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All seven nonmitochondrial clones sequenced to completion were unique. Nonmitochondrial sequences have 
a high proportion of unique sites, and very few characters are shared between nonmitochondrial clones to the 
exclusion of mtDNA. From these data, we infer that fragments of mtDNA have been transposed separately (probably 
into aphid chromosomes), at a frequency only known to be equalled in humans. The transposition phenomenon 
appears to occur infrequently or not at all in closely related genera and other aphids investigated. 

Patterns of nucleotide substitution in mtDNA inferred over a parsimony tree are very different from those in 
transposed sequences. Compared with mtDNA, nonmitochondrial sequences have less codon position bias, more 
even exchanges between A, G, C and T, and a higher proportion of nonsynonymous replacements. Although these 
data are consistent with the transposed sequences being under less constraint than mtDNA, changes in the nonmi- 
tochondrial sequences are not random: there remains significant position bias, and probable excesses of synonymous 
replacements and of conservative inferred amino acid replacements. We conclude that a proportion of the inferred 
change in the nonmitochondrial sequences occurred before transposition. 

We believe that Sitobion aphids (and other species exhibiting mtDNA transposition) may be important for 
studying the molecular evolution of mtDNA and pseudogenes. However, our data highlight the need to establish 

CC the true evolutionary relationships between sequences in omparative investigations. 

Introduction 

Mitochondrial DNA (mtDNA) does not encode all 
of the proteins needed for organellar function: nuclear 
gene products are transported into the mitochondrion 
where they contribute to biochemical processes (Hart1 
and Neupert 1990). The serial endosymbiosis theory, 
now widely accepted, holds that mitochondria arose 
from symbiotic bacterial ancestors (Margulis 1970). As- 
suming this to be correct, function has transferred from 
mitochondrial to nuclear genomes, and movement of 
mtDNA sequences must be important in the evolution 
of the relationship between the two genomes. Several 
studies have shown transfer of DNA between mitochon- 
drial and nuclear genomes in diverse organisms includ- 
ing plants, fungi, insects, sea urchins, birds, rodents, fe- 
lids and humans (Gellisen et al. 1983; Jacobs et al. 1983; 
Tsuzuki et al. 1983; Zullo et al. 1991; Smith, Thomas, 
and Patton 1992; Lopez et al. 1994 and references). 
Transpositions may result in mtDNA-like sequences be- 
ing dispersed through the nuclear genome (Gellisen et 
al. 1983; Zullo et al. 1991), or in a tandemly repeated 

array (Lopez et al. 1994). There are examples of move- 
ments of protein-coding, RNA-coding, and control 
regions of mtDNA. Sequence data have implicated var- 
ious kinds of sequences in facilitating recombination, 
including long interspersed repetitive elements (LINES), 
highly repeated inverted flanking sequences, or CA re- 
peats. The only reported case of mtDNA transposition 
in insects is of two separate moderately repeated se- 
quences showing homology to mitochondrial r-RNA in 
Locusta migrutoriu (Gellisen et al. 1983). 
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Multiple mtDNA-like sequences have been shown 
to have nuclear and mtDNA locations by probing 
Southern blots of different purified DNA fractions, in 
situ hybridization of chromosomes, and sequencing 
through sites of insertion (Lopez et al. [ 19941 used all 
of these). Where sequence data are available, patterns 
of nucleotide substitution show that most differences be- 
tween transposed and current mtDNA are due to the 
continuing evolution of the mtDNA. Typically, nuclear 
copies must be nonfunctional because of differences be- 
tween mtDNA and nuclear genetic processes and the 
presence of frame-shifting insertions or deletions 
(Smith, Thomas, and Patton 1992; Lopez et al. 1994). 
Thus, copies of mtDNA transposed into nuclear ge- 
nomes are expected to evolve as nuclear pseudogenes. 
Because patterns of mtDNA evolution are so different 
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Polymerase chain reaction (PCR) products corresponding to 803 bp of the cytochrome oxidase subunits I and II 
region of mitochondrial DNA (mtDNA COI-II) were deduced to consist of multiple haplotypes in three Sitobion 
species. We investigated the molecular basis of these observations. PCR products were cloned, and six clones from 
one individual per species were sequenced. In each individual, one sequence was found commonly, but also two 
or three divergent sequences were seen. The divergent sequences were shown to be nonmitochondrial by sequencing 
from purified mtDNA and Southern blotting experiments. 
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Table 1 
Geographical Sources and Identity of Aphids 

Species/Line Collection Site 

Species and lines from which PCR products were cloned 

S. miscanthi (2n = 18) 80 . . Sydney, NSW 
S. near frugariae 1’7 (la) . . . Tasmania 
S. “Smilax” 194 . . . . . . . . . . Sydney, NSW 

Genomic sequence or Southern blotting 

S. miscanthi (2n = 18) 4 (26”) Sydney, NSW 
S. near frugariae sA2 (64a) Adelaide, SA 
S. avenue 7 . . . . . . . . . . . . . . England 
S. fragariae 5 . . . . . . . . . . . . England 
S. rubiphila 94043 . . . . . . . . Utsunomiya, Japan 
Macrosiphum euphorbiae 1 Sydney, NSW 
M. rosae Green 1 . . . . . . . . . Sydney, NSW 
Metopolophium dirhodum 1 Sydney, NSW 
Zllinoia azaleae 1 . . . . . . . . . Canberra, ACT 
Myzus ornatus 1 . . . . . . . . . . Sydney, NSW 

Host Plant 

Setaria sp. 

Smilax sp. 

Paspalum dilatatum 

Microstegium vimineum 
cultivated Helipterum sp. 
cultivated roses 
cultivated wheat 
cultivated azaleas 
cultivated mint 

Date Collected 

30.05.89 
14.10.86 
10.06.94 

12.12.86 
00.10.88 

14.10.94 
27.07.94 
27.06.94 
10.01.95 
10.10.94 
22.11.94 

a Identity number given to an aphid line in Hales et al. (1990). 

from those of nuclear pseudogenes, there arises the pos- 
sibility of estimating evolutionary patterns of nuclear 
pseudogenes and functional mtDNA in very similar se- 
quences. We are not aware that such comparisons have 
been proposed previously. 

The region of mtDNA containing cytochrome ox- 
idase I and II (COI-II) has been used in systematic and 
population genetic studies of insects, including aphids 
(Beckenbach, Wei, and Liu 1993; Brown et al. 1994; 
Sperling and Hickey 1994; Stern 1994). We investigated 
803 base pairs (bp) of mtDNA sequence spanning the 
3’ end of cytochrome oxidase subunit I (COI), tRNAleu 
(UUR), and most of cytochrome oxidase subunit II 
(COII) as a phylogenetic tool in chromosomal races and 
closely related species of aphids in the genus Sitobion 
(Hemiptera: Aphididae). We studied the molecular basis 
of initial observations that PCR products from individ- 
ual aphids apparently contained more than one COI-II 
haplotype. To this end, we report sequence of PCR prod- 
ucts and cloned single haplotypes in Sitobion aphids, 
and compare sequence obtained from outgroup genera. 
Our data indicate the presence of many separate trans- 
posed mtDNA sequences containing the mtDNA COI- 
II region in Sitobion species and some other aphids. We 
examine the significance and possible applications of 
this extraordinary transposition phenomenon. 

