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The mitochondrial genome is increasingly being used as a species diagnostic marker in insects. Typically, genomic DNA is

PCR amplified and then analysed by restriction analyses or sequencing. This analysis system may cause some serious

problems for molecular diagnosis. Besides the errors introduced by the PCR process, mtDNA sequence variation of

amplified fragments may originate from mtDNA heteroplasmy or from nuclear integrations of mtDNA fragments, both of

which have been shown to occur in insects.

Here we document abundant variation in PCR-amplified sequences of the mitochondrial cytochrome oxidase I gene of

Thrips tabaci . We confirm that the most common haplotype is of mitochondrial origin. Some of the observed mutations were

introduced by the amplification process. However, the occurrence of some haplotypes at elevated frequencies indicates that

within-individual variation of the respective fragment exists at low levels in T. tabaci . The frequencies of these sequences are

too low to negatively affect mtDNA-based molecular diagnosis of T. tabaci . The possible origin of these variant haplotypes

is discussed.
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The mitochondrial genome of insects is a circular

DNA molecule of ca 18.5 kb in size (HOY 1994). In

general, each mitochondrion is believed to contain

between 2�/10 copies of the genome. Single cells

contain up to several hundred mitochondria and

consequently, several thousand copies of mtDNA

genes may occur in one cell (LIGHTOWLERS et al.

1997; SCHEFFLER 2000). This provides optimal con-

ditions for PCR-based analyses and is an important

reason for the attractiveness of mtDNA in molecular

diagnostics.

The mitochondrial cytochrome oxidase I (COI)

gene was shown to be exceptionally well suited for

species discrimination in the order Thysanoptera

(BRUNNER et al. 2002). The degree of conservation

in this gene confers low within-species variation

coupled with appreciable variation between species

which allows highly accurate species identification. We

have recently expanded this data set to over 70 species

including Lepidoptera, Diptera, Homoptera, Nema-

todes and Mammalia, all of which can unambiguously

be identified to species level using this mtDNA gene

fragment (data not shown). The data so far established

are based on PCR amplified mtDNA sequences. This

approach may cause problems due to uncertainty of

the origin of the amplified sequences. Nuclear integra-

tion of CO I gene fragments has been observed in

vertebrates as well as in arthropods such as aphids and

crickets (ZHANG and HEWITT 1996; PARFAIT et al.

1998; BENSASSON et al. 2001). Such fragments may co-
amplify with the mitochondrial target sequence or

even be amplified instead of it (ZHANG and HEWITT

1996) and hence negatively affect the quality of the

molecular identification. Another source of potential

ambiguity in the results of PCR-amplified mtDNA

diagnosis may be heteroplasmy, i.e. the occurrence of

more than one haplotype within a single organism

(PETRI et al. 1996; THOMAS et al. 1998). For example,
BOYCE et al. (1989) report several heteroplasmic PCR-

product size classes within each individual of bark

beetles.

In the process of developing a molecular identifica-

tion key for thrips species, we encountered within-

individual variation in the restriction patterns of PCR-

amplified mtDNA fragments of COI. We assessed this

mtDNA variation using a cloning approach. We
confirm that the most common haplotype is of

mitochondrial origin and that haplotype variants can

be observed at low frequencies and we discuss their

potential origin.

MATERIAL AND METHODS

Thrips tabaci specimens were collected from our

laboratory culture that is being reared on onion
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shoots. Frozen individuals were homogenized in 100 ml

extraction buffer (DILWORTH and FREY 2000). A 440

base pair fragment of the mitochondrial cytochrome

oxidase I gene was amplified with one ml of the

homogenate in a PCR reaction containing 10 ml of

HotStarTaq Amplification Mix (Qiagen) and 0.3 mM

of each primer (C1-J-1751, GGATCACCTGATATA-

GCATTCCC; and C1-N-2191, CCCGGTAAAAT-

TAAAATATAAACTTC, respectively; SIMON et al.

