGGGCTATTTGTACTTAT®
AAGGTCAAGGTCTTACACTTACTAP

¢ Primers from Simon et al., 2006.
b Primers designed in this study.

mitochondrial genome and compare it with others across the Hyme-
noptera. This work provides the first report of a novel gene rearrange-
ment pattern for both tRNA and protein-coding genes.

2. Materials and methods
2.1. Sample origin and DNA extraction

An adult female specimen of T. taihorina from Fengyang Mountain
(Longquan City, Zhejiang Province, China) was used for the extraction.

It was stored at —80 °C in 100% ethanol prior to DNA extraction. Total

Table 2
Annotation of the Taeniogonalos taihorina mitochondrial genome.

genomic DNA was extracted using the DNeasy tissue kit (Qiagen,
Hilden, Germany) following the manufacturer's protocols, from the sin-
gle adult. The remnant voucher specimens were kept in the Integrated
Pest Management Laboratory, Beijing Academy of Agriculture and For-
estry Sciences.

2.2. Primer design, PCR amplification and sequencing

The entire genome of T. taihorina was amplified in six fragments
(Table 1). Partial fragments of cox2-nad3, cox3-cox1, and rrnL-rrnS
were amplified using a range of universal insect mitochondrial primers
from Simon et al. (2006). Species-specific primers were designed using
Primer Premier 5.0, based on sequenced fragments to amplify others to
bridge the gap of different fragments. Six fragments of 631-4302 base
pairs (bp) were amplified, covering the entire mitochondrial genome.
Polymerase chain reaction (PCR) was carried out using Takara LA Taq
and Takara Hot Start LA Taq (Takara Biomedical, Japan), using the rec-
ommended conditions and components. All the PCR products were
sent to TSINGKE Company (Beijing, China) for sequencing, after purifi-
cation in both directions using PCR primers and designed walking
primers.

2.3. Genome annotation and analysis

The transfer RNA (tRNA) genes were initially identified using the
tRNAscan-SE search server (Lowe and Eddy, 1997), setting the parame-
ters so that the source was Mito/Chloromast, and the genetic code was
the Invertebrate Mito genetic code. Twenty of the 22 typical animal mi-
tochondrial tRNA genes were identified. Two tRNA genes that were not

Gene Strand Region Length (bp) Anti/start codon Stop codon Intergenic nucleotides
trnY + 1-64 64 GTA 5
trnM + 70-135 66 CAT 1
trnl + 137-202 66 GAT 4
tmQ + 207-271 65 TTG 45
nad2 + 317-1322 1006 ATT T 0
trnW + 1323-1387 65 TCA 0
trnl2 + 1388-1452 65 TAA 4
trnC + 1457-1525 69 GCA 38
cox2 + 1564-2238 675 ATA TAA 53
atp8 + 2292-2447 156 ATT TAA 4
atp6 + 2452-3119 668 ATG TA 0
cox3 + 3120-3911 792 ATG TAA 7
trnG + 3919-3982 64 TCC 47
nad3 + 4030-4383 354 ATT TAA 0
A + T-rich region 4384-5304 921 0
trnD - 5305-5371 67 GTC -1
cox1 + 5371-6925 1555 ATA T -1
trnH - 6925-6994 70 GTG 5
trnA + 7000-7064 65 TGC -1
trnR + 7064-7130 67 TCG -6
trnN + 7125-7189 65 GTT -2
trnS2 + 7188-7249 62 TCT 52
trnE + 7302-7367 66 TTC -2
trnF — 7366-7430 65 GAA -3
nad5 - 7428-9093 1666 ATT T 58
nad4 - 9152-10,483 1332 ATA TAA 1
nad4l — 10,485-10,773 289 ATT T 1
trnT + 10,775-10,837 63 TGT -1
trnP - 10,837-10,900 64 TGG 0
cob - 10,901-12,040 1140 ATG TAA 0
nad6 - 12,041-12,594 554 ATG TA 1
trnk - 12,596-12,664 69 TIT 0
trnS1 + 12,665-12,731 67 TGA 8
nadl - 12,740-13,686 947 ATT TA 1
trnL1 - 13,688-13,755 68 TAG 0
rmlL - 13,756-15,044 1289 0
trnV - 15,045-15,106 62 TAC -1
rmS — 15,106-15,927 822

