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ABSTRACT

The isolation and characterisiation of a cloned segment of
D.melanogaster DNA (Dm219) which contains sequences homoTogous to the
major class of ribosomal DNA (rDNA) insertion, but which originates from
.outside the rDNA is described. By characterising subcloned restriction
fragments of Dm219 using restriction mapping and blot hybridisation techniques
it was found to consist of five tandemly arranged units homologous to
the rDNA insertion. Two of the units have identical deletions of 1.4Kb
close to a position corresponding to the right end of the major class of
rDNA insertion. Another unit contains an 8Kb substitution (the zeta
element) for 2Kb of insertion sequences. This is located near sequences
homologous to the left end of an rDNA insertion. In addition some variation
was found between the restriction maps of the Dm219 units. This is more
than the variability found between independently cloned examples of the
major rDNA insertion. Thermal melt experiments indicate that the units
of Dm219 are still closely related to rDNA insertions. '

The arrangement of Dm219 sequences in the D.melanogaster genome
was examined by blot hybridisation experiments and using DNA fractionated
on cesium chloride actinomycin D equilibrium gradients. - The results of
these experiments was consistent with the structure of Dm219. The zeta
sequences were found to occur 30 to 40 times per haploid genome, organized
in seven major sequence arrangements. It was found by hybridising insertion
and zeta sequences to a library of segments of D.melanogaster DNA cloned
in bacteriophage A, that at least 12 to 23% of the zeta sequences were
linked to insertion sequences in the genome.
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CHAPTER I

1. INTRODUCTION

Eukaryotic ribosomes in general contain four RNA molecules (rRNA).
These have sedimentation coefficients of approximately 28s, 18s,5.8s and
5s. The genes coding for the larger ribosomal RNA molecules have been

extensively characterised in Xenopus laevis and Drosophila melanogaster.

Their organisation and expression in X.Taevis appears to be typical of

that in many other eukaryotes. Some eukaryotes though; differ from
X.laevis due to the gene for the large rRNA (21s to 28s) being interfupted
by a DNA sequence not present in the final RNA molecule. The expression
of these genes appears to be similar to that of other interrupted genes

in eukaryotes.

The organisation and éxpression of the rDNA of D. melanogaster

is more complex than other eukaryotes. After a short review of the rDNA

of X.laevis and some other eukaryotes, that of D.melanogaster is discussed

in this chapter.

2. THE rDNA OF Xenopus -laevis

Xenopus laevis contains 450 copies of the genes for 28s, 18s,
and 5.8s rRNA (Brown and Weber, 1968). These are arranged in tandem
in a single nucleolus organiser on one of the autosomes (Wallace and
B%rnéte], 1966). The genes are transcribed as a singlie 8.1Kb precursor,
which is processed to give the mature rRNA's of the cytoplasm (Loening, 1969;
Wellauer and Dawid, 1974; Reeder et al 1977). The organisation of the

rDNA unit of X. laevis is shown in Figure 1. Within the transcription

T TR I T YT IS YT YTy



Figure 1 The rDNA unit of Xenopus laevis

The non transcribed sequences of the rDNA unit are indicated
by the thin 1ine. The open boxes represent transcribed sequences
which are removed during processing, and the position of the mature rRNAS
in the rDNA unit are indicated by the filled in boxes (redrawn from

Fedoroff, 1979).
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unit the sequences coding for the cytoplasmic rRNA's are separated from
each other by spacer sequences. These are transcribed in the 8.1Kb
precursor, but are not conserved during its processing. The positions
of the rRNA's in the precursor has been reviewed by Reeder (1974), except
that the polarity of the transcript is opposite to that described (Reeder
et al., 1976; Dawid and Wellauer, 1976). The cytoplasmic 18s rRNA is
located towafds the 5' end of the precursor. It is separated from the
5' end by the external transcribed épaéer (ETS). Between the 18s and the
28s rRNA coding regions is the internal transcribed spacer (spacer 1),
which contains the 5.8s rRNA gene (Boseley et al., 1978). The 28s rRNA
sequences are found at the extreme 3' end of the precursor (Sollner-Webb
and Reeder, 1979). When actively transcribing rRNA genes are visualised
in the electron microscope transcription matrices arranged in a head to
tail fashion can be seen (Miller and Beatty, 1969). These are separated
from each other by a non-transcribed spacer (NTS - see Figure 1). The
rDNA units of X.laevis are heterogeneous in length, due to variation in
the size of the NTS (Wellauer et al., 1976a). The NTS is internally
repetitious, variation in the number of the repeating unjts.1eads’to
heterogeneity in the size of the NTS (Botchan et al., 1977).

