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Abstract. The Mediterranean flour moth, Ephestia kuehniella is a widespread pest of stored products and a classical object in
experimental biology. In the present study, we determined its complete mitochondrial genome sequence. The genome is circular,
consists of 15,327 bp and comprises 13 protein-coding, 2 rRNA- and 22 tRNA-coding genes in an order typical for the Ditrysia
clade of the order Lepidoptera. A phylogenetic study of the Lepidoptera based on complete mitochondrial genomes places E.
kuehniella correctly in the family Pyralidae and supports major lepidopteran taxa as phylogenetic clades. The W chromosome
of E. kuehniella is an exceptionally rich reservoir of originally mitochondrial sequences (numts). Around 0.7% of the W DNA was
found to be of mitochondrial origin, 83% of the mitogenome sequence was represented between 1-11 x in the W chromosome.
Phylogenetic analysis further revealed that these numts are an evolutionary recent acquisition of the W chromosome.

ABBREVIATIONS

ATP6 — ATP synthase subunit 6

ATP8 — ATP synthase subunit 8

COXI1 — cytochrome c oxidase subunit 1
COX2 — cytochrome c oxidase subunit 2
COX3 — cytochrome c oxidase subunit 3
CYTB - cytochrome b

ME — Minimum Evolution algorithm

ML — Maximum Likelihood algorithm
mitogenome — mitochondrial genome

mtDNA — mitochondrial DNA

NADH1 — NADH dehydrogenase subunit 1
NADH2 — NADH dehydrogenase subunit 2
NADH3 — NADH dehydrogenase subunit 3
NADH4 — NADH dehydrogenase subunit 4
NADHA4L — NADH dehydrogenase subunit 4L
NADHS — NADH dehydrogenase subunit 5
NADHG6 — NADH dehydrogenase subunit 6
NJ — Neighbor Joining algorithm

numts — nuclear mitochondrial DNA segments
PCG — protein coding gene

INTRODUCTION

Mitochondrial genomes have some outstanding features
compared with nuclear eukaryotic genomes. They are usu-
ally circular, non-recombining, present in multiple copies,
transmitted from females only, and have a slightly different
genetic code. In Metazoa, the mitochondrial genome typi-
cally contains 13 well-conserved intron-less protein coding
genes (PCGs), 2 rRNA and 22 tRNA genes (Bernt et al.,
2013).

Because of the relative ease of obtaining them, mito-
chondrial DNA sequences have been used extensively
in phylogenetic studies. These have mainly been based
on PCGs and/or the 16S rRNA gene. The mitochondrial
COXI1 gene has been sequenced from a great many species
in pursuit of the Barcode-Of-Life project and forms the
greatest existing global database for a single gene (www.
boldsystems.org).

The Mediterranean flour moth, Ephestia kuehniella is a
pest of stored cereal products, grains and flour. Humans
have been largely responsible for spreading this serious
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economic pest insect around the world via infested goods
(Invasive Species Compendium, www.cabi.org/isc). E.
kuheniella is easy to breed in the laboratory and has been
extensively used in developmental studies, and in genetic
and cytogenetic research since the 1920s (reviewed by
Robinson, 1971). Although the W chromosome and sev-
eral genomic loci were studied at the molecular level (see
e.g. Rohwedel et al., 1993; Sahara et al., 1999; Traut et
al., 1999, 2013; Pytelkova et al., 2009; Guz et al., 2012;
Kobelkova et al., 2015), the nuclear genome has not yet
been sequenced. In the present study, we describe the com-
plete mitochondrial genome, compare it with that of other
lepidopteran species, and investigate the invasion of the W
chromosome by mitochondrial sequences called numts (i.e.
nuclear mitochondrial DNA segments; Lopez et al., 1994).