“+" indicates the gene coded on major strand, “—" indicates the gene coded on minor strand.
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Fig. 1. Gene rearrangement in the Taeniogonalos taihorina mitochondrial genome. The red dashed line shows translocation of the genes. The yellow dashed line shows remote inversion of
the genes. The green dashed line shows local inversion of the genes. The blue dashed line shows shuffling of the genes.

found by tRNAscan-SE were confirmed by sequence alignment in
MEGAS5 (Tamura et al., 2011). Protein-coding genes (PCGs) and rRNA
genes were identified using BLAST searches in GenBank, and subse-
quently by alignment with genes of other hymenopteran insects for
the initiation and termination codons.

The Relative Synonymous Codon Usage (RSCU) of all protein-coding
genes was calculated by MEGAS (Tamura et al., 2011). The GC and AT
asymmetries, called GC-skew and AT-skew, were measured such that
AT-skew = (A% — T%) / (A% + T%) and GC-skew = (G% — C%) /
(G% + C%).

All tRNA secondary structures were predicted using the tRNAscan-
SE search server (Lowe and Eddy, 1997), except for trnR and trnS2,
which were predicted manually. The secondary structures of the large
and small rRNAs (rrnL and rrnS) were inferred by aligning to the models
predicted for Drosophila virilis (Cannone et al., 2002) and Grapholita
molesta (Gong et al., 2012).

3. Results and discussion

3.1. Genome features and base composition

The complete mitochondrial genome of T. taihorina is 15,927 bp long
and contains all of the 37 typical animal mitochondrial genes, including

Table 3
Base composition of the hymenopteran mitochondrial genomes.

13 protein-coding genes, two rRNA and 22 tRNA genes, and an A + T-
rich region (Table 2, Fig. 1).

This complete mitochondrial genome is highly economized in ge-
nome size, as seen in other animals (Boore, 1999). A total of 18 bp of
overlapping nucleotides exist between neighboring genes in nine loca-
tions, with 1-6 bp of overlapping sequence. A total of 335 bp of intergenic
nucleotides also exist in 18 locations, with an intergenic spacer length of
1-58 bp. Ten pairs of genes are directly adjacent, without intergenic or
overlapping nucleotides.

The A + T-content of the T. taihorina mitochondrial genome is 84.6%,
which is similar to other sequenced hymenopteran species. There are
more T and G nucleotides than A and C nucleotides in the major strand
(Table 3).

3.2. Transfer RNA genes

The lengths of the 22 tRNA genes range from 62 to 70 bp (Table 2).
Among the 22 tRNA genes, eight are encoded on the minor strand.
The sizes of the variable loop and D-loop affect the tRNA length. In the
T. taihorina mitochondrial genome, most D-loops are 4-8 bp long. All
tRNA genes have a typical clover-leaf structure, except for trnS2. The
D-stem pairings in the DHU arm are absent in trnS2 (Fig. 2), which has
also been reported in other insects (Beard et al., 1993; Crozier and

