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ABSTRACT

From extrachromosomal covalently closed circular DNA molecules
purified from Drosophila melanogaster embryos, we have isolated 24
clones homologous to the histone tandemly repeated gene family. Some
of the clones harbor one of the two main types of genomic repeated
units of 4.8 and 5.0 kb. and probably result from homologous
recombination. The remaining clones have a size ranging from 0.2 to
25 kb. and most of them carry a single fragment of the repeated
unit. Nucleotide sequences of the junction region of six of these
clones indicate they are generated by illegitimate recombination
between short (8-15 bp.) imperfect direct repeats. The data suggest
that most of the histone homologous circular DNA molecules are
deleted histone units.

INTRODUCTION

Extrachromosomal covalently closed circular DNA molecules
(ccc DNAs) have been found in a large variety of eucaryotes. In
cultured cells of primates, rodents, chicken and Drosophila, they
constitute a population of molecules highly heterogeneous both in
size and sequence (1-5). Ccc DNAs also have been observed in whole
organisms including mouse and Drosophila embryos (2,6,7) and plants
(8,9). Several lines of evidence indicate that most of the ccc DNAs
are homologous to repeated genomic sequences (10-15).

Most of the circular molecules which have been identified to
date are homologous to various types of mobile elements and some
are potential intermediates of transposition (16—-20). In addition to
this major class, several non-coding sequences have been detected in
the form of ccc DNAs, such as alphoide satellite DNA in primates (21-
24), T cells receptor genes sequences resulting from functional
somatic rearrangements in mouse thymocytes (25,26) and tandemly
repeated sequences of the non—-transcribed spacer of rDNA genes in
Drosophila embryos (7). Some coding sequences, such as rDNA genes in '
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Xenopus oocytes (27,28) and in testis of Drosophila males undergoing
magnification (29), histone DNA sequences in Drosophila (30) and TS-
DHFR genes in methotrexate-resistant lines of Leishmania (31) were
also identified in circular DNAs, and shown to be associated with
amplification. Recently it was also demonstrated that members of
tandemly repeated multigenic families such as rDNA in Pisum sativum
(32), 5 6 and histone genes in Drasophila melanogaster embryos (7)
can be normal components of the ccc DNA populations.

There are about 100 tandemly repeated histone units in the

genome of D.melanogaster. Each unit contains one copy of each of the
five histone genes, separated by non-transcribed spacers (Figure 1).
Two types of units were described which differ mainly by an
insertion of about 200 bp. in a spacer region (33-33). In our
previous report, we showed that the two major types of histone
units are present among the extrachromosomal circular DNA molecules
purified from D.melanogaster embryos of various origins.

In this paper, we report on the molecular cloning and analysis
of histone circular molecules from embryos laid by dysgenic Fi (SF)
females produced in the I-R system of hybrid dysgenesis (36). SF
females display reduced fertility resulting from the death of a
variable proportion of their eggs during early embryogenesis. This
material was nevertheless choosen because it contains more ccc DNAs
than embryos from the parental inducer and reactive strains
(unpublished data). We show that a large proportion of the circular
molecules homologous to the histone multigenic family are shorter
than a genomic repeat. Nucleotide sequences of the junction
fragments indicate that these ccc DNAs are generated by a
recombinational event involving short directly repeated sequences.

MATERIALS AND METHODS

Extrachromosomal circular DNAs from embryos. Embryos were
obtained from Fi (SF) dysgenic females that resulted from mass
crosses between females of the reactive stock Charolles and males
from the inducer stock Canton—S. They were collected approximately
every 12 hours, dechorionated in 127 Sodium Hypochlorite, rinsed in
0.7% NaCl, 4% Triton X 100 and thoroughly washed with 0.7% NaCl.
After being blotted dry, the embryos were frozen in liquid nitrogen
and kept at -70°C. Extrachromosomal circular DNAs were purified as
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previously described (7). From S50 g. of embryos it is usually possible
to recover 15 to 30 ug. of circular DNAs, of which about half of the
molecules are mtDNA.

