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Abstract. The control regions of mitochondrial DNA 
of two insects, Schistocerca gregaria and Chorthippus 
parallelus, have been isolated and sequenced. Their sizes 
are 752 bp and 1,512 bp, respectively, with the presence 
of a tandem repeat in C parallelus. (The sequences of 
the two repeats are highly conserved, having a homology 
of 97.5%.) Comparison of their nucleotide sequences re- 
vealed the presence of several conserved sequence 
blocks dispersed through the whole control region, show- 
ing a different evolutionary pattern of this region in these 
insects as compared to that in Drosophila. A highly con- 
served secondary structure, located in the 3' region near 
the small rRNA gene, has been identified. Sequences 
immediately flanking this hairpin structure rather than 
the sequences of this structure themselves are conserved 
between S. gregaria/C, parallelus and Drosophila, hav- 
ing a sequence consensus of " T A T A "  at 5' and 
"GAA(A)T" at 3'. The motif "G(A)nT" is also present 
in the 3' flanking sequences of mammalian, amphibian, 
and fish mitochondrial L-strand replication origins and a 
potential plant mitochondrial second-strand-replication 
origin, indicating its universal conservation and func- 
tional importance related to replication origins. The 
stem-and-loop structure in S. gregaria/C, parallelus ap- 
pears to be closely related to that found in Drosophila 
despite occupying a different position, and may be po- 
tentially associated with a second-strand-replication ori- 
gin. This in turn suggests that such a secondary structure 
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might be widely conserved across invertebrates while 
their location in the control region may be variable. We 
have looked for such a conserved structure in the control 
regions of two other insects, G. firmus and A. mellifera, 
whose DNA sequences have been published, and their 
possible presence is discussed. 

Mitochondrial control regions characterized to date in 
five different insect taxa (Drosophila, G. firmus, A. mel- 
lifera, S. gregaria, and C. parallelus) may be classed into 
two distinct groups having different evolutionary pat- 
terns. It is observed that tandem repetition of regions 
containing a probable replication origin occurred in some 
species from disjunct lineages in both groups, which 
would be the result of convergent evolution. We also 
discuss the possibility of a mechanism of "parahomol- 
ogous recombination by unequal crossing-over" in mi- 
tochondria, which can explain the generation of such 
tandemly repeated sequences (especially the first critical 
repetition) in the control region of mtDNA, and also their 
convergent evolution in disjunct biological lineages dur- 
ing evolution. 
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parallelus - -  Mitochondrial DNA - -  A + T-rich regions 
- -  Tandem repeats - -  Secondary structure - -  Replica- 
tion origin - -  Convergent evolution - -  Parahomologous 
recombination - -  Unequal crossing-over 

Introduction 

Animal mitochondrial DNA (mtDNA) is a favorite mol- 
ecule for evolutionary studies due to several special char- 



acteristics. For example, in metazoan organisms the mi- 
tochondrial genome size is relatively small, ranging from 
14.3 kb to 39.3 kb (Gray 1989); many species have 
mtDNAs of 15.7-19.5 kb (Brown 1985) and thus are 
particularly tractable; the complete sequence of the 
whole genome is known in several organisms both ver- 
tebrate and invertebrate; organization and functions of 
genes in the genome have been well characterized; most 
importantly, the mitochondrial genome seems to lack any 
recombination (Brown 1985), and is much more variable 
than nuclear DNA. The control region (also called "the 
D-loop region" in vertebrates and "the A + T-rich re- 
gion" in some invertebrates) of mtDNA contains the 
origin of replication and has been shown to be the most 
variable region in both vertebrates and invertebrates. 
(For review, see Simon 1991.) In insects, this region is 
the only major noncoding region in the mitochondrial 
genome, being rich in adenine and thymine in most of the 
insects so far studied. It is responsible for a large part of 
the variation in mitochondrial genome in both DNA se- 
quence and size. Three types of size variations have been 
observed in this region: (1) insertions/deletions of a few 
nucleotides (e.g., Monnerot et al. 1990); (2) variation in 
copy number of tandemly repeated sequences (e.g., So- 
lignac et al. 1986; Rand and Harrison 1989; Monforte et 
al. 1993); and (3) extensive length variation of a variable 
domain (e.g., Solignac et al. 1986). All these variations 
also occur in vertebrates in the corresponding D-loop 
region (e.g., Brown and DesRosiers 1983; Mignotte et al. 
1990; Saccone et al. 1991), and tandem repeat size vari- 
ation sometimes leads to heteroplasmy of mitochondrial 
molecules. (For review see Moritz et al. 1987.) 

In vertebrates, the regions containing the rnJitochon- 
drial replication origins have been well studied. Compar- 
ison of DNA sequences from different species revealed 
several conserved sequence blocks and secondary struc- 
tures associated with the replication origins (Walberg 
and Clayton 1981; Brown et al. 1986; Saccone et al. 
1987, 1991). This also showed that the secondary struc- 
ture associated with the L-strand (light strand) replica- 
tion origin is widely conserved (Anderson et al. 1982; 
Clayton 1982; Wong et al. 1983; Johansen et al. 1990). 
However, very little sequence information is available in 
invertebrates. Up to now, the complete sequence of the 
mitochondrial control region has been reported in only 
three distinct insect species groups--the fruit fly Droso- 
phila (Clary and Wolstenholme 1985, 1987; Monnerot et 
al. 1990), the cricket Gryllusfirmus (Rand and ttarrison 
1989), and the honeybee Apis mellifera (Crozier and 
Crozier 1993). Studies carried out in different Droso- 
phila species showed that the mitochondrial A + T-rich 
region can be divided into two distinct domains--one 
conserved domain located in the 5' region which is very 
similar across different Drosophila species such as D. 
yakuba, D. virilis, D. teissieri, D. obscura, and D. am- 
bigae; and one variable domain including the rest of the 
sequence which is highly variable both in sequence and 
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in length (Monnerot et al. 1990; Monforte et al. 1993). It 
has been observed that the conserved domain is tandemly 
repeated in the A + T-rich of D. tristis (Monforte et al. 
1993), and very probably the same has happened in D. 
melanogaster, D. mauritiana, D. simulans, and D. sech- 
ellia (Solignac et al. 1986). A conserved secondary struc- 
ture has been identified in the conserved domain and is 
inferred to be implicated in the origin of replication 
(Clary and Wolstenholme 1987; Monforte et al. 1993). 
As Drosophila, G. firmus, and A. mellifera are phyloge- 
netically distant, with their nucleotide sequences deeply 
diverged, no conserved sequence blocks could be iden- 
tified in their mitochondrial control region. So whether 
such a conserved secondary structure as found in Droso- 
phila exists in other invertebrate organisms is unknown. 

