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Abstract. The subspeciehironomus thummi have helped to better explain the broad range of genome
thummiand C. t. pigerdisplay dramatic differences in sizes found among closely related organisms. It has been
the copy number and chromosomal localization of a tantecognized that a major portion of the eukaryotic genome
demly repeated DNA family (Cla elements). In order to is made up of noncoding repetitive DNA sequences. Re-
analyze the evolutionary dynamics of this repeat family,lated species may display significant differences in both
we studied the organization of Cla elements in the relatedhe amount and the genomic localization of repetitive
outgroup specie€. luridus.We find three different pat- DNA. This phenomenon has been reported for animals
terns of Cla element organization @ luridus,showing  and plants of widely diverse taxa (Hennig et al. 1970;
that Cla elements may be either strictly tandem-repetitivessSchmidt 1981, 1984; Flavell 1986; John 1988; Rubinsz-
or be an integral part of two higher-order tandem repeatsein et al. 1995).
(i.e., Hinf[lur] elements, Saflur] elements). All three It is still an open question as to whether repetitive
types of Cla-related repeats are localized in the centrobNAs have a general, selectable function (for a detailed
meres ofC. luriduschromosomes. This suggests that thediscussion of this issue, see John 1988), but it is obvious
dispersed chromosomal localization of Cla elements irthat even gross changes in the number and genomic or-
C. t. thummimay be the result of an amplification and ganization of repetitive sequences may have little effect
transposition during evolution of this subspecies. on the biology of a species. The possibility that repetitive
DNA could play a pivotal role in the speciation process
Key words: Chironomus — Satellite DNA — Tan- itself has been considered (Rose and Doolittle 1983).
dem-repetitive DNA — Molecular Evolution 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
Closely related species may differ enormously in theirwhich are in the process of speciation. Detailed phylo-
genome size£ c-value), in spite of being nearly indis- genetic analyses of a repetitive DNA family have to be
tinguishable in morphology and behavior. This seem-performed before any conclusions may be drawn regard-
ingly paradoxical situation has been termed the “c-valueing an evolutionary function for this type of sequence.
paradox” (for reviews see Gall 1981; Cavalier-Smith  In the present study we compare the tandem-repetitive
1985). Recently, detailed molecular analyses of genom®NA component in genomes of three chironomid spe-
structures carried out in a multitude of diverse organismgies/subspecies. The two subspe@égonomus thummi
thummiandC. t. pigerare quite closely related. Crosses
between them produce fertile hybrids (Keyl and Strenzke
Correspondence taT. Hankeln 1956). In spite of the close relatedne€s.t. thummihas
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about 30% more DNA per genome th@nt. piger(Keyl 1983) heterologous Cla element probe fr@n t. thummi.Relaxed
1965). The major part of this “additional” DNA consists hybridization and washing conditions were applied (2 x SSC; 55°C).
of several families of tandem-repetitive, minisatellite- - "29¢ DNA was prepared by an unpublished method of W. Marzluff,

. . ! involving polyethylene glycol precipitation of phage particles and sub-
like sequences (Schmidt 1981, 1984; Hankeln 1990gequent sodium dodecylsulfate lysis.

Hankeln et al. 1994). One of these repetitive DNA fami-  Restriction fragments from recombinant clones hybridizing to the
lies, the so-called Cla elements, were previously anaCla element probe were subcloned into pUC18 (Yanisch-Perron et al.
Iyzed in detail. They are present in about 70,000 copie51985) by standard technigues. Sequencing was performed on double-

. . . . . stranded templates (Chen and Seeburg 1985) with some modifications
in the genome o€. t. thummiwhile C. t. pigercontains as described by Toneguzzo et al. (1988), using the T7 DNA polymerase

only approximately 10,000 copies (Schaefer and Sle‘mid§equencing kit from Pharmacia (Freiburg, FRG). Sequence compilation
1981). Moreover, clusters of Cla elements are widelyand editing was carried out by the DNASTAR software (London, UK).
dispersed all over th€. t. thummichromosomes but DNA sequences have been deposited in the EMBL database under the
seem to be limited to the centromeric regionsdnt. ~ @ccession numbers X95597 and X95598.

piger (Schmidt 1984: Hankeln et al. 1994). This situation In situ hyprldlzgtlgn on salivary gland_polytene chromosomes was
erformed using biotin-labeled probes with subsequent immunodetec-

requires that either (1) an am.plification and Qispersal Ot{i)on (Langer-Safer et al. 1982). Details of the protocol are published in
Cla elements have occurred in tle t. thummisubspe-  Hankeln and Schmidt (1987) and Schmidt et al. (1988).

