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The nucleotide sequence of an unusual non-transcribed spacer and
its ancestor in the rDNA in Chironomus thummi
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The nucleotide sequence of the non-transcribed spacer (NTS)
in the ribosomal DNA (rDNA) of Chironomus thummi
thummi and Chironomus thummi piger, including major
parts of the external transcribed spacer, is described. The
NTS of the two subspecies are very different in length, (thum-
mi, 7 kb, piger, 2 kb); this is due to the insertion into the NTS
of C. th. thummi of a large cluster of highly repetitive DNA
sequences which are not present in the NTS of C. th. piger.
The repetitive sequences, called Cla elements, are present in
high copy number elsewhere in the genome of C. th. thummi
and, in lower copy number, in the genome of C. th. piger in
which they are mainly in the centromeric regions. Sequencing
of the NTS of thummi and piger yielded information on the
junctions between the CIa element cluster and the original
NTS sequence, as well as on the sequence of the integration
site before the transposition has occurred. The integration site
is characterized by a dA cluster at the one end and a dT
cluster at the other.
Key words: Chironomus/NTS/rDNA/transposition/Z-DNA

Introduction
The repetitive genes for the ribosomal 18S, 5.8S and 28S

RNAs are organized as repeat units containing a frequently
transcribed part, which includes the coding regions for 18S,
5.8S and 28S RNAs, and a non-transcribed, or less frequently
transcribed part, usually called non-transcribed spacer (NTS).
While the coding regions seem to be evolutionarily rather
conservative, the NTS is much more variable and differs
significantly between closely related species (Cortadas and
Pavon, 1982; Long and Dawid, 1980; Bosely et al., 1979; Rae
et al., 1981). Even among different strains of the same species
or different individuals of one strain there can be con-

siderable length heterogeneity (Arnheim and Kuehn, 1979;
Coen et al., 1982; Kunz et al., 1981; Long and Dawid, 1980;
Rae et al., 1981), which is due to the presence of short
repetitive elements in variable numbers. These repetitive
elements with a basic repeat length ranging from 61 (Xeno-
pus, Boseley et al., 1979) to 350 bp (Calliphora, Schafer et
al., 1981) seem to be confined to the NTS of rDNA not being
present elsewhere in the genome (Rae et al., 1981). However,
an exception to this rule are sequences in the NTS of the
mouse and probably other mammals (Arnheim et al., 1980),
where spacer sequences are also found elsewhere in the
chromosomes. In addition, we have recently found a highly
repetitive DNA sequence in the DNA of C. thummi, which is
present in the NTS of rDNA as well as in many other
chromosomal locations (Schmidt et al., 1982; Schmidt, 1981).
This sequence is characterized by a recognition site for the
restriction endonuclease ClaI, a basic repeat length of 117 4

2 bp and by its predominant location in the centromeric
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regions of the C. th. thummi chromosomes (Schmidt, 1981;
Schaefer and Schmidt, 1981).
Comparison of the two closely related sibling species or

subspecies of C. thummi, C. th. thummi and C. th. piger
revealed that the concentration of this repetitive sequence
family, called the Cla element, in the two genomes is related
to the genome size: the subspecies with the larger genome (C.
th. thummi, Keyl, 1965) contains -6 times more Cla
elements than the subspecies with the smaller genome (C. th.
piger) (Schaefer and Schmidt, 1981). In addition to this dif-
ference in the concentration of the Cla elements, a distinct
difference in their distribution on the chromosomes is found
by in situ hybridization. While the Cla elements in the C. th.
piger chromosomes are confined to the centromeric regions,
they are found in the C. th. thummi chromosomes outside the
centromeres (Schmidt, 1981).
One example of the different location of the Cla elements

in the C. th. thummi and C. th. piger chromosomes is the
organization of the NTS of the rDNA. While the NTS of C.
th. thummi rDNA contains many copies (variable numbers of
up to > 100) of the Cla element (Schmidt et al., 1982), the
NTS of C. th. piger rDNA is devoid of this repetitive element.
Since it is known from cytological data that the C. th. piger
karyotype is phylogenetically the older one (Keyl, 1962), one
can assume that the NTS of C. th. piger, without the
repetitive Cla elements, is similar to the ancestor of the NTS
of C. th. thummi, and that the NTS of C. th. thummi
developed by the insertion of the repetitive Cla element
cluster into such a piger-like NTS. The availability of both the
ancient and the modern type of NTS offers the opportunity
to investigate in detail the structure of the integration site
before (C. th. piger) and after (C. th. thummi) the insertion
of the repetitive elements. Furthermore, one can obtain infor-
mation on the junctions between the highly repetitive Cla ele-
ment cluster and the neighbouring DNA. Therefore, we have
sequenced the non-transcribed and the adjacent external
transcribed spacer sequences from both subspecies, using
ribosomal repeat units cloned previously in Escherichia coli.

