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ABSTRACT
The mitochondrial genome (mtDNA) of the plant parasitic nematode Globodera pallida exists as a popula-

tion of small, circular DNAs that, taken individually, are of insufficient length to encode the typical meta-
zoan mitochondrial gene complement. As far as we are aware, this unusual structural organization is
unique among higher metazoans, although interesting comparisons can be made with the multipartite
mitochondrial genome organizations of plants and fungi. The variation in frequency between populations
displayed by some components of the mtDNA is likely to have major implications for the way in which
mtDNA can be used in population and evolutionary genetic studies of G. pallida.

THE increasing number of species for which the nomic importance. In particular, we provide evidence
that G. pallida is unusual among the metazoa in that itsmitochondrial genome (mtDNA) has been com-
mtDNA has a multipartite structure. Six circular DNAs,pletely sequenced has revealed that mtDNAs vary con-
ranging from z6.3 to 9.5 kb, have been amplified fromsiderably in size, structure, and gene content. For exam-
a British population of G. pallida by PCR, and additionalple, the 367-kb mtDNA of the vascular plant Arabidopsis
components of the G. pallida mtDNA remain uncharac-thaliana is thought to be composed of three configura-
terized. Taken individually, these molecules are consid-tions of circular molecules (and two additional subgeno-
erably smaller than the 13.7-kb mtDNA of the nematodemic molecules) and to encode 57 known genes (Klein
Onchocerca volvulus, the smallest completely sequencedet al. 1994; Unseld et al. 1997). In contrast, the mtDNA
metazoan mtDNA (Keddie et al. 1998). All of theseof the protozoan malarial parasite Plasmodium falciparum
potential G. pallida mtDNAs contain sequences similarconsists of tandem arrays of a 6-kb sequence that encode
to known mitochondrial genes, with most containingonly 5 genes (Feagin 1994). Complete mtDNA nucleo-
sequences that show highest sequence similarity to pre-tide sequences are available for a total of 76 species, of
viously described nematode mitochondrial genes. Thewhich 58 are metazoan. Within the metazoa, gene content
complete sequence of the largest putative mtDNA re-and structure are remarkably stable. The mtDNA of all
veals that it contains seven full-length open readingspecies characterized encodes the structural RNAs of
frames similar in sequence to nematode mitochondrialthe mitochondrion’s own protein synthesizing machin-
genes. Each mtDNA also shares a common noncodingery and the 12 or 13 proteins involved in electron trans-
sequence that may contain the origin of replication.port and oxidative phosphorylation (Pont-Kingdon et
Our data suggest that these small, circular mitochon-al. 1995). Compared to the mtDNAs of plants and fungi,
drial DNAs (scmtDNAs) are present together in popula-metazoan mtDNAs exhibit little size variation, ranging
tions of G. pallida, although their relative frequenciesfrom 14 to 39 kb (Moritz et al. 1987). Repetitive se-
vary considerably between populations. This interpreta-quences and the length of the control region generally
tion was supported by electron microscopic examina-account for whatever variation there is. Except for some
tion of cesium chloride (CsCl)-enriched mtDNA prepa-lower metazoan Cnidarian species, where the mtDNA
rations that consist of a population of circular DNAs ofoccurs either as a linear chromosome or as two unique
variable sizes. No evidence of a molecule .9.5 kb that8-kb linear molecules (Bridge et al. 1992), metazoan
could define a typical metazoan mtDNA has been ob-mtDNAs have been found to be single circular mole-
served. Possible mechanisms of mtDNA fragmentationcules.
are discussed in the context of animal, plant, and fungalIn this article, we present information regarding the
mitochondrial genome organization.organization of the mtDNA of the potato cyst nematode

Globodera pallida, a sedentary endoparasite of major eco-
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TABLE 1

Primer sequences

Primer name Clone Gene Primer sequence 59-39

p129f s129a ND3 CTTCTCTAGGTTTTTTTTGGAGTGG
p129r s129a CB TCACGTAACCTAAAAAAGAGATAAGCA
p116f s116 COII CTATCAGTGGTATTGGAGCTATGA
p116r s116 COII TCATAGCTCCAATACCACTGATG
p91f s91 COI CCTTTTTTTTGGGGGTAAATTTAAC
p91r s91 COI CCCCTTCCAAAACTAAAACTACAAA
p226f x226 ND2 TGGTAGTGGTCCTTTTCTTTTAACTTG
p226r x226 ND2 TTTAAAAAGGGAAAGAACAACCCTC
p86f s86 lrRNA AAAGTTATGAAAATTGACTAAAATTTTGCC
p86r s86 lrRNA TGGGGCAAAATTTTAGTCAATTTTC
p222f x222 — AAGTTAGAATCGGTTATTCTCTCCACC
p222r x222 — CTAGAATGAGTTTTAAGAGTGTGTGAAAGG

Primer sequences used in the amplification of the six circular DNAs described in the text.