In this paper, we report the sequences and character- 
ization of the mitochondrial A + T-rich region in two 
distinct orthopteran insect species the desert locust 
Schistocerca gregaria and the meadow grasshopper 
Chorthippus parallelus. Comparison of these sequences 
allows us to identify several conserved sequence blocks 
and a highly conserved secondary structure. We show 
also that although the evolutionary pattern of the A + 
T-rich region in these two insects is different from that 
in Drosophila species, the conserved secondary structure 
may be equivalent and implicated in replication origin, 
indicating its possible conservation across invertebrates. 
This is the first report of the presence of such a conserved 
secondary structure in the mitochondrial control region 
in insects other than Drosophila species. In addition, we 
look for such a conserved structure in the published se- 
quences of G. firmus and A. melIifera, and discuss their 
possible presence. 

Using these and other published data, we discuss pos- 
sible evolutionary processes in the mitochondrial control 
region in insects and a mechanism called "parahomolo- 
gous recombination by unequal crossing-over" to ex- 
plain the generation of tandemly repeated sequences in 
the mitochondrial control region during evolution. 

Materials and Methods 

Insect Samples. The desert locust Schistocerca gregaria gregaria and 
the meadow grasshopper Chorthippus parallelus parallelus were fro- 
zen in liquid nitrogen after collection and stored at -80°C until DNA 
was extracted. 

DNA Isolation. Frozen leg from single individuals of S. gregaria 
was used to isolate total DNA for PCR. This was ground to powder in 
liquid nitrogen and submerged in extraction buffer containing 150 mM 
NaC1, 100 naN Tris - C1 (pH 8.0), 50 mM EDTA, and 1% SDS. This 
mixture was extracted with phenol/chloroform and DNA was precipi- 
tated with ethanol as described by Sambrook et al. (1989). 

Two methods have been used to isolate mtDNA from C. parallelus. 
(1) CsC1 gradient method described by Solignac (1991). A population 
sample of grasshoppers was used to prepare pooled mtDNA of high 
quality. (2) Minipreparation method. MtDNA from a single individual 
was extracted as follows. One grasshopper was ground in cold buffer 
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Fig. 1. Schematic map showing the mitochondrial A + T-rich regions 
of S. gregaria (A) and C. parallelus (B). The large shadowed boxes 
represent the control region of S. gregaria and individual repeat units 
in the control region of C. parallelus. The small black boxes at the end 
of the large shadowed boxes indicate the 12-bp sequence of the 12S 
rRNA gene, which is repeated once in C. parallelus flanking the second 
tandem repeat. J6, G2, G4, J1, G1, and G3 in (A) represent primers 
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used to amplify and sequence the control region of S. gregaria; arrows 
indicate their directions (5'-3'). CpR1 and CpR2 in (B) represent the 
first and second unit of the tandem repeats in C. parallelus, respec- 
tively, tRNA ae, tRNA ne gene; 12S rRNA, the small rRNA gene. Num- 
bers below the shadowed boxes indicate their terminal nucleotide po- 
sition. 

containing 250 mM sucrose, 30 mM Tris. C1 (pH 7.5), and 10 mM 
EDTA, followed by a spin of 1,000g-2,500g to remove the nuclei and 
cellular debris. Supernatant obtained was centrifuged at 10,500g to 
pellet mitochondria. The pellet was then resuspended in a buffer (50 
mM Tris • C1, 50 mM EDTA, pH 8.5). To this mixture one-tenth volume 
of 10% SDS was added to lyse mitochondria. Proteins were removed 
by adding potassium acetate (one-tenth volume of 5 M) and centrifu- 
gation. After treatment with RNase, proteinase K, and phenol/ 
chloroform extractions, mtDNA was precipitated with ethanol. 

Cloning of C. paralMus mtDNA. MtDNA prepared using the mini- 
preparation method was digested with HindlII and cloned into the 
plasmid pUC18 (Boehringer Mannheim) by the shotgun method. 
MtDNA prepared by CsC1 gradient method was radioactively labeled 
and used as probe to screen clones containing mtDNA fragments. Pos- 
itive recombinants were further checked by hybridization with Locusta 
migratoria (McCracken et al. 1987) and Caledia captiva (Marchant 
1988) cloned mtDNA fragments. One of the positive clones has a 
6.3-kb HindIII insert, which contains the mitochondrial COII, COI, 
ND2, small rRNA, several tRNA genes, and the control region. A 
3.6-kb XbaI fragment containing the control region and flanking genes 
from this clone has been further subcloned into pUC18 and sequenced. 

Amplification of the Control Region of S. gregaria. A PCR ampli- 
fication method (Erlich 1989; Innis et al. 1990) was used to isolate the 
mitochondrial control region of S. gregaria. Primers for PCR in con- 
served regions have been designed by comparing the sequences of C. 
parallelus and Drosophila (Clary and Wolstenholme 1985, 1987). 
Primer J6 (GGTAATCCTTTAATCAGGCACTCC) lies in the 3' end 
of tRNA ne gene; Primer J1 (CGTATAACCGCGGCTGCTGGC), an- 
tisense to J6, is located in the 5' region of the small rRNA gene (Fig. 
1). The mitochondrial control region, together with parts of the flanking 
tRNA ne gene and small rRNA gene ofS. gregaria, was amplified using 
the above primer pair. A single fragment of about 1 kb was obtained. 
Double-stranded PCR was carried out in a 50-gl reaction containing 1.5 
mM MgCI2, 50-200 ktM dNTP, primers at 0.06 gM each, -1 ng DNA, 
and 2 units of Taq polymerase (Promega) in 1 x reaction buffer (50 rrt~ 
KC1, 10 mM Tris-HC1, 0.1% Triton X-100, pH 9.0 at 25°C, Promega); 
25 cycles were performed in a DNA thermal cycler 480 (Perkin Elmer 
Cetus), each consisting of melting at 95°C for 40 s, annealing at 58°C 
for 1 rain, and extension at 72°C for 1 rain. Single-stranded PCR was 
performed under the same conditions described above, except that 2 gl 
of the double-stranded PCR product was used as template, and only one 
primer was added at 1.5 gM in a 100-gl reaction (annealing temperature 
may be higher than that for double stranded PCR). Excess nucleotides 

and primers in PCR products were removed using the concentrator 
Centricon-30 (Amicon). 

