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A tandemly organized, highly repetitive DNA component of the killer whale was 
sequenced. The length of the repeat was 1,579 bp. This unit, which characterizes 
all delphinids, shows stringent hybridization homology with a 1,740-bp repeat that 
is characteristic of all other cetacean families. The 1,579-bp component comprises 
- 15% of the killer-whale genome, in which it is repeated 4-5 X lo5 times. Computer 
analysis of the sequence showed no linear repetition within the component. This 
indicates that the 1,579-bp unit has not evolved by amplification of shorter repeats. 
Several inverted repeats of substantial length were found in the 1,579-bp unit. The 
most conspicuous of these was a 72-bp sequence that deviated from matching in 
only three positions. The 72-bp sequence occurs within an open reading frame 330 
bp in length. Transcriptional activity was registered in the cloned repeat in a cell- 
free system. The length of the transcript was - 340 nucleotides. The chromosomal 
localization of the 1,579-bp repeat was determined by in situ hybridization. The 
repeat was present in eight of 2 1 autosomal pairs and was found in almost all C- 
band-positive (constitutive heterochromatin) regions of the karyotype. 

Introduction 

An evolutionarily conservative, highly repetitive component is present in all ce- 
taceans (whales, dolphins, and porpoises). The odontocete (toothed whale) and mys- 
ticete (whalebone whale) lineages separated -40-50 Myr ago, but it is conceivable 
that the component is more ancient than the separation of the odontocete and mysticete 
lineages. The length of the repeat is - 1,740 bp in all cetacean families except the 
Delphinidae, in which the length of the repeat is - 1,570 bp (Arnason et al. 1984). 
Hybridization between the 1,740-bp repeat and the delphinid repeat occurs under 
stringent conditions. It is logical to assume that the 1,740-bp repeat was replaced by 
the delphinid repeat prior to the radiation of the delphinids and that the age of the 
repeat thus exceeds 20 Myr. 

As judged on the basis of restriction analysis, the length of the delphinid repeat 
and the relative localization of restriction sites have been preserved among the various 
delphinid genera. These characteristics of the repeat have thus been maintained despite 
different degrees of amplification of the repeat in different delphinid genera. 

The repeat is particularly abundant in the killer whale, and this species also has 
a C-band pattern that distinguishes it from the pattern in other delphinid karyotypes. 
Thus, in the killer whale, C-bands are more prominent than in other delphinids and 
occur in chromosome positions unique to this species. 

The present study was undertaken to characterize the highly repetitive delphinid 
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component as represented by the killer whale, with respect to both its composition 
and its chromosomal localization. The in situ hybridization technique was applied to 
clarifying whether the delphinid repeat was present in C-bands in positions unique 
for the killer whale as well as in positions common to other delphinids. 

Experimental Procedures 

Single sites for several restriction enzymes suitable for cloning occur in the pres- 
ently studied delphinid repeat (Arnason et al. 1984). Cloning was performed after 
cleaving total DNA of the killer whale with EcoRV. The DNA was loaded on 1% 
agarose gel, and the highly repetitive fragment was electroeluted. After purification, 
the fragment was ligated into the EcoRV site of pBR322. Both strands of the cloned 
fragment were sequenced following the Maxam and Gilbert (1980) procedure after 3’ 
and 5’ end labeling. Positions 1 and 1,579, respectively, refer to axis of the EcoRV 
site in the repeat. 

Computer analysis of the repeat was performed using three different programs. 
One program was provided by Drs. Petter Gustafsson and Robert Hat-r (Dept. of 
Microbiology, Umea, Sweden), another by Dr. Philip Taylor (MRC Virology Unit, 
Glasgow, Scotland), and a third was that of the University of Wisconsin Genetics 
Computer Group (Deveraux et al. 1984). 

Transcription of the cloned repeat in a cell-free system was studied according to 
the method of Manley et al. (1980). For discriminating between RNA polymerase II 
and III, transcription was performed either in absence or presence of a-amanitin 
(1 pg/ml). 

For the in situ hybridization analysis, long-term fibroblast cultures were used. 
Preparations were denatured in 0.1 X SSC ( 1 X SSC = 0.15 M NaCl and 0.015 M Na 
citrate) just below boiling temperature (Singh et al. 1977). A 3H nick-translated (Rigby 
et al. 1977) recombinant plasmid was used as a labeled probe. C-banded preparations 
were from the same specimen. 