were obtained from the potato cyst nematode collection at similarity database searches. Modifications to the universal
genetic code used in computer-assisted translation of the mt-the Scottish Crop Research Institute that had been collected

previously from a variety of field sites in the United Kingdom. nucleotide sequences were based on the putative nematode
mitochondrial genetic code proposed for Ascaris suum andPotato cyst nematode populations are named after the location

where they were originally collected. Extensive characteriza- Caenorhabditis elegans by Okimoto et al. (1992) and applied
successfully in other nematode species (Azevedo and Hymantion of their mtDNA had failed to identify any RFLP variation

between them (M. R. Armstrong, unpublished results). A 1993). These alternative codon assignments are as follows:
AGA and AGG, serine; TGA, tryptophan; ATA, methionine.fourth population, Luffness, which had been shown previously

to exhibit mtDNA RFLP variation, provided additional CsCl- Primer design and PCR: Primers were designed using the
computer program PRIMER (Lincoln et al. 1991). In the caseenriched mtDNA for electron microscopy analysis. All popula-

tions were multiplied as greenhouse cultures in 10-cm pots of the four primer pairs designed from mt-protein-coding
sequences (Table 1), the forward primer was designed 59-39on the susceptible potato cultivar Désirée.

Plasmids and bacterial strains: The bacterial plasmids in the direction of transcription and the reverse primer 59-39
from the opposite strand. Amplification was achieved usingpUC19 and pBluescript II SK1 were used as vectors for molec-

ular cloning and DNA sequencing. Competent XL1-Blue Esche- the total genomic DNA extracted from G. pallida population
Gourdie as template and the GeneAmp XL PCR kit (Perkinrichia coli strains (Stratagene, La Jolla, CA) were used as recipi-

ents in molecular cloning experiments (Sambrook et al. 1989). Elmer) with the following reaction components: 13 buffer,
0.4 mm each primer, 1 mm Mg(OAc)2, 0.8 mm dNTPs, 3 units ofNucleic acid isolation, restriction enzyme digestion, and gel

electrophoresis: G. pallida total genomic DNA was extracted rTth DNA polymerase, and 20–100 ng template DNA. Cycling
parameters initially consisted of denaturation at 948 for 1 min;from 50–100 cysts from each of three populations, Lindley,

Friskney and Gourdie, using the procedure of Pastrik et al. 20 cycles at 948 for 30 sec, annealing at 558 for 30 sec, and
extension at 688 for 15 min; another 20 such cycles with an(1995), except a phenol-chloroform (1:1) extraction was

added before the isopropanol precipitation. Restriction en- additional 15 sec for the extension step per cycle; and a final
extension period of 7 min at 688. After the size of amplificationzyme digestion and gel electrophoresis were carried out using

standard procedures. products had been determined, the extension time was re-
duced to 1 min/kb.mtDNA isolation and library construction: An z0.5-ml

packed volume of eggs from G. Pallida population Lindley was Determining the complete sequence of scmtDNA I: The
PCR products generated with primers p129f-p116r and p129r-homogenized and mitochondria were isolated as described by

Powers et al. (1986). mtDNA was purified on the basis of p116f were cloned into pBluescript II SK1. The sequence of
each PCR product was determined for both strands usingcircularity by ethidium-cesium chloride (EtBr-CsCl) isopycnic

centrifugation from a lysate of these mitochondria. Two librar- primer walking. Two clones of each PCR product were se-
quenced. The nucleotide sequence of scmtDNA I has beenies were constructed as follows: one with Sau3AI-digested

mtDNA ligated into dephosphorylated pUC19 linearized with submitted to the EMBL Data Library under accession no.
AJ249395.BamHI, and a second with XbaI-digested mtDNA ligated into

pUC19 linearized with XbaI. A second sample of mtDNA was DNA transfer-hybridization: DNAs were 32P-labeled in vitro
by random priming (Feinberg and Vogelstein 1983) andpurified, the same way as described previously, from popula-

tion Luffness. Both the Luffness and Lindley samples were were annealed to electrophoretically fractionated DNA prepa-
rations that had been alkali transferred (Sambrook et al. 1989)examined by electron microscopy (see below).

DNA sequencing and sequence analysis: DNA sequences of to Hybond N1 nylon filters (Amersham, Arlington Heights,
IL). Approximately 1 mg of genomic DNA was transferredSau3AI and XbaI mtDNA library clones were obtained by the

dideoxy-chain termination procedure (Sanger et al. 1977), from each sample. Molecular weight markers were coelectro-
phoresed with the DNA preparations. After transfer and hy-initially using the Sequenase sequencing kit (United States

Biochemical, Cleveland) and later the ABI prism cycle se- bridization, the 1-kb marker (Promega, Madison, WI) hybrid-
ized to cloned probes, enabling direct size estimation ofquencing kit (Perkin Elmer, Norwalk, CT). Nucleotide se-

quences were analyzed using the GCG software package, which hybridizing mtDNA restriction fragments. Filters were washed
under stringent conditions in 0.13 SSPE, 0.1% SDS at 658 forincludes FASTA (Pearson and Lipman 1988) for sequence
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TABLE 2

Group C clones from the mtDNA library

A. suum C. elegans
Clone
name Length (bp) Similarity % Identity Similarity % Identity Gene

s91 184 80 52 82 53 COI
s116 210 70 60 70 60 COII
s129b 308 67 40 69 69 COII
s34 250 77 42 77 49 ND5
s36 290 66 25 64 16 ND1
x226 1318 54 20 57 21 ND2
s129a 582 75 34 75 30 ND3

