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Letter to the Editor
The Complete Sequence of the Mitochondrial Genome of the Honeybee Ectoparasite
Mite Varroa destructor (Acari: Mesostigmata)
Maria Navajas,* Y. Le Conte,† M. Solignac,‡ S. Cros-Arteil,* and J.-M. Cornuet*

Complete mitochondrial genome sequences are now
available for 28 Arthropoda (see references at: http://
www.jgi.doe.gov/programs/comparative/Mitoptopplevel.
html), more than for any other invertebrate phylum. As
in other metazoans, the mtDNA genome is circular and
contains 37 genes: 22 for transfer RNAs (tRNA), 2 for
rRNAs (rrnL and rrnS), and 13 for protein subunits (Wolstenholme 1992). There is also one major noncoding region which is thought to play a role in the initiation of
transcription or replication (or both) of the DNA molecule (Goddard and Wolstenholme 1978).
Apart from tRNA genes, whose relative positions
in the mitochondrial genome vary (Boore 1999), gene
order has been long conserved in some lineages of Arthropoda. The arrangement found in most studied insects, for instance, differs from that of the chelicerate
Limulus polyphemus by the location of only one tRNA
(Staton, Daehler, and Brown 1997; Lavrov, Boore, and
Brown 2000). This latter arrangement is believed to be
ancestral for arthropods (Boore et al. 1995). However,
variants of this gene order have been described. Among
the Acari, complete mtDNA sequences are available for
two ticks Ixodes hexagonus and Rhipicephalus sanguineus (Black and Roehrdanz 1998), whereas a broad
sampling of gene boundaries is available from another
tick Boophilus microplus (Campbell and Barker 1999).
Notable rearrangements in the gene order were found
for two of these ticks: R. sanguineous (Black and Roehrdanz 1998) and B. microplus (Campbell and Barker
1999). These rearrangements involve a translocation of
an eight-gene block bounded by the genes nad1 and
trnG (along with other tRNA rearrangements). Such major rearrangements of protein-coding mitochondrial
genes are not specific to Acari because other important
changes have been found in the insect Heterodoxus macropus (Shao, Campbell, and Barker 2001), the crustacean Pagurus longicarpus (Hickerson and Cunningham
2000), and the millipede Narceus annularus (Lavrov,
Boore, and Brown 2002). The three species of Acari for
which the complete mtDNA gene arrangement has been
studied are all in the family Ixodidae (Parasitiformes:
Metastigmata) (Black and Roehrdanz 1998; Campbell
and Barker 1999). Nothing is known about gene order
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in other lineages of Acari. We provide here the complete
sequence of the mitochondrial genome of Varroa destructor (Parasitiformes: Mesostigmata), a neoparasite
of the western honeybee (Apis mellifera) and hence a
major threat for beekeeping all around the world.
Total genomic DNA was isolated from a single female of V. destructor collected from a honeybee colony
maintained in the INRA Zoology station at Avignon,
France. Total DNA was isolated by a hexadecyltrimethylammonium bromide procedure (Navajas et al. 1998).
The entire mitochondrial genome was amplified in two
pieces with the Expand Long Template PCR kit (Roche).
PCR primers were designed in the cox1 gene, using the
published partial sequence of V. destructor (positions
239–257 in Anderson and Trueman 2000) and the universal primer N4-J-8944 located in the nad4 (Simon et
al. 1994). Using these two PCR primers (59GCGGTT
CCCACTGGTATT39 and 59GGAGCTTCAACATGAG
CTTT39) and their reverse complementary sequences,
we produced two fragments: fragment 1 of ca. 6,300 bp
and fragment 2 of ca. 10,000 bp. Fragment 1 was sequenced by primer walking. Fragment 2 was digested
by the Sau3A restriction enzyme, and the resulting reaction was cloned. Two short clones were sequenced,
and their respective sequences were used to define new
primers. These were used to produce overlapping PCR
products that were cloned and sequenced by primer
walking. The control region could be localized but not
entirely sequenced due to the presence of large (157 bp)
repeated elements. Its size could, however, be estimated
after amplification with flanking primers.
The amino acid sequences of the protein-coding
genes were inferred from the Drosophila mtDNA genetic code. Protein gene sequences were identified by
their similarity to published arthropod mtDNA and by
alignment with sequences from R. sanguineus and I.
hexagonus. We identified tRNA genes by using their
potential to be folded into tRNA-like secondary structures with the tRNscan-SE program–modifying parameters to identify unusual tRNAs (Lowe and Eddy 1997).
The tRNA secondary structures were detected in this
way for 20 out of the 22 tRNAs. The remaining trnC
and trnS(agn) were detected by inspecting noncoding
sequences for the tRNA-like secondary structure by eye.
The entire mitochondrial genome of V. destructor
has an estimated size of 16,477 bp and belongs to the
Korean mitochondrial haplotype described by De Guzman et al. (1998) that has been identified on A. mellifera
in Europe, the Middle East, Africa, Asia, and the Americas (Anderson and Trueman 2000). The mitochondrial
genome size of V. destructor is larger than those of the
three Acari previously studied, which are ca. 15 kb and
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Varroidae
Ixodidae
Ixodidae
Ixodidae
Limulidae
Artemiidae
Daphniidae
Panaeidae
Culicidae
Tephritidae
Calliphoridae
Culicidae
Drosophilidae
Drosophilidae
Reduvidae
Apidae
Bombycidae
Acrididae
Boopidae
Spirobolidae
Lithobiidae
Hargapagophoridae