Material and Methods 
Aphids 

We obtained DNA sequence using PCR primers de- 
signed from CO1 and CO11 of mtDNA, from six Sitobion 
aphid taxa: (1) S. miscanthi (Takahashi), (2) a species 
like but distinct from S. frugariae (Walker) and referred 
to as S. near frugariae (Hales et al. 1990), (3) an un- 

described species feeding on Smilax glyciphyllu referred 
to here as Sitobion “Smilax,” (4) S. avenue (E), (5) S. 
fragariae, and (6) S. rubiphila (Takahashi). We have 
used the term “lines” throughout this paper to describe 
parthenogenetic lineages derived from single aphids, 
rather than the usual term “clone,” which we reserve 
for molecular clones. We have in culture a number of 
lines of S. miscanthi, and S. near frugariae. Data are 
reported from lines specified in table 1. We chose as 
outgroups two members of the closely related genus Mu- 
crosiphum, M. rosae (L.), and M. euphorbiae (Thomas), 
as well as Metopolophium dirhodum (Walker), Illinoia 
azaleae (Mason), and the more distantly related Myzus 
ornatus Laing. Aphids were free of hymenopteran or 
dipteran endoparasites. 

DNA Extractions 

DNA from all tissues within individual aphids 
(“whole-aphid DNA”) was extracted by a “salting-out” 
protocol: individual wingless adults were crushed in a 
1.5mL microfuge tube and incubated at 37°C in 300 p,L 
TNES (50 mM Tris, pH 7.5, 400 mM NaCl, 20 n&I 
EDTA, 0.5% SDS) with 100 pg/mL Proteinase K. After 
3-18 h, proteins were precipitated with 85 FL 5M NaCl 
and hard shaking for 15 sec. Proteins were pelleted in a 
microfuge at 14,000 rpm for 5 min. then DNA was pre- 
cipitated from the decanted supernatant with 1 volume 
100% ethanol. DNA was pelleted, washed in 70% etha- 
nol, air-dried, and dissolved in 20-50 p,L sterile water in 
rough proportion to the size of the aphid. DNA diluted 
1: 10 in sterile water was used as the template DNA in 
polymerase chain reactions (PCR). For samples received 
in ethanol, excess ethanol was allowed to evaporate and 
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the procedure above was followed, except that, because 
of lower DNA yield, samples were not diluted for PCR. 

All female aphids except some “soldiers” have en- 
dosymbiotic bacteria (see Moran et al. 1993 and refer- 
ences). These are localized in the abdomen, especially 
in young adult winged individuals in which the thorax 
is packed with flight muscle. To obtain aphid DNA with 
low amounts of endosymbiotic bacteria (“low-bacteri- 
al” DNA), 20 thoraces of young adult winged S. mis- 
cunthi line 4 were treated with the same salting-out pro- 
tocol as above. 

Mitochondrial DNA was extracted by alkaline lysis 
(Tamura and Aotsuka 1988), with two modifications to 
increase purity of the DNA. First, extra rounds of cen- 
trifugation were carried out until the cell and organelle 
suspension was clear. Second, after pelleting, mitochon- 
dria were washed in “buffer A,” resuspended, and re- 
centrifuged. Mitochondrial DNA from about 200 mg of 
aphids was dissolved in 50 PL of TE (10 mM Tris, 1 
mM EDTA). One microliter of a 1: 100 dilution was used 
as PCR template. Five microliters of the 50 PL was used 
for each Southern-blotting lane. 

DNA enriched for aphid chromosomal DNA rela- 
tive to mtDNA (“chromosomal-enriched DNA”) was 
obtained by keeping the upper band of a standard cae- 
sium chloride purification of mtDNA (similar to Powers 
et al. 1989) from 1 g of S. near frugariae 17 and 1 g of 
S. miscunthi 80. 

PCR Protocols and Sequencing 

We designed a PCR primer from cloned S. mis- 
cunthi mtDNA (unpublished data) in the CO1 region: 5’- 
GGAATACCTCGACGATATACAG-3’ (this would be 
called C 1-J-2791 by the convention of Simon et al. 
[ 19941). Coincidentally, this proved to be similar to 
primer mt2793+ used in the only previously published 
study of this region in aphids (Stem 1994). The second 
primer was a modification by one nucleotide of primer 
COII-Croz (Roehrdanz 1993): 5 ‘-CCGCAAAT’ITCT- 
GAACATTGACC-3’ (C2-N-3662), again similar to that 
of Stem (1994). PCR products were sequenced with 
these primers, and also with mt2993+ (Stem 1994; 5’- 
CATTCATATTCAGAATTACC-3’: C 1 -J-2993), plus a 
primer (“CO,“) designed from D. yukubu and A. mel- 
lifer-u sequence: 5’-CTGAATATTCATAACTTCAG- 
TATCATTGATGACC-3’ (C2-N-3382). For some 
clones, COf was not very effective, and 3 175+ was 
used instead (Stern 1994; 5 ‘-CATGA-C/T-CATA- 
CAAT’ITTTATTAT-3’). Binding sites of these primers 
and the structure of the region sequenced are shown in 
figure 1. Mitochondrial cytochrome b PCR product of 
about 400 bp was amplified using primers cbl and cb2 
(Simon et al. 1994). 

FQU~piwr-z’a31 

co1 
TT TTA TTA TOA MT ATA ATT TCA TCA ATT OGA TCA ATA ATT TCA ?&A TTl’ AGA 

ATC ATT ATT CTA ATT TAT TCT ATC TGA MT AGA ATT TTT TTA AAA AM ACA 

ACA ATT TTT AM TTA MT CTA AGA MT TCT ATT GM TGA ATT CAT MT CTA 

(2993+-->) 
CCT CCT TTA GM CAT TCA TAT TCA GM TTA CCl’ TTA Al=7 ATT MT 

co11 ATC ATA ACT TGA TTA MA CPA AGA Tl’T CM MT AOA MT TCA CCA TTA ATA 
(3175+--D) 

GM CM TTA ATT TTT ‘TTT mT GAT CAT ACA ATT TTT ATT ATT ATT ATA ATT 

ATA TCA ACA ATT AC! TAT ATA ATA TTA Pl”l’ ATT ATA MT MT AAA TTT ATT 

MT ATT AAA ATT TCA GAA MT CAA ATA ATT GAA TTT ATT TGA ACT ACA ACl’ 

CCI CCT ATT ATT TTA ATT TTT ATT GCT ATA CCA TCT TTG CAC TTA TTA TAT 

TTA ATA OAT GAA ATI! MA TGl’ m ATT TlA ACA ATT AAA ATT “&=%!T 

2 GAC 

TCX’ TAT ATA ATC MT MC lTA MT AM GM 

TTT 

MT 

TCA 

TTT 

MT 

COT 

ATT GM TTT 

TTA ATT GAA 

OAA 

WA 

OAT MT AM ACT Al-l’ ATT CCA Tl’C MA TTT MT ATT CGA CTA TTA ATT TCA 

TCA OAT OAT OTT ATC CM.2 TCT TOA ACT ATC CCA AOA TTA OCA ATT MA ATT 

OAT OCA ATC CCA GGA COA ATA MT <--FlX/&~primcr’cOn 
-....._.___________------......_..____---------..-.._.._._______________....____________________.......___________- 

FIG. l.-‘T%e nucleotide sequence of clone Sm80.4 (mtDNA COI- 
II). Locations of protein genes and tRNALeU are given, and protein-coding 
regions are shown as codons. Annealing sites of internal sequencing 
primers are underlined, and orientations of external primers are given. 