74 53 71 49 CB
s22 324 64 32 64 27 ATPase6
s86 204 62 60 lrRNA
s18 168 72 73 lrRNA

Percentage identity and similarity, with the mitochondrial genomes of A. suum and C. elegans, of the deduced
amino acid sequences of eight translatable group C sequences and percentage identity of the two ribosomal
sequences isolated from the mtDNA library.

at least 15 min. Bound probes were removed by incubating ase6) putative homologues, which showed sequence
filters in 0.4 m NaOH for 30 min at 458, followed by incubation similarities with a variety of invertebrate mitochondrial
in 0.2 m Tris-HCl, pH 8.0, 0.13 SSC for 15 min at 458.

sequences, the best matches were with the mtDNAs ofElectron microscopy: mtDNAs from populations Lindley
the nematodes C. elegans and A. suum.and Luffness were spread for electron microscopy using the

cytochrome-C-hypophase technique (Davis et al. 1971). Con- Group B and C sequences hybridize with the same
tour lengths were measured with a CalComp graphics tablet restriction fragments that hybridize with CsCl-enriched
interfaced to an Elonex PC-425X computer. Double-stranded mtDNA: A series of autoradiographs, obtained after hy-
DNA plasmids M13mp-18RFI (Pharmacia, Piscataway, NJ) and

bridization of a single Southern blot of digested G. pal-Bluebac3 (Invitrogen, San Diego) were measured separately
lida genomic DNA from population Friskney with threeas size reference standards.
probes, is presented in Figure 1. After each round of
hybridization, the Southern blot was stripped and was

RESULTS then reprobed. In Figure 1A, the probe is a circular
DNA preparation (obtained using EtBr-CsCl isopycnicSequences from the mtDNA libraries: Sequencing

clones from the Sau3AI mtDNA library generated 53
sequences. In addition, two large clones of 1318 and
2201 bp, designated x226 and x222, from the XbaI li-
brary were sequenced completely. These 55 sequences
can be divided into three groups on the basis of nucleo-
tide sequence similarity to known mitochondrial se-
quences and degree of repetition within the library.
Group A sequences (11 sequences) were represented
once in the library and did not show significant similarity
with any mitochondrial sequences on the EMBL data-
base. Group B sequences (34 sequences) were repeated
at least once within the library and did not show signifi-
cant similarity with any mitochondrial sequences on the
EMBL database. Of the group B sequences, 18 constitute
various internal regions of the 2201-bp XbaI clone x222.
Group C sequences (10 sequences) showed a high per-
centage identity with a total of nine mitochondrial
genes. These clones are listed in Table 2 with the per-

Figure 1.—Hybridization of a single Southern blot of re-centage identity and similarity of their deduced amino
striction-digested G. pallida genomic DNA from populationacid sequences with C. elegans and A. suum mt-proteins.
Friskney. Undigested (lane 1), SacI (lane 2), SacI/HindIII

With the exception of the putative NADH dehydroge- (lane 3), and HindIII (lane 4). (A) Probed with CsCl-enriched
nase subunit 1 (ND1), NADH dehydrogenase subunit mtDNA. (B) Probed with clone x222. (C) Probed with clone

s86.2 (ND2), and subunit 6 of the Fo ATPase complex (ATP-
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centrifugation) prepared from a mitochondrially en- mt genes are approximately of the same length as those
riched fraction and likely to be enriched in mtDNA. In of C. elegans. These assumptions are supported by the
Figure 1, B and C, the probes are the group B clone results of sequencing scmtDNA I (Table 3).
x222 and a group C clone s86, similar in sequence to the From these data, it is evident that scmtDNA I has a
C. elegans mitochondrial large ribosomal RNA (lrRNA) sequence similar to the group B clone x222 downstream
gene. In both cases, the hybridizing restriction frag- of p129f and upstream of p116r. The 10 PCR products
ments correspond to those in Figure 1A, suggesting that constituting the five scmtDNAs generated using primers
both clones are similar in sequence to G. pallida mtDNA. derived from x222 (scmtDNAs II–VI) also hybridized to
Although s86 hybridized to a limited subset of the re- clone x222. A number of group C clones were also
striction fragments observed in Figure 1A, as would be found to be present on more than one of the scmtDNAs.
expected if s86 formed part of the mtDNA, x222 hybrid- Clone s129a (ND3 and CB) hybridized to PCR products
ized with many of the restriction fragments observed in that comprise both scmtDNAs I and III; clones s36
Figure 1A. Given that clone x222 is not similar in se- (ND1) and s129b (COII) hybridized to both scmtDNAs
quence with known mitochondrial genes and is appar- I and II. Some group C clones were found to be uniquely
ently noncoding, this may suggest that the G. pallida associated with certain scmtDNAs. For example, clones
mtDNA contains a noncoding region. The physical rela- s18, s86, and s22 (lrRNA and ATPase6) hybridized ex-
tionships between the group C sequences, as well as clusively to scmtDNA IV, clone s91 (COI) hybridized
those between the group C sequences and the group B to scmtDNA V, and clone x226 (ND2) hybridized to
sequence x222, were investigated by PCR. scmtDNA VI.