The rDNA of X.laevis can also be extrachromosomal. This occurs
in oocytes where the rDNA is amplified to a level greater than 2,000‘£imes

the diploid rDNA content. The final Tevel reached is independent of the

number of nucleolar organisers present in the cell (reviewed by Reeder, 1974).

The extrachromosomal rDNA is found in nucleoli which contain seVera1'pircu1ar
molecules. These:contain many rDNA units in a tandem head to tail
arrangement (Miller and Beatty, 1969).  Heteroduplex experimeﬁts show

that the units in long strands of amplified rDNA.are homogenedps in size,
indicating that the circular molecules are derived from single rDNA units

(Wellauer et al., 1976b). Comparison of the restriction patterns of



amplified and chromosomal rDNA indicates that only a small proportion

of the chromosomal rDNA units are amplified in oocytes (Bird, 1977).

3. THE rDNA OF 'SOME OTHER EUKARYOTES

Although the organisation of Xenopus laevis rDNA outlined

above is typical of many eukaryotes, variations can occur. The
location of the ribosomal RNA genes varies considerably. Species
can have more than one nucleolus organiser per haploid genome, and
these can be Tocated either on the autosomes or sex chromosomes (Pardue
et al., 1970; Hsu et al., 1975). Variation can a1so‘o;cur in the
sizes of the régions shown in Figure 1. In eukaryotes the éi;e of
the 18s rRNA remains reTativé]y conserved, being 2.01Kb in mammalian
Hela cells and 2.06Kb in yeast. But in contrastjin more complex
organisms the 28s rRNA increases in size, in Hela cells it is 5.03Kb,
while in yeast it is only 3.7Kb (Loening, 1968). Hybridisation experiments
give similar results, specific sequences in rRNA are conserved over
a long evolutionary time span (Birnstiél and Grunstein, 1972). Of
these sequences two thirds are located in 18s rRNA, indﬁcating that
both its sequence and size are conserved (Gerbi, 1976). In higher
eukaryotes such as mammals the rDNA unit and the transcription unit
are larger than in X.laevis. For example, in man the unit is 43Kb
and the primary transcript 12Kb (Wellauer and Dawid, 1979). This means
that a Targer part of the rDNA unit is either not transcribed of is
removed during the processing of the primary transcript.

In X.laevis the genes for 5s rRNA aré not associated with the
rDNA.  Instead multiple copies of the 5s genes are found on probably
all the chromosomes near the telomeres (Pardue, 1973). This lack

of Tinkage between 5s and the other rRNA's appears to be typical of



most eukaryotes. Two exceptions to this are yeast and Dictyostelium

where the 5s genes'are located at the 3' end of the rRNA transcription
unit, but at least in yeast are separatelytranscribed (Udem and Warner,
1972; Rubin and Sulston, 1973; Cramer et al., 1976; Maizels, 1976).
Amplified extrachromosomal rDNA is found in the oocytes of
a wide variety of organisms (re@iewed by Gall, 1969). In Tetrahymena
another possible form of amplification occurs. Here the micrbnﬁcleus,
which acts as the 'germ line', contains a single integrated chromosomé]
rONA unit (Yao and Gall, 1977). In contrast the macronucleus, which
carries out metabolic functions, has approximately 30,000 extrachromosomal
copes of rDNA. There are 19Kb palendromic mo]ecu]es,'each containing
two rDNA units in a tail to tail arrangement (Karréh and Gall, 1976;
Peariman et al. 1974). Extrachromosomal rDNA in the form of palendromes
has also been found in Physarum where the molecules are approximately

60Kb, and in Dictyostelum where they are 88Kb”(Vogt and Braun, 1976;

Cockburn et al., 1978).