MATERIALS AND METHODS

Animals

For our study, we used the E. kuehniella 1aboratory strain “L”,
a strain known to have been inbred for many decades, originating
from Alfred Kiihn’s broods of the 1930s. DNA for PCR amplifi-
cation was extracted from male larvae only, to avoid contamina-
tion with known W chromosomal numts (Traut et al., 2013).

DNA sequencing

The mitogenome was assembled from Sanger sequencing of
two different sources: (1) DNA enriched for mitochondrial se-
quences by the alkaline lysis procedure (Tamura & Aotsuka,
1988); and (2) PCR products of primer pairs listed in Table 1.
PCRs were performed with Phusion High-fidelity Polymerase
(Thermo Fisher Scientific, Dreieich, Germany). The DNA tem-
plates for PCR amplifications were isolated using the ZR Tissue
& Insect DNA Microprep (Zymo Research, Freiburg, Germany)
or by a salting-out protocol (Sunnucks & Hales, 1996).

A small gap around position 6300 of the linearised mitogenome
(see acc. no. KF305832) proved difficult to close by PCR. Several
primer pairs were tried without success, although the same prim-
ers amplified the correct sequences on either side of the gap. This
problem was assumed to be caused by a highly stable secondary
structure in that region. Eventually, PCRs with prolonged elonga-
tion times (3 min for ~ 500 bp) and using GC Phusion buffer were
able to close the gap and thus rendered the products amenable

Table 1. Primers used in the reconstruction of the Ephestia kue-
hniella mitogenome.

Name Position Sequence

Forward
mitF2 14217 CAAGCTCTAATTTGATTCTTTC
mitF3 12107 CAGCAAAATCAAATGGTGTC
mitF5 2119 TGGAGGGGGAGATCCTATTC*
mitF10 10606 TAATTGATCTTCCATCCCCC
mitF18 330 TGATTTGGGTGTTGAATTGG
mitF23 6023 AAGCAATTTTGCATTTAATTTC
mitF41 6086 AACCAAAATAGAGGTATATCACTG
s1 3 4586 TATACCTTCCTTTTTTATCCCC

Reverse
mitR1 458 AATTGAGGCGATAGATTGGG
mitR2 14316 ATGTACATATTGCCCGTCGC
mitR4 3899 GGTATTATTTGAGGGATAAAAG
mitR9 12583 GGGGAATTTTACAACCTTTTTC
mitR17 1913 TTCCAGCTAAATGAAGGGAG
mitR43 6649 AAGAAGTTTTTTAGGGATAATATG
N4552modif 4550 ATGGCCTGCAATTATATTAGC
N6160modif 6125 TCAATTTTATCATTAACAGTGA

* 2 mismatches compared to the genomic sequence
(TGGGGGAGGAGATCCTATTC).
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for sequencing. When the mitogenome sequence from position
4000-8000 was scanned with different window sizes for the low-
est free energy and local folding potential with RNAslider and
mfold (Patzel et al., 1999; Dornseifer & Sczakiel, 2013), a mini-
mum of free energy with about —20 kcal turned up around posi-
tion 6300 with a potential to form a perfect 40 nt hairpin loop
which may have caused the initial PCR problems.

Annotation

PCGs and ribosomal RNA genes were predicted with the help
of the DOGMA program (Wyman et al., 2004) and by homology
with known lepidopteran genes. To predict tRNA genes, ARWEN
(Laslett & Canbéck, 2008) was used.

Alignment and phylogenetic analyses

In a preliminary approach with only seven lepidopteran spe-
cies, we tested whole mitogenomes, concatenated PCG nucleo-
tide, and amino acid sequences as substrates for a phylogenetic
study. Phylogenies calculated from the concatenated pre-aligned
amino acid sequences of all 13 PCGs conformed best with the
lepidopteran phylogeny published by Regier et al. (2013). This
procedure was then used in a final series of 49 mitogenomes (47
Lepidoptera and 2 Trichoptera species, Table 2).

