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Abstract. The subspeciesChironomus thummi
thummiand C. t. piger display dramatic differences in
the copy number and chromosomal localization of a tan-
demly repeated DNA family (Cla elements). In order to
analyze the evolutionary dynamics of this repeat family,
we studied the organization of Cla elements in the related
outgroup speciesC. luridus.We find three different pat-
terns of Cla element organization inC. luridus,showing
that Cla elements may be either strictly tandem-repetitive
or be an integral part of two higher-order tandem repeats
(i.e., Hinf[lur] elements,Sal[lur] elements). All three
types of Cla-related repeats are localized in the centro-
meres ofC. luriduschromosomes. This suggests that the
dispersed chromosomal localization of Cla elements in
C. t. thummimay be the result of an amplification and
transposition during evolution of this subspecies.
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Introduction

Closely related species may differ enormously in their
genome size (4 c-value), in spite of being nearly indis-
tinguishable in morphology and behavior. This seem-
ingly paradoxical situation has been termed the ‘‘c-value
paradox’’ (for reviews see Gall 1981; Cavalier-Smith
1985). Recently, detailed molecular analyses of genome
structures carried out in a multitude of diverse organisms

have helped to better explain the broad range of genome
sizes found among closely related organisms. It has been
recognized that a major portion of the eukaryotic genome
is made up of noncoding repetitive DNA sequences. Re-
lated species may display significant differences in both
the amount and the genomic localization of repetitive
DNA. This phenomenon has been reported for animals
and plants of widely diverse taxa (Hennig et al. 1970;
Schmidt 1981, 1984; Flavell 1986; John 1988; Rubinsz-
tein et al. 1995).

It is still an open question as to whether repetitive
DNAs have a general, selectable function (for a detailed
discussion of this issue, see John 1988), but it is obvious
that even gross changes in the number and genomic or-
ganization of repetitive sequences may have little effect
on the biology of a species. The possibility that repetitive
DNA could play a pivotal role in the speciation process
itself has been considered (Rose and Doolittle 1983).
However, a role for repetitive DNA in the process of
speciation is difficult to prove. Evidence comes from the
fact that changes in the composition of the repetitive
DNA fraction are often observed in closely related taxa
which are in the process of speciation. Detailed phylo-
genetic analyses of a repetitive DNA family have to be
performed before any conclusions may be drawn regard-
ing an evolutionary function for this type of sequence.

In the present study we compare the tandem-repetitive
DNA component in genomes of three chironomid spe-
cies/subspecies. The two subspeciesChironomus thummi
thummiandC. t. pigerare quite closely related. Crosses
between them produce fertile hybrids (Keyl and Strenzke
1956). In spite of the close relatedness,C. t. thummihasCorrespondence to:T. Hankeln
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about 30% more DNA per genome thanC. t. piger(Keyl
1965). The major part of this ‘‘additional’’ DNA consists
of several families of tandem-repetitive, minisatellite-
like sequences (Schmidt 1981, 1984; Hankeln 1990;
Hankeln et al. 1994). One of these repetitive DNA fami-
lies, the so-called Cla elements, were previously ana-
lyzed in detail. They are present in about 70,000 copies
in the genome ofC. t. thummi,while C. t. pigercontains
only approximately 10,000 copies (Schaefer and Schmidt
1981). Moreover, clusters of Cla elements are widely
dispersed all over theC. t. thummichromosomes but
seem to be limited to the centromeric regions inC. t.
piger (Schmidt 1984; Hankeln et al. 1994). This situation
requires that either (1) an amplification and dispersal of
Cla elements have occurred in theC. t. thummisubspe-
cies only or that (2) dispersed high-copy-number Cla
clusters were already present in the common phyloge-
netic ancestor of both subspecies and were subsequently
eliminated from the chromosomal arm positions inC. t.
piger. These alternatives imply different genomic
mechanisms involved in the rearrangement of Cla ele-
ments over evolution. We would like to know which
mechanisms of change do apply in this case. A possible
way to trace the path of Cla element evolution is to
investigate the organization of this sequence family in a
third species, which is more distantly related to theC.
thummisubspecies pair. This outgroup analysis should
yield some information on the origin and organization of
Cla sequences in a hypothetical ancestral genome,
thereby indirectly giving evidence of the mechanisms
involved in the evolution of this DNA family. From ge-
nomic Southern analyses we know that amongst nine
Chironomusspecies tested onlyC. t. thummi, C. t. piger,
and C. luridus produce clear signals upon Cla element
hybridization (Hankeln 1990). Another species,C.
halophilus,only gives a very weak signal on the blot, and
none in in situ hybridizations.C. luridusandC. halophi-
lusare both closely related to theC. t. thummisubspecies
pair (Keyl 1962). In this study, we therefore investigate
the molecular organization of Cla-element-related se-
quences in the genome ofC. luridus.