Results
Restriction map and sequencing strategy
The detailed restriction maps of the ribosomal repeat units

of C. th. thummi and C. th. piger are shown in Figure 1. The
interesting regions containing the entire or nearly entire NTS-
ETS regions are located between two HaeIII sites, one
located within the 28S coding region, close to the 3' end of
the 28S gene, the other located within the vector DNA, close
to the EcoRI site, which has been used as the integration site
for the ribosomal repeat units. This HaeIII fragment contains
a small region of the 28S gene, sufficient to hybridize with the
28S RNA (Israelewski and Schmidt, 1982), the entire NTS
and probably the major part of the ETS (Schmidt et al.,
1982). Therefore, we decided to sequence this HaeIII frag-
ment in total.
The detailed restrictions maps shown in Figure 1 reveal a

number of differences between the NTS of C. th. piger
(Figure IA) and C. th. thummi (Figure IB). The most con-
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Fig. 1. Detailed restriction maps and sequencing strategy for the NTS of C. th. piger (A) and C. th. thummi (B). The arrows summarize the sequencing gels
that were read. The base of each arrow represents the labelled 3' end and the arrowheads point towards the 5' end. The dashed parts represent those se-
quences which have midgrated out of the gel and the uninterrupted lines show the parts which were read unambiguously. A star at the base of the arrow in-
dicates that these sequences were obtained from the 'second' rDNA clone pCtt 1507. The sequence in B is not contiguous within the repetitive Cla element
cluster (open boxes), because of its enormous length (5 kb in pCtt 1505 and -3 kb in pCtt 1507). Hatched boxes = vector 6 EcoRI, I~HaeIII,
HindlII, ~Cala, Tj TaqI, j Bglll, ~. Pvull, 4 Hinjl, HpaII, Y Sau3AI, ~Xbal.

. 2. 3. 4o 5o 60 7, so 90 l.. 1lo 120 130 140 1.1o4.i 17. 14. 190.0
th AGCA8AArTTC ACADAGCGTA GGATTGTTCA CCCTTTCAAGI GGAACGTGAG CTGAGTTTAG ACCG-TCGTG AGA-CAGGTT AGTTTTACCC TACTGGTGGC AMTATACTG TTGATATG.C ATACCTeT-C AGTACU"M G CCCAGG TACAAACCAA TAGCT-CAAT ACTTGTCCGA GCGGGCATrG GTATGMGCT

pi AGCAAAATTC ACAAAGCGTA GGATCGTTCA CCCTTTCAAG GGAACGTGAG CTGAGTTCAG ACCGCTCGTG AGATCAGG1TT AGTrMACCC TACTGGTGGC ATTTATACT6 TTG8ATAGGC ATACCeTGTC AGTACGAC AAeCCACAGG TACAAACCAA TAGGTACAAT ACTTGTCCGA GCGG18C4T76 GTATGAAGCT

210 22, 27. 24. 25. 26. 27. 28. 29. 300 310 32o 33, 34. 35. 360 37, 38. 39. 4.0
th ACC3CGGTGT GCCTGAACGC CTCTAAGGTC GTAGCCGTGC CAGAACAACA GTTCARTATA AGGCTCTTAT ACACATTGTA TTGGTTATAA T8GACGGGCA CATATCTATT CTCGCAATAT TTTTGTACTC ACCTAAATCC ATTCTCATAT UTCC~CATGT GTCTGTACGT ATCATATCGA AGCTAGTAAT TACGATTATG

pi ACGCCGG-GT GCCTGAACGC CTCTAAG.GTC GTAGCCGTGC C6AGAACAAC GTTCA7TCT4 AGGCTCTTAT ACACATTGTA TTGGTTATAA TGGACGGGTA CATATCTATT CXCGMTAT TTTTGTACXC ACCTAAATCC ATTCTCATAT TCTCCCATGT GTCTGTACGT ATC4ATAXGA AGCTAGTAAT TACGAT7ATG

41. 42. 43, 44. 49. 44. 47o 48. 49. Soo 5io 52, 53o 540 55.o 564 57. 59. 5930W
th 7TTTTTCGAAC GCTCCGATAT TGTTTACAGT CAATCAATGG ATAT88GCTA TGTTAGAGCC TGAACTCCCT CGCAAACGAC CGAGGATTCA AGCGGAGTGC CGTAAGTTGT AGAGATMTT TCATTCGATC TCCTAAGACT ACTCTAGCTT GGCGGTTCGC CCCACACATT GTGTGTGCGA GG.AAATTGGT GTTTG6GTGT
pi TTTTTTGAAC GCTCCGATAT TGTTA7CAGT CAATCA8TGG ATAATAGCTA TGTTAGAGCC TGAACCCTCG 24442AC42 *GAGGATTCA AGCGG8GTGC CGTMGTTGT AGAG8AAMT TCATTCGATC TTCTAAGACT ACTCTAGCTT GGCGG7TT 2 CCCACACATT GTGTGTGCGA GGAAATT6GG G7TTTGGTGT

Taq I T.q I (th)
61. 62. 63. 64. 65o 66o 67, 64o 69o 7o 71, 72. 73, 74. 75. 74. 77o 74. 79. 4..

pi TGTGTGTGTG TGTGTGTGTG T3763ATAAA TGATAA8TAC- 8236-CG TTGCTTCGTT ATGCGTACAG CAATTTAATG TGCTGTT6AT GTTGG6TTGA AGCTCCTCGC GCATTATACT CGTTGCGGTT TTMTCTTTT TATATATTAT GGMTGACCG ATTATTGCAA AACACTTTTG A6T7ACTTAC AT7TTCAATT

71. 32. 83. 84. 85. 6 87. 88. 89. u00 91. 92, 93, 94. 95. 96. 97. 94. 99. 1I41
th 87ATTTCA 888738CA87 GT38827T38 AATCATGAAA TGCTGGCTGT TAATGCATA GCG4AA2ACA7 GCCTTCAAAG A.CATGAAT AGTTGAAATC7 ATCTTGATTT TTTTTTCTTT TTCTACCTAG TGGCTTAGITC GATTATTACA AAAGAAACTT GATACTTGAC ACAAAGAAGA DAAAAAAAGAA 8AAG.8-..1

pi TTTATTTTCA AAATGACAAT GrGAACT7GA AA4237368A TGCTGGCTGT TAATGCACAT GTGAAACATT GTCTTCAAAG ACACATGAAT AGTT662872 ATCTTGAAAT TTTT.CCTTT TTCTACCTAG TG6CTTAGCC GATTATTGCA AA46484... GATACTTTGC ACAA6G6AG4 8444668666 TAA

1,.1 l..2. 3o3. 184. 1.5. I-6o 1.7o 1,4. 1o9, ,,, 111. 112, 113. 114. 115. 114. 117. 114. 119.0.