PCR analysis: In an attempt to amplify the entire G. Restriction mapping: Each scmtDNA was mapped
pallida mtDNA by PCR, five pairs of primers specific to with six restriction enzymes. Restriction maps of the six
group C clones from the mtDNA library were tested in scmtDNAs are presented in Figure 2. In the case of
various combinations (Table 1). The template for these scmtDNA IV, an additional enzyme (SacI) was mapped
amplifications was total genomic DNA extracted from to provide support for our interpretation of the hybrid-
population Gourdie. The majority of primer combina- ization pattern observed in Figure 1C. scmtDNAs IV and
tions were unsuccessful. Only 2 of the 27 primer combi- V share a PstI site that mapped to within 500 bp of the
nations tested amplified a product. These two products p222f primer. Direct sequencing of these PCR products
were generated by combining a cytochrome c oxidase with primer p222f had predicted a site at 440 bp for
subunit II (COII) forward primer specific to s116 sense these two sequences. The remaining four scmtDNAs
strand (p116f) with a cytochrome b (CB) antisense share a common AvaI site z500 bp from the same
primer specific to s129a (p129r) and vice versa. How-

primer, and this observation was also confirmed by di-
ever, by combining these five pairs of primers with a

rect sequencing. scmtDNAs I and II have a similar or-single pair of primers specific to clone x222, five pairs
der of restriction sites downstream of the p116f primerof PCR products were amplified. Each of the six pairs of
site. To determine if this conserved order of restrictionPCR products represents a complete circular molecule
sites was coincidental, the PCR products generated withwith overlapping regions (shown diagrammatically in
p116f and p222f (scmtDNA II) and p116f and p129rFigure 2). Accounting for overlaps, the sizes of these
(scmtDNA I) were digested with XbaI, EcoRI, and BamHI,scmtDNAs were estimated to range from z6.3 to z9.5
and the samples were coelectrophoresed. The XbaI,kb. In the case of the five scmtDNAs amplified with
EcoRI, and BamHI fragments immediately downstreamprimers derived from the sequence of clone x222, prim-
of the p116f primer site from both these PCR productsers designed 59-39 in the direction of transcription of
were shown to be indistinguishable in size (data notthe sense strand generated a product when combined
shown). This suggests that these two scmtDNAs are simi-with primer p222f, and primers designed from the oppo-
lar in sequence in the region extending between thesite strand generated a product in combination with
shared COII sequence and BamHI sites and presumablyp222r, suggesting that the direction of transcription of
divergent thereafter, as demonstrated by the absencethese mitochondrial genes, relative to the x222 se-
of a ND3 or CB sequence on scmtDNA II. Other thanquence, is the same on all five scmtDNAs.
these similarities, it is hard to discern any direct relation-Associating clones from the mtDNA library with the
ships between the circular sequences on the basis ofamplified circular sequences: The results of probing
restriction mapping.Southern blots of the library clones listed in Table 2

Given that clone x222 was isolated from an XbaI li-with the 12 sequences that comprise the six scmtDNA
brary, it would be expected that XbaI sites would mapmolecules described previously are presented diagram-
to the ends of the x222 sequence. Only scmtDNA IIImatically in Figure 2. In each case, the inner ring of the
has XbaI sites in the expected positions. It is presumeddiagram represents a hypothetical gene content for the
that clone x222 was originally derived from scmtDNAscmtDNA based on hybridization of available probes.
III, with the other scmtDNAs containing similar butWe assume that any clone found to hybridize was derived

from a full-length coding sequence and that G. pallida nonidentical sequences. This is further demonstrated
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Figure 2.—Restriction maps
of the six scmtDNAs amplified
by PCR from population
Gourdie. The outer rings show
the orientation and position of
the primers used to generate
each scmtDNA. Inside these
rings, a restriction map is pre-
sented, unordered restriction
sites are underlined, and en-
zymes that have a single restric-
tion site on any particular
scmtDNA are in boldface type.
The innermost ring depicts
the presumed gene content on
the basis of the primer se-
quences used to amplify the
scmtDNA and hybridization to
mtDNA library clones. Where
a gene cannot be located pre-
cisely, the possible range of lo-
cations is indicated by arrows.

by the variation in restriction sites for various enzymes other nematode mitochondrial genes, was assigned.
Four of the proteins are proposed to begin with ATAthat map within the sequence of x222.

The complete sequence of scmtDNA I: The complete and the remaining three with ATT; both of these codons
have been proposed to commonly be used in nematode9428-bp sequence of scmtDNA I was determined. For

each of the seven protein-coding genes, the most likely mtDNA translation initiation (Okimoto et al. 1992).
Each gene has a complete TAA or TAG translation ter-translation initiation codon, based on alignments with
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TABLE 3

Comparison of the seven G. pallida mt proteins found on scmtDNA I
with those of C. elegans and A. suum

Length (aa) % Identity

G. pallida C. elegans A. suum A. suum C. elegans

COII 237 231 232 51.9 (233) 50.7 (229)
ND4 402 409 409 37 (400) 37.4 (401)
COIII 257 255 255 48 (254) 46.9 (254)
ND6 147 144 144 32.8 (122) 36.9 (122)
ND1 287 291 290 33.4 (287) 26.5 (291)
ND3 111 111 111 36.8 (106) 37 (92)
CB 360 370 365 50.6 (346) 46.7 (351)