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 subsequentlysgits
eliminated from the chromosomal arm positiongdnt.
piger. These alternatives imply different genomic
mechanisms involved in the rearrangement of Cla eleCharacterization of Cla-Element-Containing Clones
ments over evolution. We would like to know which fromC. luridus
mechanisms of change do apply in this case. A possible
way to trace the path of Cla element evolution is toPreliminary Southern and dot-blot hybridizations sug-
investigate the organization of this sequence family in agested thaC. luriduscontains sequences with similarity
third species, which is more distantly related to the to C. thummiCla elements. Therefore we constructed a
thummisubspecies pair. This outgroup analysis shouldC. luridus SaBA genomic DNA library in lambda vector
yield some information on the origin and organization of EMBL 3; 30,000 recombinant phages (approximately
Cla sequences in a hypothetical ancestral genomegne genome equivalent) of the genomic library were
thereby indirectly giving evidence of the mechanismsscreened with a clone@. thummidimeric Cla element
involved in the evolution of this DNA family. From ge- probe under relaxed stringency hybridization/washing
nomic Southern analyses we know that amongst nineonditions (2 x SSC/55°C). We obtained three indepen-
Chironomusspecies tested onl@. t. thummi, C. t. piger, dent, relatively weakly hybridizing clones, of which two
and C. luridus produce clear signals upon Cla element(Clalu 1 and 2) were arbitrarily chosen for a more de-
hybridization (Hankeln 1990). Another specig8, tailed molecular characterization.
halophilus,only gives a very weak signal on the blot, and  In clone Clalu 2, a 1.1-k®al fragment was shown by
none in in situ hybridization<C. luridusandC. halophi-  Southern hybridization to contain the Cla-element-
lus are both closely related to ti@& t. thummbsubspecies related sequences. The fragment was subcloned and se-
pair (Keyl 1962). In this study, we therefore investigate quenced (Fig. 1A). The&al site at the 5 end of the
the molecular organization of Cla-element-related sesequence proved to be of genomic origin, while the 3
guences in the genome @f luridus. Sal site was vector derived. The genomic DNA thus
terminates with a 3SalBA site. The 1.1-kbSal frag-
ment from Clalu 2 contains two copies of a tandemly
Materials and Methods repeated DNA sequence (Fig. 1A, boxed). The repeat in
the sequenced fragment is 434 bp long. Repeat A puta-
C. t. thummindC. t. pigerwere from permanent laboratory cultures at tively represents the complete copy. The second repeat
our institute.C. luridus animals were collected as egg masses from (B), however, is shortened by 46 bp due to the fact that
wildlife habitats by Prof. H.-G. Keyl (Bochum) and were reared in the gn internalSalBA site of this element was cleaved during
!ab to the fourth Igrval instar. Species were diagnosed cyto[ogically bycloning and construction of the DNA library. The two
inspection of salivary gland polytene chromosome banding pattern . . . .
(Keyl and Keyl 1959). repeats are identical in sequence over the 388 bp, wh_lch
Chromosomal DNA was prepared from fourth-instar larvae as de-Can be compared. Due to the presence of a characteristic
scribed by Schmidt et al. (1980). Genomic libraries of all species anaHinfl restriction site, we termed this new tandem repeat
lyzed were constructed in lambda vector EMBL3 (Frischauf et al. family “ Hinf(lur) elements.” Within bothHinf(lur) cop-

1.983)' after partialSaiBA digestion of genomic DNA gnd size fra_c- ies, we find a 133-bp stretch revealing 78% sequence
tionation of 15-20-kb fragments by gel electrophoresis. Recombinant .

phage DNA was in vitro packaged by using the Gigapack Gold extractsSIm"a”_ty to th? Cla eleme_nt consensus SEque_nce ftom
(Stratagene). The library was screened according to the method dhummi(Schmidt 1984; Fig. 1B). The Cla portion of the
Benton and Davis (1977) with 3#P-labeled (Feinberg and Vogelstein Hinf(lur) element is equivalent to 1.16 Cla elements.