7AAG88G888 AAGCAACACL8TC288Cag 347887 88CATC87A2A8C87787T88T287277 88TC6 TAGCTCAAAT TCAACTTGTA AAGAACGAA TTAATAAAAT CCAAAG2AAAA TTTGAAATGT TTTTTCTTCA AAAGTAAAAG T7TATT6TAA CAAAAT7TTA

_F1 Sa.34,1 HindIII jl1A

1.10 122. 123, 124, 125, 126, 127, 124. 129. 3,, 131. J~. 133. 134. 135. I336, 337. 118. 19. 40
_______ _____ - -T6TA*rTT7TTTATTTTA7TTT7ATT7 T2AT7TTA8ATATTCATTTT8284466726TG2766G737ATGTTTTTTATTTCTTTTATT6TATTTAAATATCATTTGACAAAGTTGTCTGGTGTACGTTTG TAATTCAT

pi TGAGTTCAT 88188881T8 CGATGAGAAT AAAATTTTCG ATTCTCATAT ATTAT78AAA AAATCA2CCAT GTCTAGATAA AATGT3TTGG AAATCAACGT GGTTTTTCAA AGT7TJT TTTATAAAGTA TTTTTTTTTT TTATTTTAAA TAGTCATTTT TAC884GTC GTGCTGAGTG 1628T7T77 ACATTTCATC

1I1 1:2. 34_;3. 144 315 .1 14,I' 147, 144. 149. 'Soo 151. 352, 153, 154. 155. 154. 157, 154. '.9, I,,0th GT72ATACTTT CAAGTCTTTT CGAGTGACAC ACAATATGA .. 82.3AA...... 8TAT.ATGAT G7TTGTATGT GTGTACGAAA AGTTGCTCAC AGTCATAAAG ATTGATGATA TTGCCAACAT TATACATTTT 72TCAAGTG2 AATACAGAAG TTTTGCAAGT AT7TTACTTG T37AAGA242

".I 1* 2. 32 3' 1A,4 I"1'5. 3.6. 11.7, 1.8, 3169. 7,. 173, 172, 173o 174, 175. 176. 377o 179. 379. ISoo
th ACACATTTTT 88888388C3 GATAAAAGAC 3888373873 CTTTGTATAC GAAACCGAGC 3884838733 AAAGAAAA8CG 8887884837 7737773737 7337378848 AAGCTTT8GA TTGGTTGATT TCTCTCACCA ATACATATAG AGTCGTGTAT TTTCATACAA ATG8ATTTTT TTCTGTCAAA CTTCTATGTA
pi ACACATTGTT AAAAGAA8CG GATAAAAG3C GAAAGTGATG CTTGT7CTAC GAAACCAAGC 3848838737 TAAGAAAACG 8847444437 TTGTATGTGT 7331378863 AAGCTTATGA TTGGTTGATT TCTCTCACCA 878CAT4783 AGTCGTGTAT TTTCATACAA ATTA7T7TTT TTCTGTCAAA CCCG7T3ATA

3.1 1'.4, 1"5. 3116o i7o Ig 378190 '90 193, 192, 193. 194, 195. 193. 1117, 198. V390 39.,

th A8ATA7CA8GACATCGTTGA CTCGTAATA. AGGTTGGTAA 8837383737 TTTTCGTC3 ACCGAAAGAG TGTGTGTTTG T878388738 GA3884AAA7 AC32TGCTAT 3..8.. 846AAGT423C7 ACGCGGTTTT7 TT.AGT-CTT 36GG88CAA C4G4443.77 TGTATGCCAG C7TGTGGTGA 8373737TG.A

3333..33,, .13313 ~~~~~~~1.4,. 2. 2.o.. 2,7, 22.. 2.9 2. 211. 232. 213. 234. 235. 214. 2317. 234. .1. 36,,
th .....AAAA 7777777737 TTGCA2CACT 7788887873 3372388837 7388348837 CGTGTCAATG C7CTTCGGTT 3713373737 CATTGATGGT 7872GA678 8743778876 7778847773 7788787GA3 AA67678876 CACT644TGT 4747676668 7467877744

