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Summary. Repetitive DNA families in sexual
species are subject to a variety of turnover mecha-
nisms capable of homogenising newly arising mu-
tations. Very high levels of homogeneity in DNA
families in some species of Drosophila indicate that
the rate of turnover is fast relative to that of mu-
tation. To gauge the generality of such phenomena,
we cloned and sequenced individual members of
homologous repetitive DNA families from two sub-
species of tsetse fly, Glossina morsitans centralis and
G. morsitans morsitans. Unexpectedly high levels
of variation were found within each subspecies, av-
eraging 24% and 3 1%, respectively. Contiguous re-
peats and repeats cloned at random were compar-
ably divergent. Nevertheless, it was possible to
identify three instances of apparent homogenisa-
tion, each being, remarkably, of an insertion/dele-
tion nature. We conclude that the rate of turnover
in the tsetse families is comparable to that of most
mutations, and discuss the possible parameters af-
fecting flux in these families,
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Introduction

It has been recognised that the multigene and non-
coding repetitive DNA families of eukaryotic ge-
nomes are in a state of turnover due to novel genetic
exchanges (Hood etal. 1975; Kedes 1979; Ohta 1980;
Dover 1982; Dover et al. 1982, 1984; Jones and
Kafatos 1982; Arnheim 1983; Ohta and Dover
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1984). These stem mainly from the apparent pro-
pensity of member genes to communicate non-re-
ciprocally, and thereby homogenise, species-specific
variants throughout the majority of constituent
members and in most individuals of a sexual pop-
ulation (molecular drive). The mechanism of hom-
ogenisation is likely to vary with the genomic or-
ganisation of the family; unequal exchange, gene
conversion and transposition have each been im-
plicated in different systems of family homogeneity
(for references, see Dover 1982).

The unequal exchange model (Smith 1976) seems
to fit in an economical manner most of the available
data on the evolution of tandemly repeated se-
quences. Unequal mitotic and meiotic exchanges
have been directly demonstrated in yeast and Dro-
sophila melanogaster TDNA arrays (Petes 1980;
Szostak and Wu 1980; Coen and Dover 1983). Sister
chromatid exchanges have been shown to occur in
the heterochromatin of D. melanogaster (Tartof
1974; Yamamoto and Miklos 1978), which is char-
acterised by a concentration of highly repeated DNA
families (Peacock et al. 1977; Brutlag 1981).

Experimental investigation of variation amongst
members of noncoding, tandem DNA families can
be used to assay the results of such homogenising
processes in the probable absence of selective con-
straints; the resolution offered by direct DNA se-
quencing techniques allows the fine details of both
modes and rates of change to be elucidated.

Evidence of a pervasive, low level of variation
has been obtained in the African Green Monkey a-
satellite DNA (Thayer et al. 1981). In these studies,
sequencing of cloned dimeric fragments indicated
that adjacent repeats are not necessarily more sim-
ilar than are repeats selected at random. Extensive
sequence analysis in repetitive DNASs has been car-



ried out both within and between species of Hawai-
ian Drosophila (Miklos and Gill 1981) and in the
melanogaster species subgroup of Drosophila (Stra-
chan et al. 1982; T. Strachan, D.A. Webb, and G.A.
Dover, submitted for publication). The latter stud-
ies, in particular, have shown the within-species
variation in two DNA families to be an order of
magnitude lower than most of the between-species
divergences, indicating that the primary rate of turn-
over (i.e., rate of homogenisation) is considerably
faster than that of mutation in these genomes. This
disparity in rates allows the classic observation of
concerted evolution to be made.

