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Restriction Enzyme Cleavage of Nuclear DNA Reveals Differences in Repetitive 
Sequences in Two Species Pairs (Ficedula and Parus) 
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The haploid nuclear genome of birds contains ca. 
1.8 picograms of DNA (Shields 1983), which represent 
approximately 1 x 109 base pairs (bp). Passerine species 
have a larger amount of repeated DNA (35% of the 
genome) than nonpasserine species (10-20%) (Shields 
1983), and repetitive sequences are dispersed among 
single-copy DNA throughout the genome. In birds, 
40-50% of the single-copy DNA is organized into 
blocks of 4.5 kilobases (kb) interspersed with repet- 
itive sequences of 2--4 kb (Arthur and Straus 1978, 
Eden and Hendrick 1978, Epplen et al. 1978, Shields 
1983). The rest of the genome consists of long stretch- 
es (>17 kb) of unique single-copy sequences (Eden 
and Hendrick 1978, Shields 1983). 

Some moderately repetitive sequences (10-10 • cop- 
ies) are transcribed (Bouchard 1982), but most of the 
repetitive sequences have unknown function and can 
exhibit large differences in size or copy number be- 
tween dosely related species (Dover et al. 1982, Flav- 
ell 1982). In birds, interspecific variation in DNA con- 
tent is low relative to that of other vertebrates (Shields 
1983). Nontranscribed highly repetitive DNA se- 
quences (>10 • copies) consist of very short (5-12 bp) 
tandemly repeated sequences (Singer 1982), and their 
function is unknown. It has been suggested that they 
function in chromosome recognition events and chro- 
mosome recombination (Jeffreys et al. 1985), or DNA 
sequence organization and reorganization (Gillespie 
et al. 1982). Amplification of different repeated DNA 
sequences in different populations might cause mis- 
alignment and failure of synapsis during meiosis in 
hybrids, causing hybrid sterility (Flavell 1982, Rose 
and Doolittle 1983). Differentiation in repetitive se- 
quences therefore may be a factor that contributes to 
postzygotic isolation between species and promotes 
speciation (Dover et al. 1982, Flavell 1982). 

Differentiation of highly repetitive sequences be- 
tween species can be investigated by digestion of total 
DNA with restriction enzymes and comparison of 
fragment patterns by electrophoresis. Highly repeat- 
ed sequences appear as distinct bands in the contin- 
uous smear of DNA fragments after electrophoresis. 
These bands contain sequences that represent at least 
0.5% of the genome (Singer 1982). To investigate the 
extent to which highly repeated sequences reflect in- 
terspecific differentiation, we compared the digestion 
patterns of repetitive sequences from two species pairs. 
The two Old World flycatchers Ficedula hypoleuca and 
F. albicollis are thought to have a recent phylogenetic 
origin, whereas the two titmice, Parus major and P. 
caeruleus, are more distantly related. 

We extracted genomic DNA from blood and muscle 
tissue of two individuals each of Ficedula albicollis, F. 

hypoleuca, Parus caeruleus, and P. major according to 
Gelter et al. (MS). Approximately 1 /•g of DNA was 
digested with 3 units of restriction endonuclease in 
400 •1 for 5 h at + 37øC with the appropriate buffer 
specified by the supplier, extracted once with phenol ] 
chloroform, once with chloroform, precipitated with 
99% ethanol at -70øC, pelleted at 12,000 g for 20 rain, 
washed with 70% ethanol, and vacuum dried. Five 

restriction enzymes (HaeIII, AluI, Hinfl, EcoRI, and 
TaqI; obtained from Boehringer Mannheim or Phar- 
macia P-L Biochemicals) were used to analyze repet- 
itive sequences. The digested DNA was redissolved 
overnight in 25 #1 of TE (10 mM Tris, pH 7.0). Elec- 
trophoresis of DNA fragments was performed in 0.8% 
agarose gels for 5-12 h at 2-5 V/cm with phage lamb- 
da DNA digested with HindIII as fragment size stan- 
dard. Gels were stained with ethidium bromide for 

10 rain, DNA was visualized on a short-wave UV 

transilluminator, and photographed. 
All the five restriction enzymes used gave distinct 
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Fig. 1. Representativeelectropherograms of high- 
molecular-weight nuclear DNA after digestion with 
restriction endonudeases and electrophoresis in 0.8% 
agarose gels. Arrows indicate fragments of repetitive 
sequences, and the numbers denote sizes (base pairs) 
of DNA fragments. (A) AluI, EcoRI, Hinfl; (B) HaeIII, 
TaqI. (a) = Ficedula albicollis. (h) = F. hypoleuca, (c) = 
Parus caeruleus and (m) = P. major. 
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T^BLE 1. Fragment sizes of repetitive sequences after digestion with five restriction enzymes. Ficedula albicollis 
(F.a.), F. hypoleuca (F.h.), Parus caeruleus (P.c.), and P. major (P.m.). 

Fragment no. 