DNA Sequencing. The 3.6-kb XbaI mitochondrial insert of C. par- 
allelus in the recombinant pUC 18 clone has been progressively deleted 
by Exonuclease III using the Nested Deletion Kit from Pharmacia and 
then sequenced using the AutoRead Sequencing Kit (Pharmacia) on 
Pharmacia A.L.F. DNA Sequencer. 

The sequence of the mitochondrial control region of S. gregaria has 
been determined by directly sequencing singIe-stranded PCR products 
using the Sequenase DNA Sequencing Kit (USB) manually or using the 
AutoRead Sequencing Kit on A.L.F. DNA Sequencer. New primers 
have been designed from the sequences obtained using PCR primers J 1 
and J6 in order to sequence the whole control region: primer G1 (AAT- 
GACCACAACAACTTCTC), G2 (CATCTTACCATTATCAA), G3 
(TAAAAACATAAGTAGC), and G4 (GTGAAAAGAAAGATT). 
Their locations are shown in Fig. 1. At least two independent PCR 
products have been used to sequence each segment of the control 
region. 

Computer Analysis. The GCG package of the SERC Daresbury 
Laboratory has been used to make sequence comparisons, multiple 
sequence alignment, and secondary structure analysis (Programs 
BESTFIT, PILEUP, and FOLDRNA). The software DNASTAR (Beta 
0.94, 1992) has also been used for primary sequence analysis. The 
multiple sequence alignment in Fig. 2 is a modified and combined 
version of that obtained using the GCG package and DNASTAR. Sec- 
ondary structures shown in Fig. 4C were modified from results ob- 
tained by the GCG package. 

Results and Discussion 

T h e  d e s e r t  l o c u s t  Schistocerca gregaria a n d  m e a d o w  

g r a s s h o p p e r  Chorthippus parallelus h a v e  b e e n  c l a s s i f i e d  

in  t he  i n s e c t  o r d e r  Orthoptera, s u b o r d e r  Caelifera, a n d  

s u p e r f a m i l y  Acrididae (Locustidae). S. gregaria is in  t he  

s u b f a m i l y  Cyrtacanthacridinae a n d  C. parallelus in  

Gomphoceridinae. T h e  c r i c k e t  Gryllus firmus is in  t h e  

s u b o r d e r  Ensifera o f  t h e  Orthoptera. Drosophila is in  t he  

o r d e r  Diptera a n d  h o n e y b e e  A. mellifera in  t he  o r d e r  

Hymenoptera. T h e  a b o v e  f ive  s p e c i e s  g r o u p s  a re  in  t he  
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Fig. 2. Conserved sequence blocks in the control regions of S. gre- 
garia and C. parallelus. Sequences are shown in the direction 5'-3', 
S.g., S. gregaria; CpR1 and CpR2, the two tandemly repeated units in 
C. parallelus (Fig. 1). The eight conserved sequence blocks, A, B, C, D, 

Block A 

6"-9 . . . . . . . . . . . . . . . . . . .  ATTTAATATATAAATCGAAA6TTTTTTTTG-AAATTGTTTTAT~TATTATTTT~TTTAATTA~GATTAATTTATC~TGCTCATTTTATTTTTTTTATATAT 100 
CpRI TTTTTTT6~ACATTTCTGTATTTTATATATAAATTAAAA6TTTTTTTTGTAAAATAA~ATAT6TAT-AATTT~CTTTA~AA~GTAAAA--TTTTTTAATTTATG6T~ATAAA~CTGGAC 117 
CpR2 TTTATTTGTAAAATAAGATATGTAT-AATTTGCTTTATAAGCGTAAAAATYTTTTAAATTTATGGTCATAAATCTGGAC 866 

Block B 

~.g ATATATAATAAATAATTTATATTAATATATTA~ATTTAATT6AAATTAAATTATTATAAGTTCATCTTA~ATTATCAATT6ATTATTTTAAT6CAATTATTTAC~TA~6ATTATAG~TA 220 
CpRI TTTTAATATAAAT-GTTTAATTTAATATATTACATTTGTTTGATATAATCTTATAA/TTATT ........ ATATAATAACTGCTTATTAATATTCATATAAATATCAAAAG6TTTAGATA 228 
CpR2 TTTTAATATAAAT-GTTTAATTTAATATATTACATTTGTTTGATATAATCTTATAATTTATT ........ ATATAATAACTGCTTATTAATATTCATA-AAATATCAAAAGGTTTAGATA 966 

Block C 

8-9 ~TTAT-~TTTTTAGCTTAAAATA~TTATTATAATATAATATATATAATAATAT6TAATTTAATATTT~ATATTATTATAATTG~ATATAATAAATAAAATCATTAATTTTAATATAAAA 339 
CpR1 CTTATAGT•TTAAG6••AAAA6AAAT•ATTAT•TAATAATATATTTATATTAATGTACATATATATTTTACATTATTA-ATATGG-TATA-TAAACAATATACCTTATTTAATTAATATA 3q~ 
CpR2 CTTATA•TTTTAA••ACAAAA•AAATTATTATATAATAATATATTTATATTAATGTA•ATATA•ATTTTAC•TTA•TA•ATATGTGTATA-TAAACAATATAC•TTAT•TAATTAATATA 108q 

Block B 

S.~ TATTA~ATTTAAT~TAAATAA~A~ATTAATTATAATAATATAATTA~A~AAATTAT~TATAATTAGATTATTTAA~TAATATATAT6AAAGTTAA~TTAATATAAAAAAAA6AATT~A~ ~59 
CpRI ATTGGTATTTAA~ATAATCAATTATATTAATTATAATTATATAACTATATAATTATAATTAACATATTATATCTA---TATTACTATATATTTATTAATATAA-AATA~ATTTAATTATA ~60 
CpR2 ATTAGTATTTAA~ATAATCAATTATATTAATTATAATTATATAATTATATAATTATAATTAACATATTATATCTA---TATTACTATATATTTATTAATATAATAATAGATTTAATTATA 1201 

Block E1 _ _  Block E 2 _ _  

5". 9 ATTAATAA~ATA~TATATTAAATTACATAATTGTATAAAATATATTTATTATATTATTTAATCTTTCTTTATTTATTA-~T~AAA~AAA6ATTAAATA~A-~AAA6AATA . . . .  TAATA 572 
CpR1 TATTATACCATATT~TACTAATAGAAACATTATATTA~TTTAAATAATTTATATTATTTAAT~TTTACC-ATATAGTT-AAAAA~TAAA~ATTAAATATAG~AAA~AATAA-TTTATAA 577 
CpR2 TATTATACCATATTGTACTAATAGAAACATTATATTA~TT~AAATAATTTATATTATTTAATCTTTACC-ATATA~TTAAAAAAG~TAAA~ATTAAATATA~GAAA~AAT~ATTTTATAA 1320 