4. THE rDNA OF MITOCHONDRIA AND CHLOROPLASTS

Both mitochondria and chloroplasts contain coding seduénces
for rRNA (reviewed by Chua and Luck, 1974). Ch10P0pI§§tS contain several
copies of rDNA organized in a similar fashion to E.coli, with the codihg
sequences for 5s RNA at the 3' end of the transcription unit (see Bedbrook
et al., 1977 for references). The chloroplastsof Zea méys contain two

copies of rDNA in an inverted oriéntatibn. It is possible that 1like

E.coli, the 5s RNA is included in the primary transcript, which contains
both the 23s and 16s rRNA's (Bedbrook et al., 1977).

Mitochondria contain oh1y one copy of the rRNA genes. In fungal -



and animal mitochondria only the larger rRNA's (21s to 25s and 15s to
19s) have been observed (Chua and Luck, 1974). The coding sequences

for the large and small rRNA's are widely separated on the mitochondrial
genome, and discrete precursors containing both rRNA's have not been
detected (Chua and Luck, 1974.; Borst and Grivell, 1978; Grimm and
Lambowitz, 1979). Yeast petite mutants.can still produce one rRNA when
the coding sequences for the other are missing. This suggests that each
rRNA gene has its own separate promotor (Borst and Grivell, 1978). This

is very unlike the situation in X.laevis chromosomal rDNA.

5. SPLIT rRNA GENES IN EUKARYOTES

Many genes in eukaryotes have been found to be sp]if into
non-contiguous segments, by DNA sequences which are not represented in
the final mature transcript (see Crick, 1979, and Abe]son; 1974 for
reviews). (These sequences, where they occur in the rDNA of Diptera

will be referred to as 'insertions'. Otherwise the terminology of

Gilbert (1978).wi11 be used. Here the interrupting sequenée is referred
to as an "intron" and the surrounding coding sequences as "exons". An
alternative name for the non-coding sequence’ is intervening sequence
(IVS).)  Introns have been found in the genes coding for the Targe rRNA
(21s to 28s) of a variety of species. In some strains of yeast the
mitochondria contain a 1Kb intron in the 21s gene (Bos et al., 1978).

The mitochondrial 25s rRNA gene of Neurospora crassa has a 2.3Kb intron

approximately two thirds in from the 3' end of the gene (Hahn et al.,
1979). A 0.94Kb intron occurs in a similar position in the 23s genes

of'Ch1amyd0monas’reinhardii chloraoplasts (Rochaix and Malnoe, 1978).




end of the 25s gene (Wild and Gall, 1979). An intron of similar

size, and in the same position has also been found in T. thermophila

et et o e g e veve e e

(Cech and Rio, 1979). A different situation is found in Physarum

‘polycephalum where most of the 26s genes are split by two introns of

0.68 and 1.21Kb (Campbell et al., T979). In a1l the above examples,
with the exception of Physarum, all the rRNA genes are split, and as
mature rRNA is still found, the genes must be functional. In

‘D.melanogaster and some other Diptera the situation is different, since

only some of the 26s genes are interrupted. The organization of

‘Drosophila rDNA is described in the following sections.

6. - -THE.rDNA.OF Drosophila:melanogaster

‘The ' rRNA-of-D. melanogaster

The largest precursor to rRNA detected in Drosophila melanogaster

is 8Kb. The 5' end of this transcript has not undergone processing as

it still contains a° 5' triphosphéte. This suggests that_it‘ié the
primary transcript (Levis and Penman, 1978). It is processed into

the cytoplasmic 26s and 18s rRNA's. The 26s rRNA congists of four 3
separate molecules hydrogen bonded together. These are 5.8s, 2s and

two of approximately 18s in size. The two 18s molecules result from

a central cleavage of 26s rRNA in the nucleus (Jordan et al., 1978). This
also removes approximately 120 bp from the centre of 265.(We11aqer

and Dawid, 1977). The 5.8s and 2s are then produced by later processing

events (Jordan et al., 1976).

The Lo¢ation.of the.Genes.for vrRNA.in:.D. melanogaster.