Multiple alignments were performed with ClustalW (Larkin et
al., 2007) using the standard parameters. Misplacements of amino
acids bordering gaps were corrected manually if, and only if, the
new alignment was obviously better and no further gaps were cre-
ated. For phylogenetic analyses, Neighbor Joining (NJ) (Saitou
& Nei, 1987), Maximum Likelihood (ML) (Felsenstein, 1973)
and Minimum Evolution (ME) (Rhetsky & Nei, 1993) trees were
constructed with default parameters using the MEGAG6 platform
(Tamura et al., 2013). Bootstrapping (1000 repeats) served as a
confidence test.

Numt searches

For numt searches in the E. kuehniella W chromosome we used
an existing library of 20,718 contigs with >100 bp, assembled
from 361,828 Roche/454 and 1,172 Sanger reads of microdis-
sected W chromosome DNA (see Traut et al., 2013). FASTA36
searches were performed with a threshold expectation value of £
=0.0001 and the complete E. kuehniella mitogenome as a query.
To allow for the use of a linear query in the case of a circular ge-
nome, we added the missing hits obtained with a query in which
the start of the linearised mitogenome was shifted by 300 bp.
All alignments of hit sequences were inspected individually. We
counted as numts only those sequences that had a minimum of 15
bp flanking non-mitochondrial sequence and, therefore, appeared
“chimeric”. Completely “mitochondrial” contigs were excluded
from this study because they may have been genuine mitochon-
drial sequences contaminating the W chromosomal library. Fur-
ther excluded were hits on purely low complexity regions.

BLAST searches for numts in other genomes were performed
with the same criteria in the genomes of the Bombyx mori, Dan-
aus plexippus, Heliconius melpomene, Melitaea cinxia (Ensem-
bleMetazoa at www.ebi.ac.uk), Chilo suppressalis (ento.njau.edu.
cn/ChiloDBY/), and Manduca sexta (agripestbase.org/manduca/).

RESULTS AND DISCUSSION

Sequence and gene order

The E. kuehniella mitogenome was assembled from
Sanger sequences of mtDNA-enriched samples and PCR
products from males. Long sequences of 516-3.282 bp
(average 2.239 bp), free of non-mitochondrial segments,
with precisely matching overlapping ends, were selected
for the assembly to avoid the inclusion of numts. Neverthe-
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Table 2. Species included in the phylogenomic study.
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Order Family Species Accession no.
Trichoptera Trichoceridae Paracladura trichoptera (Osten Sacken) NC_016173.1
Phryganeidae Eubasilissa regina (McLachlan) NC_023374.1
Lepidoptera Bombycidae Bombyx mori (L.) AB070264
Rondotia menciana (Moore) NC_021962.1
Carposinidae Carposina sasakii Matsumura NC_023212.1
Cossidae Eogystia hippophaecolus (Hua et al.) NC_023936.1
Crambidae Ostrinia nubilalis (Hibner) NC_003367.1
Chilo suppressalis (Walker) NC_015612.1
Elachistidae Promalactis suzukiella Matsumura NC_026697.1
Erebidae Hyphantria cunea (Drury) NC_014058.1
Amata formosae (Butler) NC_021416.1
Gelechiidae Pectinophora gossypiella (Saunders) KM225795.1
Geometridae Phthonandria atrilineata (Butler) NC_010522.1
Biston suppressaria (Guenée) NC_027111.1
Hepialidae Ahamus yunnanensis (Yang et al.) NC_018095.1
Thitarodes renzhiensis (Yang et al.) NC_018094.1
Hesperiidae Celaenorrhinus maculosa (C. & R. Felder) KF543077.1
Daimio tethys (Ménétries) NC_024648.1
Lasiocampidae Dendrolimus punctatus (Walker) NC_027156.1
Lycaenidae Coreana raphaelis (Oberthiir) NC_007976.1
Lycaena phlaeas (L.) NC_023087.1
Lymantriidae Lymantria dispar (L.) NC_012893.1
Gynaephora menyuanensis Yan & Chou NC_020342.1
Lyonetiidae Leucoptera malifoliella (O. Costa) NC_018547.1
Noctuidae Sesamia inferens (Walker) NC_015835.1
Spodoptera litura (Fabricius) KF701043.1
Nolidae Risoba prominens Moore NC_026841.1
Gabala argentata Butler NC_025842.1
Notodontidae Ochrogaster lunifer Herrich-Schaffer NC_011128.1
Phalera flavescens (Bremer & Gery) NC_016067.1
Nymphalidae Kallima inachus (Boisduval) NC_016196.1
Fabriciana nerippe (C. & R. Felder) NC_016419.1
Papilionidae Papilio glaucus (L.) NC_027252.1
Teinopalpus aureus Mell KP941013.1
Pieridae Artogeia melete (Ménétries) EU597124.1
Pieris rapae (L.) NC_015895.1
Plutellidae Plutella xylostella (L.) NC_025322.1
Pyralidae Ephestia kuehniella (Zeller) NC_022476.1
Plodia interpunctella (Hibner) NC_021746.1
Riodinidae Apodemia mormo (C. & R. Felder) NC_024571.1
Abisara fylloides (Moore) NC_021746.1
Saturniidae Antheraea pernyi (Guérin-Méneville) NC_004622.2
Afttacus atlas (L.) NC_021770.1
Sphingidae Manduca sexta (L.) NC_010266.1
Sphinx morio (Rothschild & Jordan) NC_020780.1
Stathmopodidae Atrijuglans hetaohei (Yang) KT581634.1
Tortricidae Adoxophyes honmai Yasuda NC_008141.1
Spilonota lechriaspis Meyrick NC_014294.1
Yponomeutidae Prays oleae (Bernard) NC_025948.1