GTATGAGGT 7TA77AG3774
~~ ~ ~ ~ ~ ~ ~ 114 144 4 1 14 1.4

AAA848888888 1777777737 TTGCAACTTTTGAAA7738384473 G TAGGAAAT CAGAC3AG7638388837TTGGT287382873GAG 2TC88236773GTAA77TT3A73737TTTGATGA TAGGTT
*C87A83783778777764647667762CACTGAATG AT78747688 7337873783 6787GA3373 7877288773

to 3773773738 CACACA CA 8732878838 2787374287 7738877 23383738877878838 83484 8 . 733 8723

p3 87477373 CACAACACA 73C87C38 28731887 77388777 877388377 78747738 77378844888882886888248.8.228848228888731 -

Fig. 2. Nucleotide sequence of the NTS of C. th. thummi (th) and C. th. piger (pi). The nucleotide sequence is orientated in a 5' - 3' direction with the end
of the 28S gene at the 5' end and the start of the 18S gene at the 3' end. Base no. I is located -80 bases downstream from the HaeIII site. The sequence of
bases I-50 possibly contains the end of the 28S gene (Israelewski and Schmidt, 1982). Restriction sites are indicated only when they are relevant to the se-
quencing strategy. The roman numerals refer to the sections I - III made in the NTS in Figure 4. In section I, a small fragment of - 80 bases was not se-
quenced (bases 638 -719) in C. th. thummi. In section II (bases 995 -1317), only the NTS of C. th. piger is shown; the corresponding region of C. th. thum-
mi ( ) containing the repetitive Cla elements and the Cla-adjacent DNA is shown in Figure 3. * = Deletions/insertions, * = divergencies between C. th.
thummi and C. th. piger.
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Nucleotide sequence of nbosomal NTS of C. thummi

95o 960 97o 980 99 1 c6171 c81 c91 clol
th 56'-G88ArrTCA A8AI888819 GATACtlGAC ACAAAGAAGA AAAAA>AG8AAA6 CAT TTTAAAACAT ATCTAGGTAT TATAAATGAT AAACAATGCA

Pi 5 -GATrAT7rGCA AAAGA.A .GACITAGC ACAAAGAAGA AA8AGAAG2G AAAAA AAAAA TAAGAAGAAA AAWCAAACG8..

cl cl 18 c3 cl13 c23 c33 c43 cS3 c63 c73 c83
th AATTTCGATA T88t7CGAI TATATTTTTT TGAAGAGC CTACTATGAT CAAAAACAAA AAATGCTTTA AATAGCATTT TAAAACATAT CTAG6TATTA

Cla I 1- -1
end, of Cla-elesent cluster

c93 clo3 cl3 c118 s CO91.3 a7 .17 *27 .37 *47 *57
th TAAATGATAA AGAATGCAAA TTTCGATATA AMTCGATTA TTTT AGCGCAT ATTTGAAACT TGTTTCGAAA AGGTAGCTTA ATAATMTTT ACTTTGATCG

n>25
C1. I

a67 a77 .87 .97 al7 .117 a127 .137 *147 .157
th GGTGCTCGGC TGTGTCTGAG ATCTCATTMA CCAGACATCG TAGAGAGTTC TAGTTTCTTA TTTTTAGCTC CGGTCCATTG TTTTATTGGC MAAGAATT

Hp. I I

a167 al77 al87 .197 .2.7 .217 .227 .237 .247 .257
th ATTTTCGAAC CGTAAAACA TGGATAAATA CTATAATCAA TTTTATTAAT TATGGCGTTT AGAAATTTGA ATTTATTTCT TCTTCCGTTG AAAMTTTTG

a267 a277 a287 .297 .3o7 .317 a 27 .337 .347 .357th AATCTCAAAA AACCGTTAMA TTACAAAGCC TTTTTATATA AAATTTTTT GCAACAGACT GCTATTTATA CTATAATTAA TGCAAGATTA TTTTGGCAA

.367 .377 .387 .397 .4.7 .417 *427 a437 a447 .457
th ATMATTTCAA ATGCATACGA CCGTTACAAA ATTTGAACGT CAGAlAACCG TTAAATGATA AACAATTTAT ATATGAG89T T89971TATT A816TTGATM

th/pi haologous.467 .477 ,487 .497 .5o7 .517/5o6 .527/66 1 326 1336 1346
th ATATACTGTA ATTAATGACT TAAAAATGCG CTGAAGGTCC CTCGATCMAT AATCACTGAG GACTTTTGTA A..I.1.3- 13PU46

pi 89.ACG8GG TC8A87r8ArTT 7T 9.ATAA AGtrATrrrr lTITATTr

1356 1366 1376
th TA8ATA878A TTT ACAAA AGTCG7rmT-3
p7i T7AAT7G81CA 88T8AcAAAA98cGIr81¶-3

Fig. 3. Nucleotide sequence of region II (according to Figure 4) of the NTS
of C. th. thummi including the repetitive Cla element cluster and the Cla-
adjacent DNA. The sequence numbering of Cla elements starts with c57.
Base cl of the Cla element was defined to be G of the ClaI restriction site,
that is characteristic for the Cla elements. Only the Cla elements that were
actually sequenced are shown, although >25 Cla elements are present in
this position and therefore the sequence is not contiguous within the Cla
element cluster. The two DNA sequences were fitted into a continuous se-
quence by joining the left-most Cla element to the right-most Cla element
of the Cla cluster. Downstream from the Cla elements the nucleotide se-
quence of the Cla-adjacent DNA (bases al -a528) is shown. The
homology region in C. th. thummi and C. th. piger starts with base 1318
according to the numbering scheme in Figure 2. Small characters =
homologous in C. th. thummi and C. th. piger, * = divergent in C. th.
thummi and C. th. piger.

spicuous difference is the large cluster of Clal sites present in
the NTS of C. th. thummi and missing in the NTS of C. th.
piger. The regularly spaced ClaI sites are due to the presence
of a tandemly repeated DNA sequence, the Cla element,
which has a basic repeat length of 117 bp. The number of Cla
elements present in the NTS of C. th. thummi is variable, in
the genomic DNA as well as in the cloned rDNA. Upstream
from the Cla element cluster (towards the 3' end of the 28S
gene) the restriction maps of C. th. thummi and C. th. piger
are identical. Downstream from the Cla element cluster
(towards the 5' end of the 18S gene) there is a region of
-300 bp in C. th. piger and -500 bp in C. th. thummi

displaying different restriction sites. The rest, containing pro-
bably mainly ETS, shows an identical restriction pattern for
both subspecies.