DNA probes, labeling, hybridizations. pDmHH8 (7) contains a
4.8 kb. genomic histone repeat cloned into the Hind III site of
plasmid puUC8 (37). pDmtHC and pDmtHD (38) respectively carry, in
pBR322, the 4.7 kb. "C" and the 0.43 kb. "D" fragments generated by a
Hind III digest of D. melanogaster mitochondrial DNA (39). Plasmid DNAs
were purified as described in (40) and 32P-labeled by nick—translation
(41) to a specific activity of 10 dpm/ug. Hybridizations were
performed for 36 h. at 40°C in S50%Z (v/v) formamide, 1 x Denhart’s
solution, 0.6 M NaCl, &0 mM Sodium Citrate and S0 ug. / ml. of
denatured calf thymus DNA.

Cloning of ccc DNAs in pUC18. Two experiments were done. In the

first one, 7 ug. of a ccc DNA preparation which contained about 10%
of contaminating linear molecules, as estimated by electron
microscopy, were heated at 100°C for S min. and then treated with
Mung-bean nuclease, according to the procedure previously reported
(7). Ccc DNAs were digested by Bam HI and ligated by T4 DNA-ligase
at 10°C. overnight in 10 ul. to 1 ug. of Bam HI linearized pUC1B
plasmid DNA (42). Transformation of the bacterial strain NMS22 (43)
according to the Hanahan's method (44) yielded 2 x 10® recombinant
clones which were screened using as a probe the 4.8 kb. Hind III
fragment inserted in pDmHHB. Two clones giving a positive signal were
recovered and named pDmcHB7 and 8.

In the second experiment, another preparation of ccc DNAs was
used which was obtained after three successive CsCl-Ethidium Bromide
equilibrium density gradient centrifugations instead of two. Because
less than 1% of contaminating linear molecules were observed, most
of them showing a size lower than 1 kb.,, the ccc DNAs were heat
denatured but no Mung-bean nuclease treatment was done. 4 ug. were
digested by Xho I and ligated as previously described to 1.5 ug. of
pUCI8 cut by Sal I. The ligation mixture was then digested by Sal I
to linearize the non recombinant plasmids. Transformation and
screening were carried out as in the first experiment. Of the 103
recombinant clones obtained, six were recovered which hybridize with
the pDmHH8 insert. They were named pDmcHXi, 3.4, 3.2, 4, 6, and 7.
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Cloning of ccc DNAs in lambda NM1149. A 1 ug. sample of the
ccc DNA preparation used in the second experiment was digested by

Hind III after heat denaturation and ligated with 4.5 ug. of Hind III-
digested ANMi149 DNA (435) using T4 DNA-ligase, in a total volume of
100 ul.,, at 10°C. overnight. Approximately I x 10° recombinant clones
were selected by plating on the NMS14 bacterial strain (45), and 17
of these clones were found to hybridize to the pDmHH8 probe. They
were named ADmcHH.

DNA __sequencing. DNA sequences were determined by the dideoxy-
chain termination method (46). Nucleotide sequences of junction
fragments of pDmcHX3.2, pDmcHX4 and pDmcHX6 were determined after
subcloning in Mi3mpl? while junctions between histone and non-histone
DNA of pDmcHX3.1 were determined after subcloning in Mi3Smpi8 (42). The
DNA sequence of the Jjunction <fragment of pDmcHX7 was obtained
directly from the pUCI8 clone, using an appropriate synthetic
oligonucleotide (47). Most of the nucleotide sequence of the 4.8 kb
genomic repeat was determined by Goldberg (34) and Lifton (35). We
determined the sequence from nucleotides 98 to 220, 324 to 424 and
2427 to 2579 using pDmHH8 as a template and the appropriate
oligonucleotides. Nucleotide coordinates used in this paper are from
Goldberg (34).

RESULTS

Cloning of ccc DNAs homologous to the histone multigenic family.

Three successive cloning experiments were carried out. In each
experiment, the ccc DNA preparation was first heated at 100°C. for
S min. to denature the linear contaminating DNA molecules. In one
experiment a treatment with Mung-bean nuclease was performed to
eliminate single stranded DNA. This was done to prevent the linear
molecules from being cloned (see Mat. & Met.. The restriction enzymes
used for cloning (Bam HI, Xho I and Hind III) were choosen because
they cut only once in both types of genomic histone DNA repeats
(Figure 1).