Materials and Methods

C. t. thummiandC. t. pigerwere from permanent laboratory cultures at
our institute.C. luridus animals were collected as egg masses from
wildlife habitats by Prof. H.-G. Keyl (Bochum) and were reared in the
lab to the fourth larval instar. Species were diagnosed cytologically by
inspection of salivary gland polytene chromosome banding pattern
(Keyl and Keyl 1959).

Chromosomal DNA was prepared from fourth-instar larvae as de-
scribed by Schmidt et al. (1980). Genomic libraries of all species ana-
lyzed were constructed in lambda vector EMBL3 (Frischauf et al.
1983) after partialSau3A digestion of genomic DNA and size frac-
tionation of 15–20-kb fragments by gel electrophoresis. Recombinant
phage DNA was in vitro packaged by using the Gigapack Gold extracts
(Stratagene). The library was screened according to the method of
Benton and Davis (1977) with a32P-labeled (Feinberg and Vogelstein

1983) heterologous Cla element probe fromC. t. thummi.Relaxed
hybridization and washing conditions were applied (2 × SSC; 55°C).
Phage DNA was prepared by an unpublished method of W. Marzluff,
involving polyethylene glycol precipitation of phage particles and sub-
sequent sodium dodecylsulfate lysis.

Restriction fragments from recombinant clones hybridizing to the
Cla element probe were subcloned into pUC18 (Yanisch-Perron et al.
1985) by standard techniques. Sequencing was performed on double-
stranded templates (Chen and Seeburg 1985) with some modifications
as described by Toneguzzo et al. (1988), using the T7 DNA polymerase
sequencing kit from Pharmacia (Freiburg, FRG). Sequence compilation
and editing was carried out by the DNASTAR software (London, UK).
DNA sequences have been deposited in the EMBL database under the
accession numbers X95597 and X95598.

In situ hybridization on salivary gland polytene chromosomes was
performed using biotin-labeled probes with subsequent immunodetec-
tion (Langer-Safer et al. 1982). Details of the protocol are published in
Hankeln and Schmidt (1987) and Schmidt et al. (1988).

Results

Characterization of Cla-Element-Containing Clones
from C. luridus

Preliminary Southern and dot-blot hybridizations sug-
gested thatC. luriduscontains sequences with similarity
to C. thummiCla elements. Therefore we constructed a
C. luridus Sau3A genomic DNA library in lambda vector
EMBL 3; 30,000 recombinant phages (approximately
one genome equivalent) of the genomic library were
screened with a clonedC. thummidimeric Cla element
probe under relaxed stringency hybridization/washing
conditions (2 × SSC/55°C). We obtained three indepen-
dent, relatively weakly hybridizing clones, of which two
(Clalu 1 and 2) were arbitrarily chosen for a more de-
tailed molecular characterization.

In clone Clalu 2, a 1.1-kbSalI fragment was shown by
Southern hybridization to contain the Cla-element-
related sequences. The fragment was subcloned and se-
quenced (Fig. 1A). TheSalI site at the 58 end of the
sequence proved to be of genomic origin, while the 38
SalI site was vector derived. The genomic DNA thus
terminates with a 38 Sau3A site. The 1.1-kbSalI frag-
ment from Clalu 2 contains two copies of a tandemly
repeated DNA sequence (Fig. 1A, boxed). The repeat in
the sequenced fragment is 434 bp long. Repeat A puta-
tively represents the complete copy. The second repeat
(B), however, is shortened by 46 bp due to the fact that
an internalSau3A site of this element was cleaved during
cloning and construction of the DNA library. The two
repeats are identical in sequence over the 388 bp, which
can be compared. Due to the presence of a characteristic
HinfI restriction site, we termed this new tandem repeat
family ‘‘ Hinf(lur) elements.’’ Within bothHinf(lur) cop-
ies, we find a 133-bp stretch revealing 78% sequence
similarity to the Cla element consensus sequence fromC.
thummi(Schmidt 1984; Fig. 1B). The Cla portion of the
Hinf(lur) element is equivalent to 1.16 Cla elements.
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Thus, the Cla elements, which are the dominant tandem-
repetitive DNA family inC. thummi,are an integral part
of a larger tandem repeat in the genome ofC. luridus.

