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ARTICLE INFO ABSTRACT
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15,251 bp, containing 37 genes (13 protein-coding genes (PCGs), two rRNA genes, 22 tRNA genes and an
A + T-rich region). The gene arrangement was identical to other lepidopteran mitogenomes but different from
the ancestral arrangement found in most insects for the tRNA-Met gene (A + T-region, tRNA-I, tRNA-Q, tRNA-
M). The mitogenome of T. solanivora is highly A + T-biased (78.2%) and exhibits negative AT- and GC-skews.

Keywords:

Mi}tlwogenome All PCGs are initiated by canonical ATN start codons, except for Cytochrome Oxidase subunit 1 (COI), which is ini-
T. solanivora tiated by CGA. Most PCGs have a complete typical stop codon (TAA). Only NAD1 has a TAG stop codon and the
Lepidoptera COIl and NAD5 genes have an incomplete stop codon consisting of just a T. The A + T-rich region is 332 bp

Genes long and contains common features found in lepidopteran mitogenomes, including the ‘ATAGA’ motif, a 17 bp

Phylogeny poly (T) stretch and a (AT)g element preceded by the ‘ATTTA’ motif. Other tandem repeats like (TAA)4 and
(TAT); were found, as well as (T)s and (A);o mononucleotide repeat elements. Finally, this mitogenome has 20
intergenic spacer regions. The phylogenetic relationship of T. solanivora with 28 other lepidopteran families
(12 superfamilies) showed that taxonomic classification by morphological features coincides with the inferred
phylogeny. Thus, the Gelechiidae family represents a monophyletic group, suggesting that T. solanivora and
Pectinophora gossypiella have a recent common ancestor.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

In insects, the mitochondrial genome is a circular double-
stranded molecule typically between 14,000 and 20,000 bp. It con-
tains 13 PCGs, two rRNAs, 22 tRNAs and the A + T-rich region (also
annotated as D-loop or control region of vertebrate mtDNAs, with
apparently homologous function (Wolstenholme, 1992; Stewart and
Beckenbach, 2009)), which are organized and oriented in different
ways (Boore, 1999). The mitogenome has been widely used for phylog-
eny studies, phylogeography, population genetics and molecular diag-
nostics. It has also been used to identify novel genes and molecular
markers (Cameron and Whiting, 2008), because of its small size, low re-
combination rate, relatively rapid evolutionary rate and multiple copies
per cell (Avise, 1994), and almost strict maternal inheritance (Meusel
and Moritz, 1993; Pitnick and Karr, 1998). Consequently, mitogenome

Abbreviations: A, adenosine; G, guanosine; C, cytidine; T, thymidine; Nt, nucleotide;
rRNA, ribosomal RNA; tRNA, transfer RNA; mtDNA, mitochondrial DNA.
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sequences are rapidly increasing, with about 500 insect species current-
ly sequenced (Cameron, 2014).

Gelechiidae family comprises close to 4700 species and more
than 760 have been described. Around 258 species are pest of
crops or stored food products, including well-known species such
as pink bollworm (Pectinophora gossypiella), tomato leafminer
(Tuta absoluta), between other (Zhang, 1994). This family has a
worldwide distribution and is among one of the most diverse Lepi-
doptera fauna in many regions and habitats (Karsholt et al., 2013).
Members of this family are small to medium sized, often gray or
brown and larvae have a wide range of feeding strategies (Karsholt
et al,, 2013). Tecia solanivora (Lepidoptera: Gelechiidae) represents the
most damaging potato (Solanum tuberosum) pest in both Central and
South America, and Spain (Pulliandre et al., 2008; Torres-Leguizamén
etal., 2011). The larvae of this insect attack potato tubers, causing losses
between 50 and 100% of potato crops (Zeddam et al., 2008). Most of the
studies in T. solanivora have focused on improving pest management.
However, little is known about its evolutionary biology. Torres-
Leguizamon et al. (2011) established the migratory pattern of the spe-
cies from sequences of the mitochondrial gene Cytb, and argued that


http://crossmark.crossref.org/dialog/?doi=10.1016/j.gene.2016.01.031&domain=pdf
mailto:cisaldam@unal.edu.co
http://dx.doi.org/10.1016/j.gene.2016.01.031
www.elsevier.com/locate/gene

108

the center of origin of this insect was Guatemala. The most recent study
based on the population genetics of this moth was performed by
Villanueva-Mejia et al. (2015), in Colombia, where the authors
employed nine microsatellites in 120 individuals collected in four de-
partments of this country (Antioquia (North), Boyaca (Center), Narifio
(South) and Norte de Santander (East)). They found that this species is
genetically structured, as populations from eastern Colombia (Norte de
Santander) are differentiated from the rest. This differentiation has oc-
curred because Norte de Santander represents the first location in this
country invaded by this pest and also because the movement of potato
tubers from this region to the rest of Colombia is not typical, as this
crop is produced mainly for domestic consumption (Villanueva-Mejia
et al., 2015). In contrast, potatoes produced in Boyaca are transferred
all over the country; genetically homogenizing the pest populations by
transferring infested potatoes all over the country.