Species Whole genome All protein-coding genes

T% C% A% G% A+T% AT skew GC skew T% C% A% G% A+T% AT skew GC skew
Taeniogonalos taihorina 4351 6.77 4109 863 84.60 —0.0286 0.1208  46.27 879  36.19 875 8246 —0.1222 —0.0023
Bombus hypocrita 42.56 968 4277 498 8533 0.0025 —03206  46.71 8.21 37.31 7.77  84.02 —0.1119 —0.0275
Spathius agrili 45.12 655 3888 945  84.00 —0.0743 0.1813  47.08 799  35.00 9.93 82.08 —0.1472 0.1083
Solenopsis richteri 3855 1659 3839 647 7695 —0.0021 —04389 4284 1437 3123 11.57 74.07 —0.1567 —0.1080
Solenopsis geminata 3794 1695 3860  6.51 76.54 0.0086 —04450 4226 1486  31.32 1156  73.58 —0.1487 —0.1249
Schlettererius cinctipes 3947 1122 4276 652 8223 0.0400 —02649 4396 941 37.64 895 81.61 —0.0774 —0.0251
Philanthus triangulum 39.21 1022 4443 6.14  83.64 0.0624 —02494 4578 858  36.98 866 8275 —0.1063 0.0046
Orussus occidentalis 3746 1555 3875 8.23 76.21 0.0169 —03078 4197 1370 3220 12.13 7417 —0.1317 —0.0608
Nasonia giraulti 3809 1003  43.87 8.01 81.96 0.0705 —0.1120  44.90 859  36.61 990 8152 —0.1017 0.0709
Enicospilus sp. 4344 873 4175 6.08 8519 —0.0198 —0.1789  46.73 773 3729 826  84.02 —0.1124 0.0332
Cephus cinctus 3957 1159 4239 644 8195 0.0344 —0.2856 4399 10.71 35.05 10.25 79.05 —0.1131 —0.0220
Cotesia vestalis 47.46 578 3970 706 87.16 —0.0890 0.0997  50.12 646  35.60 782 8571 —0.1694 0.0952
Trissolcus basalis 4049 980  43.65 6.01 84.13 0.0376 —02397  45.70 912 3655 863 82.25 —0.1112 —0.0276
Perga condei 3380 1460 4280 880  76.60 0.1175 —02479 4320 1160 3330 1200  76.50 —0.1294 0.0169
Vanhornia eucnemidarum 36,00 1480 4220 7.0 7820 0.0793 —03516  42.70 11.70 3550 10.00  78.20 —0.0921 —0.0783
Evania appendigaster 3790 1500 3990 720 77.80 0.0257 —03513  42.70 1320 3180 1230  74.50 —0.1463 —0.0353
Diadegma semiclausum 4150 960 4210 670  83.60 0.0072 —0.1779  46.90 820  36.80 8.10  83.70 —0.1207 —0.0061
Abispa ephippium 3950 1460 39.10 670  78.60 —0.0051 —03709 43,50 1120 3520 10.10  78.70 —0.1055 —0.0516
Polistes humilis 4110 1070 4230 590 8340 0.0144 —02892  46.60 850  36.80 810 8340 —0.1175 —0.0241
Apis mellifera 4120 1050 4210 630 8330 0.0108 —02500  46.10 850 37.20 820 8330 —0.1068 —0.0180
Bombus ignitus 4230 940 4280 560  85.10 0.0059 —02533  47.50 750  37.60 740  85.10 —0.1163 —0.0067
Melipona bicolor 42.50 850 4380 520  86.30 0.0151 —0.2409  48.00 690 3840 6.80  86.40 —0.1111 —0.0073
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Fig. 2. Predicted secondary structures for the 22 tRNA genes of Taeniogonalos taihorina. Base-pairing is indicated as follows: Watson-Crick pairs by lines, wobble GU pairs by dots and other

non-canonical pairs by circles.

Crozier, 1993; Shao and Stephen, 2003; Sheffield et al., 2008; Wei et al.,
2010c). The trnR and trnS2 genes could not be found and identified
using the tRNAscan-SE website. We determined their exact boundaries
by aligning with homologs identified in other hymenopteran insects. In
total, 18 mismatches exist in all the stem structures of T. taihorina, in-
cluding three A-A pairs, nine G-U pairs, five U-U pairs and one A-C
pair. The number of mismatches is therefore normal in the tRNA sec-
ondary structures of T. taihorina compared with that of other insects.

The trnS2 and trnK genes use abnormal anticodons TCT and TTT,
which have been found to be correlated with frequent gene rearrange-
ment events (Wei et al., 2009).

3.3. Ribosomal RNA genes

The position and length of the rrnL and rrnS genes are conserved.
The length of the rrnL gene is 1289 bp, with 87.66% A + T-content,

while the length of the rmS gene is 822 bp with 89.42% A + T-content.
The sizes of the rrnL and rmS genes are normal. The A + T-content of the
rRNA genes is comparable to homolog genes in other hymenopteran
insects.