To gauge the wider biological significance of
homogenisation, we set out to test whether the same
principles applied to repetitive DNA families in in-
sect genera other than Drosophila. The present stud-
ies relate to the evolution of a family shared between
subspecies of the tsetse fly Glossina morsitans. Some
aspects of repeated sequence evolution within this
species group have already been described (Amos
and Dover 1981). In this paper we present an ex-
amination of nucleotide variation amongst contig-
uous repeats from a cloned region of a DNA family
in G. morsitans centralis and between their coun-
terparts, cloned at random, from the subspecies G.
morsitans morsitans. These two subspecies are mor-
phologically (Potts 1970) and cytologically (South-
ern and Pell 1973) very similar and are capable of
interbreeding in the laboratory to produce some fer-
tile offspring (Curtis 1972). Limited gene flow may
still continue between the two forms in the wild, in
that a sympatric zone of overlap (Curtis 1972) and
the occurrence of natural hybrids (Vanderplank
1944, 1947) have been reported. A study of restric-
tion site differences within a defined segment of the
mitochondrial genomes of the flies has tentatively
estimated the separation time of the two lineages as
1 million years ago (Trick and Dover 1984).

In this study, we report unexpectedly high levels
of sequence variation, averaging 30% divergence be-
tween repeats, both within and between the sub-
species, although certain sequence motifs of an in-
sertion/deletion nature appear to have been
homogenised between the two. We discuss possible
reasons for this apparent low rate of turnover (rel-
ative to mutation) in the tsetse family of sequences.

Materials and Methods

DNA Extraction. Newly deposited pupae of G. morsitans cen-
tralis and G. morsitans morsitans were supplied by the Tsetse
Research Laboratory, Bristol, U.K. from their breeding colonics
(Mews et al. 1977). DNA was extracted from 20-30 pupae at a
time essentially according to the method of Coen et al. (1982)
except that an additional phenol extraction step was included.

Restriction Analysis. All restriction enzymes used were pur-
chased from commercial suppliers and used in accordance with
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the manufacturers’ recommendations. Digests were electropho-
resed on horizontal agarose gels submerged in TBE buffer (89
mM Tris, 2.5 mM disodium ethylenediaminetetraacetate
(Na,EDTA), 89 mM boric acid) and transferred to nitrocellulose
filters according to Southern (1975), with an initial depurination
step (Wahl et al. 1979). Plasmid DNA was nick translated (Rigby
et al. 1977) with [P?PJdATP (3000 Ci mmol-!; New England
Nuclear). Hybridisations were conducted at 42°C overnight with
approximately 107 cpm activity of probe in 50% formamide, 5 x
SSC (1 x SSC=0.15 M NaCl and 0.015 M Na citrate), 0.5%
sodium dodecyl sulphate (SDS). Filters were washed extensively
at room temperature in 3 mM Tris (unneutralised) after hybri-
disation. Washed filters were dried and autoradiographed at —70°C
using pre-flashed Fuji X-ray film backed by Mach II intensifying
screens.

Cloning Procedures. Plasmid pGc22 was isolated by colony
hybridisation (Grunstein and Hogness 1975) from a bank of re-
combinants of G. morsitans centralis genomic DNA constructed
by ligating Eco RI-digested DNA into phosphatase-treated
pAT 153 vector (Twigg and Sherratt 1980). The constituent 160-
bp repeats, liberated from the vector by Rsa I digestion, were
prepared by electroelution (McDonell et al. 1977) and recloned
into phosphatase-treated, Sma I-digested M 13mp9 vector (Mess-
ing 1981). Homologous Rsa I repeats from G. morsitans mor-
sitans DNA were directly cloned into the Sma I site of the M13
vector. Ligated DNAs were used to transform competent JM101
cells and single-stranded DNA templates were prepared from
phage giving white plaques on indicator plates.

DNA Sequencing. M13 clones were sequenced by the dideoxy-
nucleotide method (Sanger et al. 1977) using a 15-bp universal
primer (New England Biolabs). Under the conditions employed,
200 bases could be read from the cloning site. Computer pro-
grams to analyse and compare sequence data were written in
FORTRAN and executed on the University of Cambridge IBM
3081 computer. Matrix plots were generated by implementing
appropriate routines from the Cambridge University Computing
Service’s graphics package.

