
Tandem Duplication of D-Loop and Ribosomal RNA 
Sequences in Lizard Mitochondrial DNA 

Some CnemiaOphow~~ manguis have mitochondrial DNA's (mtDNAys) that are 22.2 
kilobases (kb) in size, whereas most have mtDNAYs of 17.4 kb. Restriction site 
mapping, DNA transfer hybridization experiments, and electron microscopy show that 
the size increment stems from the tandem duplication of a 4.8-kb region that includes 
regulatory sequences and transfer and ribosomal RNA genes. This observation is 
notable in that sequences outside of the control region are involved in major length 
variation. Besides revealing a novel form of mtDNA evolution in animals, these 
duplications provide a useful system for investigating the molecular and evolutionary 
biology of animal mtDNA. 

A NIMAL MITOCHONDRVU, DNA 
(mtDNA) ranges in size from 15.7 
( I )  to about 23 kb (2), with most 

species having mtDNA's of 16 to 17.5 kb 
(3). As a corollary of its small size its genetic 
economy is high. In contrast to the much 
larger mtDNAYs of fungi, plants, and pro- 
tists (4), there are no intervening sequences, 
and intergenic regions are small or nonexis- 
tent (3). We have observed large (>4.6 kb) 
duplications in mtDNA from the lizard 
C n e m e h m  pxranguti. These duplications 
include not only most (perhaps all) of the 
control region (5), but also both ribosomal 
RNA (rRNA) and at least two transfer 
RNA (tRNA) genes. Although multiple sets 
of rRNA genes are common in other nuclear 
and organellar genomes (4, 6), to our 
knowledge this is their first reported occur- 
rence in animal mtDNA. The duplications 
also provide an opportunity to study certain 
aspects of the molecular and evolutionary 
biology of animal mtDNA. 

Fifteen of 25 mtDNA's from C. manguL 

Fig. 1. Origin and ge- 
netic content of the se- 
quence addition found 
in qme Cnemuiophmw 
mtDNAYs. Pvu I1 (P), 
Barn HI (B), and Sst I1 
(S) digests of standard 
(S) and long (L*) 
mtDNA's were trans- 
ferred to a nylon mem- 
brane and exposed to 
radioactive probes 
made by nick-aansla- 
tion of the following 
templates: S mtDNA 
(A), the novel 4.8-kb 
Pvu I1 fragment (B), 
and large and small 
rRNA sequences and 
the intervening valine 
tRNA gene from goril- 
la mtDNA (C) .  Ar- 
rows indicate bands 
containing sequence 
additions present in 
the L* mtDNA. 

were approximately 17.4 kb in length ( 3 ,  
one was larger by 4.65 kb, seven were larger 
by 4.8 kb, one was larger by 6.2 kb, and 
one (precise size not determined) by at least 
4.5 kb. In contrast to the diversity in length, 
the estimated sequence divergence among 
these mtDNA's is low (8), which simplifies 
analysis of length changes. In this report, 
comparisons are restricted to mtDNA's of 
the "standard" 17.4-kb length, those larger 
by 4.8 kb, and one larger by 4.65 kb. These 
genomes are referred to as S, L, and L*, 

bepenhg  on the restriction enzyme 
used, the respective electrophoretic gel frag- 
ment patterns for L digests differed from the 
S patterns in one of three ways: (i) in Eco 
RV, Eco RI, Bcl I, Xba I, Hind 111, Ava I, 
and Sal I digests, one fragment (the largest) 
was approximately 4.8 kb larger; (ii) in Bam 
HI, Pvu 11, and Nci I digests, a novel 4.8-kb 
fragment was present; and (iii) in Sst I1 
diksts, the &ount of a 1.6-kb fragment 
was doubled and a novel 3.2-kb [range 3.2 
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to 3.4-kb (31  fragment was present. The 
same patterns applied to L* (Fig. lA), 
except that the additional 1.6-kb fragment 
of L was replaced by one of 1.45 kb. In 
conjunction with the cleavage site map for S 
(Fig. 2A), these results suggest a simple 
model to explain the size differences. 

The 4.8-kb increase of the largest flag- 
ment in each digest listed above in (i) sug- 
gests an addition in the region where these 
fragments overlap (Fig. 2A, region I). Each 
enzyme in (ii) has one site within region I of 
S, and each produces a novel 4.8-kb frag- 
ment from L. This suggests that a 4.8-kb 
portion of region I, which includes one site 
for each of these enzymes, is duplicated in 
tandem (Fig. 1B). Likewise, in (iii) the two 
Sst I1 sites located 1.6 kb apart in region I 
(Fig. 1A) would yield a second 1.6-kb frag- 
ment if the region including them were 
duplicated. Further, if the duplication were 
tandem and direct, a novel Sst I1 fragment 
would be produced whose size, when added 
to the 1.6-kb fragment, should equal the size 
of the duplication. The novel 3.2-kb frag- 
ments that were observed in Sst I1 digests of 
L meet this prediction (7). 