1994) in a 20 ml reaction. The reaction was performed

in a Perkin-Elmer 9600 cycler using 15 min initial

denaturation, followed by 40 cycles of 40 s denatura-

tion at 958C, 40 s annealing at 528C, and 40 s

extension at 728C, and finalized by 7 min at 728C.

For species identification and assessment of the

occurrence of amplification fragment variation, the

amplified PCR product was digested for 2 h at 378C
with 1.7 U of AluI (Roche, Basel) and electrophoresed

on a 25% Long Ranger hydrolink gel (BioConcept,

Allschwil, Switzerland) in 0.6�/TBE buffer (Tris-

Borate-EDTA; SAMBROOK et al. 1989) at 60 V for 2

h. The restriction fragments were visualized and

photographed under UV in a MultiImage Light

Cabinet (Alpha Innotech Corporation).

For the analysis of mtDNA variation, the amplifica-

tion products of individual thrips were cleaned with

Qiagen PCR purification columns, quantified on a

Eppendorf Biophotometer and cloned using the TA-

Cloning† Kit (Invitrogen) according to the manufac-

turer’s instructions. White (positive) colonies were

picked, placed in 100 ml of double distilled water and

boiled for 10 min at 958C to prepare PCR-ready

DNA. One ml of this solution was used to amplify the

cloned fragments using the same parameters as above.

The amplification products were again cleaned (Qia-

gen PCR cleanup kit) and 35 ng of the amplified

fragment, 2 ml BigDyeTM (Applied Biosystems), 0.2 ml

of primer in a total of 8 ml was used for the sequencing

reactions. All fragments were sequenced at least twice

using both the forward and the reverse primer.

The error rate introduced by the Taq-polymerase

was assessed in a system check, re-cloning one of the

PCR products obtained by the methods outlined

above that was previously cloned and sequenced.

The DNA of these colonies was extracted as described

above and sequenced using the same BigDye dye-

terminator kit. Sequence alignments were done using

the SequencherTM software (V. 3.1, Gene Codes

Corporation).

To establish a mitochondrial origin of the consensus

sequence, RNA was extracted from a pool of 50 T.

tabaci individuals using the Rneasy Mini Kit (Qiagen,

Basel, Switzerland) and Dnase treated with the

Rnase-free Dnase set (Qiagen, Basel, Switzerland)

according to the manufacturers recommendations.

The RNA was then reverse-transcribed using the

OmniscriptTM Reverse Transcriptase kit (Qiagen,

Basel, Switzerland) and an oligo-dT primer. Finally,
the resulting cDNA was amplified using the high-

fidelity ProofStart DNA Polymerase (Qiagen, Basel,

Switzerland).

RESULTS

The PCR amplifications always produced only a single

band of 480 bp suggesting a single genetic origin of the

template sequence. Digestion of this fragment with the

restriction enzyme AluI produced patterns suggesting

two restriction sites. Sequening confirmed this as-
sumption, as we found the first AluI restriction site at

position 283, the second at position 322, respectively.

However, the restriction patterns often suggested the

co-occurrence of 2 different haplotypes, i.e. one with a

single restriction site at position 322, the other one

with two restriction sites as described above (Fig. 1).

Such patterns may sometimes be caused by incomplete

digestion, an explanation that seems to fit here as
almost all individuals show undigested amplification

fragments (Fig. 1). However, in individual number

one, there is no indication of undigested amplification

product while it still shows the pattern expected from a

haplotype mixture. Although the haplotype lacking

the second restriction site was not found in the cloned

fragments, it was present in another study on thrips

Fig. 1. Alu I restriction patterns of a PCR-amplified
fragment (518 base pairs total length) of the mitochon-
drial cytochrome oxidase I gene for nine different
Thrips tabaci individuals showing evidence of within-
individual mtDNA-variation with respect to two re-
striction sites. One restriction site is located at position
382 and produces two fragments of 382 and 136 base
pairs length; the second restriction site is located at
position 343 and occurs together with restriction site
382, thus producing three fragments of 343, 136 and 39
base pairs. Co-occurrence of fragments 382 and 343 in
individuals 1, 2, 3, 5 and 8 indicates heteroplasmy and/
or nuclear pseudogenes.
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species conducted in our laboratory (GenBank acces-

sion number AF378692) suggesting that this haplo-

type occurs in low frequency in the heteroplasmic state

in some thrips individuals.