Results
Isolation and Characterisation of pGc22

The recombinant plasmid pGc22 was isolated from
an Eco RlI-generated bank of G. morsitans centralis
sequences by colony hybridisation with a total DNA
probe. The strength of the hybridisation signal was
commensurate with a high genomic copy number
for the cloned sequence. Accordingly, pGc22 plas-
mid DNA was radioactively labelled and hybridised
to a filter carrying various restriction digests of DNAs
prepared from G.m. centralis and G.m. morsitans
(Fig. 1).

AluIand Rsa I cleave the majority of those geno-
mic sequences homologous to the probe into an ap-
proximately 160-bp ladder of fragments in each sub-
species (Fig. 1, lanes C and E). In contrast, Eco RI
and Eco RV cleave only a minority of the G.m.
centralis sequences into higher multiples of 160 bp
(Fig. 1, lanes A and D). The probe also identifies
two weak bands corresponding to Eco RI fragments
of anomalous lengths: approximately 370 bp and
530 bp, (indicated by dots in Fig. 1).
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Fig. 1. Restriction digests of total genomic DNAs from G.m.

centralis and G.m. morsitans electrophoresed on 1.2% agarose,
blotted onto nitrocellulose and hybridised with pGc22. Restric-
tion enzymes used in lanes were as follows: A, Eco RI; B, Eco
RI¥ C, AluI; D, Eco RV; E, Rsa l. Flanking marker tracks are
Hinf I digests of pGc22. Figures are in base pairs

The conclusion is that pGc22 contains a set of
contiguous repeated sequences originating from
within a subfamily of a repetitive DNA family in
the G.m. centralis genome. There appear to be re-
lated and similarly organised, yet substantially di-
verged, sequences in the G.m. morsitans genome.

To confirm the proposed internally repetitive
structure of pGc22, we digested the plasmid DNA
with Eco R, yielding a 2.0-kb insert. Subsequent
digestion with Rsa I gave results consistent with this
Eco RI insert comprising approximately 12 Rsa
I-sensitive 160-bp repeats (data not shown). The
sizes of the hybrid fragments, 190 bp and 630 bp,
generated by the combination of the Rsa I sites in
the left and rightmost repeats in the array and sites
located in the flanking vector sequences, indicate
that the distance between Rsa I and Eco RI sites in
the terminal repeats is approximately 115 bp (Fig.
2).

Sequencing of the Internal Rsa I Repeats

To assay the variation between members of this set
of contiguous repeats, pGc22 plasmid DNA was
digested with Rsa I and the 160-bp band, produced
by the co-migration of the constituent monomers,

(160),,

45 115
630 190

pAT153

2.9kb

Fig. 2. Restriction map of plasmid pGc22. The thick lines de-
note vector sequences; the thin line, inserted G.m. centralis DNA.
Eco RI (@) and Rsa I (V) restriction sites are shown; the figures
refer to the sizes (in base pairs) of the Rsa I fragments obtained.
The inset illustrates the inferred structure of the terminal repeats

was isolated and subcloned into an M 13 vector for

nucleotide sequencing. Of the four different clones

sequenced, there were two in each orientation.
Figure 3 summarises the data obtained. The av-

erage length of the clones sequenced is 152 bp. An

examination of the consensus sequence reveals an
Alu I site at position 63 (Fig. 3) that is represented
in each clone, reflecting the majority Alu I cleavage
of the genomic family. In addition, each clone is
characterised by the split halves of an Rsa I site at
its left and right ends.