323

A. B.

Sal I AATAATGCTTATAAAGATAAAATTTCGAT----TTTTTTTGAAAAAAAGCCTACTATGAT
GTCGACTTACTAAAACCGTCGTAACTTTTTATTGTGGAACTATATTGGACAATGTTTATA 60 el S ichaaholioed ehohel Ueheehabol ekl V:-Sheblbed U b b bbb bbby S S A S S S S S
CAGTTTTAAAAACTACAAGCCAAGAGCTACATGCTAGTATGGTTCTACCCCCTAGAACTC 120 CAAATCAAAAAATGC’I‘CCAAA‘I‘AGCG’I‘TA’I‘AAAATA’I‘ATAAATGCAATATTTATCATA'AA

****A*C*********T’I‘"*"*T**A**T*****C****CT*G*T*’I‘***AA**G***‘**
GGCGATCTAAGACACTTGCGGCATGTTTGAAGATATTTTTCCTAGAATTTTCACACATAT 180

TAATGCTTACAAAGATA
CCTACCATATCAGTACCAAAACTATAAAGTTTGAGCCTTTCGAAAAGCTTGTAAAGAACT 240 [Chehaloioboled N Sl el
U
TTTGGTTCTTAT’I‘CTTCGAAATCGA}AAAATAAGAACGAGCTTT‘TT'I‘CTGTT’I‘GCCAACAT 300
C.

TGGATTGTAATATAATTAAGCATTTTTGTGGTTCTAAAATGCTAAAATATTGTATTGTCA| 360
Sal I

TCGGGAATACACATGTAAAAAAAATTTCASSTCAATTGGAGTAGTAGAAGTGGTCGAAAA 420 GTCGACTTACTAAAACCGTCGTAACTTTTTATTGTGGAACTATATTGGACAATGTTTATA 60

ATCAATCGCAAGATTTGACCAAGAAAGACAGAAAGACAGARAGAL ; CRRAGACAGAMGACAAGARAGCRAGTTAA | 480 CAGTTTTAAAAACTACAAGCCAAGAGCTACATGCTAGTATGGTTCTACCCCCTAGAACTC 120

GAAAAACG TGGTW 540 GGCGATCTAAGACACTTGCGGCATGTTTGAAGATATTTTTCCTAGAATTTTCACACATAT 180

ACTATGATCAAATCAAAAAATGCTCCAAATAGCGTTATAAAATATATAAATGCAATATTT [ 600 CCTACCATATCAGTACCAAAACTATAAAGTTTGAGCCTTTCGAARAGCTTGTARAGAACT 240

ATCATAAATAATGCTTAC chnGATAﬁfchTAGAGACTACCAGATC CTTGAAT | 660 ’I‘TTGGT’I‘CT’I‘A’I‘TéTTCGAAATCGA'AAAA’I‘AAGAACGAGCTTTTT'I‘CTG’I‘TTGCCAACAT 300
)

I
ACTAAATTTGTT.
G AAAATTTAGGCGTGGGGCGTTCATCAT;AAAATAAGAACGAGCTTTTTT 720 TGGATTGTAATATAATTAAGCATTTTTGTGGTTCTAAAATGCTAAAATATTGTATTGTCA| 360

CTGTTTGCCAACATTGGATTGTAATATAATTAAGCATTTTTGTGGTTCTAAAATGCTARA| 780 TCGGGAATACACATGTAAAAAAAATTTCAGCTCAATTGGAGTAGTAGAGTGGTCGAARAA| 420

ATATTGTATTGTCATCGGGAATACACATGTAAAAAAAATTTCAGCTCAATTGGAGTAGTA| 840 TCAATCGCAAGATTTGACCAAGAAAGACAG GACAGAAAGACAAGAAAGCAAGTTAAG| 480