To assess the occurrence of mutations, a total of 64

clones from four individual thrips was sequenced on

both strands. In the 27459 base pairs sequenced we

found a total of 33 point mutations in twenty-three

different haplotypes (Table 1a). Two haplotypes were

found at a frequency of over 64% (Table 2). They

differed at two synonymous positions (Table 1a;

GenBank accession nrs. AF395332 and AF395333,

respectively). The base composition of the consensus

sequence of the two most common haplotypes is

29.0% A, 37.1% T, 19.0% C, and 14.8% G. This bias

towards high AT content is typical for mitochondrial

sequences (TAMURA 1992; ZHANG and HEWITT 1996;

HONDA et al. 2000). The consensus sequence aligned

well with the corresponding sequences from other

thrips species sequenced in our laboratory as well as

with sequences from GenBank (BRUNNER et al. 2002).

Only 11 synonymous differences were found in a

comparison to published haplotypes of the corre-

sponding mtDNA sequence from T. tabaci (GenBank

accession numbers AF378692 and AF378693, respec-

tively), corresponding to 2.54% nucleotide difference.

Together, this provides good evidence that the con-

sensus sequence is in fact of mitochondrial origin

(SUNNUCKS and HALES 1996). To obtain further

evidence for a mitochondrial origin of the consensus

sequence, we performed a PCR-amplification on the

cDNA of reverse-transcribed mRNA from a pool of

50 T. tabaci using the same primers as for direct

amplifications. The DNA-sequences from this PCR

fragment were 100% homologous to the consensus

sequence of the DNA-based direct amplifications

(data not shown).

Because no Taq polymerase works totally error-free,

some of the observed mutations may have been

introduced by this enzyme. It was thus important to

establish how many of the mutant haplotypes were

caused by sequencing errors and how many have a real

genetic basis. According to the manufacturer (Qiagen),

the error-rate of the HotStar Taq is ca 4�/10�5 or 4

errors in 100 000 base pairs. To be sure that no other

error sources, such as the process of in vitro amplifica-

tion in the cloning step, further increase this number,

we decided to perform an error test by re-cloning a

cloned and sequenced fragment of a fifth T. tabaci

individual. The haplotype of this individual was

different at one position from the two previously

reported ones (Table 1a and b; GenBank accession

nrs. AF395332 �/ AF395334). We sequenced 19460 bp

of 46 clones from this error test (Table 1b) and found

16 mutations in 14 different haplotypes. The most

common haplotype of the error test (63% of all clones;

Table 2) was identical to that obtained after direct

sequencing of the PCR product. The error-rate in the
error test turned out to be slightly lower than

expected, i.e. 2.06�/10�5.

We found distinctly yet not significantly more

mutations in the four thrips individuals as compared

to those of the thrips clones of the error test, i.e. 33

mutations in a total of 64 thrips clones corresponding

to 51.6% vs 16 mutations in 46 clones of the error test

corresponding to 34.8% (x2�/0.843, 1 df, P�/ 0.359;
Table 1, 2).

DISCUSSION

In a previous study we established a DNA-based

species identification key for Thysanoptera using a

440 base pair, PCR amplified fragment of the mito-

chondrial cytochrome oxidase I gene (BRUNNER et al.