No clone contains an intact Eco RI site, although
mutable cleavage sites, capable of conversion to the
full Eco RI sequence by a single nucleotide substi-
tution, are located at positions 112 and 119 in the
consensus sequence (GATTTC and GAATTT, re-
spectively). The 115-bp interval between Rsa I and
Eco RI sites, derived from restriction mapping of
the outermost repeats in the cloned array, strongly
suggests that authentic Eco RI cleavage sites have
indeed arisen at one of these positions in these par-
ticular repeats. The presence of an additional muta-
ble Eco RI site (GAATGC) at position 70 in the
sequence of clone GMC3 may be significant, in that
Eco RI fragments of anomalous lengths could arise
from repeats with Eco RI sites in alternative loca-
tions.

With the aid of several computer programs, we
searched the consensus sequence for the presence of
internal subrepeats or regions of dyad symmetry.
No significant instances of either type of feature
emerged from these studies.

Sequence Variation Between Repeats

Despite having originated from within a chromo-
somal segment just 2 kb long, the sequenced repeats
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Fig. 3. Nucleotide sequences of the cloned G.m. centralis Rsa I repeats. The consensus sequence is derived from the most common
nucleotide at each position, ambivalent positions being marked “N.” Upper-case letters refer to substitutions; lower-case letters to
single insertions after the corresponding consensus nucleotide; and asterisks to longer insertions. Spaces in the lines drawn below the

consensus sequence indicate deletions

Table 1. Matrix of percentage nucleotide divergence between all Glossina morsitans clones sequenced
G. m. centralis G. m. morsitans
GMC3 GMC7 GMCé GMC1 GMM1 GMM2 GMM3 GMMé6

GMC3 0 16 24 27 35 3t 28 29
GMC7 0 23 24 32 35 30 34
GMC6 0 30 35 38 36 37
GMClI 0 31 34 27 34
GMM1 0 35 19 34
GMM2 0 33 37
GMM3 0 29
GMM6 0

display significant nucleotide variation; there is an
average between-clone divergence of 24% (Table 1).
Clones GMC3 and GMC?7 are the most alike, with
a sequence divergence of 16%, whilst GMC6 and
GMC1 are the most dissimilar, with a divergence
of 30%. Nevertheless, there are extensive tracts of
perfect homology (up to 25 bp long) between dif-
ferent pairs of clones (Fig. 3); in addition, the map-
ping data of pGc22 show that the 4-bp Rsa I sites
have remained intact in all 12 of the cloned repeats.

Most of the observed variation results from sin-
gle-nucleotide substitutions, although there are sev-
eral instances of contiguous nucleotides being re-
placed. Insertion/deletion differences are, on the
whole, less frequent, accounting for 40% of the total
variation. Clone GMC1 is characterised at position
108 by an extra sequence that forms a 4-bp direct
repeat of the succeeding sequence.

A closer examination of Fig. 3 reveals that certain
sequence motifs are shared between individual re-
peats. Most of these single-nucleotide commonali-
ties are not statistically significant, given the inher-

ent level of variation and the small sample size.
However, the CAT substitution at positions 11-13
in clones GMC3 and GMC6 and the 2-bp deletions
at positions 150-151 in clones GMC3 and GMC7
are significant; the probability of their occurring in-
dependently would be less than 1073, These two
motifs are found in all possible combinations
amongst the four repeats sequenced.

Nucleotide Sequences of Homologous Repeats from
G.m. morsitans

To compare these results with those for the related
DNA family, Rsa I-generated monomer restriction
fragments from total genomic G.m. morsitans DNA
were gel purified and cloned directly into the M13
vector. Four different clones were sequenced, two
in each orientation. These sequences are shown in
Fig. 4. Since the population of restriction fragments
from which these clones were derived accounts for
approximately 80% of the genomic family, we ex-
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Fig. 4. Nucleotide sequences of the cloned G.m. morsitans Rsa I repeats. Conventions are as in Fig. 3. The distal portion of the
consensus sequence is by necessity derived from clones GMMI1 and GMM3 only
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Fig. 5. Computer-generated matrix plot of homology between
the G.m. centralis and G.m. morsitans consensus sequences. A
cross is placed at coordinates at which five consecutive nucleo-
tides are identical; thus sequence homology appears as lines coin-
cident with or parallel to the diagonal

pected this sample to be more representative than
were the G.m. centralis clones. Indeed, the distal
sequences of clones GMM?2 and GMMS6 are irrec-
oncilable (Fig. 4). Clone GMM2 is characterised at
position 75 by an 8-bp GC-rich extra sequence. This
marked heterogeneity may indicate a sampling from
divergent subfamilies. In accord with the physically
dispersed origins of these repeats, there are no sig-

nificant examples of shared and recombined se-
quence motifs.