The first two experiments were performed using the plasmid
vector pUCI8 and the restriction enzymes Bam HI and Xho I,
respectively. The 19.5 kb. mtDNA molecules are abundant in the
circular DNA extracts, however, as D. melanogaster mtDNA does not
contain a Bam HI site or only a single Xho I site, there is a very
law probability that clones of these molecules will be recovered in
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pUCi8. In the first experiment, two clones hybridizing to the purified
Hind III fragment of pDmHHB, which carries a 4,8 kb. histone unit,
were isolated and named pDmcHB. The second experiment yielded six
positive clones named pDmcHX. Restriction analysis of the eight
clones indicates that they carry inserts ranging from 0.6 to 2.5 kb.,
smaller than either of the two types of histone DNA repeats
previously detected among the ccc DNAs by Southern blot analysis
(7).

In order to clone circular molecules corresponding in size to
whole histone DNA repeats, we carried out a third experiment in
which ccc DNAs digested by Hind III were cloned in the bacteriophage
ANM1149. Seventeen clones that hybridized to pDmHH8 were recovered
and named ADmcHH. Six of these clones carry a 5 kb. insert, four a
4.8 kb. insert and the seven remaining clones have inserts ranging in
size from 0.2 to 1.7 kb. In this experiment, it was possible to
estimate the size dependant cloning bias because Hind III cuts the
mtDNA molecules into four fragments : HA (8.2 kb.), HB (5 kb.,
containing the A+T rich region)y, HC (4.7 kb.) and HD (0.43 kb.) (39).
About 103 recombinant phages were screened using pDmtHC and pDmtHD
as probes (see Mat. & Met.). We found that 286 clones are homolagous
to the HC fragment while only 69 clones are homologous to the HD
fragment. As there is a priori no reason to suppose that the factor
responsible for the difference 1lies in the mtDNA fragments
themselves, this observation suggests that in this experiment,
fragments approaching the size of the histone DNA repeats were
cloned more efficiently than were fragments ten times smaller.

Taken together, these results strongly suggest that most of
the ccc DNAs homologous to the histone multigenic family are shorter
than the two main types of genomic repeats.

The large ccc DNA clones correspond to whole genomic repeats.

Two ADmcHH clones harboring a S kb. insert and two others
carrying a 4.8 kb. insert were analysed by digesting the DNA with
Hind III, Ava I and Eco RI, simultaneously, and hybridizing the
resulting fragments with pDmHH8. The results (not shown) indicate
that the two S5 kb. inserts and one of the 4.8 kb. inserts generate
the same restriction fragments as those expected for a S kb. or a
4.8 kb. histone genomic repeat, respectively (see map of Fig. 1). The
other 4.8 kb. insert does not give the expected pattern of a 4.8 kb.
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Fig. 1. Restriction maps of a 4.8 kb. histone genomic unit and of the
ccc DNA clones shorter than a complete unit. A detailed restriction
map of a 4.8 kb. unit is shown in the upper part of the Figure. The
200 bp. insertion found in the 5 kb. units is indicated by dotted
lines. Heavy arrows represent the coding regions of each of the five
histone genes. Open bars indicate parts of the 4.8 kb. unit for which
the nucleotide sequence is known. All these data are from Lifton
et al. (33), Goldberg (34) and Lifton (3I5).

In the lower part of the Figure the maps of the ccc DNA
clones are given. Maps of the AcHH clones were established from the
results shown on Fig. 2 and from Pst I and Bgl II digests for HH27,
102 and 112. The dotted lines indicate that the limits of the clones
have not been accurately determined. Data concerning the pDmcHB and
pDmcHX clones were obtained using the restriction enzymes shown on
the map. New junction fragments are shown by bars. The name of each
clone and its size in kb. is indicated. Non—histone DNA of pDmcHX3.1
is represented by wavy lines.

repeat : the 2.12 kb. Hind III-Ava I fragment is missing. However, two
new fragments of approximately 0.9 and 1.2 kb. were detected
suggesting that the clone carries a 4.8 kb. repeat that contain
either an Eco RI site or an additional Ava I site. No more
experiments were done with the 10 clones containing either a 4.8 or
a S5 kb insert. Nevertheless, the available data lead to the
conclusion that most if not all of these inserts correspond to the
circular forms of the two main types of genomic histone repeats
described in our previous report (7).
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The short ccc DNA clecnes correspond to deleted genomic

repeats.
Restriction analysis of the pDmcHX and pDmcHB ccc DNA clones

indicates that all but one of them contain a single Xho I or Bam HI
fragment. pDmcHXi contains three Xho I fragments, only one (1.25 Kb.)
of which shares homology with the histone genomic repeat. This clone
was not investigated further.