Recently, Karsholt et al. (2013), reexamined the higher-level
phylogeny of this family based on DNA sequence data for one mito-
chondrial gene (cytochrome c oxidase subunit I) and seven nuclear
genes (Elongation Factor-1a, wingless, Ribosomal protein S5, Isocitrate
dehydrogenase, Cytosolic malate dehydrogenase, Glyceraldehyde-3-
phosphate dehydrogenase and Carbamoylphosphate synthase domain
protein). They concluded that this family displays a wide array of
life history strategies but diversity patterns only correlated below
the subfamily level suggesting multiple origins of its members or re-
versals of traits such as internal/external feeding and leaf mining.

In this study we characterized the complete mitogenome of T.
solanivora and we compared it with other Lepidoptera mitogenomes,
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including several aspects like: genome structure and organization, nucle-
otide composition, codon usage, molecular functions, interactions among
genes, and notable non-coding sequences included in the A + T-rich re-
gion. Phylogenetic analyses were carried out with 140 complete Lepidop-
tera mitogenomes (28 families from 12 superfamilies) to elucidate the
intra- and interordinal molecular relationships, employing maximum
likelihood and Bayesian Inference. The utility of this study is to improve
the databases of this important potato pest, as this represents the first
study of the complete mitogenome of this species.

2. Material and methods
2.1. Insect collection and DNA extraction

Larvae of T. solanivora were collected from field or storage infested
potato tubers from the Narifio department in Colombia during 2011
and 2012. Samples were preserved in 70% ethanol and stored at
—70 °C until DNA extraction. Whole genomic DNA of T. solanivora
was extracted using the protocol described by Villanueva-Mejia et al.
(2015). Each sample was analyzed by electrophoresis and the DNA con-
centration was quantified using a NanoDrop 2000 (Thermo Scientific,
Wilmington, DE, USA).

2.2. Genome sequencing and assembling

Total DNA was sequenced on an Illumina Hiseq 2000 system at the
University of North Carolina at Chapel Hill High-Throughput Sequencing
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Fig. 1. Map of the mitochondrial genome of T. solanivora. Blue arrows represent protein-coding genes (underlined blue names) coded on the heavy strand (clockwise arrows) and light
strand (counterclockwise arrows). The tRNA genes are designated by black letter tRNA-amino acid codes. The rRNAs are labeled in green, and the A + T-rich region is labeled in red.
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Facility. The whole-genome shotgun strategy was used to produce 100-
bp paired-end reads (342-bp insert size). The raw sequences generated
from these reads were checked and filtered using a homemade quality
criterion script. The paired-end reads were assembled into longer
scaffolds using the de novo assembler VELVET 1.2.10 (Zerbino and
Birney, 2008) with an optimized k-mer parameter of 99. The mtDNA
was identified through a comparison between T. solanivora scaffolds
and the mtDNA sequences reported in the NCBI GenBank, resulting in
the identification of a single mtDNA contig with 200 x coverage in com-
parison to 20-25 x for nuclear contigs.

2.3. Gene annotation and compositional analysis

To predict the protein-coding genes (PCGs), rRNA genes and tRNA
genes from T. solanivora mtDNA, the sequence was submitted to the au-
tomatic annotators of mitochondrial genes online: Dual Organellar Ge-
nome Annotation (DOGMA, http://dogma.ccbb.utexas.edu) (Wyman
et al,, 2004) and MITOS WebServer (Bernt et al., 2013), following indi-
cations by Cameron (2014), and curated manually. Gene sequences
were manually curated using the NCBI BLAST program to determine
sequence homology with other previously sequenced Lepidoptera spe-
cies. The nucleotide sequences of the PCGs were translated into putative
proteins based on the Invertebrate Mitochondrial Genetic Code for the
determination of Relative Synonymous Codon Usage (RSCU) using
MEGA version 5.2.2 (Tamura et al., 2011). The nucleotide compositions
of each gene, the entire genome and each codon position of the PCGs
were calculated with MEGA. Composition skew analysis was carried
out according to the following formulas: AT skew = [A — T] / [A + T]
and GC skew = [G — C]/ [G + C], where A, T, G and C are the frequen-
cies of the four bases. Intergenic and overlap sequences were identified
using SeqBuilder from the DNAStar package (DNAStar Inc., Madison,
Wisconsin, USA) and retrieved manually. Graphical representation of
the T. solanivora mitogenome was performed using this tool as well.