GAAGTGGTCGAAAAATCAATCGCAAGAT‘ITT?%\CCAA ACAGAAAGACAGABAGACA| 900 AAAAACGTGGTAATAATGCTTA! TTTCGATT GAAAATTCTTCAC (540
AGAAAGCAAGTTAAGAAAAACGTGGTAATAATGCTTATAAAGATAAAATTTCGATTTTTT | 960 AGTTTGTTTTTAAATGCTATTTGTGAATGGAAAACATCAAAAAACATGTTTGAAGTTATT| 600

sal I
TTGAAAAAAAGCCTACTATGATCAAATCAAAAAATGCTCCAAATAGCGTTATAAAATATA 1020 AATTTGTATTTTTTATAAGAAATTTTAGTTTCTGCCTATATATTCGTCGAC +
Hinf I :
TAAATGCAATATTTATCATAAATAATGCTTACAARGATAGATAGAGTCCAATAGAGACTA (1080
SAU 3A [——
CCAGATC

Fig. 1. A Nucleotide sequence of the 1.1-k®al fragment from element @pper ling to the Cla element consensus sequence
clone Clalu 2, containing Cla-element-related sequences. The sequentdeummi(lower line; Schmidt 1984). Identical nucleotides are marked
starts with the genomiBal site (at the right end in Fig. 3B) and ends by asterisks;insertions/deletions, bgtashes. Arrow-headsdicate the

with the genomicSau3A site used for cloning into the lambda vector. normal end of one Cla repeat unit and the start of the second, incom-
Hinf(lur) tandem repeats are boxed. The second répé&atncomplete plete Cla repeatC Nucleotide sequence of the 651-Bpflur) repeat

due to the cloning strategy. The characteristinfl sites are indicated  from clone Clalu 1. The sequence starts and ends w8hlssite. The

(Hf). The Cla element portion of thidinf(lur) repeat isunderlined and  Hinf(lur)-element-related part of the sequencebxed.A truncated
printed in bold charactersA simple sequence repetition is marked by Cla element sequence of 52 hyn@erlined and printed bo)ds inter-
short arrows.Thelong arrowsindicate the portion of the Cla-element- rupted by a 101-bp non-Cla sequence. This insertion is flanked by 4-bp
related sequence which is present twice in the comidiak(lur) repeat. direct repeatsdrrows). A stretch of simple sequence repetitions is
B Comparison of the 133-bp Cla element portion of tHmf(lur) underlined by multiple arrows.

Thus, the Cla elements, which are the dominant tandem- Gel electrophoresis dbal-cut Clalu 1 DNA gener-
repetitive DNA family inC. thummi,are an integral part ates a banding pattern in which the 0.65-kb band stains
of a larger tandem repeat in the genomeCofluridus. overproportionately strong. This shows that multiple
In lambda clone Clalu 1, a 0.65-kBal fragment copies of this fragment are present in Clalu 1. Further-
was found which cross-hybridizes strongly with the more, after Southern hybridization 8&al-digested Clalu
Hinf(lur)-element-containing 1.1-kb fragment from 1 DNA with the 0.65-kbSal repeat, multiples of the
Clalu 2, but only very weakly with th€. thummiCla  0.65-kb fragment appear as hybridizing bands (data not
element probe (results not shown). The 0.65-kb fragmenshown). This is a clear indication that the 0.65-kb frag-
was therefore subcloned and sequenced, too (Fig. 1Cinent is organized in a tandemly repeated way and that
Both flanking Sal sites are of genomic origin. The se- this fragment represents an independent repeating unit.
guence comparison between Clalul and Clalu 2 showgVe call it the “Sallur) element.”
that the first 532 bp at the’ ®nd of the 0.65-kb Clalu 1 At least part of thesallur) element sequence seems to
fragment is identical to the correspondingrt of the  be present as a repetitive DNA in differe@hironomus
1.1-kb fragment from Clalu 2. The 0.65-kb Clalu 1 frag- species, e.gC. tentans, C. pallidivittatus, C. t. thummi,
ment thus contains the’ Slanking DNA plus the first  C. t. piger, C. pseudothumnandC. plumosuggenomic
half of a Hinf(lur) element. Within thisHinf(lur) ele-  Southern blot results not shown).
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-relate@enomic Organization of the Cla-Element Homologous
part is interrupted by a 101-bp non-Cla-element se-Sequences i€. luridus
guence. This interruption is flanked by 4-bp direct re-
peats, reminiscent of target-site duplications often being’he chromosomal localization of clones Clalu 1 and 2 as
generated during integration of mobile DNA sequenceswell as of subclone@allur) elements was analyzed by
This possible target-site duplication, however, cannoin situ hybridization toC. luridus polytene chromo-
simply be explained by a duplication of 4 bp of Cla somes. Both clones show a strong signal at the centro-
sequence, and its origin therefore remains unclear. meric end of the acrocentric chromosome IV. Addition-
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Fig. 2. Genomic organization and chromosomal distribution of Cla- meric regions of chromosom&F andC/D (arm designations accord-
element-related sequences@n luridus. A Southern hybridization of ing to Keyl 1962) show weak signals (see arrows). (Right) The corre-
Clal-digestedC. luridusgenomic DNA with radioactively labeled het- sponding phase-contrast micrograph. Bar representp0C The
erologous Cla elements frof. t. thummias probe. The “ladder” of  subclonedSallur) element from Clalu 1 shows a strong in situ hybrid-
bands is typical for tandem-repetitive DNA, showing a repeat unitization signal only at the centromeric heterochromatin of the acrocen-
length of 80—90 bp. Molecular weights are given at the right margin (intric chromosome 1V. This chromosomal site probably represents the
kb). B (Left) In situ hybridization ofC. luriduspolytene chromosomes origin of both Hinf(lur) and Sallur) elements (see Results).