PCR was carried out using Pi-omega Tuq polymer- 
ase (1 U) with Mg2+-free reaction buffer, 1.5 mM 
MgC12, 200 pM each dNTP 5-10 pm primers, 5-10 ng 
(1 ILL as prepared above) cellular DNA, using the fol- 
lowing program: 94°C for 5 min. (94°C 15 set, 52°C 30 
set, 72°C 45 set) 40 times, 72°C for 5 minutes. The 
whole 25 PL product was electrophoresed on a 1.5% 
agarose gel, and a band of about 900 bp was excised. 

Double-stranded DNA was recovered with 
GeneClean (Bio 101) and eluted into 20 p,L sterile wa- 
ter. Double-stranded sequencing was carried out with 4 
FL of this DNA, using Sequenase version 2.0 (United 
States Biochemical), modified to use dimethyl sulphox- 
ide (DMSO) as denaturant (Winship 1989). Reactions 
were run on 6% acrylamide with 90 mL 1 M sodium 
acetate in the anodal buffer (to 1.51 total) to improve 
separation of high molecular weight DNA. Gels were 
dried unfixed onto 3MM paper (Whatman), and exposed 
for 2-3 days on Hyperfilm (Amersham). 

Cloning 

We have found consistently that aphid mtDNA sep- 
arated on standard agarose gels and purified with 
GeneClean cannot be cloned efficiently. Thus COI-II 
PCR products for cloning were separated on 2% low- 
melting-point agarose gels and stained with ethidium 
bromide. A band of approximately 900 bp was excised 
with minimal exposure to ultraviolet light. DNA was 
recovered by standard phenol extraction and ethanol 
precipitation and dissolved in TE for storage at 4°C 
(Sambrook, Fritsch, and Maniatis 1989). DNA was li- 
gated into pGEM-T vector (Promega) following manu- 
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facturers’ instructions, and transformed into DHSa elec- 
trocompetent cells (Sambrook, Fritsch, and Maniatis 
1989, and Bio-Rad Gene Pulser protocol) before plating 
on standard color selection plates (Sambrook, Fritsch, 
and Maniatis 1989). Random recombinant colonies were 
investigated by PCR using primers CO1 and COII. To 
obtain DNA, a small piece of an individual colony was 
picked into 50 p,L of TE and boiled for 3 min, then 3 
ILL of this was used as template in a PCR reaction under 
the conditions above. Products were processed for se- 
quencing as above. 

Southern Blotting 

Samples were digested with HindIII, run for 40 h 
at 40 V on 0.8% agarose so that DNA of 1.5 kb ran 
about 18 cm. Southern blotting was carried out by stan- 
dard capillary methods (Sambrook, Fritsch, and Man- 
iatis 1989) onto Hybond-N (Amersham). Membranes 
were prehybridized for at least 3 h at 65°C in 1 mM 
EDTA, 0.25 M Na,HPO, (pH 7.2), 7% SDS, and 1% 
w/v BSA, and hybridized in the same solution overnight 
with PCR product labeled with (32P) cxdATP using a 
random priming kit (Boehringer). Membranes were 
washed for 15 min. at 65°C in 0.26 M phosphate/l% 
SDS and then 2X SSC/O.l% SDS (Bruford et al. 1992). 

Sequence Handling, Phylogenetics and Analysis 
of Rates of Evolution 

Sequences were read manually, aligned by eye, and 
read into MacClade 3.01 for Macintosh (Maddison and 
Maddison 1992), for export to PAUP 3.1.1 (Swofford 
1993). Support for groupings on the phylogenetic tree 
presented was investigated by carrying out 500 branch- 
and-bound bootstrap resampling replicates with the 
bootstrapping option in PAUI? Genetic distances are not 
corrected for multiple hits because of the low overall 
sequence divergence; the effect should be trivial under- 
estimation of genetic distances. 

We used the method of Gojobori, Li, and Graur 
(1982) to calculate the relative substitution frequencies 
(RSF) of the four types of nucleotide, inferred over an 
outgroup-rooted parsimony tree. This method accounts 
for the different proportions of nucleotides A, G, C, and 
T available for change, so that the rates of change can 
be compared directly. For each class of change from the 
ith type of nucleotide to the jth, the proportion of i + 
j substitutions in each sequence is calculated as P,: the 
observed number of i + j divided by the number of 
bases available for change in the inferred ancestral se- 
quence. The RSF (F$ is the proportion of all the change 
in the sequence represented by i + j, calculated as: 

We have tabulated Fii as a percentage of all change in 
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the sequence (Gojobori, Li, and Graur 1982). When 
combining data for different sequences, the mean is 
weighted in relation to the proportion of substitutions in 
each sequence. 

To estimate expected ratios of synonymous/nonsy- 
nonymous changes, and proportions of amino acid sub- 
stitutions of different degrees of chemical conservative- 
ness, expected proportions in mammalian pseudogenes 
were used as an approximation (values in table 8 in Li, 
Wu, and Luo 1984). The number of substitutions at each 
codon position expected to cause amino acid replacement 
were approximated using proportions expected under ran- 
dom mutation in random protein-coding sequence: first 
position = 96% replacement, second position = lOO%, 
and third position = 3 1% (Li and Graur 1991). The likely 
validity of these estimates is considered with respect to 
differences between mammalian and insect genomes. 

Results 
Multiple Nucleotide Sequences in PCR Products 

COI-II PCR products derived from whole-aphid 
DNA were sequenced for 13 lines of S. miscanthi en- 
compassing chromosomal races 2n = 17, 18, and 20. 
This revealed an unexpected phenomenon. In otherwise 
clear sequence, certain positions could not be scored un- 
ambiguously (fig. 2): such sites will be referred to as 
“ambiguities.” In most cases, both T and C nucleotides 
were indicated at a given position, usually at the third 
position of codons. Such sites represented nearly all ap- 
parently variable positions in S. miscunthi. Similar am- 
biguities were also seen in two lines of S. nearfragariae. 
Many of these sites were those affected in S. miscunthi, 
although other positions clearly distinguish the two spe- 
cies. Numerous ambiguities were also seen in four other 
species of Sitobion sequenced; many of the indetermi- 
nate nucleotides are at the same positions as in the first 
two species. Very few ambiguous sites were recorded in 
M. rosue, I. uzuleue and Metopolophium dirhodum 
(maximum of five in I. uzuleue), while the sequence 
from Myzus omutus contained no ambiguities (fig. 3). 