2.4. Phylogenetic analysis

To illustrate the phylogenetic relationship of T. solanivora (Lepi-
doptera: Gelechiidae) to other Lepidoptera families (28), we used a
concatenated set of PCGs from a set of 140 additional complete Lep-
idoptera mitogenomes obtained from GenBank with previous elimi-
nation of start and stop codons. The mitogenomes of Aedes aegypti
(Behura et al., 2011) and Acrida cinerea (Liu and Huang, 2010) repre-
sented our out-groups (for the complete genome list see Supple-
mentary Table 1). The nucleotide sequences of the 13 individual
PCGs were aligned using RevTrans 1.4 (Wernersson and Pedersen,
2003). The resulting alignments were concatenated via a custom Py-
thon script to generate the PCG alignment used to reconstruct the
phylogenetic relationships within Lepidoptera. Prior to the analysis,
partition finder version 1.1.1 (Lanfear et al., 2014) was run on the
concatenated datasets to identify an appropriate partitioning
scheme and model. The general time-reversible model with propor-
tion of invariable sites and gamma distributed rate variation among
sites (GTR + I + G) (Tavaré, 1986) was chosen as the appropriate
model of molecular evolution for all partitions. Bayesian Inference
(BI) and Maximum Likelihood (ML) analytical approaches were
used to infer phylogenetic trees by MrBayes 3.1.2 (Ronquist and
Huelsenbeck, 2003) and Garli mpi version 2.01 (Bazinet and
Cummings, 2008), respectively. Both analyses were performed in
the Apolo computer cluster at Universidad EAFIT. BI analysis was
conducted under the following conditions: 10,000,000 generations,
eight chains (one cold and seven hot chains) and an initial 35% of
the sampled trees was discarded as burn-in and consensus tree was
constructed using a 50% majority rule. ML analysis was performed
using the default parameters and the appropriate molecular evolu-
tion model. Confidence values of the ML tree were calculated
through the bootstrap test using 1000 iterations. The software

TOPD/FMTS (Puigbo et al., 2007) was used to calculate the differ-
ences between inferred trees.

3. Results
3.1. Genome structure, organization and base composition

The T. solanivora mitogenome is a closed circular 15,251-bp mol-
ecule (GenBank accession number KT326187) (Fig. 1). It contains the
typical set of 37 genes (13 PCGs, 22 tRNAs and two rRNAs) and a
large, 332-bp non-coding region (A + T rich region). A total of 24
genes were transcribed on the heavy-coding strand, while the rest
were transcribed on the light-coding strand (Table 1). The typical lepi-
dopteran arrangement of the tRNAs (tRNA-Met; tRNA-Ile; tRNA-GIn)
was observed in the T. solanivora mitogenome and differs from the
order found in ancient insects (Fig. 2). The nucleotide composition of
the entire mitogenome (A: 38.6%, T: 39.6%, C: 13.3% and G: 8.4%) is high-
ly A + T-biased (78.2%) and exhibits negative AT-skew (—0.013) and
GC-skew (—0.226) values. The full composition and skew of the
T. solanivora mitogenome are shown in Table 2.

3.2. Protein-coding genes (PCGs)

The protein-coding genes encompassed 11,146 bp of the entire as-
sembled sequence (73.08%) and exhibited an A + T content of 76.3%.
Nine of the 13 PCGs are coded on the heavy strand (ATP6, ATPS, COlI,
Coll, Colill, Cytb, NAD2, NAD3 and NADG6), while the rest (NAD1, NAD4,
NADA4L and NADS5) are coded on the light strand. Twelve PCGs are initi-
ated by the canonical putative start codon ATN. The COI gene is initiated

Table 1
Summary of mitochondrial genome of T. solanivora.