with biotin-labeled Cla elements frof@. t. thummi.Only the centro-

ally, each one hybridizes less strongly to an additionaduces a ladder of signals characteristic for tandem-
site on one of the large chromosomes (not shown). Theepetitive Cla elements. These tandem-repetitive Cla el-
subclonedSallur) element probe hybridizes merely at ements inC. luridusdisplay a repeat length of 80—90 bp
the centromere of chromosome IV (Fig. 2C). These re-which is different from the repeat length of Cla elements
sults suggests th&allur) elements andHinf(lur) ele-  in C. thummi(120 bp). Possibly, these tandem-repetitive
ments may both originate from this chromosomal region.Cla element clusters are too large or too unstable to be
We also used heterologous Cla elements fr@m represented in the genomic DNA library fra@ luridus.
thummifor in situ hybridization inC. luridus (Fig. 2B).  Attempts to clone these tandem repeats directly from
Under moderately stringent hybridization conditions, thegel-electrophorese@. luridus genomic DNA were un-
thummiCla probe hybridizes selectively at the putative successful, presumably because of the low copy humber
centromeric regions of the large chromosor#B and  of the repeats which could not be seen as distinct bands
B/F (chromosome arm designations according to Keylagainst the background smear of genomic restriction
1962). The chromosome IV centromere containing thefragments.
Hinf(lur) and Sallur) repeats did not react with the
thummi Cla probe under our hybridization conditions.
These in situ hybridization results point to the existenceDiscussion
of two different Cla-element-related sequence compo-
nents inC. luridus: (1) theSallur) andHinf(lur) repeats, Cla elements are a family of tandem-repetitive sequences
located at the centromere of chromosome 1V, and (2) Cldirst found in the genome of the subspecies pairt.
sequences more closely related to the Cla familfCof thummiand C. t. piger (Schmidt 1981, 1984; Schmidt
thummi,located at the centromeres of chromoso@d3  and Godwin 1983; Hankeln et al. 1994; Kraemer and
andB/F. Schmidt 1994). The present analysis shows that Cla-
By genomic Southern analysis, we could clearly showelement-homologous sequences in the related sp€cies
that in addition toHinf(lur) and Sa(lur) elements a third luridusare organized at least in three different ways (Fig.
type of Cla-element-related repeat existsGn luridus  3): (1) Within theC. luridus genome we find tandemly
(Fig. 2A). Clal-digestedC. luridusDNA hybridized with  repeated, “naked” Cla elements, which may be similar
the heterologous Cla element probe fr@mthummipro-  to those present i€. thummi,albeit showing a shorter
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A. I:_:I tandem-repetiive The example oHinf(lur) and Saflur) elements shows
Cla elements that complex repetitive sequences are derived from one
n another during evolution by the process of insertion, de-