Technical artifacts cannot be responsible for most 
of the observed ambiguities in the Sitobion sequences: 
the results are repeatable, similar outcomes occur when 
the complementary strand is sequenced, and some out- 
group taxa do not show the same ambiguities (fig. 2). 
Also, nucleotides at three ambiguous positions in the 
PCR products can be determined by restriction enzymes 
(position 458 with EcoRI, 680 with Act I and 701 with 
Dru I) and these enzymes cleave Sitobion PCR products 
in rough proportion to the intensities of the two nucle- 
otides at ambiguous positions (data not shown). We hy- 
pothesize that PCR products from a single individual 
contained two or more sequences similar to COI-II. 
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Table 2 
Details of Cloned COI-II PCR Products Sequenced only 
Partially 

SPECIES/ 
NUCLEOTIDES SEQUENCED 

CLONE Identity Number OUTCOME 

S. miscanthi 

Sm80.13 . . 316-803 488 Identical to Sm80.4 
Sm8(T.J4 . . 316-803 488 Differs by G at 445 
Sm80.35 . . 534-803 270 Identical to Sm80.4 

S. “Smilax” 

Ss194.18 . . 556-803 248 Identical to 194.1 
ss194.17 . . 605-803 199 Identical to 194.1 

S. near fragariae 

Snf17.19 . . 573-803 231 Identical to 17.1 

COI-II PCR Products from Individuals are 
Heterogeneous in Sequence 

A parthenogenetic line of each of three species was 
chosen: S. miscanthi (line 80), S. nearfragariae (line 17), 
and S. “Smilax” (line 194) (table 1 for details). For each 
of these, COI-II PCR products from a single individual 
were cloned. Sequence was obtained for three clones 
from the S. miscanthi 80 individual, five from the S. near 
fruguriue 17, and five from the S. “Smilax” 194. In ad- 
dition, more clones were sequenced in part (table 2), to 
a total of six per individual. Clones are encoded by a 
species code + an aphid line code + a clone code. For 
example, clone 1 from the S. miscunthi 80 aphid is en- 
coded Sm80.1. The code for S. “Smilax” is Ss and for 
S. nearfkzguriue, Snf. Clones to be sequenced were taken 
at random, with the exception of Sm80.30, Ss194.4, and 
Snf17.7, which were chosen on the basis of having a C 
at position 680, as determined by restriction digestion. 

In each individual, one sequence was found mul- 
tiple times (or differed at only one position, possibly 
because of Tuq polymerase misincorporation, analyzed 
later), but in addition there were two or three unique 
divergent sequences (fig. 3, table 2). For S. miscunthi 
80 and S. near fruguriue 17, a true mtDNA sequence 

c 

FIG. 3.-Nucleotide states at all positions which are variable in 
cloned COI-II sequences. Cloned haplotypes are identified by species 
code (Sm = S. miscunthi, Ss = S. “Smilax,” Snf = S. nearfraguriue) 
+ line identity + clone number. Sequence from whole-aphid DNA PCR 
products from these species is suffixed “tot,” and from mtDNA-only 
RCR products “mt.” “ OtherSm” refers to a panel of 12 diverse lines of 
S. miscunthi which were also sequenced from whole-aphid DNA PCR 
products. The various classes of site mentioned in the text are specified: 
underline = mtDNA-like site, italics (and nucleotide in bold) = unique 
site, underlined italic = multiple-hit site, and bold = outgroup site. 
Other species abbreviations are obvious with reference to table 1. Nu- 
cleotide codes: Y = C + T, R = A + G, W = A + T, M = A + C. 
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Table 3 
Pairwise Distances between Cloned Sequences 

S. miscanthi (Sm) S. “Smilax” (Ss) S. near frugariae (Snf) 

80.4 80.30 80.1 194.7 194.21 194.4 17.1 17.5 17.7 17.18 

Sm 

80.4 - . . . . . 1.0 2.1 2.1 3.1 2.1 3.4 3.5 4.0 3.2 

80.30 8 - . . . . 2.6 2.6 3.6 2.4 4.1 4.2 4.2 3.7 

80.1 - . . . . . 17 21 2.5 3.5 2.6 4.2 4.3 4.4 2.6 

1 

SS 

194.7 
194.2 
194.4 

Snf 

17.1 
.- - 

. . . . 17 21 20 - 2.2 2.5 3.7 3.9 4.4 3.0 

25 29 28 18 - . . 3.2 4.1 4.2 4.1 3.0 
- . . . . 17 19 21 20 26 3.5 3.6 3.6 2.5 

- . . . . 27 33 33 30 33 28 0.6 2.2 2.9 

17.5 . . . . . 28 34 34 31 34 29 5 - 2.1 3.2 

17.7 . . . . . 32 34 35 35 33 29 18 17 - 3.0 

17.18 - . . . . 23 27 19 22 22 18 21 23 22 

Nom.-Below the diagonal are absolute distances: above it are uncorrected % divergences adjusted for missing data. 
Codes of presumed mtDNA haplotypes are underlined. 

was determined from PCR products amplified from pu- 
rified mtDNA. In both cases this corresponds to the se- 
quence found multiple times in single specimens. 
MtDNA was not available for S. “Smilax” 194, but by 
analogy the common sequence (seen in five clones in- 
cluding Ss194.7) is assumed to be mtDNA in origin. 
The mtDNA-derived sequences are confirmed as mt- 
DNA by comparison with aphid sequence (Stern 1994), 
and because they appear to encode functional products 
when translated with the Drosophila mtDNA code. All 
sequences reported here have an inferred phenylalanine 
at the fifth amino acid position in the highly conserved 
electron-binding region of COB. This is shared with se- 
quences in Stem (1994), but differs from species in 10 
orders of insects including another hemipteran (Liu and 
Beckenbach 1992). Thus the presence of this residue is 
good evidence that a sequence is derived from aphid 
mtDNA and not a contaminant. 

Patterns of Evolution in mtDNA 
Patterns of Evolution in “Nonmitochondrial” 
Haplotypes 

Uncorrected sequence divergence between mtDNA There is much evidence that clones differing from 
COI-II in the S. miscanthi 80 individual, the S. near mtDNA sequence in each individual are not of contem- 
fragariae 17, and the S. “Smilax” 194 is 0.021 to 0.037 porary mitochondrial origin. First, sequences showing 
(table 3). Patterns of difference are typical of those ob- nucleotides seen only in PCR products from whole- 
served in other closely related insect COI-II mtDNAs, aphid DNA (and not from purified mtDNA) cannot be 
including high transition/transversion ratios and a pre- mitochondrial. Second, two clones (Sm80.1 and 
dominance of third-position substitutions (Beckenbach, Ss 194.4) have frame-shifting deletions. All but Ss 194.2 1 
Wei, and Liu 1993; Brown et al. 1994). Of 38 positions can be positively identified as nonmitochondrial by 
variable between the mtDNA of the three Sitobion spe- these criteria. However, Ss194.21 is one of only two 
cies, 13.2% are first positions in codons, 2.6% second, clones having a point substitution within the highly con- 
and 84.2% third. Thirteen are in CO1 (6.5% of CO1 po- served tRNAleU (Sperling and Hickey 1994; present 
sitions), 25 in CO11 (4.7%), and none in tRNAleu. data); the other is nonmitochondrial Ss194.4. Also, like 