Gene Direction Position (bp)  Length Anticodon Start Stop
(bp) codon codon

tRNA-Met Forward 1-68 68  CAT

tRNA-Ile Forward 70-134 65  GAT

tRNA-GIn Reverse 136-204 69 TTG

NAD2 Forward 259-1269 1011 ATT  TAA

tRNA-Trp Forward 1268-1336 69 TCA

tRNA-Cys Reverse 1329-1394 66  GCA

tRNA-Tyr Reverse 1406-1471 66  GTA

corl Forward 1475-3010 1536 CGA TAA

tRNA-Leu (UUR) Forward 3006-3073 68 TAA

con Forward 3074-3754 681 ATG T

tRNA-Lys Forward 3756-3826 71 CIT

tRNA-Asp Forward 3837-3904 68  GTC

ATP8 Forward 3905-4072 168 ATT  TAA

ATP6 Forward 4066-4743 678 ATG TAA

cor Forward 4743-5531 789 ATG TAA

tRNA-Gly Forward 5534-5600 67 TCC

NAD3 Forward 5601-5954 354 ATT TAA

tRNA-Ala Forward 5964-6029 66  TGC

tRNA-Arg Forward 6030-6095 66 TCG

tRNA-Asn Forward 6101-6166 66  GIT

tRNA-Ser (AGN)  Forward 6181-6246 66  GCT

tRNA-Glu Forward 6247-6315 69 TIC

tRNA-Phe Reverse 6314-6380 67 GAA

NAD5 Reverse 6382-8097 1716 ATT T

tRNA-His Reverse 8113-8178 66  GTG

NAD4 Reverse 8183-9523 1341 ATG TAA

NADAL Reverse 9523-9816 294 ATG TAA

tRNA-Thr Forward 9819-9883 65 TGT

tRNA-Pro Reverse 9884-9949 66 TGG

NAD6 Forward 9952-10,479 525 ATA TAA

Cytb Forward 10,497-11,642 1146 ATA TAA

tRNA-Ser Forward 11,646-11,712 67 TGA

NAD1 Reverse  11,730-12,665 936 ATA  TAG

tRNA-Leu Reverse  12,669-12,736 68 TAG

rRNA-Large Reverse  12,737-14,065 1329

tRNA-Val Reverse  14,089-14,155 67 TAC

rRNA-Small Reverse  14,157-14,919 763

A + Tregion - 14,920-15,251 332
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Fig. 2. Gene arrangement of the T. solanivora mitogenome. Protein-coding genes are marked by gray, ribosomal RNA genes by green, A + T rich region by red and tRNA genes are designated by the single letter amino acid code inside the white boxes.
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Table 2
Nucleotide composition of T. solanivora mitogenome.

111

nt% Whole mtDNA Protein-coding sequence Concatenated PCGs rRNAs tRNAs IGs A + Trich region
1st# 2nd# 3rd#

A% 38.6 35.3 213 383 31.6 43.8 404 44.7 43.1

T% 39.6 36.6 482 493 44.7 39.8 40.2 442 48.2

C% 133 111 17 7.2 11.8 52 8.1 7.6 6

G% 8.4 171 135 52 119 112 11.2 3.6 2.7

A+T% 78.2 719 69.5 87.6 76.3 83.6 80.6 88.9 91.3

C+G% 21.7 28.2 30.5 124 23.7 16.4 19.3 11.2 8.7

AT-Skew% —0.013 —0.018 —0.387 —0.126 —0.172 0.048 0.002 0.006 —0.056

GC-Skew% —0.226 0.213 —0.115 —0.161 0.004 0.366 0.161 —0.357 —0.379

by CGA (Arginine). The methionine start codon, ATG, was used by five of
the 13 PCGs, and ATA was used to initiate protein synthesis in the NAD1,
NADG and Cytb genes. In contrast, isoleucine codon (ATT) was used to
initiate protein synthesis in the ATP8, NAD2, NAD3 and NAD5 genes.
Eleven genes shared the complete stop codon TAA and the NAD1 gene
used the TAG stop codon, while the COIl and NAD5 genes used a single
T as an incomplete stop codon. The CDpT, or Codons Per Thousand Co-
dons, of the T. solanivora mitogenome was calculated, and five amino
acid families were identified. The most common families were: phe-
nylalanine (Phe), asparagine (Asn), isoleucine (llle), lysine (Lys) and
leucine 2 (Leu 2), as shown in Fig. 3a. Additionally, the Relative Syn-
onymous Codon Use (RSCU) was determined. This estimated that at
the third position, the codons were richer in A or T and consequently,
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in this position, these codons have less G or C. Finally, we also ob-
served that T. solanivora presents all typical codons found in other in-
vertebrates (Fig. 3b).

3.3. Transfer RNA and ribosomal RNA genes

T. solanivora contains a typical set of 22 tRNAs with a high A + T bias,
accounting for 80.6% of the tRNAs. The lengths of the tRNA genes ranged
from 65 to 71 bp, and the genes were spread over the mitogenome and
exhibited positive AT-skew (0.002). Among the tRNA genes, 14 are
coded on the heavy strand and eight on the light strand, which is the
same coding pattern observed in almost all lepidopteran mitogenomes.
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Fig. 3. Codon distribution and Relative Synonymous Codon Usage (RSCU) in T. solanivora mitogenome. (a) Codon distribution. (b) RSCU. Codon families are provided on the X axis and the
RSCU on the Y axis. This mitogenome presents all possible codon families existing in Lepidoptera.



112

V. Ramirez-Rios et al. / Gene 581 (2016) 107-116

Bombycoidea

Bombycidae
Sphingiidae
Saturniidae
Lasiocampidae
Geometridae
Erebidae
Lymantriidae
Noctuoidae
Nolidae
Notodontidae
Crambidae
alidae
ymphalidae
Lycaenidae
Riodinidae
Pieridae
Hesperiidae
Papilionidae
Gelechiidae

o ridae
Carposinidae
Geometroidea

Torrricidae
nomeutidae
Lyonetiidae
Plutellidae
Heplalidae

Gelechioidea

orfricoidea

Aedes aegypti

0.3



V. Ramirez-Rios et al. / Gene 581 (2016) 107-116 113

Certain tRNAs were found translocated in the T. solanivora mitogenome
compared with out-groups, which are described in Fig. 2.

Similar to other mitochondrial sequences from insect species, there
were two rRNAs in T. solanivora with a total length of 2092 bp and an
AT content of 83.6% (Table 2). The large ribosomal gene (rRNA-Large),
located between tRNA-Leul and tRNA-Val, has a length of 1329 bp,
whereas the small gene (rRNA-Small), located between tRNA-Val and
the A + T-rich region, has a length of 763 bp (Table 1).