" 'Drosophila melanogaster has one nucleolar organiser (NO) on both

the X and Y chromosomes. The NO are Tocated on the long arm of the X



Figure 2 The X chromosome of Drosophila melanogaster

The thin and thick lines represent the euchromatiﬁ and
the heterochromatin respectively of the X chromosome.  NO is
the nucleolus organiser and K the centromere. fhe diagram shows
the approximate positions of various inversions of the X chromosome

abo

of cr, Xh and some non-rDNA Type I sequences (see text, redrawn

from Procunier and Tartof, 1978).
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11.

chromosome, in the heterochromatin surrounding the centromere (see
Figure 2), and on the short arm of the Y chromosome (Ritossa, 1976).

This chromosome is completely heterochromatic in most tissue (Williamson,
1976). The NO of the X chromosome lies between the proximal break-
points of the sc4 and sc8 inversions (Figﬁre 2). Recombination

between X chromosomes carrying these inversions result in the region

between the proximal breakpoints either being duplicated in the’sca-sc4

8
chromosome (XSC

'SC“) or deleted in the sc'- sc® chromosome (Xscq'sce)
Ritossa and Spielgelman (1965) have used these chromosomes to construct
flies that have between one and four NO's. They carried out saturation
hybridisation of rRNA to DNA extracted from adult males and females

of the Urbana strain of'ﬁ;mé1anogaster,-and found 0.27% of the genome, in

both sexes, coded for rRNA.  This indicated that the NO's of the X and
Y chromosome§ contain similar amounts of rDNA. In similar experiments
with male flies with one NO(XSC“AQCB/Y) Ha1f the amount 6f rDNA was
found. Flies with three (XSCB'SC;Y),and four (XSCB'Sculxsce'sc“)
NO's had épproxihéte]y 1.5 and 2 times the normal amount of rDNA., This
shows that the amount of rDNA correlates with the number of NO's in the
genome (Ritossa and Spielgelman, 1965). Confirmation of this was
obtained by thevin situ hybridisation of radiocactive rRNA or rDNA to
the nucleolus of salivary gland polytene chromosomes (Pardue et al.,
1970 ; Glover et al., 1975). The amount of rDNA in the,Urbaﬁa strain
is the equivalent of about 100 copies pef NO (Ritossa and Spielgelman,
1965). Similar experiments with Oregon R strain adult females shows
that the X chromosome contains about 250 copies of rDNA (Tartof, 1973).

This indicates that strains of D. melanogaster differ in their rDNA

content.  Other experiments have shown that the Y chromosome in Oregon
R flies contains about half the rDNA found in the X chromosome (Spear,

1975).
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Like X. laevis the 5s RNA genes of D. mélanogaster are not

linked to the rDNA. They are found at 56F on the right arm of the

second chromosome (Prensky et al., 1973).

The Structure of the rDNA units of D. melanogaster

When radioactive rRNA is hybridised to EcoRI cleaved genomic
DNA by the technique of'Southern (1975), four major fragments can be
seen. The two most strongly hybridising fragments are 17 and 11.6Kb,
and the two minor fragments are 7.4 and 5.4Kb (Tartof and Dawid, 1976).
The 17 and 11.6kb fragments result from the rDNA units that contain a.
single EcoRI site in the 18s gene. Hence these two fragments contain
an entire repeating unit (Glover and Hogness, 1977; White and Hogness,
1977; Wellauer and Dawid, 1977; Pellegrini et al., 1977).

The organization of the rRNA coding séquences in these fragments °
was first determined in the cloned 17Kb EcoRI fragment DmiG3 (Glover
et al., 1975). This has been analysed both by R- Tooping (White and
'Hogness, 1977) and saturation hybridisation of rRNA to its subcloned
Hind IIT fragments (Glover and Hogness, 1977). The 26s rRNA gene of
Dm103 was found to be split into two coding regions by a 5;3Kb insertion
(intron), 2.5Kb from the 5' end of the gene. In the map of Dm103 in
Figure 3, if can be seen that the insertion does not correspond to the
position of the central'c]eavage in 26s rRNA, With the exception of
the insertion the oréanisation of the rRNA genes in Dml03 is similar

to that of X. laevis (compare figures 1 and 3). Both the 5.8s and 2srRNA

cading sequences are located in the internal transcribed spacer close

to the 26s gene (Pellegrini et al., 1977; Jordan and Glover, 1977).
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. Figure 3 The 17Kb EcoRI rDNA fragment Dm103 from Drosophila melanogaster

Dm103 is shown together with its surrounding rDNA, the coding and
non-coding sequences are indicated in the same manner as in Figure 1.