Detailed restriction maps of the seven remaining clones are
presented on Figure 1. Six of these clones display a map similar to
that of a corresponding segment of the genomic repeat. The presence
in every pDmcHX clone of the 70 bp. Bal I-Xho I and 49 bp. Xho I-
Hae II fragments was confirmed by hybridization of a digest of the
clones with a pDmHHB8 probe. In the same way, the presence in the
pDmcHB clones of the 250 bp. Pst I-Bam HI and 70 bp. Bam HI-Hind III
fragments was verified. In each of the six clones, a new junction
fragment was identified. The other clone, pDmcHX3.1 carries a single
650 bp. Xho I fragment which contains about 400 bp. of non histone
encoding DNA in addition to a histone DNA segment that includes the
Xho I site.

No detailed restriction map was made for the ADmcHH clones.
However, we investigated whether the regions normally surrounding
the Hind III cloning site are present in these ccc DNA clones. DNA of
pDmHHB8 was digested with various combinations of restriction
enzymes, the fragments separated by electrophoresis and blotted
onto nitrocellulose. Six identical filters were made and each was
hybridized with the labeled DNA of one of the pDmcHX or ADmcHH
clones. After removing the probes, the filters were used again for
hybridizing the remaining clones.

The results obtained with the pDmcHX probes (not shown) are in
good agreement with their restriction maps. Those obtained using the
ADmcHH probes are shown in Figure 2. Every clone hybridized to the
fragments immediately adjacent to the Hind III cloning site, i.e. the
1.23 kb. Hind III-Hpa I (lane c) and the 0.54 kb. Hind III-Bgl II (lane d)
fragments. The intensity of the hybridization signals is highly
variable and with the ADmcHH86 and 107 probes, the 0.54 kb. band is
visible only on the original film. Moreover, there is a colinear
relation between the DNA sequences of the clones and that of the
genomic repeat. In cases where a fragment gave a relatively weak
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Fig. 2. Hybridization of ADmcHH probes with restriction digests of
pDmHHE8. a: Ava I + Hind III; b: Xho I + Hind IIT; c: Xho I + Hind III +
Hpa I; d: Xho I + Bgl II + Hind IIl. The map indicates the sizes of the
expected fragments generated by a 4.8 kb. unit digested by each set
of restriction enzymes. Note that Ava I cuts at the Xho I site. The
weak 3.18 kb band which sometimes appears in lane c results from a
partial digestion

signal, suggesting that only a small region of homology is present in
the probe (for example the 2.2 kb. Hind III-Ava I fragment with the
cHH?S probe, lane a); a subsequent cut in the fragment (lane c)
always indicated that the region of homology is located in the more
proximal part relative to the cloning site. In addition, the more
distal fragments are either never detected (1.06 kb. Ava I-Xho I, lane
a) or are only detected (1.11 kb. Xho I-Bgl II, lane d by the largest
probes. Thus, it seems likely that as is the case with most of the
pDmcHX and cHB clones, the ADmcHH clones include a part of the
histone repeat that contains the Hind IIl site. Taking into account
the relative variations in intensity of the hybridization signals, and
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the Pst I and Bgl II restriction patterns of the largest inserts, we
have estimated the position on the map of the ccc DNA molecules
corresponding to the ADmcHH clones (Figure 1).

Therefore, these data indicate that clones shorter than a
whole repeated genomic histone unit do not originate from whole
circular repeats that have a restriction polymorphism or that carry
a non histone insertion. Rather, they effectively represent circular
deleted repeats. The maps given in Figure.1 show that most of the
deletion breakpoints occur at different locations.

Nucleotide sequences of the junctions.

In order to obtain informations concerning the mechanisms by
which circular deleted histone repeats are generated, we determined
the nucleotide sequences of the junction regions of pDmcHX3.2, 4, &,
7 and pDmcHB7. These sequences were compared to the nucleotide
sequence established by Goldberg (34) and Lifton (35) which covers a
large part of a 4.8 kb. genomic unit. Because the breakpoints of cHXé
and cHB7 1lie outside, or very close to the limits of the sequenced
regions (see Figure 1) we also determined the nucleotide sequence
from positions 98 to 220, 324 to 424 and 2427 to 2579 of the
genomic repeat. Comparisons of sequences of the junction regions of
ccc DNAs with the corresponding genomic repeat sequences is shown
on Figure 3.