3.4. Non-coding and overlapping regions

The total length of the non-coding regions in the mtDNA of
T. solanivora is 199 bp. This region is highly A + T-biased (88.9%)
(Table 2), and it is composed of 20 intergenic spacer sequences, ranging
from 1 to 54 bp. There are four major intergenic spacers at least 17 bp in
length (S1, S2, S3 and S4). Intergenic sequence S1 (54 bp) is located be-
tween the tRNA-GIn and NAD2 genes, and intergenic sequence S2 (23 bp)
is between rRNA-Large and tRNA-Val. Intergenic sequences S3 and S4
(17 bp) separates genes NAD6 and Cytb, and the tRNA-Ser2 and NAD1
genes, respectively. The latter sequence contains the “ATACTAA” motif.

Furthermore, in the T. solanivora mitogenome, three principal over-
lap sequences were identified and were designated as OLS1, OLS2 and
OLS3. OLS1 was found overlapping the tRNA-Trp and tRNA-Cys genes.
This sequence presents the greatest length; with a total of 8 bp. OLS2
was found between the ATP8 and ATP6 genes, with a total length of
7 bp and the 5-bp OLS3 overlapped genes COI and tRNA-Leu?2.

3.5. The A + T-rich region

The A + T-rich region is a non-coding region of 332 bp, located be-
tween rRNA-Small and tRNA-Met. The region contains 91.3% AT nucleo-
tides, with negative AT- and GC-skew values (Table 2). This is a
conserved structure that includes the “ATAGA” motif followed by a
17-bp poly-T stretch. A microsatellite sequence, (AT)g, was also found
here and was preceded by the ‘ATTTA’ motif. In addition, the (TA)4
and (TAT), microsatellites as well as the (T)g and (A);o mononucleotide
repetitive motifs were found.

3.6. Phylogenetic relationships

The phylogenetic relationship among the eight Lepidoptera super-
families was inferred using both Bayesian Inference and Maximum Like-
lihood methods. The results obtained with both methods produced
concordant topologies. The Gelechiidae family forms a monophyletic
group composed by T. solanivora and P. gossypiella. All other taxa ana-
lyzed were distributed in clades according to their traditional taxonom-
ic classification with high confidence, as their posterior probabilities
were higher than 90% with bootstrapping values greater than 75%, ex-
cept two clades of superfamilies Noctuoidea and Papilionoidea (Fig. 4).

Phylogenetic analyses resulted in high support values for the major-
ity of the nodes and thus the interrelationships are well resolved within
order Lepidoptera. Using A. aegypti (Diptera) and A. cinerea (Orthoptera)
as out-groups. Lepidopteran clades are revealed in phylogenetic trees.
Species of the Papilionoidea, Noctuoidea, Bombycidea, Geometroidea,
Pyraloidea, Gelechioidea, Tortricoidea, Yponomeutoidea, Hepialoidea,
Zygaenoidea, Cossoidea and Copromorphoidea superfamilies cluster as
monophyletic groups, with strongly supported bootstrap (72-100) and
posterior probabilities (0.926-1).

The optimal cladograms inferred by Bayesian Inference and Maxi-
mum Likelihood methods, produced nearly identical topologies regard-
less of partitioning schemes, with the exception of the relationships

among three taxa from Hesperidae family and the Lymantriidae-
Erebidae families. In the BI analysis Carterocephalus silvicola was
grouped within a small clade composed by two skippers of Hesperiidae
family (Carterocephalus silvicola + (Potanthus flavus + Polytremis
nascens)) with a nodal support equal to 0.6959 posterior probabilities,
while in the ML analysis C. silvicola was grouped with Lobocla bifasciata
in the same clade (C. silvicola + L. bifasciata) with a nodal bootstrap
probability support of 49.

Erynnis montanus was grouped with L. bifasciata in the BI analysis
with a posterior probability support equal to 0.7739.

On the other hand, the Lymantriidae family is composed by (Euproctis
pseudoconspersa + (Lymantria dispar 4+ Gynaephora menyuanensis)),
and shares a common ancestor with all species of the Erebidae family
in the tree inferred by BI with a nodal support of 1, while in the ML's
tree the Lymantriidae family is not differentiated and appear grouped
within Erebidae family with low bootstrap support (52).