2002), and we showed that two different haplotypes

occur in T. tabaci with respect to this fragment. To
simplify the use of this key, we also analysed the

patterns of several restriction enzymes. The present

study was motivated by the observation of within-

individual variation in AluI restriction analyses of

PCR-amplified mitochondrial cytochrome oxidase I

fragments as shown in Fig. 1. Here we describe the

within-individual genetic variation in this PCR-am-

plified fragment in T. tabaci and discuss its possible
origin.

Variation in PCR-amplified fragments can be of

diverse origin. It may be caused by mitochondrial

heteroplasmy, by nuclear integration of mitochondrial

sequences, or by simple Taq polymerase errors.

Heteroplasmy occurs either because there is more

than one haplotype within a single mitochondrion

or, alternatively, because different mitochondria be-
long to different haplotype groups that are distributed

within or between cells (DE STORDEUR 1997;

LIGHTOWLERS et al. 1997). Nuclear copies of CO I

were described from many organisms including insects

(JACOBS and GRIMES 1986; SUNNUCKS and HALES

1996; BENSASSON et al. 2001). Because mitochondrial

genes far outnumber single copy nuclear genes, such

nuclear copies should generally represent no threat to
regular PCR diagnostics. In some cases, however,

multiple nuclear copies of mitochondrial genes have

been observed and therefore, this possibility cannot be

a priori discarded (GELLISSEN and MICHAELIS 1987;

SUNNUCKS and HALES 1996; BENSASSON et al. 2001).

Taq polymerase errors may be single base changes,

insertions or deletions. Because these errors generally

occur only isolated and in low portions of the
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Table 1. Haplotype table with all polymorphic sites and the position in base pairs from the start of the consensus sequence. Lower case: synonymous mutation;

upper case: non-synonymous mutation.

Position rel. to
consensus

/ 1
4

/ 1
6

/ 2
1

/ 3
1

/ 3
4

/ 5
7

/ 8
4

/ 9
7

/ 1
0
5

/ 1
0
6

/ 1
1
2

/ 1
2
1

/ 1
3
9

/ 1
5
3

/ 1
5
6

/ 1
6
9

/ 1
7
1

/ 1
9
2

/ 2
1
0

/ 2
1
6

/ 2
2
2

/ 2
2
3

/ 2
3
3

/ 2
3
9

/ 2
4
6

/ 2
7
1

/ 2
8
1

/ 3
2
9

/ 3
3
0

/ 3
4
1

/ 3
4
3

/ 3
4
4

/ 3
4
5

/ 3
4
9

/ 3
5
1

/ 3
6
4

/ 3
6
6

/ 3
7
0

/ 3
7
2

/ 3
7
7

/ 3
7
8

/ 3
8
2

/ 3
9
4

/ 3
9
6

/ 3
9
9

/ 4
0
3

/ 4
0
5

/ 4
1
6

/ 4
2
4

Consensus Haplo-
type No.

A A T A C T C G C T R T A T C A G C C T T T A T A R A A C A T G A A A T T T A A G G T T T T A T T

a) variant haplotypes from the four individual T. tabaci females B1, G5, IA and SW, respectively.
mB1c#05 1 - - - - - - - - - - g - - - - - - - - - - - G - - a - - - - - - - - - - - - - - - - - - - - - - -
mB1c#19 2 - - - - - - - - - - g - - - - - - - - - - - - - - a - - - - - - - - - - - - - - - - - G - - - - G
mB1c#20 3 - - - - - - - - - - g - - - - - - - - - - - - : - a - - - - - - - - - - - - - - - - - - - - - - -
mB1c#22 4 - - - - - - - - - - g - - - - - - - - - - - - - - a - - - - - - - - - - C - - - - - - - - - - : -
mB1c#24 5 - - - g t - - - - - g - - - - - - - - - - - - - - a - - - - - - - - - - - - - - - - - - - - - - -
mB1c#26 6 - - - - - - - - - - g - - - - - - - - - - - - - - a - - - - c - - - - - - - - - - - - - - - - - -
mG5c#05 7 - g - - - - - - - - g - - - - - - - - - - - - - - a - - - - - - - - - - - - G - - - - - - - - - -
mG5c#12,