Comparison of the length and percentage amino acid identity of the deduced amino acid sequences of the
seven ORFs found on scmtDNA I with the corresponding mt proteins from A. suum and C. elegans. The length
of the overlap from which the percentage amino acid identity was calculated is indicated in parentheses.

mination codon and is separated by a short intergenic Verification of the restriction maps: The relationship
between the six restriction-mapped scmtDNAs ampli-region of between 25 and 173 bp. The percentage iden-
fied by PCR from population Gourdie and related se-tity of these seven deduced amino acid sequences with
quences in genomic DNA was examined by probing athe corresponding C. elegans and A. suum sequences is
series of Southern blots of restriction-digested DNApresented in Table 3 with a comparison of the lengths
from population Gourdie with probes specific to theof G. pallida genes with the other nematode species. In

general, G. pallida mt-protein genes are of similar length
to those of C. elegans and A. suum. The distribution of
these seven ORFs within the sequence of scmtDNA I is
shown in Figure 3 with the precise order of restriction
sites for the six enzymes used to map this molecule. A
good correspondence between the order of restriction
sites suggested by restriction mapping (Figure 2) and
this order is evident. Other than the seven ORFs men-
tioned previously, only one ORF .300 nucleotides was
identified, and this sequence was not similar to any
known mitochondrial gene. In addition, no region of
scmtDNA I similar in sequence to rRNA genes was iden-
tified.

As predicted from Southern hybridization analysis,
scmtDNA I was demonstrated to contain a region similar
in sequence with clone x222 downstream of the transla-
tion termination codon of the CB gene and upstream
of the COII gene. Comparison of the 2201 bp of the
x222 sequence with scmtDNA I revealed that they are
91.7% identical over a 2229-bp overlap. Given that clone
x222 is presumed to have been derived from scmtDNA
III, this is a measure of the sequence divergence between
scmtDNAs I and III within this region. Further evidence

Figure 3.—The gene content of scmtDNA I. The directionof sequence dissimilarity between scmtDNAs was pro-
of transcription of the seven mt-protein-coding genes is indi-vided by the comparison of the protein-coding se-
cated with an arrow. These proteins are all components ofquences present on scmtDNA I and those obtained from
the oxidative phosphorylation system: cytochrome b (CB),

the mtDNA library described in Table 2. The sequence subunits of cytochrome c oxidase (COII and III), and subunits
of clone s129a was found to be 99% identical to the of the respiratory chain NADH dehydrogenase (ND1, 3, 4, and

6). The precise order of restriction sites for the six restrictionscmtDNA I ND3 and CB genes over 581 bp of compara-
enzymes mapped on scmtDNA I in Figure 2 is indicated. Ab-ble sequence, clone s129b was found to be 98% identical
breviations used for restriction enzymes are as follows: A, AvaI;with the scmtDNA I COII gene over 308 bp, and clone B, BamHI; EI, EcoRI; EV, EcoRV; H, HindIII: X, XbaI. The

s36 was found to be 99.5% identical with the scmtDNA noncoding region, which contains a sequence similar to clone
x222, is hatched, as are the short intergenic sequences.I ND1 sequence.
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Figure 4.—Hybridization of two Southern blots of restriction-digested G. pallida genomic DNA from population Gourdie.
(A–C) Blot 1. (D and E) Blot 2. Undigested (lane 1), PstI (lane 2), AvaI (lane 3), EcoRV (lane 4), BamHI (lane 5), and HindIII
(lane 6). (A) Probed with s129b (scmtDNAs I and II). (B) Probed with s129a (scmtDNAs I and III). (C) Probed with s22
(scmtDNA IV). (D) Probed with s91 (scmtDNA V). (E) Probed with x226 (scmtDNA VI).

various scmtDNAs. The results of five such experiments BamHI fragment was estimated to be 2.9 kb, which again
is similar to the predicted size of 3.1 kb. After a 4-dayare presented in Figure 4. In Figure 4A, the probe is

s129b (COII). This clone had previously been found to exposure, no evidence of the restriction fragments pre-
dicted from the map of scmtDNA I, or any additionalhybridize with scmtDNAs I and II; consequently, for

each restriction enzyme, two hybridizing restriction frag- restriction fragments, was detected.
The undigested sample in Figure 4A contains at leastments would be expected. In each case, only one restric-

tion fragment is observed; however, the pattern of hy- two hybridizing DNA species. Circular DNA molecules
can exist in a number of forms: supercoiled, nickedbridization is in complete agreement with the predicted

pattern based on the restriction map of scmtDNA II. open circular, and linear. Supercoiled DNA would be
expected to have migrated farthest after agarose gelThe samples digested with the three enzymes predicted

to cut this molecule once (PstI, EcoRV, and HindIII) electrophoresis, followed by linear DNA and finally by
open circular DNA. The observation that the singlecontain a single restriction fragment estimated as being

7.6 kb in length. This is consistent with the previously z7.6-kb restriction fragments observed in samples two,
four, and six comigrate with the farthest migrating spe-predicted size of 8 kb for scmtDNA II. It is highly un-

likely that these three restriction fragments could have cies in the undigested sample demonstrates that this
species is likely to be linear rather than supercoiledbeen generated by digestion of a molecule larger than

scmtDNA II, as the sizes of these restriction fragments DNA. The position of the more slowly migrating species
suggests it is open circular DNA. The apparent absencewould be expected to vary. Furthermore, the sample

digested with AvaI contains a restriction fragment esti- of supercoiled mtDNA in the undigested sample is con-
sistent with the observations of Poulton et al. (1993)mated as 6.4 kb in length. Restriction mapping pre-

dicted this fragment would be 6.7 kb. The observed and Ballinger et al. (1994), where human mtDNA,
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after agarose gel electrophoresis and Southern blotting data in Figure 4 indicate that they might also be a collec-
tion of open circular scmtDNAs. This interpretation isof total genomic DNA, was found to exist primarily as

open circular and linear forms. Supercoiled mtDNA was supported by the observation that the undigested sam-
ple of Figure 1C (obtained by hybridization with clonenot detected.