B / o c k  F 

B.~ CA~TTATT~CTATACA~6~TCCATATTAATCATTAATTATATATAATA6AGAAGTT~TTGTGGTCATACGTAGG~GCGTTTCTTTTTTTTTTT6TTAATGT-~TT~T~GTTTTTTTCTTT 690 
CpRI CATTCC~TTTTATAC-~ATCCAT~TTTATTTATTA-AACATATAATAGAGAA6TT6TTGT---T~GAAGA~TTAGTAATAT~CTAAC-TTT~TTTAATTTCCTGTTTTTATTTTTATTA 691 
CpR2 CATTCC~CTTTATACG6~ATCCAT~TTTATT~A~TA-AACATATAATAGAGAA6TT~TT~TTGTT~6AA~A~GTAGTAATATTCTAACTTTTTTTTAATTTCCTGTTTTTATTTTTATTA I~39 

_ _  B l o c k  G 

TTTTTT~TTTAAATATT~AATCTT~AT~TT~T~TGGTT~AA~AAATT~AAAA~T~T~TTATTTTTTATT~(~t~a~t~t~) 762 
AATTTTCTATAATTATTT6ATTCATATTAATTTTA6TTGCTTACTTTTTTCATTTAAATAGGTTTATTTATTTT CTTAGAA6TTTT (followed by CpR2) 777 
A A T T T T C T A T A A T T A T T T 6 A T T C A T A ~ 6 A A T T T T A G T T ~ T T A ~ T T T T T T C A T T T A A A T A 6 6 T T T A T T T A T T T T ( c t t a ~ t t t t )  1512 

El, E2, F, and G are indicated; within each block, nucleotides identical 
in all three sequences are top-marked with asterisks. The 12-nucleotide 
sequences written in lowercase in brackets in S.g. and CpR2 are of the 
small rRNA gene, and are repeated once at the end of CpR1. 

same subclass Pterygota of the class Insecta (Uvarov 
1966; Borror et al. 1989). 

Primary Structure and Conserved Sequence Blocks in 
the Control Regions of S. gregaria and C. parallelus 

The control region of S. gregaria comprises 762 bp, 
compared to 1,512 bp in C. parallelus. The unusual 
length of the latter sequence is due to the presence of a 
tandemly repeated sequence of the original A + T-rich 
region (CpR1 and CpR2 in Fig. 1). The A + T content of 
these regions is 86.8% and 85.1% in S. gregaria and C. 
parallelus, respectively, justifying the name " A  + T-rich 
region." In both sequences no open reading frames con- 
taining more than 40 codons can be found in any of the 
six possible frames (if ATG, ATT, and ATA are used as 
translation initiation codons, and TAA and TAG as stop 
codons. Clary and Wolstenholme 1985). Comparison of 
the sequences of S. gregaria and the two repeated se- 
quences (CpR1 and CpR2) of C. parallelus is given in 
Fig. 2. The two repeats in C. parallelus A + T-rich 
region are highly homologous (97.5% similarity); the 
repeat CpR2, has a 41-bp deletion at its 5' end as com- 
pared to CpR1, and is flanked by a 12-bp direct repeat of 
the small rRNA gene origin (Figs. 1 and 2). Sequence 
similarity between S. gregaria and CpR1 of C. parallelus 
is 67.7%. Eight conserved sequence blocks have been 
identified between S. gregaria and C. parallelus: blocks 
A, B, C, D, El,  E2, F, and G (Fig. 2). It is worth noting 
that these conserved blocks are spread through the whole 
A + T-rich region, producing a frequency of nucleotide 
changes that is broadly the same over the whole region. 

This indicates a different evolutionary pattern for this 
region in S. gregaria and C. parallelus as compared to 
that in Drosophila species, where the A + T-rich region 
contains two distinct domains, one conserved domain 
located near to the tRNA ile gene and one variable do- 
main. (See below.) 

Among these blocks, block A of 33/34 nt is charac- 
terized by a run of nucleotide T's, located immediately 
downstream of, or very close to, the tRNA ile gene. This 
block, despite its richness in A + T (87.9% and 94.1% in 
S. gregaria and C. parallelus, respectively), is well con- 
served between these two subfamilies (88.2% similarity); 
its location near the 5' end with a run of T's  flanked by 
one purine on each side can also be traced in the A + 
T-rich region of Drosophila species (Fig. 3A; Clary and 
Wolstenholme 1987; Monforte et al. 1993). This may 
indicate some functional importance for this block. 

Block B is characterized by the core sequence "5 ' -  
TTAATATATTACATTT-3' ,"  which is absolutely con- 
served between the two subfamilies. A similar sequence 
is also present in the same relative location in Drosophila 
mitochondrial A + T-rich region (Fig. 3B), suggesting 
its possible implication in transcription or replication 
control. These sequences, having a consensus "5 ' -  
A . . .  T A A .  T .  A T T T A . .  T T . . .  A T A . .  ACATTT- 
3"" (Fig. 3B), resemble the template stop signals for 
D-loop synthesis in human and mouse mtDNA (Clayton 
1982) and CSB1 block identified in mammalian mito- 
chondrial D-loop regions (Walberg and Clayton 1981; 
Saccone et al. 1991), and they share the sequence "5 ' -  
ACAT-3' ."  
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A. Block A-like sequences 

5. 9regaria 
C. porollelus 
O. v l r i l i s  
D. yakubo 
D, teissier i  
D. obscura 
D. ambigua 

Consensus 

otttootototaootcgoaoG~rrl~(TGooattgtttt 
dtttoototataaotcgoooGI-FTTFITrGtooootoog 
o o o c c c g t c t A T T T T T T T T T I l I I I I I T F F T T T G t o c t t t o  
ooaoctcATClTl-FT-Frl-fTTl-FlTrl-FrAttott 
doooctcArCl-Fl-CrTrl-[T]lllll FI-FTTTTAttott 
t O t t c c A ] - F C T T T ] I I I I I I I F T T T I I I I t T A t t c t o  
tOt tc tcATTCTTT]- fTTTTTTT]-FTTTTTTAttc to 

. . . . . .  RII I I IFTT(TTTTTTTTTTTTI-IFT)R . . . . . .  