mG5c#19
8 - - - - - - - - - - g - - - - - - - - - - - - - - a - - - - - - - - - - - - - - - - - - C - - - -

mG5c#14 9 G - - - - - - - - - g - - - - - - - - - - - - - - a - - - - - A - - - - - - - - - - - - - - - - -
mG5c#18 10 - - - - - - - - - - g - - - - - - - - - - - - - G a - - - - - - - - - - - - - - - - - - - - - - -
mG5c#20 11 - - - - - - - - - - g - - - - - - - - - - c - - - a - - - - - - - - - - - - - - - - - - - - - - -
mG5c#22 12 - - - - - C - - - - g - - - - - - t T - - - - - - a - - - - - - - - - - - - - - - - - - - - - - -
mIAc#02 13 - - C - - - - - - - a - - - - - - - - C - - - - - a - - - - - - - - - - - - - - - - - - - - - - -
mIAc#05 14 - - - - - - - - - - a - - - - - - - - - - - - - - a - - - - - - - - - - - - - G - - - - - - - - -
mIAc#06 15 - - - - - - - - - - a - - - - - - - - - - - - - - a - - - - - - - - - - - - - - A - - - - - - - -
mSWc#06 16 - - - - - - - - - - a - - - - - - - - - - - - - - a - - - - - - - - - c - - - - - - - - - - - - -
mSWc#11 17 - - - - - - - - - - a - - - - - - - - - - - - - - a - - - - - - - g - - - - - - - - - - - - - - -
mSWc#17 18 - - - - - - - - - - a - - - - - - - - - - - - - - a - - - G - - - - - - - - - - - - - - - - - - -
mSWc#18,

mSWc#26
19 - - - - - - - - - - a - - - - t - - - - - - - - - a - G - - - - - - - - - : - - - - - - - - - - -

mSWc#20 20 - - - - - - - - - c a - - - - - - - - - - - - - - a - - - - - - - - - - - - - - - - - - - - - - -
mSWc#22 21 - - - - - - - - - - a - - - - - - - - - - - - - - a G - - - - - - - - - - - - - - - - - - c - - -
mSWc#46,

mSWc#49,
mSWc#50

22 - - - - - - - - - - a - - - - - - - - - - - - - - a - - - - - - - - - - - - - - - - - - - - G - -

b) variant haplotypes from the re-cloned sequence of the error test (?�/not sequenced).

cm0611#02 23 - - - - - - T - - - a - - - - - - - - - - - - - - g - - - - - - - - G - - - - - - - - - - - - - -
cm0611#08 24 - - - - - - - - - - a - - C - - - - - - - - - - - g - - - - - - - - - - - - - - - - - - - - - - -
cm0611#10 25 - - - - - - - - T - a - - - - - - - - - - - - - - g - - - - - - - - - - - - - - - t - - - - - - -
cm0612#14 26 - - - - - - - - - - a - - - - - - - - - - - - - - g - - - - - - G - - - - - - - - - - - - - - - -
cm0612#20 27 - - - - - - - - - - a - - - - - A - - - - - - - - g - - - - - - - - - - - - - - - - - - - - - - -
cm0612#23 28 - - - - - - - - - - a - - - - g - - - - - - - - - g - - - - - - - - - - - - - - - - - - - - - - -
cm0612#24 29 - - - - - - - - - - a - g - - - - - - - - - - - - g - - - - - - - - - - - - - - - - - - - - - - -
cm0612#28 30 - - - - - - - - - - a - - - - - - - - - - - - - - g - - - - - - - - - - - - - - - - - - - - - - :
cm0612#29 31 - - - - - - - - - - a - - - T - - - - - - - - - - g - - - - - - - - - - - - - - - - - - - - - - -
cm0612#31 32 - - - - - - - - - - a - - - - - - - - - - - - - - g - - - - - - - - - - - - - - - - c - - - - - -
cm0613#33 33 - - - - - - - a - - a - - - - - - - - - - - - - - g - - - - - - - - - - - - - - - - - - - - - ? ?
cm0613#33 34 - - - - - - - - - - a - - - - - - - - - - - - - - g - - T - - - - - - - - - - - - - - - - - - - -
cmA3/C#5 35 - - - - - - - - - - a c - - - - - - - - - - - - - g - - - - - - - - - - - - - - - - - - - - - - -
cmA3/C#8 36 - - - - - - - - - - a - - - - - - - - - C - - - - g - - - - - - - - - - - - - - - - - - - - - - -
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amplified fragments, it is generally assumed that