FAMILY
Varroa destructor
Ixodes hexagonus
Rhipicephalus sanguineus 1a
Rhipicephalus sanguineus 2a
Limulus polyphemus
Artemia franciscana
Daphnia pulex
Penaeus monodon
Anopheles gambiae
Ceratitis capitata
Cochliomyia hominivorax
Anopheles quadrimaculatus
Drosophila yakuba
Drosophila melanogaster
Triatoma dimidiata
Apis mellifera
Bombyx mori
Locusta migratoria
Heterodoxus macropus
Narceus annularus
Lithobius forficatus
Thyropygus sp.

SPECIES

Two different control regions have been detected in R. sanguineus; long noncoding regions have been detected in R. sanguineus.

Dermanyssina
Ixodida
Ixodida
Ixodida
Xyphosura
Anostraca
Cladocera
Decapoda
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Hemiptera
Hymenoptera
Lepidoptera
Orthoptera
Phthiraptera
Helminthomorpha
Lithobiomorpha
Spirostrepetida

ORDER
16,476
14,539
14,710
14,710
14,985
15,770
15,333
15,984
15,363
15,980
16,022
15,455
16,019
16,517
17,019
16,343
15,643
15,772
14,760
14,868
15,695
15,133

80.0
72.6
77.9
77.9
67.6
64.5
62.3
70.6
77.6
77.5
77.0
77.4
78.6
82.2
69.5
84.9
81.3
75.3
79.3
63.7
67.9
67.8

mt
Genome
79.7
71.8
66.6
67.3
81.3
68.0
67.0
81.5
94.2
91.1
90.8
93.5
92.9
96.0
66.0
96.0
95.4
86.0
93.0
70.8
77.1
64.7

Large
Noncoding
Region

0.3
0.8
11.3
10.6
213.7
23.5
24.7
210.9
216.6
213.6
213.8
216.1
214.3
213.8
3.5
211.1
214.1
210.7
213.7
27.1
29.2
3.1

Difference
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a

Chelicerata . . . . . . .
Chelicerata . . . . . . .
Chelicerata . . . . . . .
Chelicerata . . . . . . .
Chelicerata . . . . . . .
Crustacea . . . . . . . .
Crustacea . . . . . . . .
Crustacea . . . . . . . .
Hexapoda . . . . . . . .
Hexapoda . . . . . . . .
Hexapoda . . . . . . . .
Hexapoda . . . . . . . .
Hexapoda . . . . . . . .
Hexapoda . . . . . . . .
Hexapoda . . . . . . . .
Hexapoda . . . . . . . .
Hexapoda . . . . . . . .
Hexapoda . . . . . . . .
Hexapoda . . . . . . . .
Myriapoda . . . . . . .
Myriapoda . . . . . . .
Myriapoda . . . . . . .