The result of reprobing this Southern blot with clone s86 from scmtDNA IV) apparently contains a single pu-
tative linear species of z8 kb and a single putative opens129a is shown in Figure 4B. Clone s129a had previously

been found to hybridize with scmtDNAs I and III. The circular species migrating behind the 21-kb marker. The
SacI-digested sample (Figure 1C, sample 2) containsrestriction fragments detected in Figure 4B are entirely

consistent with having originated from scmtDNA III, a single restriction fragment that comigrates with the
putative linear species in the undigested sample. Thisand no evidence of scmtDNA I was detected in popula-

tion Gourdie. However, when both these probes were would be expected, as scmtDNA IV contains a single
SacI recognition sequence.hybridized with genomic DNA samples from Luffness,

a British population thought to be distinct from the If the restriction fragments in Figure 1A are derived
from a collection of scmtDNAs, this would explain tomajority of British populations (Phillips et al. 1992),

the restriction fragments predicted from the map of some extent why clone x222 (a sequence common to
all scmtDNAs) hybridized with so many restriction frag-scmtDNA I were observed in the absence of restriction

fragments derived from scmtDNAs II and III (data not ments in Figure 1B. Indeed, the pattern of hybridization
in the HindIII-digested sample (sample 4) of Figure 1,shown).

Figure 4C shows the result of reprobing this Southern A and B, can be partially predicted from the restriction
maps in Figure 2. However, the presence of scmtDNAsblot with clone s22 (ATPase6). This clone had been

found to hybridize with scmtDNA IV. Again, the pattern that are at present only partially characterized prohibits
a complete explanation.of hybridization is in agreement with the restriction

map of scmtDNA IV. The putative linear species in the Electron microscopic examination of EtBr-CsCl-
enriched mtDNA: In total, 56 measurements of the 7.2-undigested sample comigrates with the single restriction

fragment in the PstI-digested sample, confirming that kb double-stranded circular DNA plasmid M13mp18-
RFI (Pharmacia) and 30 measurements of the 10.2-kba single PstI site is present on this scmtDNA and that

the length of scmtDNA IV is z8 kb. double-stranded circular DNA plasmid Bluebac3 (In-
vitrogen) were obtained. The mean contour lengthsFigure 4, D and E, are autoradiographs obtained after

two rounds of hybridization using a duplicate Southern and sample standard deviations for M13 and Bluebac3
were 2287 6 112 and 3184 6 98 nm, respectively, havingblot to that presented in Figure 4, A–C. In Figure 4D,

the probe is s91 (COI). Primers derived from this clone removed from the data two apparent Bluebac3 dimers
and three M13 molecules of ,3 kb. This suggests angenerated scmtDNA V, which had been predicted to

contain single recognition sequences for PstI and Hin- average conversion factor of 313 nm/kb, a figure consis-
tent with previous investigations (Bendich 1993). ThisdIII and to lack recognition sequences for BamHI and

EcoRV. The observed pattern of hybridization is consis- figure was used to convert subsequent contour measure-
ments from nanometers to kilobases. Figure 5 presentstent with these expectaions. In Figure 4E, the probe was

x226 (ND2), a clone uniquely associated with scmtDNA
VI. The pattern of hybridization is entirely consistent
with the restriction map of scmtDNA VI. Note the single
restriction fragments in the PstI- and HindIII-digested
sample (enzymes predicted to cut this scmtDNA once)
comigrating with the proposed linear species in the
undigested sample. Also note the apparent lack of diges-
tion in the samples treated with EcoRV and BamHI, both
of which were predicted not to digest scmtDNA VI.

Reinterpretation of Figure 1: The electrophoretic
properties of scmtDNAs in total genomic DNA extrac-
tions observed in Figure 4 enabled the pattern of hybrid-
ization in Figure 1 to be interpreted more precisely. As
supercoiled forms of the scmtDNAs were apparently not
detected in the genomic DNA extractions in Figure 4,
it seems reasonable to assume that the species migrating

Figure 5.—Size estimation of G. pallida mtDNA. mtDNAat z8 kb and below in the undigested samples in Figure
from G. pallida populations Luffness and Lindley was prepared1 are linear. The species migrating behind the 21-kb
by CsCl-EtBr isopycnic centrifugation. mtDNA and double-

marker can be interpreted in a number of ways. They stranded DNA plasmids were spread separately for electron
may represent circular concatemers or nuclear se- microscopy. The histogram shows the size distribution of 122