These results support a model in which L 
has been derived from S by a direct, tandem 
4.8-kb duplication. The boundaries are not 
precisely known, but the inclusion of both 
the Pvu I1 and Nci I sites (4 kb apart) limits 
the boundaries to the narrow zones shown 
in Fig. 2A. L* appears to be derived from 
L by a 150-bp deletion in one of the two 
1.6-kb Sst I1 fragments, resulting in a novel 
1.45-kb fragment. The deletion can be local- 
ized to region I1 (Fig. 2B), since the over- 
lapping Nci I (4.65-kb novel fragment) and 
Pvu I1 (compare the largest fragments of L* 
and S in Fig. 1A) fragments were smaller 
than expected. The novel Bam HI and Pvu 
I1 fragments of L*, which span the other Sst 
I1 sites, were 4.8 kb, as expected (Fig. 2A). 

The tandem duplication model was test- 
ed, and the genetic content of the duplica- 
tion determined, by three transfer hybridiza- 
tion experiments. The 4.8-kb Pvu I1 frag- 
ment (representing the presumed duplica- 
tion) was used to probe Pvu 11, Bam HI, 
and Sst I1 fragments from L* and S (9). All 
fragments that were expected to have ho- 
mologous sequences hybridized, while those 
outside the duplicated region-that is, the 
smallest Pvu I1 fragment (Fig. 2B, region 
III)-did not (Fig. 1B). The same hybrid- 
ization membrane [after washing (9)] was 
incubated with a probe made from the entire 
S genome. The strong hybridization of the S 
probe to all of the L* novel fragments (Fig. 
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L* appears to be derived from L by a 150- 
bp deletion in one of the 1.6-kb Sst I1 
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Fig. 2. (A) Cleavage site map of standard mtDNA. (B) The corresponding map for L mtDNA 
according to the direct tandem duplication model. (C) Genetic map of the proposed duplication as 
inferred from the maps of other vertebrates (3). Brackets indicate the uncertainty in the positions of the 
duplication boundaries. Regions I, 11, and I11 are referred to in the text. Regions of minor length 
variation (CV) (7) are indicated by the saw-tooth sections. Restriction enzyme abbreviations: A, Ava I; 
B, Bam HI; C, Bd I; E, Eco RI; H, Hind 111; L, Sal I; N, Nci I; P, Pvu 11; S, Sst 11; V, Eco RV; X, Xba 
I. Abbreviations for genetic regions in (C): ND1, subunit 1 of NADH dehydrogenase; 16S, 1- 
rRNA; 12S, small rRNA; CR, control region; Cyt b, cytochrome b; 1, v, f, p, and t represent leucme, 
valine, phenylalanine, proline, and threonine tRNA genes, respectively. The positions of the Dlmps in 
the control region are shown, and enclose small arrows that indicate the direction of replication, as 
determined for other vertebrates (3). 

1A) confirms that they are mitochondrial in same size as the duplication was observed. 
origin. Finally, the membrane was probed The rarity of small circles suggests that 
with a gorilla mtDNA fragment containing recombination-excision of the duplicated re- 
rRNA sequences and the intervening valine gion is infrequent or absent in L and L*. 
tRNA gene (9). The probe bound to all of 
the L* novel fragments, except for the 3.2- 
kb Sst I1 fragment that contains the control 
regionandtheproximalportionofthe12S 
rRNA gene (Fig. 2C). The duplication 
therefore indudes rRNA sequences. The 
size and location of the duplication (Fig. 
2A) in relation to the established gene map 
of vertebrates (3) suggests that it includes 
complete copies of the 12s rRNA gene, the 
phenylalanineandvalinetRNAgenes,and 
complete, or nearly complete, copies of the 
16s rRNA gene and the control region (Fig. 
2C). 

Electron microscopy (1 0) confirmed the 
duplication model and demonsmted that 
the D-loop was included in the duplication. 
In L* and L, many molecules were seen with 

by the model (Fig. 
forks of the 
(n  = 35) of the total genome length apart. 
Preliminary data indicate that each of the I)- 
loops is capable of expansion. Small circles, 
attributed to intramolecular recombination, 
are commonly seen in plant mtDNA's with 
direct tandem repeats (4). In the L and L* 
pCePwatiOm, only a single small ,-ir& ofthe 

tesponding forks ofthe two 
m o l d e .  

fkgments. Given the assumption that the 
gene order of mtDNA in Cnmuhphm is 
the same as that of other vertebrates (3), 
then the 1.6-kb Sst I1 fragment contains the 
valine tRNA gene and the adjacent termini 
of the rRNA genes (Fig. 2C). It is therefore 
most probable that the deletion in L* has 
created a pseudogene. The exact boundaries 
and gene content of the deletion must be 
determined by sequencing. 

The major size variants observed among 
C. m a n p t  mtDNA's differ significantly 
from those reported for other animals, in 
which length variation is restricted to the 
control reson or intergenic sequences (3, 
15 13), and results from additions or dele- 
tions within homopolymer tracts (12) or 
copy number variation in relatively small 
(<500 bp), tandemly repeated sequences 
(13). In contrast, the major size variants of 
C. mangut mtDNA are tenfold larger and 
stem from the duplication of a unique se- 
quence that indudes structural genes. 