Estimate of Maximum Polymerase Incorporation 
Error 

Three clones differed by only one nucleotide from 
mtDNA sequence in the same individual (Sm80.14 was 
G at 445, Ss194.3 was G at 693, and Snf17.2 was C at 
660). If these sequences are from functional mtDNA 
(and not nonmitochondrial sequences) we believe that 
the three unique states may represent Taq polymerase 
misincorporation, because all three substitutions would 
result in amino acid replacements which are very rare 
in mtDNA sequences (data below), in 2/3 cases at res- 
idues conserved between all our aphid mtDNA sequenc- 
es and Drosophila (Liu and Beckenbach 1992). If these 
changes are indeed from polymerase misincorporation, 
our detected error rate is 3/6742 (bases sequenced in 
clones thought to be mtDNA) = 0.45 per 1,000 = 0.36 
per complete sequence of 803 bp. 
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FIG. 4.-A, Parsimony phylogeny based on variation at all sites, 
with Mucrosiphum species as outgroups. The tree was the shortest (149 
steps) found in a branch-and-bound PAUP search. Consistency index 
(CI) excluding uninformative characters = 0.66. Skewness of the dis- 
tribution of lengths of random tree indicates that the data contain sig- 
nificant phylogenetic signal (g, = - 1.12, Hillis and Huelsenbeck 
1992). Mitochondrial sequences are denoted “(mt).” B, The consensus 
tree resulting from 500 branch-and-bound bootstrap resamplings of the 
tree in a: percentage support is given at the nodes. 

the other sequences not sharing the proven or inferred 
mtDNA haplotype from the same individual, Ss194.21 
diverges substantially (at 18 positions) from that se- 
quence. In light of the above, all clones not sharing 
mtDNA sequences, including Ss194.21, are referred to 
as “nonmitochondrial.” 

For analysis of evolution of the sequences, it was 
necessary to estimate phylogenetic relationships between 
clones. Accordingly, a branch-and-bound pa;simony 
search was carried out in PAUP using all variable sites 
and all the cloned sequences, with Macrosiphum se- 
quences as outgroups. One shortest tree of 149 steps was 
found, and was investigated by 500 bootstrapping repli- 
cates, again using branch-and-bound searches (fig. 4). 

MtDNA in each individual is in the most derived 
grouping, while nonmitochondrial clones branch from 
earlier nodes (fig. 4). Nonmitochondrial sequences are 
clearly not derived from each other by duplication: they 
have a high proportion of unique characters, and share 
very few derived characters. We propose that the cloned 
nonmitochondrial sequences evolved from ancestral 
mtDNAs in separate transpositions. 

We investigated nucleotide evolution in the seven 
nonmitochondrial sequences by mapping unambiguous 
state changes over a phylogenetic tree and determining 
rates and patterns of nucleotide subs;itution over branch- 
es leading to mitochondrial and nonmitochondrial se- 
quences. In the most parsimonious tree (fig. 4), one 
clone (Snf17.18) did not group with the other clones 
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from its species, but with S. miscanthi/S. “Smilax” 
clones. There is little resolution where the S. miscanthi 
+ S. “Smilax” grouping diverges from S. near fragar- 
iae, and it appears that homoplasies influence the place- 
ment of Snfl7.18 away from the other S. near fragariae 
sequences. Constraining Snf 17.18 to group with other S. 
near fragariae sequences increases the tree length by 
only 2 (to 15 1). Analysis of patterns of change was car- 
ried out with Snfl7.18 placed as the most basal se- 
quence in the S. near fragariae grouping--the most par- 
simonious tree consistent with the hypothesis that non- 
mitochondrial copies of mtDNA sequence arose from 
transposed mtDNA ancestral sequences. 

The patterns of evolution along branches leading to 
mtDNA sequences and along ones leading to nonmito- 
chondrial sequences were strikingly different, in a num- 
ber of ways explored in the rest of this section. There 
were not enough changes in individual clones for clone- 
by-clone analysis to be statistically robust. The cloned 
nonmitochondrial sequences show similar characteristics 
(table 4), so data were pooled for statistical analysis. 
Change along the three longest mtDNA paths (from the 
nodes Sm80.4-Sm80.1, Ss194.7-Ss194.4, and Snfl7.1- 
Snfl7.18) was calculated for comparison. MtDNA state 
changes are predominantly at third positions (86%), 
sometimes at first positions (lo%), and rarely at second 
positions (3%). The nonmitochondrial sequences show 
significantly less bias (x2 = 8.7, 2 df, P < 0.025), with 
59% of changes at third positions, 33% at first positions, 
and 8% at second positions. However, the deficit of sec- 
ond positions and excess of third positions still repre- 
sents a pattern significantly different from random (x2 
= 24.3, 2 df, P < 0.001). As the pattern of position bias 
in nonmitochondrial clones is more similar to that seen 
in mtDNA than to random, a proportion of change in 
nonmitochondrial clones seems to have occurred under 
mtDNA constraints before transposition. Other evidence 
for constraint and possible causes of this phenomenon 
are investigated later. 

RSFs were calculated for the three longest paths 
between mtDNA sequences (specified earlier), and for 
the weighted average of the seven nonmitochondrial 
branches. RSFs show considerable differences between 
mtDNA and nonmitochondrial sequences. In particular, 
the RSFs in nonmitochondrial sequences tend to be 
more equal than those in mtDNA, and there are six types 
of change (five are transversions) seen in the former but 
not in the latter (table 5). While mtDNA and nonmito- 
chondrial sequence evolution are both marked by a prev- 
alence of transitions, the proportion of these is higher 
for mtDNA (>85%) than for nonmitochondrial DNA 
(>73%). Also, there are differences between the two 
types of sequence in the likelihood that a given nucle- 
otide changes, or that a given nucleotidk results (re- 
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Table 4 
Summary of Unambiguous State Changes Compared in 
mtDNA and Non-mitochondrial (non-mt) Clones 

POSITION 

CHANGE IN/SINCE 
COI, co11 

ANCESTOR WITH 1 2 3 TOTAL tRNA’“” DELS UNIQUE 

S. miscanthi 
80.4 mtDNAB0.30 

non-mt . . . . . . . . . . 0 0 2 2 
80.30 non-mt/80.4 

mtDNA . . . . . . . . . . 1 1 4 6 
80.4 mtDNA/80.1 

non-mt . . . . . . . . . . 0 1 6 7 
80.1 non-mt/80.4 

mtDNA . . . . . . . . . . 5 1 4 10 

S. “Smilax” 

194.7 mtDNA/194.21 
non-mt . . . . . . . . . . 1 0 4 5 

194.21 non-mM94.7 
mtDNA . . . . . . . . . . 4 1 6 11 

194.7 mtDNA/194.4 
non-mt . . . . . . . . . . 2 0 7 9 

194.4 non-mt/194.7 
mtDNA . . . . . . . . . . 1 0 7 8 

S. near fragariae 

17.1 mtDNA/17.5 
non-mt . . . . . . . . . . 0 0 2 2 

17.5 non-mt/l7.1 
mtDNA . . . . . . . . . . 1 0 1 2 

17.1 mtDNA/17.7 
non-mt . . . . . . . . . . 1 0 6 7 

17.7 non-mt/l7.1 
mtDNA . . . . . . . . . . 3 0 4 7 

17.1 mtDNA/17.18 
non-mt . . . . . . . . . . 1 0 12 13 

17.18 non-mt/l7.1 
mtDNA . . . . . . . . . . 1 1 3 5 

Summary of mtDNA 

Total . . . . . . . . . . . . . . 5 1 39 45 
Three longest paths . . 3 1 25 29 
Three shortest branches 1 0 8 9 