The divergences between the sequenced G.m.
morsitans repeats are generally higher than those
between the contiguous G.m. centralis repeats; the
average divergence is 31%, although clones GMM1
and GMM3 display a level of sequence divergence
(19%) comparable to that between the most similar
G.m. centralis clones, GMC3 and GMC7 (Table 1).

Comparisons Between Subspecies

A survey of all possible pairwise comparisons
amongst the eight clones sequenced (Table 1) reveals
that the average between-subspecies variation (33%)
is not much greater than either of the two respective
within-subspecies variations (24% and 31%), al-
though the small sample sizes involved necessitate
caution in assuming the significance of these results.
A result of this is that the clones tend to display
homologies that transcend the subspecies of origin.
For example, the sequence divergence between G.m.
morsitans clone GMM3 and G.m. centralis clone
GMC3 is 28%, less than the average G.m. morsitans
within-family variation. This effect can be further
illustrated at the sequence level. Clone GMM3 is
characterised at position 26 by the sequence CA-
CAAT (Fig. 4), which is found in its entirety in clone
GMC7 and in partial form in the other G.m. cen-
tralis clones. In addition, it bears the terminal se-
quence ACCACACGT, which characterises both
GMC3 and GMC7 of the G.m. centralis clones.
Despite the general absence of homogenisation,
some features of the cloned sequences do show
species-diagnostic variants that appear to have be-



come fixed within each family. A comparison of the
two aligned consensus sequences (Fig. 5) reveals long
tracts of strong homology, with a major disconti-
nuity at coordinates (70, 75). This is a manifestation
of a 9-bp insertion/deletion difference that is diag-
nostic for the two subspecies. Each of the G.m. cen-
tralis clones examined is characterised at position
75 by a variable block of nucleotides (consensus
ACGGTATGC) that has no counterpart in the G.»m.
morsitans sequences. Two other features also cluster
the clones according to genome of origin. These are
insertion/deletion differences of 3 bp and 2 bp at
positions 102 and 119, respectively, in the G.m.
morsitans consensus sequence.

Discussion

We isolated and sequenced individual members of
related repetitive DNA families from two subspe-
cies of tsetse fly. Estimates of the within- and be-
tween-subspecies variations were made as a metric
for the overall rates of turnover and subsequent
homogenisation. Our results show levels of within-
family heterogeneity (24% and 31%) that are ap-
proximately an order of magnitude higher than those
previously reported for DNA families in other gen-
era (Hsieh and Brutlag 1979; H6rz and Altenburger
1981; Thayer et al. 1981; Strachan et al. 1982; T.
Strachan, D.A. Webb, and G.A. Dover, submitted
for publication). Additionally, we find that the mean
between-family divergence is not significantly great-
er than the observed within-family variation in each
subspecies.

Interestingly, there is a degree of overlap between
the observed levels of variation detected amongst
the contiguous repeats cloned from within a subfam-
ily in the G.m. centralis genome and those detected
amongst the repeats cloned essentially at random
from the whole G.m. morsitans family. This is sim-
ilar to the finding that repeats in mouse satellite
DNA subfamilies are no more divergent than other,
seemingly more representative repeats (Horz and
Altenburger 1981). In contrast, repeats located at
the ends of arrays in African Green Monkey a-sat-
ellite DNA and isolated repeats of the dispersed
MIF-1 family in the mouse can be more divergent
than other repeats, accumulating significant se-
quence variation (McCutchan et al. 1982; Brown
and Piechaczyk 1983).