We identified the secondary structures of both rrnL and rmS according
to homolog genes from D. virilis (Cannone et al., 2002) and G. molesta
(Gong et al., 2012). The 49 helices found in Evania appendigaster are
also present in T. taihorina (Wei et al., 2010c). H837 usually forms a
long stem structure with a small loop in the terminal (Gillespie et al.,
2006), but it forms a longer stem and a larger loop in T. taihorina
(Fig. 3). The helix H991 shows helical length and loop size variability
among insect orders, and even among taxa within families of Odonata
(Misof and Fleck, 2003). The predicted structures of H2347 and H2520
are variable (Buckley et al., 2000), but in T. taihorina they are more similar
to those from E. appendigaster (Wei et al., 2010c) than those from other
insects (Misof and Fleck, 2003).
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three ATA, six ATT and four ATG, which is typical in the metazoan mi-
tochondrial genomes (Wolstenholme, 1992). The atp6, nad6 and
nadl genes use an incomplete stop codon, TA, and the nad2, cox1,
nad5 and nad4l genes use T. The other protein-coding genes all use
TAA as the stop codon. The incomplete stop codon is common in in-
vertebrate mitochondrial genomes (Crozier and Crozier, 1993; Masta
and Boore, 2004).
3.4. Protein-coding genes The codon usage reflects the A and T bias in the T. taihorina mito-
chondrial genome (Table 5). Leu, Ile and Phe are the most commonly
used amino acids in the protein-coding genes of T. taihorina. UUA is
the most frequently used codon in Leu. The RSCU values show a biased
use of A and T nucleotides in T. taihorina (Table 5).

The rmS secondary structure of T. taihorina is characterized by 30 he-
lices (Fig. 4), a feature also shared by Apis mellifera (Gillespie et al.,
2006). Helix 47 in T. taihorina forms two loops that are similar to
E. appendigaster, but differ from A. mellifera. H673 is well conserved in
T. taihorina, as in other insects, such as D. virilis (Schnare et al., 1996)
and Diadegma semiclausum (Wei et al., 2009).

The total length of protein-coding genes is 11,134 bp, accounting for
69.91% of the total length of the T. taihorina mitochondrial genome. The
size of each protein-coding gene is similar to that of their orthologs in
other insects. The genes with the highest A + T-content in the hyme-
nopteran mitochondrial genomes are usually nad6 or atp8. In the
T. taihorina mitochondrial genome, the highest A + T-content is
95.50% in atp8, while the lowest is 74.6% in the cox1 gene (Table 4).
The start codons of all protein-coding genes are ATN, including

3.5. Non-coding regions

One of the most interesting phenomena in the T. taihorina mitochon-
drial genome is the presence of seven major non-coding regions of more
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Fig. 3 (continued).

than 20 bp, named Spacers 1-7. Spacer 1 consists of 45 bp between trnQ
and nad2. Spacer 2 is 38 bp between trnC and cox2. Spacer 3 is 53 bp be-
tween cox2 and atp8. Spacer 4 is 47 bp between trnG and nad3. Spacer 5
is 52 bp between trnS2 and trnE. Spacer 6 is 58 bp between trnF and
nad>5. Spacer 7 is 921 bp between nad3 and trnD.

In insect mitochondrial genomes, the longest non-coding region is
usually the A + T-rich region, located between the rrnS gene and the
trnl-trnQ-trnM cluster, though exceptions exist, such as in Hymenop-
tera (Wei et al.,, 2009, 2010b). The length of the T. taihorina A + T-rich
region is 921 bp, with an A + T-content of 92.62%, which is not located
between the rmS gene and the trnl-trnQ-trnM cluster. Long intergenic
spacers have been identified in several insect mitochondrial genomes
(WEei et al., 2009). The reason for the appearance of a long intergenic
spacer might be the rearrangement of genes. In Hymenoptera, the
tRNA rearrangement is normal, so we suggest that spacers 1, 2, 3, 5
and 6 may be the products of gene rearrangements, and have no

function in translation or transcription. Spacer 7 is proposed to be the
A + T-rich region because of its high A + T-content (92.62%). This re-
gion, characterized by five elements (Boore, 1999; Zhang and Hewitt,
1997), is believed to function in the initiation of replication and control
of transcription. In T. taihorina, we found some of the elements com-
monly present in most insect A + T-rich regions, such as four repeats
of a 58-bp long sequence, a Poly T stretch, a (TA(A)),-like stretch, and
a TATA motif, which may function in the initiation of genome replica-
tion (Zhang and Hewitt, 1997).