B. Block B-like sequences 

S. gregaria otototAtooTAAoToATTTAtoTTootATAttACATTToottgo 
(, parallelus octtttAotoTAAoTg-TTTAotT TootATAttACATTTgtttgO 
D, v[r iZis tttootAttoTAAtT-ATTTAaaTTa-oATAotACATTTtogtoo 
D, y a k u b o  tttaa-AoatTAAtTgATTTAtaTTo-gATAocACATTTtoggoo 
D. teissier l  tttda-AootTAAtTgATTTAtoTTa-gATAocACATTTtaggoo 
D. obscura OOtoo-AatoTAAtTaATTTAttTTttoATAotACATTTtagtat 
D. ambigua OoOaa-ActtTAAtToATTTAttTTttoATAocA £ATTTtogtat 

Consensus . . . . . .  A...TAA.T .ATTTA..TT...ATA, .ACATTT . . . . . .  

Fig. 3. S. gregaria/C, parallelus blocks A- and B-like sequences in 
the A + T-rich regions of Drosophila species. Letters in lowercase and 
dots in the consensus sequences indicate nonconserved nucleotides. A 
Block A-like sequences. The number of nucleotide T 's  in brackets in 
the consensus sequence is variable between species; R, purine nucle- 
otides. B Block B-like sequences. Bold letters in uppercase represent 
conserved nucleotides which are given in the consensus sequence. D. 
yakuba and D. viriIis sequences are from Clary and Wolstenholme 
(1985, 1987), D. teissieri from Monnerot et al. (1990), and D. obscura 
and D. ambigua from Monforte et al. (1993). 

Block C and block D are characterized by their ex- 
treme richness in A + T and by their location downstream 
of the conserved block B and upstream of two other 
important blocks E1 and E2 (see below), and they are 
well conserved in these two subfamilies. 

Block F of 21 nt is identical in the two subfamilies. It 
is worth noting that this sequence block, "5'-ATATAA- 
TAGAGAAGTTGTTGT-3 ' ,"  has a high G content 
(24%) and spans the junction between a A/T-rich 5' 
stretch and G/C-rich 3' section. Adjacent to the 5' A/T- 
rich stretch is another G/C-rich region, so block F is a 
core surrounded by G/C-rich sequences. These unusual 
characteristics might involve some as-yet-unknown 
functional role. 

Block G is a short sequence lying near the 3' end close 
to the small rRNA gene, having a conserved sequence 
pattern of "5'-TTTTCTwTAAwTATTTGAwTC-3"' (w 
= A or T). 

Block E1 of 18 nt is identical, and block E2, 22/24 nt 
in length, is highly conserved (91.7% similarity) in the 
two subfamilies. In fact, block E1 is a part inverse repeat 
of block E2; the sequences containing these two blocks 
can form a stem and loop (or hairpin) secondary structure 
(Fig. 4A, and see below for further discussion). 

Conserved Secondary Structure in S. gregaria and 
C. parallelus and Its Possible Conservation 
in Invertebrates 

As mentioned above, the sequence containing the two 
blocks E1 and E2 can form a stem and loop (or hairpin) 
secondary structure (Fig. 4A). In S. gregaria, the stem of 

this highly conserved secondary structure is formed by a 
perfect match of 17 nucleotide pairs, and the terminal 
loop is 12 nt. In C. paralIelus, the corresponding stem is 
formed by 16 nucleotide pairs with only one mismatch, 
the terminal loop is 14 nt. It is interesting that in C. 
parallelus, the first 13 nucleotide pairs in the stem are 
almost identical (one mismatch) in sequence to that in S. 
gregaria, while the remaining pairs are completely dif- 
ferent-i .e. ,  there are 3 pairs in C. paraIlelus with 1 A-T 
pair and 2 C-G pairs, while in S. gregaria nucleotide 
substitutions have resulted in 4 pairs with 1 C-G pair and 
3 A-T pairs. The extra pair in the latter may compensate 
partly the effect of having one less C-G pair. In contrast 
to the conservation in the stems, the sequences of the 
terminal loop are highly divergent, indicating that the 
loop region sequence in the conserved secondary struc- 
ture has less functional importance. In addition, this con- 
served secondary structure remains almost intact in the 
tandemly repeated copy in C. parallelus (Fig. 4A). If the 
sequences of the terminal loops in the two repeated units 
(CpR1 and CpR2) are compared, a difference of 7.1% (1 
insertion/deletion event over the 14 nt) can be observed. 
This makes up 5.6% of the overall difference between 
CpR1 and CpR2. 

While the sequences of the loop region are highly 
divergent between the two subfamilies, it is noteworthy 
that the sequences immediately flanking the hairpin 
structure (5' and 3') are highly conserved (Fig. 4A and 
D). The 5' f lanking sequences are A + T- r i ch  
( " . . .  TTATA"), while the 3' flanking sequences appear 
to contain a "GAAAGAATA" motif (Fig. 4A, and see 
below) and are more conserved than the 5' ones. Again, 
these patterns are strictly conserved in the second repeat 
in C. parallelus. 

It has recently been shown that a conserved hairpin 
secondary structure is probably universally present in the 
A + T-rich region of Drosophila species (Fig. 4B; Clary 
and Wolstenholme 1987; Monforte et al. 1993). By S1 
nuclease assays, Monforte et al. (1993) demonstrated in 
vitro the formation of just such a secondary structure in 
D. ambigua. The hairpin structures are important be- 
cause the replication of circular DNA molecules has 
been shown to initiate within or close to them (Zannis- 
Hadjopoulos et al. 1988). Furthermore it is known that in 
mammalian mtDNA, the replication origin for the syn- 
thesis of the light strand (L-strand) is associated with a 
stem and loop secondary structure, which is located be- 
tween the tRNA ash and tRNA cys genes and highly con- 
served in mammalian, amphibian, and fish mtDNA 
(Clayton 1982; Anderson et al. 1982; Wong et al. 1983; 
Johansen et al. 1990). In Drosophila, from data obtained 
by electron microscopy and DNA sequence analysis, 
Clary and Wolstenholme (1987) have suggested that the 
conserved hairpin-forming sequence could be the site of 
initiation of the second strand synthesis. This may well 
be true considering that a potential second-strand- 
replication origin (oriB) also seems to be associated with 



A. R T  T R 

T G 
T T 

A-~T-R R 
~T-R  
-~T-R 
-:-C-G 

l - R  
"r-A 
T-R 
C-G 
T-R 
R-T 
A-T 
T-R 
T-R 

A-T 
T-R 

5' TTTRTTRTRT-RaRRRGRRTR 3' 

S. gregar~a 

B. 