Because of the great length of the repetitive Cla element
cluster it was not possible to establish a contiguous sequence
in this region. Two Cla elements located at the 3' end of the
cluster were sequenced using fragments labelled at the HpaII
site close to the Cla element cluster. However, at the 5' end of
the Cla element cluster, this strategy was not applicable,
because an appropriate restriction site was not available.
Nevertheless, part of the left-most Cla element was sequenced
by exploiting the Clal and Sau3AI restriction sites present in
the repetitive Cla element. By this strategy we obtained the
nucleotide sequence information about the boundary regions
of the repetitive Cla element cluster. The rest of the sequenc-
ing strategy can be seen in Figure 1.

I

Fig. 4. Schematic representation of corresponding regions in the NTS of C.
th. piger (pi) and C. th. thummi (th): region I ranges from the end of the
28S gene to the site where the Cla elements are integrated into the NTS of
C. th. thummi (XX = 28S coding region, p.T. = putative termination
site, Z = dGdT-cluster, = = repeated regions). Region II contains all
parts which are divergent in C. th. thummi and C. th. piger, including the
repetitive Cla elements and the Cla-adjacent DNA. Region III represents
the part that is homologous between C. th. thummi and C. th. piger and
probably contains the initiation site of transcription and a major part of
the ETS.

To confirm the data on the boundaries of the repetitive Cla
element cluster, we repeated the sequencing work with a se-
cond, independently cloned ribosomal repeat unit of C. th.
thummi. This confirmation seemed to be necessary, because
the first investigated recombinant plasmid (pCtt 1505) was
not stable during its propagation in E. coli. However, the se-
quence data obtained from the second clone (pCtt 1507) were,
except for a few single base mutations, identical with the se-
quence data obtained from the first, unstable clone.
Comparison of the nucleotide sequence of the NTSfrom C.
th. thummi and C. th. piger
The base sequence of the NTS-containing HaeIII

fragments of C. th. thummi and C. th. piger is shown in
Figures 2 and 3. In Figure 2 the complete sequences of C. th.
piger NTS and the homologous parts of the C. th. thummi
NTS are put together. Some deletions/insertions are included
to allow maximum homology. In Figure 3, the Cla element
cluster including the Cla element adjacent DNA and the junc-
tions with the original spacer sequences are demonstrated.
The comparison of the NTS sequences of the two

subspecies allows the division of the NTS into three sections
(Figure 4): the first section (region I) ranges from the 3' end
of the 28S coding region near the HaeIII site up to the begin-
ning of the first (left-most) repetitive Cla element, the second
section (region II) represents the non-homologous parts in-
cluding the repetitive Cla element cluster in C. th. thummi,
while the third section (region III) covers the DNA sequence
in which C. th. thummi and C. th. piger are homologous
again and which probably includes the transcription initiation
site and the major part of the ETS. This division of the NTS,
shown in Figure 4, is based only on the criteria of structure
and homology and does not necessarily have any functional
significance.

Region I: dGdT cluster, subrepeats and putative termina-
tion site. NTS region I, probably containing the termination
site of transcription, is characterized by a high degree of
homology between C. th. thummi and C. th. piger. Close to
the HaeIII site there is a sequence of limited homology with
the known termination sequences in Drosophila, yeast and
Xenopus although it is not yet known whether this is really
the termination sequence in Chironomus. About 500 bases
downstream from this putative termination sequence there is
a conspicuous dGdT cluster in the NTS of both subspecies,
which might have the potential to form left-handed helical
DNA (Z-DNA) (Hamada et al., 1982). Downstream from
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Fig. 5. Distribution of GC base pairs in region II and flanking parts of NTS of C. th. thummi. The GC content was calculated as the percentage of G + C
pairs in a sequence of 20 bp around each nucleotide. The GC content was computer plotted against the base number as defined in Figure 2. To demonstrate
the repetitive nature of the Cla element cluster, an additional Cla element was introduced into the sequence shown in Figure 3, so that 2.6 Cla elements are
included in the graph. The arrows indicate the ends of the Cla element cluster, as well as the end of the Cla-adjacent DNA (approximately base 1340).
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S'CTTAGCCGATTATTG C CAAAAGTCGTGCTGAGTG -3'

Fig. 6. Hypothetical secondary structure of the Cla element integration site.
The figure shows a hypothetical intrastrand pairing of the boundary
regions between region I/region II (punine tract) and region II/region III
(pyrimidine tract) in the NTS of C. th. piger. This region is the Cla ele-
ment integration site in C. th. thummi. The exact sites where the Cla ele-
ment cluster starts and the Cia-adjacent DNA ends are indicated by
arrows. The numbering corresponds to that in Figure 2.

this dGdT element, a DNA sequence which is internally
repetitive starts. A piece of 65 bp (726-791) is repeated after
180 bp (906- 975). The DNA between these direct repeats
and upstream thereof displays some internal repetition
although the possible internal subrepeats show very low
homology.