less, like other mitogenomes, there is always a residual risk
of not having assembled an absolutely numt-free sequence.

The mitochondrial genome of E. kuehniella was circular
with a size of 15,327 bp (acc. no. KF305832). Like most
metazoans, the mitogenome codes for 13 PCGs, 2 rRNAs,
and 22 tRNAs (Table 3). Their order is shown in Fig. 1. An
overlap of 7 bp coding sequence was found at the transition
from the ATP8 to the ATP6 gene.

A phylogenetically informative tRNA gene rearrange-
ment has been described by Cao et al. (2012) and Timmer-
mans et al. (2014). In insects, the inferred ancestral order
of tRNA genes between the control region and the NADH?2
gene is tRNA-Ile / tRNA-GIn / tRNA-Met. Non-ditrysian
moths from the superfamilies Hepialoidea, Adeloidea, and
Nepticuloidea share this order, while in Ditrysia, Palae-
phatidae, and Tischeriidae, the order is tRNA-Met / tRNA-
Ile / tRNA-GIn, thereby supporting the assumed mono-
phyletic origin of this group. In E. kuehniella, the order of
tRNA genes between the control region and the NADH2
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gene, corresponding to nucleotide positions 1-203, is iden-
tical to that of other ditrysians.

Phylogenomics

After preliminary tests with a small set of mitogenomes
(see Material and methods), we used concatenated pre-
aligned amino acid sequences of all 13 PCGs for a straight-
forward approach of phylogenetic analysis. Only species
with completely known mitogenomes were included. To
avoid oversampling of some groups, we selected at most
two species from all families of which such data were
available (see Table 2). Two species of Trichoptera, the sis-
ter group of Lepidoptera, served as outgroups.

The Neighbor Joining (NJ) tree constructed on this data-
set is shown in Fig. 2. The tree topology is rather robust.
Maximum Likelihood (ML) and Minimum Evolution
(ME) trees display identical topologies (except for one
node with <50% bootstrap support, not shown). E. kuehn-
iella is grouped with the Indian meal moth, Plodia inter-
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Ephestia kuehniella
Mitochondrial Genome
15,327bp

Fig. 1. The mitogenome of Ephestia kuehniella. Arrows indicate
sense direction of genes. Names of tRNA genes abbreviated by
one letter amino acid code.

punctella, another pyralid species and its closest relative
with a sequenced mitogenome (Liu et al., 2016).