G T T  R 
R 

T R 
R R 
T R 

~C-G FI 
~C-G 
-+R-T 

T-R 
T-R 
T-R 
C-G 
T-R 
R-T 
Q-T 
T-R 
T-R 
T-R 
R-T 
T-R 

_ T~- 
5' TRRTTTRTR T FIGGRRRGRRTR 3' 

C, parallelus (CpR1) 

El R T T  T R G R T T  
R 

T T T • T 
T T 

T R R-TT T RTR_ T T 

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

T~T-R C TT-R 
T-FI TR C RFIR_T R 
R-T R-T 
R-T T-R 
R-T R-T 
T.G T,G 

FI-T T ~T -R T 
T-R T-R 

C-El T-R 
T-R FI-T 
R-T R-T 
GR R-T G'T 

-T B-T 
R-T R-T 

C-G 
C-G T-R 
T-FI 
R-T R-T 

$ '  RTTTRTFIT__RRR-TGcGRRFITTT 3' 5' RTTTRTRTRR-TTGRRRTTT 3' 

D. virilis D. yakuba 

T F I G  
fl R 
R T 

RR_ T R 
R-T 
8-T 

TRT-Rc 

RCR_TRR 
R-'f 
R-T 
T-A 
R-T 

T-R 
T-R 

TA-TT 
FIR.T R 

R-T 
G'T 
R-T 
R-T 
T-G %# 
R-T 

5' RTTTRTRT...~RR-TGCGRRRTTT 3' 

D. obscura 

T TR 
G R 

B 
A 

T 
B R 
T R 

B R 
-)C-G 
->C-G 
~R-T 

T-R 
T-R 
T-FI 
C-G 
T-R 
R-T 
R-T 
T-R 
T-R 
T-R 
FI-T 
T-R 

5 '  TRRTTTRTR T-R T~RRFJGRRTR 3' 

C. parallelus (CpR2) 

T A R  
R R 
A T 

AR-TA 
R-T 
A-T 

RT-R C 

TCR_TAFI 

R-T 
A-T 
T-A 
R-T %-? 
T-N 
T-R 
R-T 
T-R T 
R-T 
R-T 
R-T 
G'T 

TR- T 
GT" G 
TT_R ~ 
R-T 

5' RTTTRTRT__.RRR-TcGRRFITTT 3' 

D. ambigua 

387 

C. 
T T T  

T R G G R 
R T R T 

R R R R 

RR_TC BT.GR 
T-R T-R 
T-R R-T 
T-R T R-T T 
R-T T_~I FI TT-G 
R-T T-R 
T-R R-T 
T-R R-T 
T-R R-T 
T-R G-g 
R-T G-C 
R-T R-T 

T.GGRG 

G'T 
T-R R-T 

fl-T 
R-T fl-T 

CG 5' TTTRTRBTRT-RRFITRCTBTGARTRFIR 3' 5' TGRRCCGTR -RTTGRRRTT 3" 

A~ metlifera G. firmus 

D. 

Fig. 4. Possible conserved secondary structures in the mitochondrial 
control regions of S. gregaria and C. parallelus (A), Drosophila spe- 
cies (B), A. mellifera and G. firmus (C), and the conserved flanking 
sequences of these secondary structures (D). In A, B, and C, the un- 
derlined sequences in the flanking regions of the stem-and-loop struc- 
tures are the conserved motifs, which are summarized in D. In A, 
arrows indicate the differences of the stem regions between S. gregaria 
and C. parallelus. The secondary structures of Drosophila species are 

Comparison of sequences flanking 
the conserved stem and loop structures 
shown in A-C. 

Organisms 5' flanking region 3' Flanking region 

S, gregorio 5' TTTATTATA GAAAGAATA 3' 
C. poraZlelus 5' TAATTTATA GGAAAGAATA 3' 
O. vi r iZ is 5' ATTTATATA GCGAAATTT 3 '  
D. yakubo 5' ATTTATATA GTGAAATTT 3' 
D. obscuro 5' ATTTATATA GCGA,~.'Iq'T 3' 
D. ambigua 5' ATTTATATA GCGAAATTT 3' 

A, me~Zifera 5' TTTATAATA ATACTATGAATAAA 3' 
G. fimnus 5' TGAACCGTA ATTGAAATT 3' 

Consensus S' ~ A T A  ...GAA(A)T~ 3' 

Note; W=A/T 

from Monforte et al. (1993) with slight modification; the sequences 
shown in C correspond to nucleotides 15,581-15,660 (complementary) 
in Crozier and Crozier (1993) forA. mellifera and 619-694 in Rand and 
Harrison (1989) for G. firmus. D. teissieri also has a similar secondary 
structure with conserved flanking sequences (data not shown) in its A 
+ T-rich region (Monnerot et al. 1990); please refer to Monforte et al. 
(1993). 
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Table 1. Y sequences flanking the stem-and-loop structures associated or potentially associated with second-strand-replication origins in mito- 
chondrial DNA 

Organisms 3' flanking sequences (5'-3') Sequence sources 

S. gregaria s tem-GAAAGAATATAAT This paper 
C. parallelus s tem-GGAAAGAATAATTT This paper 
Drosophila stem-GYGAAATTTTTTATT Refer to Figs. 3 and 4 
G. morhua stem-AGATAGATGCTCGCTG Johansen et al. 1990 
X. laevis stem-TAGAATGAAGCTC Reviewed in Brown 1985 
Rat stem-TAGATTGAAGCCA Reviewed in Brown 1985 
Mouse stem-AGATTGAAGCCA Reviewed in Brown 1985 
Cow stem-TAGATTGAAGCCA Reviewed in Brown 1985 
Human stem-TAGATTGAAGCCA Reviewed in Brown 1985 
P. hybrida stem-GAAAGAAAATTCTT de Haas et al. 1991 
Conserved motif  stem . .  G(A)nT . . . . . . . .  
Chicken tRNACYS-GTAGGCAGAAGCCA Desjardins and MorNs 1990 
Japanese quail tRNACYS-TAGACAGAAGCTA Desjardins and Morals 1991 

a stem-and-loop secondary structure in plant mtDNA (de 
Haas et al. 1991) and the mammalian L-strand-replica- 
tion origin even shares primary sequence homologies 
with some nonmitochondrial systems (Clayton 1982). 