letion, and amplification of DNA together with flanking

B. R#f il ¥ 5. Clalu2 regions. ; ; ;
Lll_ E [ =— A m T1kb Sall These mec;hamsms of.evolutlon may be typical for
; fragment tandem-repetitive DNA, since they have also been ob-
Hinf(lur) element served in other organisms. In cucumber, satellite type IV
has been formed by insertion of a 180 bp sequence,
c ggéanglSall which is similar to satellite types I-lll, into another un-
Tl fragment related sequence (Ganal and Hemleben 1988). Telomeric
Sal(lur) element " tandem repeats iBecalehave been formed by rearrange-

. , . ments and amplification (Flavell 1986), and comparable
Fig. 3. Cla-element-related sequencednluridusare organized in . )
three different ways. The evolution of these repeats may be explaine@vents have been describedéanopus laevigMeyerhof
by stepwise mutations and reamplifications (see Discussion). We findet al. 1983, 1987). In the bovine genome, satellites
A “Naked” tandem-repetitive Cla elements with a repeat length of 1,711 (Streeck ]_981) and 1.709 (Skowronski et al. 1984)
3/%?3?52'5 Complex Cla element sequences (133 bfack bary — haye evolved by integration of DNA into already-

part of the 434-bHlinf(lur) element in clone Clalu 2. The .

characteristiddinfl site (Hf) and theSal sites ) used for subcloning ex!stlng tan_d_em repe_ats. S_Ubsequently’ the new repeat
are indicated. The leal site is derived from the lambda vector. The UNIts containing the insertions were amplified. In hu-
Hinf(lur) element flanking sequence on the righsiladedC Remain-  mans, subfamilies of satellite | and of alpha satellite have
ders of the Cla sequencesidck barg are part of the 650-bSallur)  heen shown to contain one inserted Alu element per tan-

supra repeat of clone Clalu 1. A 101-bp non-Cla sequestipp{ed .
has inserted into the truncated Cla element. This insertion is flanked b)(/jem repeat (Frommer et al. 1984; Lund Jorgensen et al.

4-bp duplicationsgmall arrow9. The left half of theSa(lur) element 1986). o ) )
(open box corresponds to thelinf(lur) sequence while the right half Changes within repeats by various mutation mecha-

(shadedl corresponds to thelinf(lur) flanking DNA. nisms and subsequent in situ amplification of the new
repeat type may lead to the generation of a chromosome-

repeat length (Fig. 3A). (2) Cla elements @ luridus specific organization of repetitive DNA (Lund Jorgensen

can be packed together with flanking sequences to givgt al. 1986; Alexandrov' et al. 1991; Waye and Wl!lard
the complesHinf(lur) elements (Fig. 3B), and (3) the Cla 1289). The presence éfinf(lur) and Sallur) repeats in
element sequences can be further rearranged by inser= !uridusmay be limited to the centromere of chromo-
tions and deletions as seen in ®a(lur) tandem repeats SOMe V. On the other hand, ti@. thummitype, “na-

(Fig. 3C). These complex repeat structures may hav&€d” Cla sequences i€. luridus occur only on chro-
evolved stepwise: mosomesC/D andB/F. In addition, they display th€.

luridus-specific repeat length of 80-90 bp. Similar pro-
e Within the 434-bp tandem-repetitivelinf(lur) ele- ~ cesses have shaped satellite DNA families in human