In lambda clone Clalu 1, a 0.65-kbSal fragment
was found which cross-hybridizes strongly with the
Hinf(lur)-element-containing 1.1-kb fragment from
Clalu 2, but only very weakly with theC. thummiCla
element probe (results not shown). The 0.65-kb fragment
was therefore subcloned and sequenced, too (Fig. 1C).
Both flankingSalI sites are of genomic origin. The se-
quence comparison between Clalu1 and Clalu 2 shows
that the first 532 bp at the 58 end of the 0.65-kb Clalu 1
fragment is identical to the corresponding 58 part of the
1.1-kb fragment from Clalu 2. The 0.65-kb Clalu 1 frag-
ment thus contains the 58 flanking DNA plus the first
half of a Hinf(lur) element. Within thisHinf(lur) ele-
ment-homologous region, however, the region contain-
ing the Cla element is scrambled: Only 51 bp of Cla
element sequence is left, and this Cla-element-related
part is interrupted by a 101-bp non-Cla-element se-
quence. This interruption is flanked by 4-bp direct re-
peats, reminiscent of target-site duplications often being
generated during integration of mobile DNA sequences.
This possible target-site duplication, however, cannot
simply be explained by a duplication of 4 bp of Cla
sequence, and its origin therefore remains unclear.

Gel electrophoresis ofSalI-cut Clalu 1 DNA gener-
ates a banding pattern in which the 0.65-kb band stains
overproportionately strong. This shows that multiple
copies of this fragment are present in Clalu 1. Further-
more, after Southern hybridization ofSalI-digested Clalu
1 DNA with the 0.65-kbSalI repeat, multiples of the
0.65-kb fragment appear as hybridizing bands (data not
shown). This is a clear indication that the 0.65-kb frag-
ment is organized in a tandemly repeated way and that
this fragment represents an independent repeating unit.
We call it the ‘‘Sal(lur) element.’’

At least part of theSal(lur) element sequence seems to
be present as a repetitive DNA in differentChironomus
species, e.g.,C. tentans, C. pallidivittatus, C. t. thummi,
C. t. piger, C. pseudothummi,andC. plumosus(genomic
Southern blot results not shown).

Genomic Organization of the Cla-Element Homologous
Sequences inC. luridus

The chromosomal localization of clones Clalu 1 and 2 as
well as of subclonedSal(lur) elements was analyzed by
in situ hybridization toC. luridus polytene chromo-
somes. Both clones show a strong signal at the centro-
meric end of the acrocentric chromosome IV. Addition-

Fig. 1. A Nucleotide sequence of the 1.1-kbSalI fragment from
clone Clalu 2, containing Cla-element-related sequences. The sequence
starts with the genomicSalI site (at the right end in Fig. 3B) and ends
with the genomicSau3A site used for cloning into the lambda vector.
Hinf(lur) tandem repeats are boxed. The second repeatB is incomplete
due to the cloning strategy. The characteristicHinfI sites are indicated
(Hf). The Cla element portion of theHinf(lur) repeat isunderlined and
printed in bold characters.A simple sequence repetition is marked by
short arrows.The long arrowsindicate the portion of the Cla-element-
related sequence which is present twice in the complexHinf(lur) repeat.
B Comparison of the 133-bp Cla element portion of theHinf(lur)

element (upper line) to the Cla element consensus sequence fromC.t.
thummi(lower line; Schmidt 1984). Identical nucleotides are marked
by asterisks;insertions/deletions, bydashes. Arrow-headsindicate the
normal end of one Cla repeat unit and the start of the second, incom-
plete Cla repeat.C Nucleotide sequence of the 651-bpSal(lur) repeat
from clone Clalu 1. The sequence starts and ends with aSalI site. The
Hinf(lur)-element-related part of the sequence isboxed.A truncated
Cla element sequence of 52 bp (underlined and printed bold) is inter-
rupted by a 101-bp non-Cla sequence. This insertion is flanked by 4-bp
direct repeats (arrows). A stretch of simple sequence repetitions is
underlined by multiple arrows.
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ally, each one hybridizes less strongly to an additional
site on one of the large chromosomes (not shown). The
subclonedSal(lur) element probe hybridizes merely at
the centromere of chromosome IV (Fig. 2C). These re-
sults suggests thatSal(lur) elements andHinf(lur) ele-
ments may both originate from this chromosomal region.