Region II: highly repetitive Cla element, dA-dT clusters at
the integration site. NTS region II contains the major dif-

ferences of C. th. thummi and C. th. piger. The non-
homologous region starts exactly with the beginning of the
repetitive Cla element cluster after base 995 according to our
relative numbering in Figure 2 (the numbering also includes
postulated insertions/deletions in both thummi and piger
NTS, so that the real number of bases deviates from that in-
dicated by the numbering).

The first Cla element at the 5' end of the Cla element
cluster starts at base c57 relative to the ClaI restriction site
(Figures 2, 3). This Cla element is sequenced up to the
Sau3A1 site, which is located 33 bases downstream from the
ClaI site, so that the ClaI site is included in the sequence. At
the 3' end, the Cla element cluster ends at base c9 (Figure 3)
relative to the ClaI site, although this position is uncertain
since an oligo(dT) is found at this position, which is assumed
to be homologous to the Cla element despite a difference of
base c5 (deletion/insertion of A).
The surprising finding that the Cla element cluster does not

end with the same base as it begins with prompted us to con-
firm the result by sequencing this region in a second cloned
rDNA of C. th. thummi. The nucleotide sequence of this se-
cond NTS confirmed, in principle, the result described above,
although the ClaI site of the right-most Cla element is
mutated by a single base exchange.
The repetitive Cla element cluster, however, is not the only

DNA within the C. th. thummi NTS, which is not
homologous to the C. th. piger NTS. Adjacent to the 3' end
of the Cla element cluster there are 528 bases which are also
not present in the NTS of C. th. piger (Figure 3, base
al-a528). Computer hybridizations of this 'Cla-adjacent'
DNA sequence to the entire C. th. piger NTS showed no mat-
ches above 40%0 homology. Thus, this sequence is not related
to the original NTS as represented by C. th. piger. Southern
hybridizations of a DNA fragment containing only this Cla-
adjacent DNA-fragment with total genomic DNA of C. th.
thummi indicate that this sequence is repetitive and widely
distributed throughout the C. th. thummi genome (Schmidt,
in preparation).

In the corresponding NTS region II of C. th. piger we find
a 322-base DNA sequence, which has no homologous se-
quence in the NTS of C. th. thummi (Figure 2). This sequence
is similar to the probably internally repetitive part of region I
and might be the continuation of this region. The 322-base
fragment ends at a large dT cluster, which is present also in
the NTS of C. th. thummi (Figure 3). This dT cluster marks
the beginning of region III.

In contrast to the pyrimidine tract at the junction between
region II and region III, we find a 40-base purine tract at the
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junction between region I and II (i.e., the 5' end of the
repetitive Cla element cluster). Both junctions are AT-rich
(junction I/II = 80% AT; junction 11/111 = 100%o AT;
Figure 5). Between the junctions of region I and II and of
region II and III there is a remarkably high complementarity,
which might allow an intrastrand pairing exactly at the in-
tegration site of the Cla element cluster (Figure 6).

Region III: putative initiation region, ETS. Region III is
defined by a high degree of homology between C. th. thummi
and C. th. piger. The homology in this region (compare
Figures 2 and 4) is > 900o. The divergency of - 10%o is main-
ly due to a few deletions/insertions especially in oligo(dA)
clusters, which are rather frequent in this region. The trans-
cription initiation region has not yet been mapped by SI map-
ping, and a computer search for sequences homologous to the
known transcription initiation region of mouse, Drosophila
and Xenopus was not successful.

Discussion
The NTS of the two subspecies of C. thummi can be

discussed as a model of evolutionary change by the transposi-
tion of a highly repetitive DNA sequence into the non-
transcribed part of a gene. Because the subspecies C. th. piger
represents the phylogenetically older one (Keyl, 1962, 1965)
one can postulate that the organization of the NTS of C. th.
piger is similar to the original NTS structure. This enables us
to compare the organization of the NTS before (piger NTS)
and after (thummi NTS) the transposition has occurred. The
most intriguing section is of course the site where the integra-
tion of the transposed sequence took place. Furthermore, the
NTS of C. th. thummi provides information about the ends
of the repetitive Cla elements, because we can clearly deter-
mine the ends by comparing C. th. thummi with C. th. piger.
Structure of the transposed DNA sequence
The sequence determination of both ends of the repetitive

Cla element cluster revealed that the left-most Cla element
starts with base c57 but the right-most Cla element of the
cluster stops with base c9 relative to the ClaI site. This result
has been confirmed by sequencing a second, independently
selected rDNA clone of C. th. thummi. Thus, the Cla element
cluster consists of n + 0.6 Cla elements, and one can expect
that this organization is present in all ribosomal repeat units
of C. th. thummi.

Interestingly, the repetitive Cla element cluster does not
seem to be the only DNA sequence which has been integrated
into the NTS of C. th. thummi. The DNA sequence adjacent
to the 3' end of the repetitive Cla element cluster (extending
in a 3' direction towards the beginning of the 18S gene) seems
to be part of the transposed sequence. This sequence, not in-
ternally repetitive, is not found in the corresponding region of
the NTS of C. th. piger.