ment there is a 133-bp Cla element sequence insertioffhromosomes: the 2.4-kb satellite | repeat, which is char-
corresponding to 116% of a typicthummiCla ele- ~ acterized by the integration of one Alu element per re-
ment. We suggest that thinf(lur) element has been Peat unit, represesita Y chromosome-specific variant
generated by a transpositional integration of the ClaFrommer et al. 1984).
sequence and subsequent amplification of this se- Thethummitype Cla elements ilC. luridus seem to
quence together with flanking DNA. Possible target-be confined to the putative centromeric regions of two
site duplications which are generally flanking trans-large chromosomes. Concerning the chromosomal distri-
posed DNA cannot be found at the borders of the Clabution, the Cla sequences @. luridus are thus orga-
sequence. However, we have evidence that Cla elenized like the related repeats @ t. piger.The location
ments inC. t. thummimay transpose without gener- of Cla elements in a pericentric position therefore seems
ating target-site duplications (Hankeln et al. 1994). to be a phylogenetically ancestral feature. Consequently,
® The Sallur) element may have evolved from the the hundreds of euchromatic loci of Cla elements in the
Hinf(lur) repeat. It consists of &inf(lur)element-  subspecie€. t. thummiwould then be the result of am-
related part plus a sequence which is known to flankplification and dispersion events. We would like to con-
Hinf(lur) elements at least in one case (clone Clalu 2).clude that amplification and transposition (rather than
Thus, the ancestor of tt&allur) element has probably elimination) have led to the enormous difference in copy
been generated by a co-amplification of dtief(lur) number and genomic distribution of Cla elements in the
repeat plus flanking DNA. In another step, the majorsubspecie€. t. thummiandC. t. piger.We are currently
part of the Cla-element-related sequence has been lostyvestigating the question of whether other tandem-
perhaps during integration of the 101-bp non-Cla se+epetitive DNA families also show the same behavior
guence. during evolution.



326

Acknowledgments. We would like to thank Prof. H.-G. Keyl (Bo- Keyl H-G, Keyl | (1959) Die cytologische Diagnostik der Chirono-

chum) for theC. luridus larvae, Mrs. Beth Ihm for typing the manu- miden. |. Bestimmungstabelle€'rfudie GattungChironomusauf

script, and Mrs. Ursula Boell for photographic work. This work was Grund der Speicheldsen-Chromosomen. Arch Hydrobiol 56:43—

supported by the Deutsche Forschungsgemeinschaft (DFG; Sch 523/ 57

3-7). Keyl H-G, Strenzke K (1956) Taxonomie und Cytologie von zwei
Subspezies der Al€hironomus thummiZ Naturforsch 11b:727—
735

Kraemer C, Schmidt ER (1994) The sex determining regioClof
ronomus thummis associated with highly repetitive DNA and
transposable elements. Chromosoma 102:553-562

Alexandrov |A, Mashkova TD, Akopian TA, Medvedev LI, Kisselev Langer-Safer PR, Levine M, Ward DC (1982) Immunological method
LL, Mitkevich SP, Yurov YB (1991) Chromosome-specific alpha  for mapping genes omrosophila polytene chromosomes. Proc
satellites: two distinct families of human chromosome 18. Genom-  Natl Acad Sci USA 72:1254—1257
ics 11:15-23 Lund Jorgensen A, Bostock CJ, Leth Bak A (1986) Chromosome-

Benton WD, Davis RW (1977) Screening Lambda gt recombinant  gpecific subfamilies within human alphoid repetitive DNA. J Mol
clones by hybridization to single plaques in situ. Science 196:180- pgjo| 187:185-196

182 _ . Meyerhof W, Tappeser B, Korge E, Kaoel W (1983) Satellite DNA
Cavalier-Smith T (1985) Eukaryote gene numbers, non-coding DNA  rom Xenopus laeviscomparative analysis of 745 and 1037 base
and genome size. In: Cavalier-Smith T (ed) The evolution of ge- i Hind 111 tandem repeats. Nucleic Acids Res 11:6997-7009
nome size. John Wiley, Chichester, pp 69-103 _Meyerhof W, Wittig B, Tappeser B, Krahel W (1987) Transcription

Chen EY, Seeburg PH (1985) Supercoil sequencing: a fast and simple o mination and processing of transcripts from tRNA-relatedo-

_method for sequencing plasmid DNA. DNA 4:165-170 pussatellite DNA sequences. Eur J Biochem 164:287-293
Feinberg AP, Vogelstein B (1983) A technique for radiolabeling DNA Rose MR, Doolittle WF (1983) Molecular biological mechanisms of
restriction endonulease fragments to high specific activity. Anal speciation. Science 220:157-162