We also used heterologous Cla elements fromC.
thummifor in situ hybridization inC. luridus (Fig. 2B).
Under moderately stringent hybridization conditions, the
thummiCla probe hybridizes selectively at the putative
centromeric regions of the large chromosomesC/D and
B/F (chromosome arm designations according to Keyl
1962). The chromosome IV centromere containing the
Hinf(lur) and Sal(lur) repeats did not react with the
thummi Cla probe under our hybridization conditions.
These in situ hybridization results point to the existence
of two different Cla-element-related sequence compo-
nents inC. luridus: (1) theSal(lur) andHinf(lur) repeats,
located at the centromere of chromosome IV, and (2) Cla
sequences more closely related to the Cla family ofC.
thummi,located at the centromeres of chromosomesC/D
andB/F.

By genomic Southern analysis, we could clearly show
that in addition toHinf(lur) andSal(lur) elements a third
type of Cla-element-related repeat exists inC. luridus
(Fig. 2A).ClaI-digestedC. luridusDNA hybridized with
the heterologous Cla element probe fromC. thummipro-

duces a ladder of signals characteristic for tandem-
repetitive Cla elements. These tandem-repetitive Cla el-
ements inC. luridusdisplay a repeat length of 80–90 bp
which is different from the repeat length of Cla elements
in C. thummi(120 bp). Possibly, these tandem-repetitive
Cla element clusters are too large or too unstable to be
represented in the genomic DNA library fromC. luridus.
Attempts to clone these tandem repeats directly from
gel-electrophoresedC. luridus genomic DNA were un-
successful, presumably because of the low copy number
of the repeats which could not be seen as distinct bands
against the background smear of genomic restriction
fragments.

Discussion

Cla elements are a family of tandem-repetitive sequences
first found in the genome of the subspecies pairC. t.
thummiand C. t. piger (Schmidt 1981, 1984; Schmidt
and Godwin 1983; Hankeln et al. 1994; Kraemer and
Schmidt 1994). The present analysis shows that Cla-
element-homologous sequences in the related speciesC.
luridusare organized at least in three different ways (Fig.
3): (1) Within theC. luridus genome we find tandemly
repeated, ‘‘naked’’ Cla elements, which may be similar
to those present inC. thummi,albeit showing a shorter

Fig. 2. Genomic organization and chromosomal distribution of Cla-
element-related sequences inC. luridus. A Southern hybridization of
ClaI-digestedC. luridusgenomic DNA with radioactively labeled het-
erologous Cla elements fromC. t. thummias probe. The ‘‘ladder’’ of
bands is typical for tandem-repetitive DNA, showing a repeat unit
length of 80–90 bp. Molecular weights are given at the right margin (in
kb). B (Left) In situ hybridization ofC. luriduspolytene chromosomes
with biotin-labeled Cla elements fromC. t. thummi.Only the centro-

meric regions of chromosomesB/F andC/D (arm designations accord-
ing to Keyl 1962) show weak signals (see arrows). (Right) The corre-
sponding phase-contrast micrograph. Bar represents 10mm. C The
subclonedSal(lur) element from Clalu 1 shows a strong in situ hybrid-
ization signal only at the centromeric heterochromatin of the acrocen-
tric chromosome IV. This chromosomal site probably represents the
origin of bothHinf(lur) and Sal(lur) elements (see Results).
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repeat length (Fig. 3A). (2) Cla elements inC. luridus
can be packed together with flanking sequences to give
the complexHinf(lur) elements (Fig. 3B), and (3) the Cla
element sequences can be further rearranged by inser-
tions and deletions as seen in theSal(lur) tandem repeats
(Fig. 3C). These complex repeat structures may have
evolved stepwise:

● Within the 434-bp tandem-repetitiveHinf(lur) ele-
ment there is a 133-bp Cla element sequence insertion,
corresponding to 116% of a typicalthummiCla ele-
ment. We suggest that theHinf(lur) element has been
generated by a transpositional integration of the Cla
sequence and subsequent amplification of this se-
quence together with flanking DNA. Possible target-
site duplications which are generally flanking trans-
posed DNA cannot be found at the borders of the Cla
sequence. However, we have evidence that Cla ele-
ments inC. t. thummimay transpose without gener-
ating target-site duplications (Hankeln et al. 1994).