The evolution of mtDNA by large dupli- 
cations of coding sequences may occur in 
animals other than C. m a t y u t  because 
major length differences have also been ob- 
sehed among the mtDNA's of congeneric 
fish (14), frogs (15), newts (16), and lizards. 
The latter include individuals from five spe- 
cies of Cnmiaophm (C. wumela, c. uni- 
paren, C. s~ptempittatw, C. gulurrj, C. swc- 
lineatus) and the gecko Hetenmotia bi-. 
Preliminary data for one of the fish (17) and 
each of the lizard mtDNA7s (18) suggest the 
presence of large duplications. In contrast to 
animal mtDNA, duplications are common 
in the organellar genomes of fungi and 
plants, and most often include rRNA se- 
quences (4). 

The presence of duplicate regulatory and 
structural gene sequences in C. mmguL 
mtDNA provides a system in which to study 
certain molecular and evolutionary aspects 
of mtDNA. Du~hcation of the control re- 
gion means that each molecule has two sets 
of promoters and two origins of heavy 
strand replication (Fig. 2C). The iteration of 
control sequences provides a system for 
studying the regulation of mtDNA tran- 
scription and replication. Sequence compar- 
isons between duplicate genes and pseudo- 
genes have yielded valuable information on 
mechanisms and rates of nuclear genome 
evolution (19), and restriction enzyme anal- 
ysis of the C. m a n ~ u t  L* variant has al- 
ready revealed an example of mutation with- 
in the duplication. These duplications pro- 
vide the first opportunity to study the 
dynamics of animal mtDNA sequence evo- 
lution in the absence of severe functional 
constraints. 
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Correspondence Matching in Apparent Motion: 
Evidence for Three-Dimensional Spatial Representation 

The path of an object in apparent motion depends on correspondence matching, the 
decision that images seen at different places and at Merent times represent the same 
object. One determinant of correspondence is proximity. Still debated, however, is 
whether proximity is defined in a two- or three-dimensional spatial representation. 
Observers judged the motion path taken by an object with two neighbors of different 
apparent depth. Given similar two-dimensional distances, objects moved toward the 
neighbor of the same apparent depth. This is evidence that correspondence operates in 
a three-dimensional spatial representation. 

vIEWING A SEQUENCE OF STATIC 

pictures, or  "frames," may produce 
a compelling experience of appar- 

cnt motion. This apparent motion requires 
thc matching of imagcs secn at different 
places and at different times. If each frame 
contains multiplc images, the visual system 
is confronted with a problem; each image in 
one frame has scveral potcntial matches in 
the next. How does the visual system decide 
which imagcs correspond and represcnt the 
same object? The solution to this "corre- 
spondence problem" lies in the application 
of two heuristics: (i) match images of similar 
form and (ii) match images that arc ncarcst 
neighbors in spacc. Although it has proven 
difficult to detcrrnine the relevant form prop- 
erties ( I ) ,  rcccnt studies have demonstrated 
preferential matching bctween objects of simi- 
lar orientation (2, 3), spatial frequency (2), 
lurninancc polarity (4), and color (4). 
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Several studics (5, 6) have also demon- 
strated the importance of proximity. Givcn a 
choicc of several alternatives, objects tend to 
match thcir ncarest neighbor. A remaining 

Fig. 1.Schematic represelltatioll of the display as 
scen by the obsen~ers. Viewing distance was 100 
cm. 
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qucstion is whcthcr nearcst ncighbor is dc- 
fined in two-dimensional (2-0)  retinal coor- 
dinates or by distance in an internal, thrce- 
dimcnsional (3-0)  reconstruction of space. 
Previous studies (5,7 )suggcstcd that corrc- 
spondcncc operates only on 2-D retinal 
coordinates. We have found, however, that 
objccts prcferentially match neighbors of the 
same rctinal disparity-evidence that corre- 
spondence uses a 3-D proximity metric. 

Wc controlled apparent depth by varying 
binocular disparity, the relative position of 
images on thc two rctinac. Each frame in the 
display was a stereogram consisting of scpa- 
rate left- and right-cye random "dot" matri- 
ccs made from equal numbcrs of light 
(169.0 cd mp2) and dark (0.2 cd mp2) 
squares. All frames contained a background 
matrix, four submatrices, and a rcd fixation 
square (Fig. 1) .  Thc background was viewcd 
with an uncrossed disparity of 24 arc min, so 
that it appcared far behind the fixation 
mark. Using this as a base, wc addcd four 
disk-shaped submatriccs, each having a di- 
ameter of 1.3". The submatriccs werc pre- 
sented as pairs of different apparent depth 
(12 arc min crossed and 12 arc min un-
crossed) lying on the circumference of an 
imaginary circle with the fixation square at 
the center. The radius from the ccnter of the 
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