Summary of nonmitochondrial 

Total . . . . . . . . . . . . . . 16 4 29 49 
Three longest paths . . 7 2 14 23 
Three shortest branches 6 2 11 19 
Unique sites . . . . . . . . 10 4 11 25 

0 

0 

0 

0 

0 

1 

0 

1 

0 

0 

0 

0 

0 

0 

0 
0 
0 

2 
- 
- 
- 

0 

0 

0 

1 

0 

0 

0 

2 

0 

0 

0 

0 

0 

0 

0 
0 
0 

3 
- 
- 
- 

Norn.Xhange was measured over the most parsimonious tree consistent 
with the hypothesis that nonmitochondriai clones were transposed from mtDNA 
from the same species. Unique changes are defined in the text. The “three short- 
est branches” are those linking the mtDNA to the most similar transposition: 
Sm80.41Sm80.30, Ss194.7Ks194.21, and Snf17.1EM17.5. 

spectively, row and column totals in table 5). The dif- 
ferences in row and column totals for A, G, C, and T 
are generally smaller in nonmitochondrial DNA than 
mtDNA. For both types of sequence, patterns of replace- 
ment indicate that DNA will tend to become richer in 
AandT.. 

If a mutation is equally likely on both DNA 
strands, then RSFs of the following complementary nu- 
cleotide exchanges are expected to be equivalent: G+A 
and C+T; A+G and T+C; A+T and T+A; A+C and 
T+G; C+A and G+T; C+G and G+C (Li, Wu, and 
Luo 1984). We note that the strand asymmetry for the 
mtDNA sequences is quite extreme (e.g., G+A = 0% 
while C+T = 5 1.1%; A-G = 4.2% while T+C = 
32.9%), as reported for other insect mtDNA (Tamura 
1992). In contrast, these equalities hold much better in 
the overall nonmitochondrial data, as would be expected 
if more changes were free to occur on both strands. 

Nonmitochondrial Sequences Show Some 
Evolutionary Constraint 

In addition to codon position bias in nonmitochon- 
drial sequences (above), there was other evidence that 
they did not evolve under selective neutrality. DNA 
which evolves under functional constraint is expected to 
show a lower proportion of amino acid replacements 
than sequence which is less constrained, and replace- 
ments in the former should tend to be between amino 
acids with similar properties (Li, Wu, and Luo 1984). 
The ratio of nonsynonymous to synonymous substitu- 
tion is an order of magnitude higher in the nonmito- 
chondrial than in the mtDNA sequences; overall 0.75:1 
and 0.07:1, respectively (table 6). These data are con- 
sistent with a lower degree of constraint in nonmito- 
chondrial sequences than in mtDNA. However, the non- 
mitochondrial sequences still show some signs of con- 
straint: there are significantly more synonymous substi- 
tutions (x2 = 20.7, 1 df, P < 0.001) and significantly 
more of the most conservative amino acid replacements 
than expected under random models (x2 = 6.1, 1 df, P 
< 0.025; table 7). We checked whether the excess of 
synonymous substitutions in nonmitochondrial sequenc- 
es can be explained simply by codon composition and 
transition bias, and conclude that it cannot. In S. mis- 
canthi mtDNA sequence, 27% of codons are four-fold 
degenerate, 44% are synonymous for C/T interchanges, 
and 29% are synonymous for A/G interchanges. Under 
evolution with 75% transitions we expect (1 X 0.27) + 
(0.6 X 0.44) + (0.6 X 0.29) = 0.708 of third-position 
substitutions to be synonymous. This gives an expected 
number of 20.5, which is very similar to the 20 pre- 
dicted from the codon table, but differs significantly 
from the observation of 26 (table 6; x2 = 5.04, 1 df, P 
< 0.025). The excess of third-position synonymous sub- 
stitutions is associated with an excess of C/T interchang- 
es, indicating strand asymmetry similar to that seen in 
the mtDNA data (table 5). 

Many Changes Inferred in Nonmitochondrial 
Clones may have Occurred before Transposition 

Attempts were made to identify characters which 
arose before transposition, possibly in an as yet unchar- 
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Table 5 
Relative Substitution Frequencies (RSF, %) for mtDNA and Nonmitochondrial Sequences 

Nonmitochondrial, codon position 1 Nonmitochondrial, “unique” sites 
(n = 16, 78.2%) (n = 25, 73.0%) 

A C G T Total A C G T Total 

A 0.0 19.7 1.4 21.1 A 1.7 19.0 1.7 22.4 
C 8.6 0.0 42.9 51.5 C 0.0 13.1 17.6 30.7 
G 5.5 0.0 9.2 14.7 G 25.2 0.0 10.8 36.0 
T 0.0 10.1 2.6 12.7 T 0.0 11.5 0.0 11.5 

Total 14.1 10.1 22.3 53.5 Total 25.2 13.2 32.1 30. I 

Nonmitochondrial, codon position 3 MtDNA codon position 3 
(n = 29, 73.8%) (n = 25, 85.3%) 

A C G T Total A C G T Total 

A 1.9 13.1 1.9 16.9 A 0.0 1.6 0.0 1.6 
C 0.0 20.5 33.6 54.1 C 13.3 0.0 66.8 80.1 
G 0.0 0.0 0.0 0.0 G 0.0 0.0 0.0 0.0 
T 1.9 27.1 0.0 29.0 T 1.4 16.9 0.0 18.3 

Total 1.9 29.0 33.6 35.5 Total 14.7 16.9 1.6 66.8 

Nonmitochondrial, all changes MtDNA, all changes 
(n = 49, 75.2) (n = 29, 88.2%) 

A C G T Total A C G T Total 

A 1.4 15.9 5.7 23.0 A 0.0 4.2 0.0 4.2 
C 3.6 5.2 14.8 23.6 C 9.6 0.0 51.1 60.7 
G 24.3 0.0 7.2 31.5 G 0.0 0.0 0.0 0.0 
T 0.9 20.2 0.7 21.8 T 2.1 32.9 0.0 35.0 

Total 28.8 21.6 21.8 27.7 Total 11.7 32.9 4.2 51.1 

NOTE.-RSFs for mtDNA summarize only the three longest paths on the parsimony tree, to maintain independence of 
data. Number of unambiguous changes and percent of transitions are given (n, %). The y-axis indicates changes from, and 
the x-axis changes to, the base indicated. 

Table 6 
Ratios of Nonsynonymous : Synonymous Substitutions in mtDNA and Nonmitochondrial 
Clones 

CODON POSITION COI, co11 

TYPE OF SEQUENCE 1 2 3 Total 

MtDNA (three longest paths) 

Sm80.4 ....................... 
ss194.7 ....................... 
Snf17.1 ....................... 

Total mtDNA ................... 
Expected* ....................... 

Nonmitochondrial DNA 

Sm80.30 ...................... 
Sm80.1 ....................... 
Ss194.21 ...................... 
ss194.4 ....................... 
Snf17.5 ....................... 
Snf17.7 ....................... 
Snf17.18 ...................... 

Total nonmitochondrial DNA ...... 
Expecteda ....................... 