Enzyme Species 1 2 3 4 5 6 7 

AluI F.a. 3,660 2,640 1,960 1,620 
F.h. 3,660 2,640 1,960 1,620 
p.œ. -- 

P.m. 5,160 

EcoRI F.a. 5,900 3,150 2,870 2,050 1,750 
F.h. 5,900 3,150 2,870 2,050 1,750 
P.c. 2,080 
P.m. 2,190 1,950 1,600 1,320 

HaeIII F.a. 4,450 4,200 2,790 
F.h. 4,450 4,200 2,790 
p.œ. -- 

P.m. 1,860 1,380 970 

HinfI F.a. 4,200 
F.h. 4,200 
p.œ. -- 

P.m. -- 

TaqI F.a. 4,050 3,760 3,200 2,600 2,080 
F.h. 4,050 3,760 3,200 2,600 2,080 
P.c. 3,560 
P.m. 2,060 

1,820 1,660 
1,820 1,660 

bands of repetitive sequences in the two Ficedula 
species (Fig. 1). In contrast, AluI, HaeIII, and HinfI 
failed to reveal any repetitive fragments in Parus cae- 
ruleus, and P. major lacked repetitive fragments after 
digestion with HinfI. The two Ficedula species showed 
a higher number of repetitive fragments than the two 
Parus species (Table 1). No fragments were identical 
between the two genera. 

The two Ficedula species had identical repetitive 
sequence fragments for all five restriction enzymes 
(Table 1). Digestion with HinfI gave one fragment. 
The other restriction enzymes produced three to sev- 
en repetitive fragments, which indicates either mul- 
tiple restriction sites within the repetitive sequence 
or the presence of the same restriction site in different 
repetitive sequences. 

In contrast, P. caeruleus and P. major showed many 
differences in repetitive sequences. After digestion 
with TaqI, both P. caeruleus and P. major showed only 
one fragment, but it had a different size in each species 
(Table 1). After digestion with EcoRI, P. caeruleus 
showed one fragment while P. major showed four 
fragments. Parus major showed one fragment after 
digestion with AluI and three fragments after diges- 
tion with HaeIII, but none of these fragments were 
present in P. caeruleus. Parus caeruleus has fewer re- 
petitive fragments overall than P. major. 

All five restriction enzymes produced ladderlike 
fragment patterns after incomplete digestion. This 
validated the repetitive nature of the fragments. When 
a recognition site for a particular restriction endonu- 

clease occurs within a repeat unit, incomplete diges- 
tion converts the tandem array of repeats to a set of 
DNA fragments of multiples of the length between 
the repeated units, which appears as a "ladder" of 
fragments in the smear after electrophoresis (H6rz 
and Zachau 1977). The technique cannot distinguish 
between multiple cuts within a certain repetitive se- 
quence and cuts in different repetitive sequences. De- 
spite these limitations, the technique may be valuable 
for investigating differences in highly repetitive se- 
quences between congeneric species. 

We found identical fragment patterns of highly 
repetitive sequences in the two Ficedula species. The 
more distantly related Parus species have differen- 
tiated in their repetitive sequences. Lack of differ- 
entiation of highly repetitive sequences between the 
two Ficedula species indicates that sequence diver- 
gence was not involved in speciation, and is in ac- 
cordance with a close allozymic similarity (Nei's ge- 
netic distance D = 0.0006, Gelter et al. 1989), similarity 
in morphology, behavior, and ecology. Hybrids be- 
tween the two Ficedula species occur frequently in 
areas of sympatry (L6hrl 1950, Alatalo et al. 1982, 
Gelter 1987). Female hybrids are sterile, the male hy- 
brids are fertile (Gelter et al. MS). Unless hybrid 
infertility evolves as a consequence of base-pair sub- 
stitutions in single repeats of repetitive sequences, 
the infertility of hybrid Ficedula females cannot be 
attributed to divergence in highly repetitive se- 
quences. Observed female hybrid sterility may rather 
be a consequence of lack of interactions between loci 
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on the Z and W chromosome (Gelter et al. MS). No 
hybrids between the two Parus species have been re- 
ported. 

The similarity of the highly repetitive sequences 
in Ficedula and the observed differentiation of repet- 
itive sequences in Parus suggest divergence of highly 
repetitive sequences by differentiation after specia- 
tion and correlation to overall differentiation be- 

tween each species pair. 
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Terminal-Egg Chilling and Hatching Intervals in the American White Pelican 
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With the onset of pipping, incubation behavior of 
many bird species alters rapidly as parents adjust their 
behavior to the changing nest contents. Typically, 
parents settle less tightly over pipped eggs and apply 
their brood patch(es) less closely (Drent 1973). In 
species where the young hatch asynchronously, fur- 
ther disruptions to incubation arise when parents be- 
gin to tend their first hatched young (Beer 1962, Nel- 
son 1978). In extreme cases, parents may permanently 
neglect late-hatching eggsß which die (Gullion 1954ß 
Beer 1962ß Spellerberg 1971). 

The adaptive significance of terminal-egg neglect 
has not been determined, but it is noteworthy that it 
has been reported mainly for ground-nesting non- 
passefine species that commonly exhibit brood re- 
duction after hatching. Graves et al. (1984) have sug- 
gested that neglect of the terminal egg would be an 
easy way for parents in one such species (the Herring 
Gull, Larus argentatus) to achieve brood reduction. Less 
extreme forms of terminal-egg neglect may also be 
relevant to brood reduction. It has been suggested, 
although not as yet directly proven under natural 