Luffness mtDNA molecules and 31 Lindley mtDNAs.quences with mitochondrial homology. However, the
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a histogram showing the frequency distribution of 31 lacks rRNA genes. These observation provide support
for the notion that scmtDNAs are generally functional,measurements taken from a series of electron micro-

graphs of EtBr-CsCl-enriched mtDNA spreads from the while also confirming that scmtDNA I in particular
would not be functional in isolation. The gene contentBritish population Lindley alongside 122 measurements

from the British population Luffness. The preparations of scmtDNA I also explains why so few combinations of
the primers listed in Table 1 were successful. Of thecontain populations of circular, double-stranded DNA

molecules of variable lengths. The observed size range five pairs of primers designed from mt-protein-coding
sequences, only the ND3/CB and COII primers arefalls between 5.1 and 10.35 kb, with one observation of

0.9 kb from Luffness and one of 3.1 kb and another of found together on scmtDNA I.
Possible sources of artifacts: There are numerous3.2 kb from Lindley. Because this size range overlaps

with the sizes of the control DNAs, the plasmids were reports describing rearrangements of animal mtDNA.
Duplications have been described in humans (reviewedspread and measured separately from the mtDNA prep-

arations. These results are entirely consistent with the by Poulton and Holt 1994), Cnemidophorus lizards
(Moritz and Brown 1987) newts (Wallis 1987), scal-previous PCR amplification, restriction mapping, and

Southern blotting and support the interpretation that lops (Snyder et al. 1987), and nematodes (Okimoto et
al. 1991; Azevedo and Hyman 1993). These reportsthe mtDNA of G. pallida populations exists as a heteroge-

neous population of subgenomic-sized circular chromo- describe within-genome repetition, whereas the repeti-
tion described here appears to be among the compo-somes.
nents of the mtDNA. Nonetheless, mtDNA duplications
could be a source of artifacts if PCR analysis were exclu-

DISCUSSION
sively relied upon. Similarly, the extensive literature con-
cerning the introgression of mitochondrial sequencesSequencing the mtDNA libraries identified 10 clones

similar in sequence to mitochondrial genes. The 8 se- into the nuclear DNA (reviewed by Zhang and Hewitt
1996), especially examples such as the domestic cat,quences similar to mitochondrial-protein-coding se-

quences were translated according to the modifications where a 7.9-kb mitochondrial sequence is tandemly re-
peated 38–76 times on chromosome 2D (Lopez et al.to the universal genetic code proposed for the mtDNAs

of the nematodes C. elegans and A. suum (Okimoto et 1994), indicates that reliance on PCR and the expecta-
tion of circularity might prove misleading. However,al. 1992). Clones x226 and s129a contained internal

TGA codons and, as a result, could not be translated the Southern data presented here provide compelling
evidence that neither of these possibilities is relevant.using the standard genetic code. In general, these 10

sequences were most similar to the mitochondrial ge- For each of the scmtDNAs examined, the undigested
genomic DNA sample has been shown to contain anomes of C. elegans and A. suum, although 3 clones

(x226, s22, and s36) were found to be similar to a variety single hybridizing linear species of the size predicted
from PCR amplification and an associated putative openof invertebrate ND2, ATPase6, and ND1 sequences. All

10 clones were found to hybridize to G. pallida genomic circular species. When the sample is digested with a
restriction enzyme predicted to cut the particularDNA and to cross-hybridize with restriction fragments

detected when CsCl-enriched mtDNA was used as a scmtDNA once, the single restriction fragment detected
comigrates with the linear species from the undigestedprobe. A sequence was also identified that was repeated

within the library (x222). Southern hybridization sug- sample, and the signal from the putative open circular
species is removed. We would not anticipate that intro-gested that this sequence was similar in sequence with

CsCl-enriched mtDNA. PCR analysis further suggested gressed nuclear or duplicated mitochondrial sequences
would repeatedly behave in this way, regardless of thethat the x222 sequence was present on at least six

scmtDNAs. These scmtDNAs have all been detected in restriction enzyme used.
Possible sources of subgenomic-sized mtDNAs: ASouthern blots of G. pallida total genomic DNA, al-

though scmtDNA I is not present at a detectable fre- number of recent reports have demonstrated the exis-
tence of deleted, subgenomic-sized mitochondrial spe-quency in total genomic DNA from population Gourdie.

Sequence analysis of the repetitive sequence x222 has cies accumulating with age in postmitotic tissues from
sources as diverse as man (Melov et al. 1995a), mousefailed to detect any regions of similarity with mitochon-

drial sequences at either the nucleic acid or amino acid (Melov et al. 1997), and nematode (Melov et al. 1995b).
These reports are characterized by the low abundancelevel. The presence of this sequence on all the scmtDNAs

identified thus far may suggest a role in replication and/ of the deleted forms relative to the full-length “wild-
type” sequence. This is in direct contrast to the situationor transcriptional control.