● The Sal(lur) element may have evolved from the
Hinf(lur) repeat. It consists of aHinf(lur)element-
related part plus a sequence which is known to flank
Hinf(lur) elements at least in one case (clone Clalu 2).
Thus, the ancestor of theSal(lur) element has probably
been generated by a co-amplification of oneHinf(lur)
repeat plus flanking DNA. In another step, the major
part of the Cla-element-related sequence has been lost,
perhaps during integration of the 101-bp non-Cla se-
quence.

The example ofHinf(lur) and Sal(lur) elements shows
that complex repetitive sequences are derived from one
another during evolution by the process of insertion, de-
letion, and amplification of DNA together with flanking
regions.

These mechanisms of evolution may be typical for
tandem-repetitive DNA, since they have also been ob-
served in other organisms. In cucumber, satellite type IV
has been formed by insertion of a 180 bp sequence,
which is similar to satellite types I–III, into another un-
related sequence (Ganal and Hemleben 1988). Telomeric
tandem repeats inSecalehave been formed by rearrange-
ments and amplification (Flavell 1986), and comparable
events have been described inXenopus laevis(Meyerhof
et al. 1983, 1987). In the bovine genome, satellites
1.711 (Streeck 1981) and 1.709 (Skowronski et al. 1984)
have evolved by integration of DNA into already-
existing tandem repeats. Subsequently, the new repeat
units containing the insertions were amplified. In hu-
mans, subfamilies of satellite I and of alpha satellite have
been shown to contain one inserted Alu element per tan-
dem repeat (Frommer et al. 1984; Lund Jorgensen et al.
1986).

Changes within repeats by various mutation mecha-
nisms and subsequent in situ amplification of the new
repeat type may lead to the generation of a chromosome-
specific organization of repetitive DNA (Lund Jorgensen
et al. 1986; Alexandrov et al. 1991; Waye and Willard
1989). The presence ofHinf(lur) and Sal(lur) repeats in
C. luridusmay be limited to the centromere of chromo-
some IV. On the other hand, theC. thummi-type, ‘‘na-
ked’’ Cla sequences inC. luridus occur only on chro-
mosomesC/D andB/F. In addition, they display theC.
luridus-specific repeat length of 80–90 bp. Similar pro-
cesses have shaped satellite DNA families in human
chromosomes: the 2.4-kb satellite I repeat, which is char-
acterized by the integration of one Alu element per re-
peat unit, represents a Y chromosome–specific variant
(Frommer et al. 1984).

The thummi-type Cla elements inC. luridus seem to
be confined to the putative centromeric regions of two
large chromosomes. Concerning the chromosomal distri-
bution, the Cla sequences inC. luridus are thus orga-
nized like the related repeats inC. t. piger.The location
of Cla elements in a pericentric position therefore seems
to be a phylogenetically ancestral feature. Consequently,
the hundreds of euchromatic loci of Cla elements in the
subspeciesC. t. thummiwould then be the result of am-
plification and dispersion events. We would like to con-
clude that amplification and transposition (rather than
elimination) have led to the enormous difference in copy
number and genomic distribution of Cla elements in the
subspeciesC. t. thummiandC. t. piger.We are currently
investigating the question of whether other tandem-
repetitive DNA families also show the same behavior
during evolution.

Fig. 3. Cla-element-related sequences inC. luridusare organized in
three different ways. The evolution of these repeats may be explained
by stepwise mutations and reamplifications (see Discussion). We find:
A ‘‘Naked’’ tandem-repetitive Cla elements with a repeat length of
80–90 bp.B Complex Cla element sequences (133 bp;black bars)
which are part of the 434-bpHinf(lur) element in clone Clalu 2. The
characteristicHinfI site (Hf) and theSalI sites (S) used for subcloning
are indicated. The leftSalI site is derived from the lambda vector. The
Hinf(lur) element flanking sequence on the right isshaded.C Remain-
ders of the Cla sequences (black bars) are part of the 650-bpSal(lur)
supra repeat of clone Clalu 1. A 101-bp non-Cla sequence (stippled)
has inserted into the truncated Cla element. This insertion is flanked by
4-bp duplications (small arrows). The left half of theSal(lur) element
(open box) corresponds to theHinf(lur) sequence while the right half
(shaded) corresponds to theHinf(lur) flanking DNA.
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