Results 
Sequencing of the killer-whale repeat was based on readings of both strands of 

the repeat. The sequencing strategy is shown in figure 1. The length of the repeat was 
1,579 bp. The sequence of the repeat is given in figure 2. The central A of the EcoRV 
site was chosen as position 1 of the sequence. The G + C content of the repeat measured 
44%. This figure is close to the G + C content of cetacean mainband DNA as judged 
from isopycnic ultracentrifugation (Arnason et al. 1977, 1978). 

The 1,579-bp sequence was analyzed with respect to presence and distribution 
of repetitions having the same orientation. Five 9-bp sequences occurred twice in the 
repeat. In no case were these sequences adjacent to each other. The distribution of 
these sequences showed no particular pattern, and thus these identities did not indicate 
that the 1,579-bp repeat had evolved by means of an accumulation of short repeats 
in direct orientation. 

FIG. 1 .-Sequencing strategy of the 1,579-bp repeat of the killer whale, Orcinus mu. Restriction sites 
used for labeling are indicated. Both strands of the repeat were sequenced according to the figure. 
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ATCTTATCATGTTTCTTTTTTTGTGTGACTTATTTCATGTAGAATcATcGTAccTGAATc 

CATTTCCTTTCCAA~CTTCCTTGGTTGGCCAAAAAGTTCGTATGCGTTT~TTT~TGAATA 
TATTCACCAAAAAACGCATAAGACCTTTTTCCTTTTTCCCCAACTCCATCATTCTCGACCTTCTCCC 
~GTTTTCCTATG~TTTA~ATG~AATTCCAGT~TA~~T~~TGAAAT~CCTGT~TGGCAATT 

TTCCCCCCCTTTCAACTCCTCTTCCCACCCTTACTTCAATATATTTTTCCACGATAGcTG 
TCATTTATAACTCTCCACtTTTCTCAATCACACTGCCCCCTCACCTCCTTTcTTcAAcTcG 
CTTTCTTCTCACCTCCCTCCAACACCCCACGATTCCTTCACCCCcTCCTGTGGTTccGGc 
AGCCCACCCTGAtCCTTTTCTTAATTCCTCTTCCTCtTCCCAAATCACCCTTAAATTTGc 
CCtTCCACACACCTCCACCTACTCTCTCATTCATTCTCCCTATTCCTCTTCATTTTccGc 
AGAAATTCcAAACTCCCCCAAACACCACGTTAAACGCACTCACTCTCCAACTCCGGAGAG 
TCTTACTAAACCCTCTCCAATGTTCCACCCCACTACCACCCCACCAAAACTCAGAcAcAT 
TTCAACACGTTTCCCCATCACACCCTCCATCATACTCTCCCTTCCACATCCATGTTTTAG 
CTCAACGAACAATCCCTTAAACCTCCAGACTTCAGACCCATCCAATCCCTAccATGcAAT 
ATCACTTCAAACtCT~CTATTTCCTAACTCAAACTCACTAATCCTATCAcTGcTGcGTT 
TATCCCACTGTACACACCCTTCATTCCCTTTCCCACACACATATAACTCCACACCTTTTAAG 
ATTCTTACTACTCACCTATATTCTTACCAGTTTTAATATCCACTCTTCACTCCAcTcGATc 
ACCAAGCACTACCTCTTGTCTATTAAATATTTCGCTTATGCAACCCTATCTCTGcTGATT 
TcAATCTCTGCTTTTATCCACCACCTCAACTCACCTTTCCCCTTAACCAACCATAAGTTG 
GTCTTCTAcATTTCACACCCTCTTCTCTTTTCTAATTCACTTCCTCTCTAGccAAGTTTA 
CATTCCGTCTACTACTCAT 

FIG. 2.-Base sequence of the killer-whale 1,579-bp repeat. 

The presence of inverted repeats within which intrastrand pairing might occur 
was also investigated. Several such regions of high quality (UWGCG stemloop program; 
Deveraux et al. 1984) were observed. The most conspicuous of these was a 72-bp- 
long sequence in position 505-576. The quality value for complementarity for this 
sequence was 76.0. The sequence was preceded in position 49 l-500 by a lo-bp sequence 
having full intrastrand complementarity. A lOO-bp sequence (position 485-584) that 
included the two inverted repeats, displayed as cruciform structures, is shown in figure 
3. Other inverted repeats having high-quality values were found in positions 20 l-233, 
25 l-304, and 7 17-754 (fig. 4). The 25 l-304 region is interrupted in position 269- 
286 by a sequence without intrastrand complementarity. 