SUBPHYLUM

MT
GENOME (bp)

SIZE

A 1 T CONTENT

AJ493124
AF081828
AF081829
AF081829
AF002644
X69067
AF117817
AF217843
L20934
CCA242872
AF260826
L04272
X03240
U37541
NCp002609
L06178
AF149768
X80245
NCp002651
AY055727
AF309492
AY055728

ACCESSION
NUMBER

Table 1
Genome Size and A 1 T Content (in percentage) of the Entire Mitochondrial (mt) DNA Genome and of the Large Noncoding Region of Several Arthropoda
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lies in the upper size range for arthropods (table 1). The
gene organization map is given in figure 1. The proteinencoding genes and the rRNA genes are all at the same
relative position as in I. hexagonus and L. polyphemus
and are considered ancestral in arthropods, but six and
nine of the 22 tRNA genes, respectively, lie in different
relative positions. In addition, the control region is located between the rrnL and rrnS ribosomal genes (see
discussion below). The position of two tRNA clusters is
conserved in V. destructor when compared with insects
(Boore 1999): (1) trnA, trnR, trnN, trnS(agn), trnE, and
trnF between the nad3 and nad5 genes, and (2) trnK
and trnD between the cox2 and atp8 genes. Translation,
initiation, and termination signals as well as the codon
usage of the V. destructor mitochondrial genome do not
display any unusual characteristics.
In V. destructor, we found the 22 tRNAs that are
generally found in metazoan mitochondrial genomes.
Identified anticodons were all identical to those of Drosophila. So are those of the ticks R. sanguineus and I.
hexagonus, with the exception of the anticodon of the
trnS(agn), which is UCU instead of GCU in Drosophila
and V. destructor. Although several mismatches (seven
TT) were found in the arms of the tRNA genes, their
putative secondary structure is consistent with those previously described in Acari. In two cases trnC and
trnS(agn), the structure appeared to be truncated and to
lack the dihydrouridine (DHU)-arm found in the canonical tRNA. Instead, these arms are replaced by a DHUarm–replacement loop. These modified structures in V.
destructor tRNAs also have been described for two other Acari in the case of the trnS(agn) and for R. sanguineous in the case of trnC (Black and Roehrdanz
1998). Thus, cloverleaf structures seem unlikely for both
tRNAs, although RNA analysis is required to confirm
the proposed secondary structure. Among tRNAs encoded by metazoan mtDNAs, there is a remarkable diversity of structure. The modified secondary structure of
the trnS(agn) is relatively common in Metazoa and has
been suggested to have occurred early in metazoan evolution (Wolstenholme 1992). The modification of the
standard secondary structure of trnC, although less common, also has been reported previously in several animal
mtDNAs.
As in all other mitochondrial genomes sequenced
so far, two genes for rRNAs were present in V. destructor, one for the small (rrnS) and one for the large (rrnL)
ribosomal subunit. We identified the 59- and 39-ends of