4. Discussion

The gene order and orientation of the mitochondrial genes of
T. solanivora were identical to other lepidopteran moths, including
Tryporyza incertulas (Cao and Du, 2014), Corcyra cephalonica (Wu
et al., 2012a, b), Adoxophyes honmai (Lee et al., 2006), Apocheima
cinerarius (Liu et al., 2014), Amata emma (Lu et al., 2013), Attacus atlas
(Chen et al., 2014), Bombyx mori (Dai et al., 2013), Caligula boisduvalii
(Hong et al., 2008), Chilo auricilius (Cao and Du, 2014), Diaphania
pyloalis (Zhu et al.,, 2013), Manduca sexta (Cameron and Whiting,
2008), Ostrinia nubilalis, Ostrinia furnacalis (Coates et al., 2005), Samia
cynthia ricini (Kim et al., 2012) and Sasakia funebris (Wang et al.,
2013), among others. However, T. solanivora presents several differ-
ences from the ancestral organization of the tRNA-Met region (A + T-
rich region, tRNA-Ile, tRNA-GIn, tRNA-Met) (Wu et al., 20123, b). In the
case of T. solanivora, the order is: A + T region, tRNA-Met, tRNA-Ile,
tRNA-GIn. Additionally, in the T. solanivora mitogenome, the tRNA-Lys
gene is found after the COII gene, contrary to A. cinerea, where they
are found in the reverse order. In addition, the NAD3 gene was located
before the tRNA-Ala gene in T. solanivora, whereas in A. aegypti, the
gene located in this region is tRNA-Arg (Fig. 2).

The nucleotide composition of the T. solanivora mitogenome pre-
sents an adenine (A) and thymine (T) relative content within the re-
ported ranges for other Lepidoptera mitogenomes. These Lepidoptera
mitogenomes, including T. solanivora, present negative AT- and GC-
skew values (Table 3). However, other Lepidoptera have shown higher
percentages of A than T, including O. nubilalis (A: 41.3%, T: 38.8%),
0. furnacalis (A: 41.46%, T: 38.92%), B. mori (A: 43.06%, T: 38.30%)
(Yukuhiro et al., 2002), Phthonandria atrilineata (A: 40.78%, T: 40.24%)
(Yang et al., 2009), Ochrogaster lunifer (A: 40.09%, T: 37.75%) (Salvato
et al.,, 2008), Chinese Bombyx mandarina (A: 43.11%, T: 38.48%) (Pan
et al,, 2008) and A. atlas (A: 39.8%, T: 39.5%), among others.

The cytosine (C) content in the T. solanivora mitogenome was greater
than guanine (G), which is common in other recently discovered Lepi-
doptera mitogenomes (Table 3), except for Antheraea yamamai (G:
10.71%, C: 10.35%) (Kim et al., 2009), Eriogyna pyretorum (G: 10.61%, C:
7.45) and Artogeia melete (G: 11.33%, C: 8.65%) (Hong et al.,, 2009).

The A + T content was calculated for the three-codon positions in
the protein coding genes, and they showed few differences from other
Lepidoptera mitogenomes. In T. solanivora, the A + T content for the
first position was 71.9%, and similar values were observed in A. emma
(73.1%), Antheraea pernyi (72.9%) (Liu et al., 2008), C. boisduvalii
(73.8%), S. cynthia ricini (72.9%), B. mandarina (75.0%) (Yukuhiro et al.,
2002) and M. sexta (74.8%). In the second position, a lower A + T

Fig. 4. Inferred phylogenetic relationships between Lepidoptera based on nucleotide sequences of mitochondrial 13 PCGs using Bayesian inference (BI) and Maximum Likelihood (ML).
Numbers at nodes indicate Bayesian posterior probabilities (first value) and Bootstrap values (second value). The dipteran A. aegypti and the Orthopteran A. cinerea were used as
outgroups. Color of the branches represents Lepidopteran families and color-legend is shown in the top left. Topology differences between methods are shown in A (Noctuoidea

superfamily) and B (Papilionoidea superfamily) subfigures.
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Table 3

Comparison of nucleotide composition and skewness between T. solanivora and other lepidopteran mitogenomes.
Species Length (bp) A% G% T% C% A+T% G+ C% AT-skew GC-skew
T. solanivora 15,251 38.6 8.4 39.6 133 78.2 21.7 —0.013 —0.226
A. selene 15,236 38.54 8.05 40.37 13.03 78.91 21.08 —0.023 —0.236
C. raphaelis 15,314 39.37 7.30 43.29 10.04 82.66 17.34 —0.047 —0.158
E. pyretorum 15,327 39.17 7.63 41.65 11.55 80.82 19.18 —0.031 —0.204
A. yamamai 15,338 39.26 7.69 41.04 12.02 80.30 19.71 —0.022 —0.220
C. boisduvalii 15,360 39.34 7.58 41.28 11.79 80.62 19.37 —0.024 —0.217
S. cynthia ricini 15,384 39.65 7.81 40.13 12.41 79.78 20.22 —0.006 —0.227
M. sexta 15,516 40.67 7.46 41.11 10.76 81.78 18.22 —0.005 —0.181
A. pernyi 15,566 39.22 7.77 40.94 12.07 80.16 19.84 —0.021 —0.217
A. honmai 15,680 40.15 7.88 40.24 11.73 80.39 19.61 —0.001 —0.196

percentage was found (69.5%) (Table 2). The negative AT- and GC-skew
values indicate a greater inclination for the nitrogen bases, T and C.
Moreover, the second and third positions showed negative values for
both AT-skew and GC-skew, while the first position showed a slightly
positive value for the GC-skew (Table 2), indicating a greater bias for
G than C. On the other hand, the nucleotide composition in tRNAs exhib-
ita higher inclination for nitrogen bases A and G than for T and C. Similar
results were reported by Jiang et al. (2009) in E. pyretorum (AT-skew =
0.039 and GC-skew = 0.174) and Hong et al. (2009) in A. melete (AT-
skew = 0.034 and GC-skew = 0.142).