3.6. Gene rearrangement

The most remarkable characteristic of the T. taihorina mitochondrial
genome is the novel gene arrangement pattern. Eleven genes, including
eight tRNA genes, three protein-coding genes, and the A + T-rich re-
gion, were rearranged in this mitochondrial genome (Fig. 1).
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Fig. 4. Predicted rrnS secondary structure in the Taeniogonalos taihorina mitochondrial genome. Symbols are as in Figs. 2 and 3.

Rearrangement of tRNA genes is common in the hymenopteran mi-
tochondrial genomes, especially those in tRNA clusters, such as in the
junctions of the A 4 T-rich region—nad2, nad2-cox1, cox2-atp8 and
nad3-nad5 (Dowton and Austin, 1999; Dowton et al., 2003, 2009b).
Gene rearrangement events have been classified into translocations,
local inversions (inverted in the local position), gene shuffling (local
translocation) and remote inversions (translocated and inverted)
(Dowton et al., 2003). Here, the trnQ and trnC genes were inverted local-
ly compared with the putative ancestral arrangement of insects (Clary
and Wolstenholme, 1985). The trnY, trnD, and trnK genes were remotely
inverted. The local inversion might be explained by combination
(Dowton et al., 2003), whereas the remote inversion might be ex-
plained by two recombination events. The trnM gene was shuffled
upstream of the trnl-trnQ-trnM cluster, which might be explained by

the TDRL model (tandem duplication followed by random loss) (San
Mauro et al., 2006), with evidence of a 45-bp remnant of nucleotides
between trnQ and nad2. The trnL2 gene was translocated into a position
between the trnW and trnC genes, whereas the trnH gene was
translocated upstream of the trnA-trnR-trnN-trnS2-trnE-trnF cluster.
Since the protein-coding gene cox1 was rearranged out of its original lo-
cation, the rearrangement of trnL2 could also be classified as shuffling
with trnW and trnC, because these genes would be directly adjacent
after the cox1 rearrangement. Therefore, a TDRL model could be used
to explain the trnL2 gene rearrangement, as evidenced by a 53-bp rem-
nant of nucleotides in its original location. For the trnH gene, the trans-
location distance includes five tRNA genes and the protein-coding gene
nad5, which is moderately long. Thus, the trnH rearrangement could be
explained either by the illicit primer model (Dowton and Austin, 1999;
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Table 4
Base composition of protein-coding and rRNA genes in the Taeniogonalos taihorina mito-
chondrial genome.

Gene % C% A% G% A+T% AT skew GC skew
nad2 50.6 52 392 5.1 89.8 —0.1269 —0.0097
cox2 449 8.7 36.6 9.8 81.5 —0.1018 0.0595
atp8 53.8 32 41.7 13 95.5 —0.1267 —0.4222
atp6 47.0 7.5 36.2 93 83.2 —0.1298 0.1071
cox3 47.0 83 33.6 111 80.6 —0.1663 0.1443
nad3 514 6.2 339 85 85.3 —0.2052 0.1565
cox1 44.6 9.7 30.0 15.7 74.6 —0.1957 0.2362
nad5 43.6 9.8 40.6 59 84.2 —0.0356 —0.2484
nad4 46.2 9.1 38.1 6.5 843 —0.0961 —0.1667
nad4l  49.1 6.6 384 59 87.5 —0.1223 —0.056

cob 45.5 10.8 343 94 79.8 —0.1404 —0.0693
nad6 478 9.0 372 6.0 85.0 —0.1247 —0.2000
nadl 449 9.9 36.0 9.2 80.9 —0.1100 —0.0366
rmL 41.85 499 4757 560  89.42 0.0640 0.0576
rmS 39.80 559 4787 6.75  87.66 0.0920 0.0940

Lunt and Hyman, 1997) or the TDRL model. A 58-bp remnant of nu-
cleotides in its original location could provide evidence for the
TDRL model. Among the tRNA gene arrangements, the patterns of
the trnY-trnM-trnl-trnQ genes, the trnW-trnL2-trnC genes, and
the trnH-trnA-trnR-trnN-trnS—trnE-trnF genes are novel to the
Hymenoptera.