rrnS and rrnL by comparing their nucleotide sequences
with those of the two other Acari sequenced, I. hexagonus and R. sanguineus. The trnV gene, which is located between the two rRNA genes in all arthropods
studied so far, except in Heterodoxus macropus (Shao,
Campbell, and Barker 2001), also lies next to the rrnL
in V. destructor, despite the insertion of two other tRNA
genes, trnS(ugn) and trnC, and of the control region (see
below).
There are 2,561 nt unassigned to genes in the sequenced mitochondrial molecule of V. destructor. The
largest noncoding region is estimated to be 2,173 nt long
and includes several repetitions of a 157-bp motif. This
length is well in the range of other arthropods, which
shows remarkable variability, from 263 nt for R. sanguineus to 4,601 nt for D. melanogaster, with an extreme size of 9–13 kb in some weevils (Zhang and Hewitt 1997). Outside this region, there are 388 bp unassigned to genes, scattered in short runs (1–93 bp). The
largest noncoding region is believed to be involved in
the regulation of transcription and replication (Goddard
and Wolstenholme 1978); thus, it also is called the control region. This region is known to form secondary
structures that are proposed to be involved in the generation of repeats in mtDNA during replication (Broughton and Dowling 1994). Eleven potential sites for the
formation of 4- to 26-bp stem-loop structures with loops
6–23 bp were identified in the 460-nt region adjacent to
the tandem repeat region. No mismatches were identified in the stems which were supported by 1–7 GC pairs.
The 157-bp tandem repeat also has potential for forming
two hairpins of 90 and 49 nt with a stable structure
supported by 8 and 2 GC matches. These different features strongly suggest that this noncoding region plays
a role in DNA replication or transcription initiation (or
both) (Saccone, Attimonelli, and Sbisa 1985).
In invertebrates, the relative location of the control
region in the genome shows great diversity. Even within
the insects, regions flanking the control region may differ among taxa due to tRNA transposition (rearrangement) during evolution. In the case of V. destructor, the
putative control region lies between the trnC and the
rrnS genes which is unique to this species. The gene
cluster rrnS—trnV-rrnL is present in almost all other
Arthropoda, and this arrangement is also common in
vertebrates and others (Boore 1999). However, in some
other metazoa, as in the Echinoidea Paracentrotus lividus, the two ribosomal genes are separated by a stretch
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FIG. 1.—Mitochondrial gene arrangement in V. destructor. Arrows indicate the direction of gene transcription. Abbreviations of proteincoding genes and rRNA genes: atp6 and atp8 5 ATP synthase subunits 6 and 8; cox1–cox3 5 cytochrome oxidase subunits 1–3; cob 5
cytochrome b; nad1–nad6 5 NADH subunits 1–6; nad4L 5 NADH subunit 4L; rrnL and rrnS 5 large and small ribosomal subunits RNA.
The tRNA genes are denoted by the one-letter amino acid abbreviation. The control region is shaded, and the repeats are represented by boxes.
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each gene individually, was 80.9%, which is comparable
with the value calculated for the entire mtDNA (80.0%).
Different subsets of the mitochondrial genome of V. destructor, including protein-coding genes, ribosomal subunits, and control region, were examined for A 1 T
content, and all display comparable values around 80%.
The most noticeable result is the A 1 T content of the
noncoding region (79.7%) that is very close to the value
estimated for the entire mtDNA (80.0%). This region is
usually AT-rich by comparison with the rest of the
mtDNA genome. This bias is extreme in the mosquito
Anopheles gambiae for which the A 1 T content of the
AT-rich region is 16% higher than that of the entire genome (table 1). This situation applies to most arthropods
examined, with the noticeable exception of all mites sequenced so far, together with the hexapod Triatoma dimidiata (Dotson and Beard 2001) and the myriapod Thyropygus sp. (Lavrov, Boore, and Brown 2002). These
species all have a lower content of A 1 T in the noncoding region than in the entire genome (table 1). The
higher A 1 T content generally found in the control
region could be interpreted as a characteristic favoring
the melting of DNA strands, required to initiate replication as well as transcription. The absence of such a
higher A 1 T content in Acari (or even a lower content)
may imply a higher efficiency of the enzymatic complex
involved in the DNA denaturation before replicationtranscription.
The annotated sequence of the entire mitochondrial
genome of V. destructor is available from EMBL under
the accession number AJ493124.
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