This Cla element adjacent DNA is present in many sites of
the C. th. thummi chromosomes, probably as interspersed
repetitive sequence (Schmidt, in preparation). This leads us to
the conclusion, that the Cla element cluster and the Cla ele-
ment adjacent DNA might have been transposed together in-
to the ribosomal repeat units of C. th. thummi. Further
evidence for this assumption comes from the base sequence of
the integration site (see below).
Structure of the integration site
The 5' and the 3'-flanking regions of the Cla element

cluster + Cla-adjacent DNA (boundaries between region I/II

and II/III) are remarkably different from the rest of the NTS
sequence: at the 5' end there is a purine tract of 23 purine
bases, mainly A, in C. th. thummi and 40 purine bases in C.
th. piger.
At the position where in C. th. thummi the Cla-adjacent

DNA ends, and which is supposed to be the end of the trans-
posed DNA, a long pyrimidine tract interrupted by some
adenosyl residues is found in both subspecies. An intrastrand
pairing between the poly(dA) cluster at the 5' end of the
putative transposed DNA and the poly(dT) cluster at the 3'
end of the Cla-adjacent DNA might be possible, as shown in
Figure 6. The question of whether this structure has played
any role during the process of transposition and integration
must remain speculative, although the conspicuous base com-
position at these sites supports the idea that the repetitive Cla
element cluster and the Cla-adjacent DNA have been
transposed together.
The short terminal repeats, which result from a duplication

at the integration site during the transposition (for recent
review, see Shapiro and Cordell, 1982), and which is a typical
feature of transposed DNAs is not present at either the ends
of the repetitive Cla element cluster or at the ends of the Cla-
adjacent (putative co-transposed) DNA. However, it cannot
be excluded that such short terminal repeats might have ex-
isted, but were obliterated by base changes since the trans-
position has occurred. It is questionable whether the left end
of the Cla element cluster together with the complementary
right end of the Cla-adjacent DNA can be interpreted as a
foldback element of the type which have been shown to exist
as transposable elements in Drosophila (Potter et al., 1980)
since the length of the inverted repeat is far beyond the length
reported for the foldback elements in Drosophila.

Another unresolved question concerns the piece ofDNA of
322 bp in C. th. piger rDNA, which is located between the
poly(dA) and the poly(dT) cluster (region II) and which is
missing, or rather is replaced, by the repetitive Cla element
cluster + Cla-adjacent DNA in the C. th. thummi rDNA.
There are two possible explanations of what happened to this
DNA during the transposition. The first, which we favour,
assumes that this piece of DNA was deleted during the in-
tegration process of the Cla element cluster. The second
possibility is that it is a transposed DNA itself, which has
chosen the same habitat as the repetitive Cla element cluster
+ Cla-adjacent DNA, because of the pre-existing inverted
repeat favouring an integration of mobile DNA sequences.
The first working hypothesis is, in our view, more likely,
because the repetitive Cla element cluster interrupts the
poly(dA) and poly(dT) clusters (compare Figures 2 and 3)
and, furthermore, these interruptions (which are identical to
the site of integration) come almost at exactly the same posi-
tion when the foldback structure is arranged as shown in
Figure 6. In addition, region II in C. th. piger shows some
homology to the internally repetitive portion of region I in-
dicating that it might be a continuation of this internally
repetitive region.
Origin of the repetitive Cla elements
The whole process of transposition of the highly repetitive

Cla element cluster into the spacer of the rDNA of C. th.
thummi is related to the enlargement of the genome of C. th.
thummi relative to the genome of C. th. piger during its
evolution (Keyl, 1965; Schmidt et al., 1980; Schmidt,1981).ii
During the process of evolutionary DNA 'amplification', the
repetitive Cla elements increased manyfold in number and oc-
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cupied new positions in the chromosomes (shown by in situ
hybridizations, Schmidt, 1981). The rRNA genes are only one
example of this process, where the invasion of highly
repetitive sequences into intergenic or spacer regions could be
shown at the molecular level. The situation in the chironomid
rRNA genes is quite similar to the situation known from the
histone genes of the American Newt, Notophthalmus viri-
descens. In this animal the histone gene clusters are separated
by long tracts of satellite DNA (Stephenson et al., 1981; Gall
et al., 1981; Diaz et al., 1981). This is also interpreted to be
correlated to the large genome size of the newt (Stephenson et
al., 1981). In the case of the two chironomid subspecies this
correlation is quite evident. In C. th. piger, the subspecies
with the lower DNA content per genome, clusters of
repetitive Cla elements are confined to the centromeric
regions of all four chromosomes (Schmidt, 1981), while in C.
th. thummi, the subspecies with the higher DNA content per
genome, repetitive Cla elements are distributed throughout
many sites in all chromosomes. Of course, we do not know
whether the Cla elements found in the nucleolar DNA are of
centromeric origin, but we would like to stress the high degree
of homology, > 90'Vo, between the ribosomal and the consen-
sus sequence (representing the centromeric fraction) of the
ClaI sequence family (Schmidt et al., 1982). Obviously, the
integration of large amounts of this highly repetitive Cla ele-
ment does not seriously interfere with the transcription of the
rRNA genes, and hence the promoter function of parts of the
NTS is not negatively affected. This can be postulated from
the fact that most, if not all, copies of the ribosomal repeat
units of C. th. thummi contain the repetitive Cla elements
(Israelewski and Schmidt, 1982) in variable numbers, ranging
from a few copies to > 100 per NTS.
Although we have not yet mapped the sites of initiation

and termination of polymerase I transcription, we know from
R-loop mapping and Southern-hybridization using isolated
18S and 28S RNA that the beginning of the 18S gene is
- 1.5 kb downstream from the repetitive Cla element cluster
and -1 kb downstream from the Cla element adjacent DNA
(Schmidt et al., 1982). Assuming a length of the ETS similar
to D. melanogaster (Kohorn and Rae, 1982a) or X. laevis
(Maden et al., 1982) of 0.7-0.8 kb, then the transcription in-
itiation site would be located 200- 400 bases downstream
from the end of the Cla-adjacent DNA. The site of termina-
tion would be located - 900 bases upstream of the 5' end of
the repetitive Cla element cluster.