0:o 
0:2 
l:o 

1:2 
2.9:O. 1 

0:l 
5:o 
3:l 
l:o 
l:o 
3:o 
l:o 

14:2 
15.4:0.6 

l:o 
0:o 
0:o 

l:o 
1 .o:o.o 

l:o 
l:o 
l:o 
0:o 
0:o 
0:o 
l:o 

4:o 
4.0:o.o 

0:6 1:6 
0:7 0:9 
0:12 1:12 

0:25 2:27 
5.0:20.0 21.8:7.3 

1:3 2:4 
1:3 7:3 
0:6 4:7 
0:7 1:7 
0:l 1:l 
0:4 3:4 
1:2 3:2 

3:26 21:28 
9.0:20.0 36.7: 12.3 

a Expectation under random change in random protein-coding sequence, Li and Graur (1991). 
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Table 7 
Nature of Nucleotide Changes and Inferred Effects on 
Amino Acids in Nonmitochondrial Sequences 

Moder- 
ately Moder- 

SYNON- Conser- Conser- ately 
YMOUS vative vative Radical Radical 

Expected 
proportionb . . . . . . . 0.279 0.201 0.282 0.129 0.11 

Expected number . . . 13.7 9.8 13.8 6.3 4.9 
Observed number . . , 28 11 7 1 2 

a Categories as used by Li, WU, and Luo (1984) 
b From Table 8 of Li, Wu, and Luo (1984). 

defined in Grantham ( 1974). 

acterized mtDNA, in the seven nonmitochondrial clones. 
We hypothesized that 38 sites seen to change under 
mtDNA evolution (“mtDNA-like” sites in fig. 3) may 
be under low constraint and thus disproportionately like- 
ly to have evolved in the nonmitochondrial clones prior 
to transposition. Indeed, the nonmitochondrial clones 
have a significant excess (x2adj = 6.7, 1 df, P < 0.01) 
of changes at these sites. (As there are 38 mtDNA-like 
sites and 734 protein-coding positions, approximately 
38/734 X 49 = 2.5 of the 49 substitutions in nonmito- 
chondrial sequences are expected by chance to fall at 
these sites; seven were observed. The probability that 
these changes occurred under pseudogene evolution is 
further reduced because nearly all have an alternative 
state common in outgroup sequences (e.g. Ss194.21, po- 
sition 71). We conclude that most or all of these seven 
changes occurred prior to transposition. 

If all inferred state changes in the nonmitochondrial 
clones really did occur after transposition, it might be 
expected that the 734 protein-coding sites would be ap- 
proximately equally likely to change. The average num- 
ber of changes per clone is 49/7 (table 3), so the mean 
chance of any particular site being changed is 7/734 = 
0.0095 per clone. Given that one clone is already 
changed at a given site, the chance of any other clone 
being changed there is 0.0095 X 6 = 0.057. The chance 
of a third clone also being changed there is 0.057 X 
0.0095 X 5 = 0.003. The likelihoods of these events 
are further reduced (by about 90% for nucleotides C and 
G) if nucleotide states are shared between clones. De- 
spite these low probabilities, three sites were changed 
in pairs of nonmitochondrial clones, and two in trios 
(these five sites are marked as “multiple-hit” sites in 
fig. 3): in most cases the same nucleotide was shared. 
We conclude that most or all of the 12 state changes at 
multiple-hit sites occurred prior to transposition. 

Five other changes in the nonmitochondrial se- 
quences (marked “outgroup sites” in fig. 3) were also 
found to be extremely unlikely to have occurred under 

pseudogene evolution. These characters were unique 
among the cloned sequences, but shared with outgroup 
taxa, suggesting the possibility that they arose in mt- 
DNA. For example, Ss194.21 at position 20 has a C, a 
state shared with both Mucrosiphum outgroups. There 
are only 12 sites where two outgroups share a state not 
seen in any other sequence. Thus the chance of the event 
at position 20 under a random model is 13/734 = 0.018, 
reduced further (X0.12) because C is shared with out- 
groups but is rare (about 12%). Given that there are 11 
state changes in Ss194.21, we would expect only 0.023 
changes in the clone to be of the type seen at position 
20, so we regard the observed change as significantly 
unlikely. Similar calculations can be made for the other 
“outgroup” sites, and we conclude that these five sites 
occurred prior to transposition. 

Adding together the “mtDNA-like,” “multiple-hit,” 
and “outgroup” sites, we have identified 24 state changes 
observed in nonmitochondrial clones, most of which 
probably occurred under constraint before transposition. 
These changes affect too few second positions (first = 6, 
second = 0, third = 18), 87.5% are transitions, and a 
high proportion are synonymous (18 of 24, 75%) includ- 
ing at third positions (17 of 18, 94%). All of these char- 
acteristics are consistent with mtDNA evolution. 

The remaining 25 changes in the nonmitochondrial 
clones are unique characters (not seen in any other se- 
quence, marked “unique” in fig. 3) for which there is 
no a priori reason to suspect that they did not arise under 
pseudogene evolution. Their evolution is quite consis- 
tent with expectations of pseudogene evolution. Unique 
changes have no significant position bias (x2 = 3.4, 2 
df, P > 0. l), only 73.3% transitions, and there are four 
types of transversion not seen in the mtDNA data. RSFs 
indicate little strand asymmetry, and C+G are replaced 
more than A+T (table 5). The proportion of unique 
changes which are synonymous (10 of 25,40%) is close 
to the 33% expected from the codon table. 

There are two factors which reduce confidence that 
all unique sites occurred after transposition. First, po- 
sition bias is still somewhat against second positions 
(table 4). Second, applying the observed maximum 
polymerase incorporation error of 0.36 sites per se- 
quence (above), up to 2.5 of the 25 changes might be 
due to this cause. 

We have not made a direct comparison of the rates 
of mtDNA and pseudogene evolution, because of the 
high proportion of apparent pretransposition changes in 
nonmitochondrial sequences. Possible causes of this 
finding are discussed later. 

Southern Blot Analysis 

If many separate copies of mtDNA regions have 
integrated into the chromosomes of Sitobion aphids, 
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no evidence of multiple sequences of the 
here (Stem, personal communication). 

type described 

Location of the Transposed Copies 

There are five possible locations of the nonmito- 
chondrial COI-II sequences. First, mtDNA sequence may 
be variable within individuals (heteroplasmy), such as in 
the pea aphid Acyrthosiphon pisum (Barrette, Crease, and 
Hebert 1994). Second, duplicated genes can occur within 
mtDNA; this also occurs in pea aphids (Barrette, Crease, 
and Hebert 1994 j. Third, copies of mtDNA genes have 
been found in chromosomal DNA in many species (see 
Introduction). Fourth, extrachromosomal DNA is possi- 
bly implicated in the evolution of some translocations 
(Lopez et al. 1994). One example is putative bacterial 
plasmids seen in aphid mtDNA preparations (Martinez et 
al. 1992; we make similar observations in Sitobion). Fi- 
nally, endosymbiotic bacteria could harbor transposed 
DNA. Transfer between bacterial and aphid genomes is 
quite likely, as their association is probably more than 
160 million years old (Moran et al. 1993). 