strand-slippage and Taq polymerase errors are not a

serious threat to accurate PCR-based molecular

diagnostics (GYLLENSTEN 1989). We exemplify this

based on our analysis system below.

We found three different haplotypes in more than

one clone: haplotype 8 and haplotype 19 were each

found twice, haplotype 22 even three times among the

clones of the respective individual (Table 1a). This

corresponds to 8.7% (haplotype 8), 11.1% (haplotype

19) and 16.7% (haplotype 22) of the clones and thus of

the population of haplotypes within the respective

individuals. Haplotypes that are found repeatedly

among a limited number of clones of individual thrips

must have originated from the template DNA rather

than from errors in the PCR process. We used at least

1 ng thrips DNA per PCR reaction. DNA content per

cell is in general between 2�/10 pg and very rarely

exceeds 20 pg in arthropods (KIRBY 1992). The

amount of DNA in insect cells depends on ploidy

levels of different tissues and tends to be between 0.1

pg to 2 pg, of which 20�/80% may be repetitive DNA

(HOY 1994). Assuming an average of 2 pg DNA per

cell, at least 500 cells with at least 1000 copies of

nuclear DNA and at least 100 times more of mtDNA

are available as PCR templates in our reactions. Even

if the Taq polymerase introduces an error in the first

cycle of PCR and if this error is exponentially

amplified together with the ‘‘normal’’ templates, the

relative frequency of this ‘‘haplotype’’ among the PCR

products would be a maximum of 1 in 1000. The

probability of finding such a haplotype twice and three

times among 18 clones, as in individual SW, is thus

3.2�/10�13. Therefore, Taq polymerase errors can be

excluded as the source for the elevated frequency

variants, as suggested by GYLLENSTEN (1989).

If Taq polymerase errors can be excluded, the

observed elevated frequency haplotypes must originate

either from mitochondrial heteroplasmy or from

nuclear integrated gene fragment copies. Alternatively,

a combination of these is possible. Each of the three

haplotypes found at elevated frequencies (i.e. 8, 19, 22)

contains a non-synonymous mutation. In addition,

haplotype 19 contains a synonymous mutation and a

single-base deletion that leads to a stop codon few

base pairs downstream. Non-synonymous mutations

are generally thought to be rare in mitochondrial

sequences (SUNNUCKS and HALES 1996). In fact,

among 180 individuals of the thrips species Frankli-

niella occidentalis (Thysanoptera: Thripidae), we only

found one individual with a non-synonymous muta-

tion in a sequenced region of the CO I gene (BRUNNER

et al. 2002). However, this result was obtained with

direct sequencing of a PCR product. In polyploid

genomes, such as mtDNA, it is not possible to detect

haplotype frequencies of 17% (the frequency of the

most common variant haplotype in one individual in

this study) with this technique. Resorting to cloning

does not help much as one would have to sequence at

least 125 clones to detect, with 95% reliability, this

haplotype frequency. Such large numbers are usually

not sequenced after cloning and this may partly

explain the low incidence with which mtDNA hetero-

plasmy is reported. Furthermore, mtDNA gene copy

numbers per cell outnumber the nuclear gene copy

numbers by a factor of at least 100�/1000

(LIGHTOWLERS et al. 1997; SCHEFFLER 2000). Thus,

unless nuclear introgressed mtDNA fragments occur

in large copy numbers in the nuclear genome, they will

not be detected. Therefore, if the observed mtDNA

variants are of nuclear origin, they have to occur in

large copy numbers.