Members of the same family are correctly joined, and
superfamilies, with a few exceptions, are represented as

TasLE 3. Genes of the Ephestia kuehniella mitogenome.
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monophyletic groups. A conspicuous exception are the
“butterflies”, Papilionoidea plus Hesperioidea. As already
noted by Kristensen & Skalski (1999) in their earlier phy-
logenetic analysis of the Lepidoptera, based mainly on
comparative morphology, Papilionoidea are paraphyletic.
This superfamily forms a single clade only together with
Hesperioidea. Bombycoidea are monophyletic only when
Lasiocampidae (i.e. Dendrolimus punctatus) are omitted.
Similarly, Yponomeutoidea appear as monophyletic only
without Lyonetiidae (i.e. Leucoptera malifoliella). As to
Pyraloidea, Pyralidae (i.e. E. kuehniella and Plodia inter-
punctella) and Crambidae (i.e. Chilo suppressalis and Os-
trinia nubilalis), just fail to form a common dichotomous
branching node, the bootstrap value is 45%.

Major taxonomic groups like Ditrysia, Obtectomera,
and Macroheterocera are well supported as monophyletic
in our mitogenome tree. The internode branch lengths of
some other early ditrysian lineages are rather short and col-
lapse when a bootstrap cut-off value of 50% is applied as
in Fig. 2. The difficulty to resolve the phylogeny of early
ditrysian lineages has been observed in previous studies
of lepidopteran phylogeny, both when using molecular as
well as comparative morphologic approaches. This diffi-
culty is supposed to reflect a period of radiation at the basis
of ditrysian evolution, presumably correlated with the ra-
diation of flowering plants (Mutanen et al., 2010).

Gene Product Position Size in bp Start codon Stop codon
trnM tRNA-Met 1-68 68

trnl tRNA-lle 70-133 63

trnQ tRNA-GIn complement(135-203) 69

nad2 NADH2 246-1259 1014 ATC TAA
trnW tRNA-Trp 1257-1329 73

trnC tRNA-Cys complement(1320-1388) 69

trnY tRNA-Tyr complement(1391-1455) 65

cox1 COX1 1460-2995 1535 CGA? TAA
trnL2 tRNA-Leu 2990-3059 70

cox2 COX2 3059-3740 682 ATT T
trnK tRNA-Lys 3740-3812 73

trnD tRNA-Asp 3811-3883 73

atp8 ATP8 3883-4044 162 ATC TAA
atp6 ATP6 4038-4718 681 ATG TAA
cox3 COX3 4718-5506 489 ATG TAA
trnG tRNA-Gly 5508-5575 68

nad3 NADH3 5572-5928 357 ATA TAA
trnA tRNA-Ala 5943-6010 68

trnR tRNA-Arg 6015-6081 67

trnN tRNA-Asn 6078-6143 66

trnS1 tRNA-Ser 6142-6219 78

trnE tRNA-Glu 6220-6297 78

trnF tRNA-Phe complement(6326—6393) 68

nad5 NADH5 complement(6393—-8109) 1717 ATT T
trnH tRNA-His complement(8128—-8196) 69

nad4 NADH4 complement(8197-9535) 1339 ATG T
nadb NADH4L complement(9538-9825) 288 ATG TAG
trnT tRNA-Thr 9828-9892 65

trnP tRNA-Pro complement(9892-9959) 68

nad6é NADH6 9961-10488 528 ATT TAA
cytb CYTB 10542-11690 1149 ATG TAA
trnS2 tRNA-Ser 11706-11773 68

nad1 NADH1 complement(11793-12728) 936 ATA TAA
trnL tRNA-Leu complement(12731-12800) 70

rrL 16S rRNA complement(12824—14151) 1328

trnV tRNA-Val complement(14163—14231) 69

mS 12S rRNA complement(14233—15005) 773

* Stop codon is completed by the addition of a poly(A) tail.