The rearrangement of protein-coding genes has been shown in three
Nasonia (Chalcidoidea: Pteromalidae) species (Oliveira et al., 2008), two
species from the family Agaonidae (Chalcidoidea) (Xiao et al., 2011),
one species from the Ichneumonidae (Dowton et al., 2009b), one species
from the Microgastrinae (Ichneumonoidea: Braconidae) (Wei et al.,
2010a) and one species from the Bethylidae (Aculeata: Chrysidoidea). In
the T. taihorina mitochondrial genome, the cox1 gene was translocated
upstream of the trnA-trnR-trnN-trnS2-trnE-trnF cluster. In the reported
hymenopteran species, the position and direction of cox1 were changed
in Philotrypesis pilosa, Philotrypesis sp. (Xiao et al., 2011) and Nasonia
spp. (Oliveira et al., 2008), with a pattern of cox2-trnL2-cox1. In the
T. taihorina mitochondrial genome, although the cox1 gene has changed
its relative location, it is still encoded on the majority strand. In insects,
gene rearrangement of cox1 is rare. At present, a change of the relative
position of the cox1 gene has been shown in the Thysanoptera (Shao
and Stephen, 2003; Yan et al., 2012) and Phthiraptera (Covacin et al.,
2006; Shao et al., 2001). However, the arrangement pattern of the
nad3-A + T-rich region-cox1-trnH cluster found here is novel in the

Table 5
Codon usage in the Taeniogonalos taihorina mitochondrial genome.

AA Codon No. RSCU AA
Leu UUA 484 531 Tyr UAU 179 177 Ala GCU 33 1.76

Codon No. RSCU AA Codon No. RSCU

uuG 21 023 UAC 23 023 GCC 2 011
Ccuu 31 034 Lys AAA 148 1.89 GCA 38 203
cuc 00 AAG 9 011 GCG 2 011
CUA 11 012 Gly GGU 50 145 Glu GAA 65 1.86
lle AUU 444 191 GGC 4 012 GAG 5 014
AUC 20 0.09 GGA 63 183 His CAU 56 1.96
Pro CCU 67 25 GGG 21 061 CAC 1 004
Cccc 1 004 Val GUU 71 241 Asp GAU 49 1.88
CCA 39 146 GUC 1 003 GAC 3 012
Ser UCU 93 211 GUA 42 142 Arg CGU 12 114
ucc 10 0.23 GUG 4 014 CGC 1 01
UCA 131 297 Ser AGU 22 05 CGA 27 257
ucG 3 007 AGC 1 002 CGG 2 019
Asn AAU 227 187 AGA 83 188 GIn CAA 40 19
AAC 16 013 AGG 10 023 CAG 2 01
Thr ACU 58 146 Phe UUU 374 191 Cys UGU 32 1.88
ACC 5 013 uuc 18 0.09 UGC 2 012
ACA 93 234 Trp UGA 72 178 Met AUA 352 1091
ACG 3 008 UGG 9 022 AUG 17 0.09

RSCU: Relative synonymous codon usage; AA: Amino acid; No.: Number.

insects. In the T. taihorina mitochondrial genome, the cob and nad6
genes were inverted locally. The inversion of the cob-nad6 region was
also reported in Venturia canescens (Dowton et al., 2009b) and Cotesia
vestalis (Wei et al., 2010b) in the Hymenoptera.

The A + T-rich region is usually located in the downstream of rrnS.
The frequent rearrangement and duplication of the A + T-rich regions
were found in thrips (Shao and Stephen, 2003; Yan et al., 2012), louse
(Cameron et al., 2011; Covacin et al., 2006; Shao et al., 2001), and
booklice (Wei et al., 2012). The rearrangement of the A + T-rich region
was also found in the Protura (Chen et al,, 2011). In the Hymenoptera,
although the boundary tRNA genes of the A + T-rich region was fre-
quently rearranged, the relative position of the A + T-rich region down-
stream of the rrnS is conserved (Wei et al., 2010b). In the newly
sequenced T. taihorina mitochondrial genome, the A + T-rich region
was translocated to the downstream of nad3, far from the rrnS, which
is novel to the Hymenoptera.
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