Nuclear copies of mitochondrial genes mostly

behave as pseudogenes as they are in general not

correctly expressed due to differences in the genetic

code (ZHANG and HEWITT 1996). Because they can

freely accumulate mutations they are expected to

eventually diverge from the original mitochondrial

sequences and to incorporate nonsense mutations that

would cause stop codons in coding DNA. As men-

tioned above, haplotype 19 contains one synonymous

and one non-synonymous mutation and a one base-

pair deletion leading to a stop codon. This pattern

nicely fits the expectation for nuclear integrated

Table 2. Number of clones sequenced and recovered haplotypes for the four T. tabaci individuals and the error test.

Individual No. of clones
sequenced

No. of different
haplotypes

Frequency of most
common
haplotype (%)

B1 16 7 62.5
G5 23 8 69.6
SW 18 9 55.6
IA 7 4 57.1

All T.tabaci clones 64 22 67.2

Clones of error test 46 15 69.6

96 J. E. Frey and B. Frey Hereditas 140 (2004)



mtDNA sequences and thus suggests that haplotype

19 may indeed represent a nuclear pseudogene occur-

ring in large copy numbers.

In contrast, the other two haplotypes ( 8, 22) have
only one base pair difference from the mitochondrial

consensus sequence (Table 1a). This alone does not

argue against the hypothesis of nuclear integration. A

low level of nucleotide divergence between the mito-

chondrial COI sequence and its nuclear homologue

was reported from aphids (SUNNUCKS and HALES

1996). Furthermore, multiple nuclear copies of this

gene were reported from aphids (SUNNUCKS and
HALES 1996) and grasshoppers (BENSASSON et al.

2000), and up to several hundreds of copies of other

mitochondrial sequences were found in the nuclear

genome of locusts (GELLISSEN and MICHAELIS 1987;

BENSASSON et al. 2000). Haplotypes 8 and 22 could

thus also originate from several hundred copies of a

nuclear integrated COI fragment. However, the pre-

sence of two ‘‘frequent’’ haplotypes (haplotypes 19
and 22) in one of the thrips individuals (SW) would

then indicate two different incidences of high copy

number nuclear integration of the same gene frag-

ment. In addition, as one of the fragments has three

times as many mutations as the other, one would have

to postulate that the two sequences were introduced to

the nucleus at two different evolutionary time points,

leaving the older of them time for accumulation of
more mutations. In the case of the individual SW we

would have to postulate that haplotype 19 integrated

into the nucleus first and that all three mutations have

evolved after the integration event. Haplotype 22

should then be the younger of the nuclear-integrated

sequences. The ‘‘non-synonymous’’ mutation would

have occurred after nuclear integration because other-

wise, a back-mutation would have to be postulated.
The most parsimonious explanation seems thus to be

that haplotype 19 represents a high-copy nuclear

pseudogene, whereas haplotypes 8 and 22 may actually

be heteroplasmic variants of mitochondrial DNA.

However, our results do not provide clear evidence

as for the origin of the observed mitochondrial

sequence variants. Further analyses using allel-specific

single-cell PCR and cytological methods such as
highly sensitive gold-and silverstaining are needed to

allow to directly visualize and quantify the occurrence

of heteroplasmy and nuclear introgression in T. tabaci .

Nevertheless, it is important to note that due to the

low frequency of the mutant haplotypes, their presence

causes no problems for PCR-based molecular diag-

nostics of T. tabaci .
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