From the observation of certain diagnostic se-
quence motifs that are in linked and unlinked con-
figurations in separate repeats from the cloned G.m.
centralis array, we conclude that there have been
genetic exchanges between repeats in this small re-
gion of the chromosome, possibly by unequal cross-
ing-over. What is apparent is that since this putative
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ancestral exchange event there has arisen a mass of
nucleotide variation that has not been homogenised
to neighbouring repeats. Although this variation ap-
pears to be distributed randomly over the lengths
of the four clones sequenced, it is striking that the
restriction mapping data show that each of the 12
Rsa I sites contained within the cloned DNA has
remained intact. On the basis of 24% random and
independent divergence occurring amongst the 12
repeats, only 4 such sites would be expected to be
conserved. It would appear, therefore, that se-
quences considerably shorter than the repeat length
may be homogenised without concomitant unequal
exchange. It is possible that domains of gene con-
version shorter than the repeat length could be re-
sponsible, similarly to those observed in the human
immunoglobulin V¢ gene family (Bentley and Rab-
bitts 1983).

It is clear from the high within-family variation
that the overall rate of homogenisation is lower in
the tsetse families than in the 360 and 500 families
in sibling species of the melanogaster subgroup of
Drosophila (Strachan et al. 1982; T. Strachan, D.A.
Webb, and G.A. Dover, submitted for publication),
in which variation averages 3%, compared with an
average between-species variation of 30%. Several
parameters would be expected to contribute to this
rate (Dover 1982; Dover et al. 1982, 1984; Ohta
and Dover 1984), including the rate of mutation
and the family copy number and karyotypic distri-
bution. Karyotypic distribution may be different be-
tween the two genera. For example, the Drosophila
360 family seems to be confined to the X-chro-
mosome (Peacock et al. 1977; Brutlag 1981) and,
although the locations of the tsetse sequences are
unknown, there is the possibility of their being
karyotypically dispersed to both the regular and the
supernumerary complements that characterise many
tsetse species (Itard 1973; Southern and Pell 1973;
Southern 1980). In situ hybridisation studies have
revealed the presence of other repetitive families on
both regular centromeres and supernumerary telom-
eres in G. morsitans morsitans (Amos and Dover
1981). However, since the Drosophila 500 family is
dispersed to all chromosomes and yet still displays
a mere 3% variation (Strachan et al. 1982; T. Stra-
chan, D.A. Webb, and G.A. Dover, submitted for
publication), these considerations may be inade-
quate to explain the large discrepancy in homogen-
isation rates between the two genera. We may there-
fore have to look for an explanation in terms of the
primary rates of the homogenising processes them-
selves or possibly in terms of the parameters, such
as generation time and effective population size, that
influence homogenisation in the chromosome pool
(Dover 1982; Ohta and Dover 1983, 1984).

It is important to note that variation in turnover
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rate and other factors affecting the rate of homogeni-
sation would lead to different expectations as to the
extent to which concerted evolution can be observed
between a pair of species. Similar within- and be-
tween-species levels of divergence have been found
for Alu family repeats in higher apes (Grimaldi et
al. 1981). However, examination across greater phy-
logenetic distances reveals the distinctive species—
specific effects of homogenisation (Jelinek and
Schmid 1982; Daniels et al. 1983).

It is of interest that despite the apparently low
rates of turnover in tsetse flies, we have identified
a few instances of homogenisation between the re-
peats that we sampled, and remarkably, each is an
insertion/deletion difference. It is possible that such
a class of mutations may be more readily homo-
genised by some mechanism such as mismatch-re-
pair even though a low overall homogenisation rate
and a short separation time have conspired to impede
the accumulation of diagnostic nucleotide substi-
tutions.
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