Several regions with an open reading frame were found in the repeat. The longest 
segment was a 330-bp sequence in position 398-728. Other regions of substantial 
length were located in positions 522-747, 1,262-952, and 1,112-942 (fig. 4). 

Transcription in a cell-free system (Manley et al. 1980) was recorded in the repeat. 
The length of the transcript was - 340 nucleotides (fig. 5). The results were repeatable 
in the sequenced repeat but could not be verified in other clones. 

Screening for sequence similarities between the 1,579-bp repeat and primate Alu 
sequences revealed sequence similarities in some cases. The most conspicuous simi- 
larities were found in position 1,143- 1,168 of the killer-whale repeat and in position 
163- 188 of a cloned Alu sequence (Rubin et al. 1980) in which a 26-bp sequence had 
22 matches. An 18-bp sequence, position 807-824, showed 17-bp identities with po- 
sition 298-3 15 of an Alu sequence of the African green monkey (Saffer and Lerman 
1983). These similarities were not elaborated on further, since they might be coinci- 
dental. 

A highly repetitive component of the bowhead (Balaena mysticetus), a whalebone 
whale, has been sequenced in most of its length. The length of the repeat was 1,746 
bp. Comparison between the killer-whale 1,579-bp repeat and the bowhead repeat 
showed substantial similarities between the two components. Figure 6 shows graphically 
the results of an alignment of the two sequences. Positions 1,247-1,426 in the bowhead 
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Smith (1976) demonstrated that sister chromatid exchange would impose uni- 
formity within clusters of highly repetitive DNA, either by eliminating new repeat 
varieties or by increasing their frequency in any particular chromosome region. The 
validity of Smith’s (1976) model is easily conceived with respect to maintaining ho- 
mogeneity within a repeat cluster, but it appears unlikely that it would prevent di- 
vergence between highly repetitive components residing on different chromosome 
pairs. Restriction analysis of the delphinid repeat in different species (Arnason et al. 
1984) has shown that the component has been strikingly conserved during the 20-24 
Myr of delphinid evolution, with respect to both the length of the repeat and the 
localization of various restriction sites. The conservation of the 1,740-bp repeat in 
other cetacean families is still more conspicuous, since this repeat has been maintained 
in lineages that separated ~40 Myr ago. 

The possible functions of highly repetitive DNA are still obscure. However, the 
presence in the same organism of highly repetitive DNAs with entirely different rates 
of evolution may indicate that different highly repetitive DNA components are subject 
to different selective pressures. In the balenopterid whales, one rapidly diverging and 
two conserved components have been studied in some detail (Arnason et al. 1978; 
Arnason and Widegren 1984). The rapidly diverging (light-satellite) component is 
present in centromeric C-bands in just a few chromosome pairs. Compared with the 
other two components, the light satellite appears to evolve quite freely and to be 
subject to limited selective pressure with respect to its composition. However, it does 
not follow from this that such components are immaterial to the organism that carries 
them. C-band heteromorphism is striking in most cetaceans @mason 1974), and 
based on these findings and the observations of Nankivell (1976) and Miklos and 
Nankivell ( 1976) that chiasmata positions are affected by the distance to C-band sites, 
Arnason et al. (1978) suggested that the different amounts of highly repetitive DNA 
in heteromorphic C-bands would put adjacent euchromatin out of parity and thus 
reduce the meiotic recombination in the vicinity of highly repetitive DNA. This effect 
would be achieved just by the presence of the heterochromatin, irrespective of the 
composition of the highly repetitive DNA. 

The conservation of the presently studied delphinid repeat and the 1,740-bp 
cetacean repeat makes it highly plausible that these components are subject to selective 
pressure. Such pressure might be based on transcriptional activity in particular tissues 
or at certain developmental stages, or on structural properties of these components 
that might affect the spatial organization of the chromosomes in meiosis or mitosis. 
Evolutionary conservation of these components might also be imposed by their being 
selfish DNA (Orgel and Crick 1980) whose structure is optimal for being maintained 
and propagated in cetacean genomes. However, since it is hardly possible to test the 
selfish DNA hypothesis experimentally, we feel that possible functions of this repeat 
in cetacean genomes need to be thoroughly studied before other explanations are 
sought. 
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