Most PCGs of T. solanivora mitogenome showed typical ATN initia-
tion codons (isoleucine and methionine). These initiation codons are
frequently found in the majority of Lepidoptera insects (Liu et al.,
2008; Cameron and Whiting, 2008), except for the COI gene that pre-
sented a CGA initiation codon (arginine). This codon represents the
first codon in mature mRNA for this gene and is a conserved feature in
the order Lepidoptera (Fenn et al., 2007; Cameron and Whiting,
2008), for which reason it is considered a synapomorphy of this group
of insects (Kim et al., 2014a, b). It is important to point out that the
high A + T percentages in insect mitogenomes result in high probabili-
ties of finding a non-coding triplet or a coding triplet within the tRNA-
Tyr gene, a result that could potentially produce generalized annotation
errors for the gene COI (Stewart and Beckenbach, 2009).

The TAA codon was found in eleven of the PCGs, in accordance
with the mitogenomes of other Lepidoptera, including T. incertulas,
S. funebris, S. cynthia and A. emma (Kim et al., 2014a, b). The stop
codon TAG was identified in NAD1 gene, and similar results were ob-
tained in five species of the family Hesperiidae (Kim et al., 2014a, b).
In summary, 12 of the 13 PCGs presented complete stop codons, and
for the COII gene, we identified an incomplete stop codon, T, which is
commonly found in the majority of Lepidoptera species to date
(Cameron and Whiting, 2008; Kim et al., 20144, b). This truncated
codon could be representative of a recognition site for an endonuclease
that splits the polycistronic pre-mRNA, where a post-transcriptional
polyadenylation then occurs, resulting in a functional stop codon
(TAA) (Ojala et al., 1981; Cameron and Whiting, 2008; Cao and Du,
2014).

The codon distribution analysis (Fig. 3a) shows that in T. solanivora,
the families of codons that represent the amino acid phenylalanine
(Phe) are more abundant, instead of Leucine 2 (Leu2), which dominates
in other Lepidoptera mitogenomes (Salvato et al., 2008). The relative
synonymous codon use in T. solanivora, as in other Lepidoptera, prefers
codons with an A or T in their third position (Lu et al., 2013).

The rRNA lengths were within the range of values reported for other
Lepidoptera, as their values range between 1314 bp in Euploea mulciber
(Nymphalidae) (Hao et al., 2013) and 1330 bp in Coreana raphaelis
(Lycaenidae). For the rRNA-Large and rRNA-Small, the length ranges
from 739 bp for Protantigius superans (Lycaenidae) to 788 bp in Acraea
issoria (Nymphalidae) (Kim et al., 2014a, b). The rRNAs in T. solanivora
have an A + T content of 83.7%, and similar values were reported for
other Lepidoptera, including C. cephalonica (80.43%), T. incertulas
(82.8%) and Dichocrocis punctiferalis (85.1%) (Wu et al.,, 2012a, b).

Most of the intergenic regions in this mitogenome were short
(215 bp), however, four longer overlap regions were found. The S1
intergenic sequence is commonly found in the Lepidoptera mitogenome,
and this region has not been identified in insects that belong to other or-
ders (Cameron and Whiting, 2008). The length of this sequence ranges
between 38 bp in T. incertulas and 88 bp in Sasakia charonda (Wu et al.,
2012a, b). This sequence can be considered a mitogenome marker for
the order Lepidoptera, and it most likely originated from a partial NAD2
gene duplication (Cao and Du, 2014).

Intergenic sequence S4 (17 bp) contains the “ATACTAA” motif typi-
cally found in other lepidopterans (Cameron and Whiting, 2008; Cao
etal., 2012; Lu et al.,, 2013). This motif plays an apparent role as a recog-
nition site for the protein implicated in mitochondrial transcription ter-
mination (mtTERM) (Taanman, 1999). Furthermore, this sequence has
been recognized for being highly conserved, with a length ranging be-
tween 17 and 20 bp (Lu et al., 2013).

The 8-bp OLS1 overlap sequence and OLS2 (7 bp) are consistent with
the same genes found in other lepidopterans, although they differ in
length (Kim et al., 2009; Taanman, 1999). In addition, the overlap region
OLS3 between COI and tRNA-leu2 genes was previously found in Maruca
vitrata with a length of 2 bp. This study was based on transcription and
expression of mitochondrial genes (Margam et al., 2011).