Thus it is interesting to know whether the conserved 
hairpin-forming sequences identified in S. gregaria and 
C. parallelus are equivalent to that found in Drosophila 
species (Fig. 4B). There is no significant sequence sim- 
ilarity in these sequences between S. gregaria/C, paral- 
lelus and Drosophila; the loop sequences in S. gregaria/ 
C. parallelus are longer on average (12-14 nucleotides) 
compared to those in Drosophila (9, 11, or 13 nucle- 
otides); and the stem regions in the two Orthoptera are 
much shorter (17/16 pairs) than those in the fruitflies 
(22-24 pairs), but the former have a much more perfect 
match than the latter (Fig. 4A and B). Despite of these 
differences, the conserved secondary structures in these 
organisms are very similar (Fig. 4A and B). This can be 
seen not only from the conformation of the stem and loop 
structures itself but also from several other features such 
as the similarities of sequences flanking them (Fig. 4D) 
and their relative locations in the control regions. (1) It is 
clear that the 5' flanking sequences are all rich in A + T, 
having a consensus sequence "TATA";  the 3' flanking 
sequences share a sequence consensus "GAA(A)T."  It 
is worth pointing out here that the motif "G(A)nT" 
( " n "  varies from one to four) is also conserved in the 3' 
flanking sequences of stem-and-loop structures associ- 
ated with L-strand replication origins in mammalian, am- 
phibian, and fish mtDNA and a potential second-strand- 
replication origin (oriB) of Petunia hybrida mtDNA 
(Table 1), while when the equivalent L-strand replication 
origins are absent in the corresponding regions in 
chicken and Japanese quail (Desjardins and Morais 1990, 
1991; and see below) this motif is also missing (Table 1). 
These conserved motifs might function as recognition 
signals for some specific trans-active factors to interact 
with the hairpin structure. (2) We can also see that two 
conserved sequence blocks, A and B, in S. gregaria/C. 

parallelus (Figs. 2 and 3) both have homologues lying in 
similar locations in Drosophila. Moreover, in S. gregaria 
and C. parallelus, the conserved sequence blocks C and 
D which are almost pure A/T sequences in S. gregaria 
are located between the block B and the conserved hair- 
pin structure; a similar conserved A + T-rich sequence is 
also present in a similar location in the A + T-rich region 
of Drosophila (data not shown; see Fig. 5 in Monforte et 
al. 1993). 

So it seems that these conserved secondary structures 
in S. gregaria/C, parallelus and Drosophila are closely 
related despite the distant phylogenetic relationship of 
these organisms, and they may well have a similar func- 
tion such as a second-strand-replication origin. Further- 
more, this suggests that such a secondary structure in the 
mitochondrial control regions may be widely conserved 
in invertebrates, indicating its early occurrence in evo- 
lution. We have therefore looked in the published se- 
quences of mitochondrial control regions of the honey- 
bee A. mellifera (Crozier and Crozier 1993) and the 
cricket G. firmus (Rand and Harrison 1989), and were 
able to detect some hairpin-forming sequences of similar 
size and possibly location in both insects. 

In A. mellifera, since the sequence is extremely rich in 
A + T (96%) (Crozier and Crozier 1993), and contains 
several runs of ATs, more than a dozen stem-and-loop- 
forming sequences can be found (data not shown). 
Among these candidates, we found that one shown in 
Fig. 4C as the most closely homologous in location, size, 
and sequence similarity, particularly the conserved status 
of the 5' flanking sequence " T A A T A "  and the 3' 
" G A A T "  (Fig. 4C,D). Of course, identifying such a 
structure from primary sequence data will only be pos- 
sible by comparing the sequences of the A + T-rich 
region between A. mellifera and a related hymenopteran 
species; the sequences able to form such a conserved 
structure would be much more conserved than the rest. It 
has been suspected that the duplicated region between 
the tRNA leu and COII genes in A. mellifera mitochon- 



drial DNA may contain an additional, or replacement, 
origin of replication (hairpin structure) (Cornuet et al. 
1991). However, this duplicated region seems highly 
variable even within the same species, and is often re- 
duced or sometimes absent in other bees (Cornuet et al. 
1991; Crozier and Crozier 1993), making this latter pos- 
sibility less likely. 

In G. firmus, the corresponding control region is much 
less A + T-rich. It consists of three almost identical 
tandem repeats with the last one having a 26-nt deletion 
at the 3' end; the full length of one repeated unit is 220 
bp. Rand and Harrison (1989) have proposed that the 
cruciform structure-forming dyad symmetric sequences 
" G G G G G C A T G C C C C C "  present in all the repeats 
could be important for the functioning of the replication 
origin in this region. Alternatively, we were able to de- 
tect a sequence segment in each repeat unit forming a 
stem-and-loop structure homologous to those found in 
Drosophila and S. gregaria/C, parallelus (Fig. 4C, note 
" G A A A T "  in the 3' flanking sequence and " C G T A "  in 
the 5' flanking sequence which can be a derived form of 
"TATA") .  As in C. parallelus, each repeat unit contains 
such a hairpin-forming sequence located in their center 
region, 98 nt upstream of its 3' end (62 nt for the last 
repeat). Again this speculation needs to be confirmed by 
further studies using a related species. Nevertheless, 
these observed characteristics in A. mellifera and G. fir- 
mus are distinctly suggestive of mtDNA control regions. 

Evolution of the Control Region of Mitochondrial DNA 
in Insects 

The sequence of mitochondrial A + T-rich region char- 
acterized to date in five different insect taxa (Drosophila, 
G. firmus, A. mellifera, S. gregaria, and C. parallelus) 
can be classed into two distinct groups according to their 
primary structures. Drosophila species fall into the first 
group and their A + T-rich regions, as observed by Mon- 
nerot et al. (1990) and Monforte et al. (1993), contain 
two different domains: one conserved domain of 417/438 
bp adjacent to tRNA i~e gene which is highly conserved 
among Drosophila species and contains the highly con- 
served secondary structure potentially associated with a 
replication origin; and one variable domain including the 
rest of the region, which is highly variable both in nu- 
cleotide sequence and length. It is worth noting that in 
some Drosophila species, such as D. tristis (Monforte et 
al. 1993) and probably D. melanogaster, D. mauritiana, 
D. simulans, D. sechellia (Solignac et al. 1986), tandem 
repetition occurred producing A + T-rich regions that 
contain more than one conserved domain. 