The data clearly show that the breakpoints of each circular
molecule correspond to short direct repeats in the genomic histone
unit. These repeats, which are not related between the different
clones, range in size from 10 to 1S5 bp. and always display 1 to 3
mismatches. In each clone only a single copy remains at the junction
indicating that the ccc DNA molecule results from a recombinational
event involving the short direct repeats. The position of the
mismatches indicates the few possible alternative locations at which
this event occurred, if it is assumed that the sequences of the
direct repeats are strictly the same in the histone units which
effectively gave rise to the cloned circular DNAs and in the histone
unit used to establish the available genomic sequence. Indeed, the
data obtained with pDmcHB7 indicate that discrepancies can exist. The
capy of the repeat remaining in the circular molecule, carries an
extra nucleotide pair (A) which is not found at this position in any
of the corresponding repeats of the standard genomic sequence.
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cHX3.2
H2a coding sequence.

3014 . . . . 3061
T
5°'CeBTCTTCTTBBECAACA | BAACAGCC TBTA | TATTABBCAACACGCCAC
FHMIIE B | F NI I
5 °'BAABBCBATBABCATAAT |BAACABC TGBTA | TATTABGCAACACBCCAC

IR | NI RN

5 BAABBCBATBAGCATAAT GAACAGFTTTBTA AATGATATTTTCBABCBA
14

3757 . . . o . 3806
H2b coding sequence.
cHX4
H1-H3 spacer.
1342 . B . . 1388

S5°'ATBATTTAABACCCABTA |CCBTTTBCBCC |ATAAATAATABAATATE A
RN RN NR | HRRRRRE RERRERRRRRE  *

5°CBAAATATT ATACTTTT |CCEBTTTBCBCC |ATAAATA TABAATATBBTA
NN IR | I RNR NN

5°CBAAATATTTATACTTTT |CCBTTTBC CC |BCGCATTCAGTTAGGEETEE

3443 . . . . 3490
H2a-H2b spacer.
cHXé
H4 coding sequence. s H4-H2a spacer.
2511 . . . 2359

T
3’ AABBCCBCACCCTCTACG |BATTTBECEB | TTAARAAAGTEBTACATCCTBTE
W | NN NNRRE  NRE
5°AABCBTCCACCATTTBCT | BATTTEBCEG6 | TTARRAAGTBTACATCTGBTE

RN | BN RN AR
3'AACBBTCCACCATTTBCT | GAGTTBBCE6 |ATBTBACGGCGTCBCAGABGC
1

142 . . 1189 . 212
H1 coding sequence.
cHX7
H4 coding sequence.
2239 . - . . 2287

TT
5 °'BTCEBTGETAAAGBAGGCA | ARGBCTTEBEAAAGE | GTBBCBCCAAGCETCA
IR I | I I
5 'AGTGEAAAGECAGCCAAG | AAGGCT BGBAAABE | BTGGCGCCAAGCGTCA
AN | R R RRER
5 'ABTEGGAAAGGCAGCCAAG |AABBCT GGC AAGE | CTCAGAABGAACATCAC

3611 . . . . 3657
H2b coding sequence.

cHB?
Hi coding sequence

4477 . . . . 4522

S°ACTABBCTTTTBCCTTTT |CBCT ACTAC G|CCTTTGBCTTCBCTBCAG
L2 L R 2 L AR R T T ST

5°TGTTAAAARATBBCTCBCE |CBCT ACTACAB |CCTTTEBCTTCBC
SRR | R HRRE #

5°TBTTAARARATBBCTCBCE |CBCTBC CTAC BG|AACCTCCTTTBCTCTBAT

359. . . « 405

H1-H3 spacer
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We also determined the nucleotide sequences of the junctions
between histone and non-histone DNA of the clone pDmcHX3.4 (Figure
4). As previously, we found that in the genomic unit, the two
breakpoints correspond to imperfect direct repeats of 7 and 8 bp.
One complete copy of this repeat is present at one histone-non
histone DNA junction of the circular molecule while only S5 nucleotide
pairs of the repeat are found at the other junction. The nature of
the non-histone DNA sequence was not investigated further. It seems
possible that the imperfect S5 bp. direct repeats flanking the non—
histone DNA sequence in the circular molecule could be the remnant
of a target site duplication resulting from the insertion of a
transposable element. However, homology was not detected between
100 bp. of the non-histone sequence of pDmcHX3.1 and transposable
elements in the EMBL bank.