The A + T-rich region is 332 bp in length with 91.3% A + T con-
tent, and it has a negative skew value (—0.056), meaning that is bi-
ased for the nitrogen base thymine, as reported for the mitogenomes
of other lepidopterans. One exception to this trend is A. honmai,
which has a positive AT skew (0.028), indicating a bias for adenines
(Lee et al., 2006). The length of this region is variable in the order
Lepidoptera, and it can be as long as 1270 bp, as reported in Papilio
bianor (Papilionidae) (Hou et al., 2014). This region represents a con-
served structural region commonly found in the order Lepidoptera,
which includes the “ATAGA” motif followed by a segment with a var-
iable poly-T sequence (15 to 17 bp), and this motif is immediately
followed by the tRNA-Met gene (Salvato et al., 2008; Zhao et al.,
2011; Kim et al., 2014a, b). In T. solanivora, this segment is composed
of 17 thymine nucleotides. Furthermore, this segment has been con-
sidered a fundamental sequence for gene regulation and it apparent-
ly functions as a possible recognition site for the replication initiation
of the minor strain of mtDNA (Cao and Du, 2014; Wang et al., 2013; Kim
etal., 20144, b). In addition, eight microsatellite regions were identified
within the mitogenome of T. solanivora, referred to as (TAA),4, (AT)g and
(TAT);. These were the most representative microsatellites found in the
species, although the mononucleotide sequences, (T)g and (A){o, were
also identified (Van Oppen et al., 1999). These represent the relevant re-
gions of this genome for future studies. Also, in most lepidopteran
mitogenomes, the (AT)g microsatellite has been previously reported.
This microsatellite is preceded by the “ATTTA” motif that is commonly
found in other mitogenomes (Cameron and Whiting, 2008; Kim et al.,
2014a, b). In S. funebris, the same (AT)g microsatellite was identified
as that found in T. solanivora. Nevertheless, most lepidopteran
mitogenomes report (AT),, where n ranges from 7 to 12 (Lu et al.,
2013; Cao and Du, 2014).
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The results obtained in the phylogenetic analysis are well supported
and generated the first phylogeny of the family Gelechiidae based on
the utilization of mitogenome data, showing to T. solanivora and P.
gossypiella in a monophyletic group with high support values in both
trees (1/96, BI/ML). This relationship it is accordance with traits such
as both are monophagous pests and they feed on internal parts of the
crops. However, other molecular markers are necessary to complement
this work, including nuclear markers. Also it is important to increase the
number of taxa to study the Gelechiidae family.

An study made by Karsholt et al. (2013), was based on sequencing
seven nuclear genes and one mitochondrial gene (COI) and demonstrat-
ed that pest species of this family are scattered among different lineages,
dividing this family in six distinct clades which seem be associated with
traits such as larval mode of life and external or internal feeding in the
crops within the family.

Additionally, the Gelechiidae family shares a common ancestor
with Promalactis suzukiella, member of Oecophoridae family from
Gelechioidea superfamily, which is not shared with other families
of the order Lepidoptera, even so, this hypothesis must be tested
using other genes and a larger number of analyzed taxa, including indi-
viduals from the Cosmopterigidae family, because previous studies
based both on morphological features (Hodges, 1998) and molecular
analysis (Kaila et al., 2011; Karsholt et al., 2013) support the sister
group relationship between Cosmopterigidae and Gelechiidae families.

Recent molecular phylogenetic studies of the insect order Lepi-
doptera using datasets of concatenated mitochondrial protein cod-
ing genes and rRNAs (Timmermans et al., 2014) and nuclear genes
(Sohn et al., 2015) support a relationship between Gelechioidea
and the advanced clade Obtectomera sensu, These studies shown an ex-
tended clade Obtectomera, including Gelechioidea, Thyridoidea and
Pterophoroidea, in addition to the conventional clade composition:
Papilionoidea, Pyraloidea and Macroheterocera (Bombycoidea,
Noctuoidea, Geometroidea, Depranoidea) (Bazinet et al., 2013),
which seems consistent with our study.

5. Conclusion

In this study, the mitogenome of T. solanivora was sequenced, ana-
lyzed and compared with other lepidopteran insects, making this the
second mitogenome record of the family Gelechiidae. This mitogenome
shares many features with those reported previously in Lepidoptera but
exhibited several subtle differences in the codon distribution within the
A + T region. The phylogenetic relationships of 12 clades of the order
Lepidoptera were shown in this work using Bayesian and Maximum
Likelihood inference, which provided well-supported results consistent
with molecular and morphological traits. In addition, the taxonomic sta-
tus of the T. solanivora species was shown, detecting its close relation-
ship with another pest: P. gossypiella. This study provides relevant
information on the phylogeny of the family Gelechiidae, which is com-
posed of pest species that produce economic loss in several countries
in the Western Hemisphere, particularly with potato crops, as is the
case with T. solanivora or the potato tuber moth. However, Gelechiidae
family continues being little explored.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gene.2016.01.031.
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