The second group comprises the A + T-rich regions 
of S. gregaria and C. parallelus and perhaps G. firmus. 
Unlike the first group, the A + T-rich regions of this 
group cannot be divided into distinct conserved and vari- 
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able domains. As shown in S. gregaria and C. parallelus, 
the A + T-rich regions seem equally conserved (or vari- 
able) along their sequence. Length variation occurred, if 
at all, at the 5' end rather than at the 3' end of the A + 
T-rich region. For example, the largest insertion/deletion 
between S. gregaria and C. parallelus has occurred in 
the tRNA i~e adjacent end (Fig. 2). Interestingly, tandem 
repetition has also occurred in this group in C. parallelus 
and G. firmus, producing A + T-rich regions containing 
more than one possible origin of replication. 

So the A + T-rich regions in S. gregaria/C, parallelus 
have a different evolutionary pattern from that in Droso- 
phila. The absolute location of the highly conserved sec- 
ondary structures in these regions is also different in S. 
gregaria/C, parallelus compared to that in Drosophila, 
although in both groups they lie in the region which has 
less length variation (i.e., the 5' region in the first group 
and the 3' region in the second). In the two Orthoptera 
the conserved secondary structures are located near to 
the small rRNA gene while in Drosophila it is near to the 
tRNA ile gene. (In fact, the conserved domain in Droso- 
phila resembles a condensed or compact A + T-rich 
region of S. gregaria; the preservation of the stem-and- 
loop structures and several conserved sequence blocks, 
together with their relative locations in the sequences, 
indicate a basic similarity between them.) It will be in- 
teresting to know in which group A. mellifera falls, and 
if the hypothetical stem-andqoop structure we proposed 
exists in it, or if an equivalent one can be found in a 
similar location to either Drosophila or S. gregaria. If 
such a secondary structure indeed reveals the second 
strand (L-strand) replication origin as inferred in Droso- 
phila (Clary and Wolstenholme 1987), the above obser- 
vation would indicate that its location may be variable 
from one species group to another. This may well prove 
true because in galliform birds, such as chicken (GaIlus 
gallus domesticus) and Japanese quail (Coturnix japon- 
ica), it has been reported that an L-strand replication 
origin equivalent to the conserved mammalian and am- 
phibian sequences cannot be found in the corresponding 
regions (the 30-nt or so noncoding regions between the 
gene for tRNA asn and tRNA cys, which are absent from 
these organisms) (Desjardins and Morals 1990, 1991). 
Whether an equivalent secondary structure can be found 
elsewhere in chicken and Japanese quail mitochondrial 
genome will be important for testing both the universal 
conservation and variable location of L-strand replica- 
tion origin in metazoan mtDNA. Since the primary 
sequence homologies between the highly conserved hair- 
pin structures in Drosophila and S. gregaria/C, paral- 
lelus are very low, the primary structure seems not so 
important, and is thus much less conserved during evo- 
lution. 

As mentioned above, direct tandem repeats of the 
conserved domain in the A + T-rich region are observed 
in some Drosophila species. This situation also occurs in 
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the cricket G. firmus (Rand and Harrison 1989), where 
the corresponding control region consists of three tan- 
dem repeats with copy-number variation within species. 
In the present paper, we show that the A + T-rich region 
of C. paralIeIus is made up of two tandem repeats of the 
original A + T-rich region as found in S. gregaria. In 
other closely related species pairs, such as D. yakuba 
with D. meIanogaster and D. obscura with D. tristis, the 
tandem-repeat pattern exists in one and not the other. The 
occurrence of such tandem repetitions in the control re- 
gion in dispersed phylogenetic positions strongly sug- 
gests a convergent evolution. Furthermore, the occur- 
rence of tandem repetition in the control region poses a 
most interesting question. As repeated units all contain 
the highly conserved stem-and-loop structure (potential 
replication origin, e.g., in C. parallelus) and are evolving 
concertedly (Solignac et al. 1986), tandem repetition thus 
results in a control region containing more than one po- 
tential origin of replication. Therefore it is interesting to 
ask how replication control functions in this situation and 
whether all repeated units are implicated in this control. 
Analysis of published data suggests that DNA replication 
seems to originate in only one of the repeated region (one 
or other near the center) in Drosophila, thereby suggest- 
ing certain mechanisms involved in this process. 

The mechanism that could generate such repetition in 
mitochondria is unknown at present. It is very possible 
that the original control region contained only one "re- 
peat" unit, as is the case in S. gregaria. Several mech- 
anisms have been proposed by different authors (e.g., 
Rand and Harrison 1989; Cornuet et al. 1991; Monforte 
et al. 1993), however, difficulties arise when using them 
to explain the generation of the first critical repetition, or 
the convergent evolution of this phenomenon in a num- 
ber of widely spread species in disjunct biological lin- 
eages. Recombination has been thought less likely in 
animal mtDNA (Brown 1985); however, it may be a 
suitable mechanism to produce the first repetition of tan- 
dem repeats in a mitochondrial control region, especially 
via parahomologous recombination by unequal crossing- 
over. It has already been suggested that parahomologous 
recombination by unequal crossing-over theoretically 
can generate repeats from nonrepetitious DNA (Smith 
1976). What this mechanism requires is local base- 
pairing between regions with reasonable homology (not 
necessarily extensive stretches of homology). This is 
possible especially when the nucleotide composition of a 
sequence is strongly biased, such as the mitochondrial A 
+ T-rich regions in insect. When the control region is 
concerned in unequal crossing-over, one of the two re- 
combinant products will lack the control region and thus 
some necessary control elements for transcription and 
replication, and should be eliminated by the cell. Al- 
though there is no direct evidence yet for the existence of 
recombination in animal mtDNA, phenomena such as the 
presence of oligomeric mtDNA in mammalian cells in- 

directly support its occurrence (Clayton 1982). Indeed 
the widespread presence of tandemly repeated sequences 
in the mtDNA in animals (for examples, see Densmore et 
al. 1985; Moritz and Brown 1986; Solignac et al. 1986; 
Boyce et al. 1989; Rand and Harrison 1989; Buroker et 
al. 1990; La Roche et al. 1990; Mignotte et al. 1990) may 
itself be an indication of the existence of recombination 
in mitochondria. Actual DNA sequences of the whole 
tandem repeat-containing control region are only avail- 
able in G. firmus (Rand and Harrison 1989) and C. par- 
allelus (in this paper), and more sequence data will cer- 
tainly reveal useful information on the mechanisms 
generating these repeats. 
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