DISCUSSION

Twenty four clones homologous to a 4.8 kb. histone genomic unit
probe were isclated from several libraries of ccc DNAs purified from
embryos laid by SF dysgenic females. These clones were found to
harbor complete 4.8 or S.0 kb. repeated histone genes containing
units, deleted units of various sizes or, in one case, a deleted unit
carrying a non—histone DNA insertion.

In the Hind III cloning experiment, we obtained 10 clones that
appear to contain a complete repeat and 7 clones that contain a
deleted repeat. However, it seems unlikely that these figures reflect
the relative proportions of the two classes of molecules in the
ccc DNAs. The results of cloning mtDNA fragments of different sizes

Fig.3. Nucleotide sequence of the junction region of five ccc DNA
clones. The upper and lower lines show the sequence of the genomic
histone unit around the two breakpoints of each clone. The middle
line shows the nucleotide sequence of the ccc DNA in the junction
region. Homologies between corresponding sequences are indicated by
asterisks. Boxes show the limits of the short directed repeats found
at each Jjunction while vertical bars give the different possible
locations of the cuts in the genomic repeat which can lead to the
observed recombination. Nothing was indicated for cHX4 and cHB7
because there are too many possibilities.

We established the sequence of pDmHHB8 from positions 98 to
220 to £ill a gap in the available sequence from positions 121 to 189
in which lies one of the cHXé breakpoint. We found the gap smaller
than expected, which 1leads to a discrepancy in the coordinates in
the lawer line of cHXé.
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cHX3. 1

H4-H2a spacer :

2976 . .

S'TTTTTAGCTTAGCCTTTG
S’'taagtcgtgagcactgge
S ’'AACTBGABCBCCTGCACC

L2222 22 22 2 s
3 °AACTBGABCBCCTBCACC

AA ACGCT
AR

gc ACBCT
*H w8

AACACACT
HRRRE R

AACACBCT

H2a coding sequence.

. 3023
TAGGCCTTCTTCTCGGTCTTCTT
FIE I3 I T I I
TAGGCCTTCTTCTCGGTCTTCTT
caacgaatttcccattttcactg

CTGCGTAGTTTCCCTTCCGGAGC

3228. . . . . 3276

H2a coding sequence.

Fig. 4. Nucleotide sequence of the junction regions of cHX3.l. Same
legend as Fig.3, except that the two middle lines give the nucleotide
sequence of the ccc DNA around the junctions between histone and
non-histone DNA. The sequence of the non-histone DNA is in small
letters.

indicated that larger fragments (4.7 kb.) are cloned about four times
more efficiently than (0.43 kb.). the
experimental design is expected to permit cloning of all the circular

smaller fragments Also,
molecules corresponding to a whole histone repeat, but only of a
fraction of those corresponding to a deleted repeat since such
molecules have to include the Hind III site. These
observations strongly suggest that most of the ccc DNA molecules

restriction

homologous to the histone DNA probe are deleted histone repeats.

It seems likely that the circular whole repeated units are
generated by homologous recombination between two adjacent genomic
units. Three of the studied AcHH clones do not show any major
rearrangement and the fourth probably only differs from a standard
4.8 kb. unit by a
previous report (7), we showed that the histone homologous ccc DNAs
detected by Southern blotting have a restriction pattern identical
to that of the 4.8 and the 5,0 kb. unit. The relative proportions of

the two types of complete units were roughly similar in the ccc DNAs

restriction site polymorphism. Moreover, in our

in the genome where the 5.0 kb. unit is known to occur in a
(35). The production of ccc DNAs from the Sau 3A
family of human alphoid-like tandemly repeated sequences also

and
higher frequency

involved homologous recombination even in case where the homology
between the interacting repeats is less than 80%Z (48,49).