Biochem. 132:6-13 __ Rubinsztein DC, Amos W, Leggo J, Goodburn S, Jain S, Li S-H,
Flavell RB (1_986) Repetitive DNA ar_]d chromosome evolution in Margolis RL, Ross CA, Ferguson-Smith MA (1995) Microsatellite
. plants. Philos Trans R Soc Lond Biol 312:227-242 evolution—evidence for directionality and variation in rate between
Frischauf A-M, Lehrach H, Poustka A, Murray N (1983) Lambda species. Nat Genet 10:337-343
geZp?Iigir;ent vectors carrying polylinker sequences. J Mol Biol 17O:Schaefer J, Schmidt ER (1981) Different repetition frequencies of a 120
) . base-pair DNA-element and its arrangemer@mronomus thummi
Frommer M, Prosser J, Vincent PC (1984) Human satellite | sequences thummiand Chironomus pigerChromosoma 84:61—66

include a male specific 2.47 kb tandemly repeated unit containing A . .
one Alu family member per repeat. Nucleic Acids Res 12:2887—8(:hmldt ER (1981). Th? development qf a 120 base-pair repe'tltlve
2900 DNA sequence irChironomus thummis correlated to the dupli-

Gall JG (1981) Chromosome structure and the c-value paradox. J Cell Ca_tlon of defined chromosomal _segmems' FEBS l_‘fatt 129:21_24
Biol 91:35—14s Schmidt ER (1984) Clustered and interspersed repetitive DNA family

Ganal M, Hemleben V (1988) Insertion and amplification of a DNA _©f Chironomus.J Mol Biol 178:1-15
sequence in satellite DNA dEucumis sativugcucumber). Theor Schmidt ER, Godwin E (1983) The nucleotide sequence of an unusual
Appl Genet 75:357-361 non-transcribed spacer and its ancestor in the rDN8hironomus

Hankeln T (1990) Molekulare Analyse phylogenetisch bedeutsamer ~thummi.EMBO J 2:1177-1183 _
repetitiver DNA in Chironomus. Dissertation, Ruhr-University Bo- Schmidt ER, Vistorin G, Keyl H-G (1980) An AT-rich DNA compo-
chum, Germany nent in the genomes @hironomus thummi thumnaind Chirono-
Hankeln T, Schmidt ER (1987) Cotransposition of a highly repetitive ~ Mus thummi pigerChromosoma 76:35-45
DNA element with flanking sequences in the genome of the midgeSchmidt ER, Keyl H-G, Hankeln T (1988) In situ localization of two
Chironomus thummil Mol Evol 26:311-319 haemoglobin gene clusters in the chromosomes of 13 species of
Hankeln T, Rohwedder A, Weich B, Schmidt ER (1994) Transposition ~ Chironomus.Chromosoma 96:353-359
of minisatellite sequences during evolution of chironomid midges. Skowronski J, Plucienniczak A, Bednarek A, Jaworski J (1984) Bovine
Genome 37:542-549 1.709 satellite. J Mol Biol 177:399-416
Hennig W, Hennig |, Stein H (1970) Repeated sequences in the DNAStreeck RE (1981) Inserted sequences in bovine satellite DNA's. Sci-
of Drosophilaand their localization in giant chromosomes. Chro- ence 213:443-445
mosoma 32:31-63 Toneguzzo F, Glynn S, Levi E, Mjolsness S, Hayday A (1988) Use of
John B (1988) The biology of heterochromatin. In: Verma RS (ed)  a chemically modified T7 DNA polymerase for manual and auto-
Heterochromatin. Cambridge University Press, New York, pp ~ mated sequencing of supercoiled DNA. Biotechniques 6:460-469

References

1-147 Waye JS, Willard HF (1989) Concerted evolution of alpha satellite
Keyl H-G (1962) Chromosomenevolution b€hironomus.ll. Chro- DNA: evidence for species specificity and a general lack of se-
mosomenumbauten und phylogenetische Beziehungen der Arten. quence conservation among alphoid sequences of higher primates.
Chromosoma 13:588-599 Chromosoma 98:273-279
Keyl H-G (1965) Duplikationen von Untereinheiten der chromosom- Yanisch-Perron C, Vieira J, Messing J (1985) Improved M13 phage
alen DNS wiairend der Evolution vorChironomus thummiChro- cloning vectors and host strains: nucleotide sequences of the

mosoma 17:139-180 M13mp18 and pUC19 vectors. Gene 33:103-119