In contrast to the organization reported for D. melano-
gaster (Kohorn and Rae, 1982b; Coen and Dover, 1982), we
cannot find, by computer search, any major repetitive se-
quences representing a duplicated promoter region. We also
do not find, by computer search, any sequences homologous
to the known initiation sequences of the mouse (Bach et al.,
1981), Xenopus (Sollner-Webb and Reeder, 1979), Droso-
phila (Long et al., 1981) and yeast (Klemenz and Geiduschek,
1980). Experiments to localize termination and initiation sites
are in progress.
The only known consequence of the presence of the

repetitive Cla elements within the NTS of C. th. thummi is an
extraordinarily high degree of spacer length heterogeneity
within the genomic ribosomal repeat units of C. th. thummi
(Israelewski and Schmidt, 1982). This heterogeneity may be
the consequence of an increased rate of unequal recombina-
tion, which is usually thought to create length heterogeneity

by generating increasing numbers of repetitive elements
(Smith, 1976; Dover, 1982).

Materials and methods
Plasmids
The plasmids carrying the entire ribosomal repeat units of C. th. thummi

and C. th. piger were constructed as described previously (Schmidt et al.,
1982). For the nucleotide sequence analysis of the NTS regions we used the
recombinant plasmids pCtt 1505 (thummi rDNA, vector pBR328), pCtt 1507
(thummi rDNA, vector pBR328) and pCtp 1550 (piger rDNA, vector
pBR322).
Plasmid isolation, restriction and isolation of restriction fragments
The plasmid DNA was isolated by a rapid procedure based on the method

of Birnboim and Doly (1979) with the following modifications: cells from
single colonies were inoculated into 500 ml of L-broth containing 100 ptg am-
picillin/ml and incubated for 16 h at 37°C. Cells were pelleted and resuspend-
ed in 7.5 ml of 25% sucrose-50 mM Tris-Cl, pH 8.0. The cells were digested
with lysozyme (0.4 mg/ml) at 4°C for 10 min and then lysed gently by adding
5 ml of 'Triton X-100-mix' (0.2% Triton X-100, 50 mM Tris-Cl, pH 8.0,
65 mM EDTA) and incubation at room temperature for 10 min. During this
incubation, the RNA was digested with 50 yd of RNase A (10 mg/ml). After
the incubation the viscous solution was centrifuged at 18 000 r.p.m. for 40
min at 0°C. The cleared supernatant was carefully removed and mixed with
0.25 volume of 5 M NaClO4, extracted with Tris-saturated phenol and with
chloroform-iso-amylalcohol (24:1). The pH was then adjusted to 8.5 with
saturated Tris-solution and the DNA was precipitated with 2 volumes of
ethanol at - 20°C for at least 2 h. The DNA was collected by centrifugation,
washed once with 70% ethanol, dried under vacuum and dissolved in 0.5 ml
TE buffer (10 mM Tris-Cl, pH 8.0-1 mM EDTA). If the purification of the
plasmid DNA from contaminating RNA fragments was required, the plasmid
DNA was chromatographed on a small column (5 ml) of Bio-Gel A 15 (Bio-
Rad, Munich). The plasmid DNA prepared by this method has been used for
all restriction analysis, end-labelling and sequencing.
The digestion of the plasmid DNA with the different restriction endo-

nucleases was performed as recommended by the manufacturers (ClaI, TaqI,
EcoRI, HpaII, BglIl, XbaI - Boehringer, Mannheim; HindIII, HaeIII, AluI
- BRL, Neu Isenburg; Sau3AI, Hinjl - New England Biolabs, Schwalbach,
Ts). The restricted DNA was electrophoresed on vertical agarose slab gel using
either Tris-borate (90 mM Tris, 90 mM boric acid, 1 mM EDTA) or Tris-
phosphate (35 mM NaH2PO4, 35 mM Tris, 1 mM EDTA) as electrophoresis
buffer. For preparative purposes, the ethidium bromide stained bands were
cut out under u.v.-illumination and electroeluted into dialysis tubings closed
by polypropylene closures (Spectrum Medical Ind., Los Angeles, CA).
End-labelling and sequencing
The DNA fragments to be sequenced were labelled either at their 3' or 5'

end with 32p using Klenow fragment of polymerase I (Boehringer, Mannheim)
and [a-32P]dNTP (sp. act. > 3000 Ci/mmol, Amersham, Braunschweig) for
3' end-labelling, or polynucleotide kinase (Boehringer, Mannheim or BRL,
Neu Isenburg) and [-y-32P]ATP (Amersham, Braunschweig) for 5' end-
labelling. DNA fragments labelled at only one end were prepared either by
strand separation of the complementary strand by 'large pore' polyacrylamide
electrophoresis (Szalay et al., 1977), or by a second digestion with an ap-
propriate restriction endonuclease. The single end-labelled DNA fragments
were then sequenced by base-specific chemical cleavage according to the
method of Maxam and Gilbert (1980). The cleavage products were separated
on thin (0.5 mm) polyacrylamide gels (Sanger and Coulson, 1978), and auto-
radiographed using Kodak Xomat AR X-ray film with or without intensifying
screens (DuPont, Cronex Hi-plus). The sequence data were computer analyz-
ed using the programs kindly provided by R.Staden (Staden, 1980) or pro-
grams written in FORTRAN by F.J.Rolofs (Ruhr-Universitaet Bochum).
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