485



Lammermann et al., Eur. J. Entomol. 113: 482488, 2016

Gabala argentata

X

100 Risoba prominens

97

Sesamia inferens

3

100 Spodoptera litura
98 Amata formosae
100 ‘: Hyphantria cunea
=5 97 —l: Gynaephora menyuanensis
86 Lymantria dispar
47 Phalera flavescens
% 100 Ochrogaster lunifer
(o) 74
éef Biston suppressaria
<9/“oo 100 I: Phthonandria atrilineata
@/é — Bombyx mori
\ 100 Rondotia menciana
76 92 Attacus atlas
100 Antheraea pernyi
89 Sphinx morio
100 ‘: Manduca sexta
Dendrolimus punctatus
Plodia interpunctella
& 100 L Ephestia kuehniella
Chilo suppressalis
100 L Ostrinia nubilalis
Eogystia hippophaecolus
Atrijuglans hetaohei
70 Promalactis suzukiella
E‘: Pectinophora gossypiella
- Papilio glaucus
100 L Teinopalpus aureus
Daimio tethys
55 96 100 L— Celaenorrhinus maculosa
Oé/' Pieris rapae
@c}b 88 100 Artogeia melete
’))@ Fabrisiana nerippe
% I T
100 Kallima inachus
\ Apodemia mormo
99 84 —| o
100 Abisara filloides
100 Lycaena phlaeas
O 100 Coreana raphaelis
//9, o] Spilonota lechriaspis
5 88
) 100 L Adoxophyes honmai
\ Carposina sasakii
97 — Prays oleae

86 L Plutella xylostella

Leucoptera malifoliella

Ahamus yunnanensis

100 L Thitarodes renzhiensis

Paracladura trichoptera

Eubasilissa regina

doi: 10.14411/eje.2016.063

Noctuoidea

Geometroidea

Bombycoidea

Pyraloidea

Cossoidea

Gelechioidea

Papilionoidea

Hesperioidea

Papilionoidea

Tortricoidea

Copromorphoidea

Yponomeutoidea

Hepialoidea

Trichoptera

Fig. 2. Phylogenetic tree of 47 selected lepidopteran species, inferred from the mitochondrial PCGs using the Neighbor-Joining method.
Nodes were collapsed at the 50% bootstrap cutoff value. Two trichopteran species served as outgroups. Numbers denote bootstrap val-

ues.
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Fig. 3. Source (position in mitogenome) and frequency (N) of numt
sequence in the W chromosome of Ephestia kuehniella.

Numts in the W chromosome

Two libraries, Roche/454 and Sanger sequences, of W
chromosomal DNA from E. kuehniella had been estab-
lished in a previous investigation and shown to contain
>1% reads with DNA of mitochondrial origin (Traut et al.,
2013). The libraries were prepared from microdissected W
chromatin. Here, we use the contig library assembled from
the combined Roche/454 and Sanger sequences for a de-
tailed analysis.

Using the Ephestia mitogenome as a query, FASTA
searches exposed 235 contigs as partly or fully consisting
of mitochondrion-derived sequence. We could not exclude
the possibility that genuine mitochondrial sequences were
contaminants of the library. Therefore, we considered as
numts only those that had at least 15 bp flanking non-mi-
tochondrial sequence besides mitochondrion-derived se-
quence. That left 146 contigs with numt sequences.

When the W-chromosomal numts were mapped against
the mitogenome, 83.3% of the mitogenome were also
found to be present in the W chromosome. Each position
of the mitogenome was represented 0—11 x in W chromo-
somal DNA (Fig. 3). There were 7.28 bp numts per kb mi-
togenome in the contig library.