A different mechanism appears to be responsible for the
generation of the 14 isolated ccc DNA molecules that each consist of
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a deleted histone unit. The nucleotide sequences of the junction
region of six of these units, including pDm cHX3.1 which carries a non-
histone DNA insertion, show that in every case the deletions
breakpoints are located within short imperfect directly repeated
sequences. No nucleotide sequencing was done for the 8 remaining
clones. However, we made a computer analysis to search for short
direct repeats which could account for the formation of the ccc DNAs
cloned in ADmcHH&S, 86 and 107. The genomic sequence was screened
from coordinates 4200 to 300. Ten pairs of 9 to 15 bp. perfect or
imperfect direct repeats were detected which could give rise to
putative circular DNAs including the Hind III site and ranging in size
from 215 to 725 bp. Two of these pairs of direct repeats could
account for ADmcHH4S and three others for ADmcHH86 or 107.
Therefore, it seems likely that most of the circular molecules
carrying a deleted histone unit result from a recombination between
short directly repeated sequences. These sequences appear to be
randomly scattered throughout the unit and as they are found in
both coding sequences and spacer regions, their location must be
independant of the structural organization of the histone genes.
However, it is not possible to determine whether those
ccc DNAs which are generated by some kind of illegitimate
recombination, result directly from genomic excisions or from
complete circular units that were excised from the chromosomes by
homologous recombination. In the first case, the production of
ccc DNAs would generate deletions in the genomic histone cluster
while in the second case it would only affect the number of repeated
histone units. Two ccc DNAs produced by recombination between
imperfect or perfect 9 bp. direct repeats have been cloned
previously. One of them which consists of part of an unidentified
repeated element, was isolated from hamster CHO cultured cells (50).
The other, which contains part of a L1 transposable element and a
fragment of the adjacent single copy genomic sequence, was isolated
from human Hela cells (51). In this latter case, the ccc DNA is not
part of a tandemly repeated element and its direct excision from the
chromosome seems very likely. In only a few cases have circular DNAs
been described in relation to genomic deletions produced by
illegitimate recombination. In the cyanobacterium Anabaena, the
intervening DNA which separates the nif-K and nif-D genes was
recovered as a circular molecule after the genes were joined by
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recombination between 11 bp. direct repeats (52). Also, excision
products resulting from the joining of V-J and V-D-J regions of the
x and B chains genes of T cell receptor were found among the
ccc DNAs of mouse thymocytes (25,26).

In both procaryotes and eucaryotes, various genetic
rearrangements resulting from recombination between short direct
repeats have been reported. In E.Coli, Whoriskey et al. (S3) described
tandem duplications of DNA fragments which are amplified S0 to 100
fold during selected growth. In most cases, the endpoints of the
duplicated fragments are located within short (less than 15 bp.)
imperfect directly repeated sequences. A single copy of the repeat
was found at the Jjunction of the tandemly amplified fragments.
Genomic deletions involving recombination between short repeated
sequences also have been reported in E.Coli (54 and references
therehein, S535) and in mammalian cells (56-58). These observations
suggest that the mechanisms which generate such genetic
rearrangements are related to those which give rise to ccc DNAs.
One of the proposed models to explain this kind of illegitimate
recombination involves slipped strand mispairing (S54). However, this
model does not seem to apply to the recaombination which gives rise
to the histone ccc DNAs. This is mainly because it predicts the
excision of a single stranded DNA fragment which would have to be
converted into a double stranded covalently closed circular molecule.
Moreover, in the present case, no palindromic sequences long enough
to help form the necessary mispaitred structure were detected close
to the breakpoints. Therefore, it seems to us more likely that
recombination is mediated by a specific enzyme(s) which can recognize
DNA structures or prefered sequences, as does topoisomerase I (59).
However, no consensus sequence was found at the junction of the
ccc DNAs.

It appears from our data that at least in embryos laid by SF
females, the production of ccc DNAs results more frequently from
illegitimate recombination than from homologous recombination. Since
SF females allow the transposition of the I element with a high
efficiency (60) it will be interesting to establish whether the higher
frequency of illegitimate recombination is common to all
D. melanogaster strains or in some way related to the I-R hybrid

dysgenesis. In any case, the production of circular DNA molecules,
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either by homologous or illegitimate recombination, or both, appears
to be a powerful mutagenic force. If such an event took place in

germ cells, then, it may be of evolutionary importance.
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