The complete sequence of scmtDNA I reveals that described here, where any proposed “wild-type” se-
quence or sequences would have to be present at athis molecule encodes seven full-length mitochondrial

ORFs with no evidence of the frame-shift mutations that much reduced frequency relative to their derivatives.
None of the probes isolated from either mtDNA librarytypify mitochondrial sequences introgressed into the

nucleus. This sequence also confirms that scmtDNA I has been found to hybridize to restriction fragments
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suggestive of a mtDNA . z9.5 kb. Electron microscopic subpopulation of genome-length linear molecules, pre-
sumably generated by shearing during extraction. Anal-examination of the closed circular fraction of DNA iso-

lated from Lindley, a population previously shown to ogy with fungal mitochondrial genomes is perhaps more
robust than with plants. For example, the mitochondrialbe indistinguishable from Gourdie in terms of mtDNA

analysis, reveals a population of circular molecules in a rearrangements associated with the senescence pheno-
type of Podospora anserina involve the complete replace-size range consistent with that predicted by PCR and

Southern blotting. An additional 122 measurements of ment of wild-type mtDNA molecules with rearranged
molecules (Griffiths 1992), a process that is under themtDNA isolated from a fourth population also failed to

identify a molecule of sufficient length to contain the control of nuclear genes (Jamet-Vierney et al. 1997).
In Neurospora crassa, intramolecular recombination gen-full metazoan gene complement. As a result, we con-

clude that the mitochondrial genome of G. pallida is erates a range of usually smaller circular derivatives of
the 62-kb mtDNA. These make up a small proportionmultipartite in structure, which implies that mitochon-

drial function at the level of the individual is encoded by of the total DNA of normal mitochondria. However, in
some mutant strains, severe reversible fluctuations inas-yet-unknown combinations of the various scmtDNAs

described here. A recent report that the primitive meso- the frequency of different classes of recombinant mole-
cules are associated with the characteristic stop-startzoan animal Dicyema may encode each of its mitochon-

drial genes on separate, autonomously replicating mode of growth (Gross et al. 1984), and selection for
continuously growing derivatives of these mutants hasmtDNA “minicircles” (Watanabe et al. 1999), as well as

evidence for a similar structural organization of the led to the isolation of a strain with a mtDNA fragmented
into two autonomously replicating subgenomic circularchloroplast genome of the dinoflagellate Heterocapsa tri-

quetra (Zhang and Cavalier-Smith 1999), suggest that chromosomes. The stability of this novel mtDNA struc-
ture appeared to be associated with the loss of two ex-the expected incompatibility between a multipartite or-

ganelle genome and the stochastic nature of organelle tended sequences of the single chromosome of normal
mitochondria (Gross et al. 1989). Thus, at least in labo-DNA replication has been overcome in some species.

In addition, it is interesting to note that in Southern ratory strains, stable mtDNA fragmentation has been
observed and depends on the presence of multiple ori-blots of genomic DNA from population Gourdie,

scmtDNAs II and III were detected by Southern hybrid- gins of replication on the original mtDNA.
Possible mechanisms of mtDNA fragmentation in G.ization, while scmtDNA I could only be detected by PCR.

In total genomic DNA from population Luffness, only pallida: The similarity in gene order and conservation in
distribution of restriction sites exhibited by scmtDNAs IscmtDNA I was present at a sufficiently high frequency

to enable its detection by Southern hybridization. As and II over the region downstream of the COII gene
and upstream of the shared BamHI site is the best evi-scmtDNA I contains sequences duplicated on scmtDNAs

II and III, this might suggest a degree of flexibility in dence for a direct relationship between any of the circu-
lar mtDNAs described. The presence of CB and ND3mitochondrial genome organization.

Analogy with plant and fungal mtDNA organization: sequences on scmtDNAs I and III also suggests that at
least some of the scmtDNAs may have been derivedAny full-length circular sequence from which the ob-

served diversity might have been derived would have to from each other, or from a common ancestral sequence,
by an unknown mechanism. One such mechanism bybe present at a low frequency. This situation would be

reminiscent of proposed models of plant mitochondrial which subgenomic circular molecules might be derived
from a larger molecule would be intramolecular recom-genome structure, where a putative circular master

chromosome gives rise to a population of smaller circu- bination between direct repeats, such as that described
in chloroplast mtDNAs (Palmer 1985) and proposedlar derivatives by recombination events between repeat

regions (Fauron et al. 1995). The master chromosome for plant and fungal mtDNAs (Gross et al. 1984; Fauron
et al. 1995). However, no single model is likely to explainis proposed to exist at low levels or in rare cell types,

as its existence has rarely been demonstrated experi- all the variation described here. In these models, nucleo-
tide pairings between direct-repeat copies followed bymentally (Backert et al. 1997). However, the similarities

with plant mtDNA organization end there. Plant mtDNA intramolecular homologous recombination result in
two daughter molecules, each containing one repeatis typified by the presence of a low percentage of circular

molecules with a continuous size distribution, as well as copy. A second mechanism implicated in the generation
of deleted mtDNAs in C. elegans (Melov et al. 1995b),heterogeneous populations of linear molecules, often

longer than the proposed circular mtDNA map. Indeed, Homo sapiens (Shoffner et al. 1989), and Romanomermis
culicivorax (Hyman and Slater 1990) is slipped-strandsome authors suggest that the rarely observed circular

molecules may be the products of incidental recombina- mispairing. In this model, directly repeated sequences
mispair, resulting in an unpaired single-stranded looption events rather than have any functional relevance

(Bendich 1993). The Southern data presented here containing one repeat copy that would not participate
in subsequent mtDNA replication. This latter model isindicate that the majority of G. pallida mtDNA exists as

discrete sized classes of circular molecules, with only a generally regarded as the more probable mechanism
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