For a comparison, we determined the numt density in the
genome libraries of other lepidopteran species, which are
publicly available. The fraction of numt sequences in these
genomes was 2—3 orders of magnitude lower than present
in the E. kuehniella W chromosome (Table 4). However,
there was no opportunity to study numt density in their W
chromosomes because three of the libraries were assem-
bled from male genomes, i.e. they consisted of autosomal
and Z chromosomal sequences only. Three other libraries
included the W chromosome, but since W-chromosomal
contigs or scaffolds have not been earlier identified in such
libraries, we could not determine the numt density in the W
chromosomes therein.

TaBLE 4. Numt density in lepidopteran genomes.
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Fig. 4. ME tree of numt c621 (numtin contig c621) and homologous
mitochondrial segments from Ephestia kuehniella (Pyralidae), Plo-
dia interpunctella (Pyralidae), Spilonota lechriaspis (Tortricidae),
and Plutella xylostella (Plutellidae, outgroup).

Recorded numt densities in other nuclear genomes are
also mostly in the order of 0.001-0.01 bp/kbp but vary
from 0 in the mosquito, Anopheles gambiae to 1.7 bp/kbp
in the model plant species, Arabidopsis thaliana (Richly &
Leister, 2004; Pamilo et al., 2007). Thus the numt density
of the Ephestia W chromosome is more than 4x that of the
highest density recorded to date in a nuclear genome.

We attribute the high proportion of numt sequences in
the W chromosome to its non-recombining nature. W chro-
mosomes cannot eliminate invading sequence as long as
these sequences are not decreasing the organism’s overall
fitness. Hence, numts accumulate very much like trans-
poson sequences do in the W chromosome. Besides non-
recombination, there is probably no selection acting on
mitochondrial sequences, once they are inserted in the W
chromosome. Hence, mutability is supposed to be high.
We indeed found deletions, insertions, inversions and base
substitutions in originally protein-coding and other numt
sequences. Nevertheless, identity with the genuine mito-
chondrial sequence was still very high (94-100%). This
indicates that the detected numts were rather recent inser-
tions in the W chromosome.

To test this assumption, we constructed phylogenetic
trees from the longest numts and their corresponding mi-
togenomic segments of E. kuehniella (Pyralidae), Plodia
interpunctella (Pyralidae), Spilonota lechriaspis (Tortri-
cidae), and Plutella xylostella (Plutellidae). Plodia is the
closest relative of Ephestia with a sequenced mitogenome,
whereas Plutella serves as an outgroup. In all 14 such trees,
the numt sequence was on the same sub-terminal node as
the Ephestia mitochondrial sequence, as shown in Fig. 4.
We conclude from this that these sequences were inserted
into the W after divergence of the Plodia lineage from that
of Ephestia. A search with the mitogenome of Plodia in
the W chromosme contig library did not reveal any numt
with equal distance to Ephestia and Plodia. This indicates
that none of the numts had been inserted in the W before
divergence of the Ephestia and Plodia lineages. We had ex-
pected older numts besides more recently inserted numts.
It is conceivable, however, that older numts have escaped

Chromosomes Database Size, bp Hits Numts, bp Fraction
Bombyx mori A Z EnsemblMetazoa 431,707,935 46 13,555 3.10 x 10°
Chilo suppressalis A Z W ChiloDB 269,658,870 81 16,311 4.40 x 10
Danaus plexippus A Z,W EnsemblMetazoa 272,853,388 17 25,677 9.40 x 10
Heliconius melpomene A, Z EnsemblMetazoa 269,658,870 81 7,814 2.90 x 10
Melitaea cinxia A ZW EnsemblMetazoa 360,985,414 40 6,072 1.70 x 10
Manduca sexta A Z ManducaBase 419,441,879 13 1,217 2.90 x 10
Ephestia kuehniella W Contig library 8,921,293 142 64,978 7.28 x 103
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detection due to major DNA changes since their insertion
and only those from a rather recent burst of numt insertions
had retained sufficient similarity.
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