It is unlikely that mtDNA is the location of the 
extra sequences because only one haplotype is obtained 
from purified mtDNA. Possibly there are rare mtDNA 
haplotypes within individuals, but this could not explain 
the observed variation in randomly chosen clones. Bac- 
terial chromosomes are also an unlikely location of 
mtDNA-like sequences because the banding pattern on 
Southern blots probed with COI-II is similar with or 
without bacterial DNA (fig. 5~). Similarly, plasmid-like 
structures would be largely excluded from “chromo- 
somal-enriched DNA” but this shows the same pattern 
as whole-aphid DNA (fig. 5~). The 3.5kb putative plas- 
mid is ruled out, because it is present in purified mtDNA 
fractions but these show only a single sequence. The 
likeliest location of the extra mtDNA-like sequences is 
aphid chromosomes. 

Pattern of Evolution of COI-II Sequences: Change 
in mtDNA versus Pseudogene Branches 

Nonmitochondrial sequences would not be func- 
tional if translated with the nuclear genetic code because 
of differences between nuclear and mtDNA codes (Ja- 
cobs et al. 1983; Smith, Thomas, and Patton 1992; Lo- 
pez et al. 1994). Given the evidence for their nuclear 
location, it is reasonable to assume that after transposi- 
tion they retain many characters of mtDNA but start to 
evolve as nuclear pseudogenes (see also Jacobs et al. 
1983; Fukuda et al. 1985; Smith, Thomas, and Patton 
1992; Lopez et al. 1994). 

We assessed the pattern of sequence evolution over 
unambiguous state changes over an outgroup-rooted par- 
simony tree. In all parameters (position bias, relative 
rates of interchange between the four nucleotides, strand 

asymmetry, nonsynonymous : synonymous substitution 
ratios), evolution of nonmitochondrial sequence is closer 
to random than is that of mtDNA. However, change in 
nonmitochondrial sequences deviated from that expect- 
ed in pseudogenes by codon position bias, nonsynony- 
mous : synonymous substitution ratios, and types of ami- 
no acid replacement. While these latter two estimates 
are derived from mammalian nuclear pseudogenes (Li, 
Wu, and Luo 1984) and so must be interpreted with 
some caution, we believe the results to be meaningful. 
First, Li, Wu, and Luo incorporated high transition : 
transversion bias in their model (as seen in our data), 
and their estimated pattern of pseudogene evolution (ta- 
ble 2 of Li, Wu, and Luo 1984) bears considerable re- 
semblance to our total nonmitochondrial data (table 5). 
Second, we showed explicitly that incorporating our ob- 
served transition bias and initial codon composition 
gave a very similar estimate of synonymous substitu- 
tions at third positions as did assuming random change 
over the universal codon table. 

We found that three classes of change defined a 
priori in nonmitochondrial sequences could not be con- 
sidered to have arisen under pseudogene evolution. 
Twenty-four unambiguous changes out of 49 probably 
occurred pretransposition. This finding affects conclu- 
sions about pseudogene and mtDNA evolution. First, if 
the pseudogenes and terminal mtDNAs truly share direct 
ancestors, then extra steps in mtDNA branches of the 
parsimony tree are implied. mtDNA evolution would be 
more rapid than inferred from state changes on the tree, 
and pseudogene evolution would be slower. Second, it 
is possible that our mtDNAs and pseudogenes are not 
directly related. For example, through past sexual repro- 
duction, ancestral mtDNAs or transposed copies from 
different lineages may have been mixed together within 
individuals. Alternatively, we may have uncovered 
pseudogenes of divergent ancestral haplotypes trans- 
posed in heteroplasmic individuals. Any of the above 
may affect estimation of rates of evolution in mtDNA 
and/or transposed sequences. Consequently, we need to 
know which of these factors affected transposed se- 
quences before we can confidently compare rates of 
pseudogene and mtDNA evolution. 

Numerous Transposition Events Inferred in 
Sitobion Aphids 

We have presented evidence which convinces us that 
the sequenced pseudogenes derive from separate trans- 
positions rather than from duplication and modification 
of other transposed sequences. The many unique sites and 
the low number of derived sites shared between trans- 
posed sequences indicate separate origins. Only one 
transposed sequence is more closely related to another 
pseudogene than to contemporary mtDNA from the same 
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species (Snf17.7-Snf17.5) and even this relies on only 1 
change out of 18 (table 3). There is also direct evidence 
for several transposed copies which have not yet been 
sequenced: there are ambiguous sites in the data set 
which have not yet been explained by cloned sequences. 

Even in the unlikely case that we have detected all 
separate transpositions, there have been seven within the 
three very closely related Sitobion species. There is only 
one published precedent for such large numbers of 
mtDNA transposition events: in humans (although ci- 
cadas in the genus Magicicada also may show multiple 
transpositions, James Tang, Chris Simon, and Grey Stal- 
ey, personal communication). Fukuda et al. (1985) in- 
ferred 10 to 130 copies of each of four mtDNA regions 
to be dispersed through human chromosomes. In other 
species, there have been only small numbers of events 
(e.g., sea urchin, Jacobs et al. 1983). We do not know 
at present why transpositions should be common in Si- 

tobion aphids. Possibly some process makes fragments 
of mtDNA more common in cells (such as the human 
autosomal locus which favors mtDNA deletions, Suom- 
alainen et al. 1995). It is also possible that a mechanism 
leading to high frequency of transposition has arisen re- 
cently within the Sitobion lineage. 

Applications of Nuclear Transposed Copies of 
mtDNA Sequences 

The present results raise some exciting possibilities 
for exploration of evolution of mtDNA regions and for 
testing some molecular and phylogenetic assumptions. 
Far from being technical obstacles to avoid, transposed 
sequences appear to be “fossilized” mtDNAs. Trans- 
posed sequences may be useful to estimate comparative 
rates of evolution of nuclear pseudogenes and mtDNA. 
Much attention has been paid to this important topic 
(B&ten 1986; Vawter and Brown 1986: DeSalle et al. 
1987; Tamura 1992). For such applications, the Sitobion 

group offers a very unusual testing ground: there are 
many accessible transpositions, and the genus is quite 
speciose. In some species reproduction is usually or al- 
ways parthenogenetic, so patterns of genetic divergence 
should be simplified. For example, transfer of nuclear or 
mtDNA haplotypes through sexual reproduction should 
occur rarely or not at all. A major potential advantage of 
studying transposed mtDNA sequences rather than 
mtDNA alone is that the former should be overwritten 
by changes only at random sites, leaving a truer record 
of mtDNA evolution. However, before such applications 
can be realized in the Sitobion system, we need to know 
more about the nature of the transpositions. 

Investigation of transposed DNA in molecular evo- 
lutionary studies may be applicable in many species, be- 
cause mtDNA transpositions are probably much more 
common and widespread than the general rate of report- 

ing suggests. Many independent transpositions have been 
found in humans where research effort is greatest (Tsu- 
zuki et al. 1983; Fukuda et al. 1985; Kamimura et al. 
1989; Wenger and Gassmann 1995), and many transpo- 
sitions are being found during sequencing for other pur- 
poses (see Introduction). Our results highlight the need 
for establishing the origin of sequence under examination. 

Sequence Availability 

Aligned sequences are available from GenBank: acces- 
sion numbers U4 1114-U4 1132. 
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