The restriction endonuclease cleavage sites for EcoRI, Xma I, Bst I

and Hind III are indicated. The letters below the diagram are the

Hind III and Hind III/Eco RI fragments of Dm103 (Glover and Hogness, 1977).

The position of the external transcribed spacer (ETS) is from Wellauer

and Dawid (1978) (Redrawn from White and Hogness, 1977).
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Other examples of the 17Kb EcoRI fragments have been cloned (Dawid

and Botchan, 1977). The insertion in these clones was shown not

to be internally repetive, either at the level recognised by restriction
" endonucleases, cross hybridisation experiments, or DNA:DNA reassociation
kinetics (Wellauer and Dawid, 1978; Dawid and Long, 1979). EcoRI
fragments containing 26s genes with smaller insertions have also been
cloned. The shorter insertions in these fragments are 1.0 and 0,5Kb,
they were found’to be homologus to the right hand side of the insertion
in the 17Kb fragments. The 1.0Kb insertions contain two Bstl sites
similar to those of Dm103 (see Figure 3), while the 0.5Kb insertions
have only one. Although on this basis, insertions of T.OKb might

be a repeat of those of 0.5Kb, it does not appear to be so (Dawid et
al., 1978; Wellauer and Dawid, 1978).

The characterisation of the 11.6Kb EcoRI fragments shows that
the 2:s gene in these rDNA units is contiguous. Other than the presence
of the insertion, the 17 and 11.6Kb fragments appear to be identical
(White and Hogness, 1977; Wellauer and Dawid, 1977;7 Pellegrini et
al., 1977).

Insertions such as that of Dm103 which lack EcoRl sites have been
called Type I sequences. Another class of insertion called Type II
sequences has been described which contain EcoRI sites.' These split
the 26s gene in the same peéition as Type I insertions but show no
sequence homology with them. ~ EcORI 'c1eavage of rDNA units with
Type II insertions produces two fragments of 7.4 and 5.4Kb, which
contain the right and left halves of the unit respectively. These
EcorI fragments have been cloned and analysed (Wellauer et al., 1978;
Dawid et al., 1978; Wellauer and Dawid, 1978). Comnléte rDNA units
with Type II insertions have been examined using cloned segments of

randomly sheared rDNA inserted into the bacterial plasmid by the dA:dT
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tailing technique. The Type II insertions of four cloned rDNA units .
have all three identica11y‘arranged'EEgRI sites; Cross hybridisation
experiments show that the insertions of the four clones are homologous.
But variation in the positions of cleavage sites for restriction
endonucleases other than EcoRI can be seen (Roiha and Glover, manu-
script in preparation). Some clones containing the 5.4Kb EcoRI
fragment from the left half of rDNA units with Type II insertions

have been isolated where the interrupting sequences are -not homo]ogbus
(We]]auer.and Dawid, 1978). This suggests there might be more than

one class of Type II dinsertion.

"The rDNA-of the X and Y chromosomes -

" Drosophila melanogaster contains both split and contiguous

26s genes. The distribution of these c]asses of rDNA unit between
the X and Y chromosomes can be determined using flies Tacking either
the X or Y nucleolus organiser (NO). Restriction analysis of DNA
from adult females (X/X) shows that they have the 17, 11;6,,7.4

and 5.4Kb EcoRI fragments, corresponding to contiguous genes, and
those split with Type I and II insertions. In contrast the rDNA
of flies with only a Y NO (X c*-SchysC-SChy females and XSC 5%y
males) almost compietely Tacks the 17Kb'EEQRI fragment, suggesting
that they only have contiguous genes and those interrupted by Type II ~‘E
insertions (Wellauer et al., 1978). As exchange canibccur befween
the X and Y NO's (Ritossa, 1976), and the rRNA's transcribed from'tﬁem

are probably identical (Maden and Tartof, 1974), a mechanism presumably

exists yhich restricts Type I insertions to the X chromosome.

The chromosomal arrangement of contiguous and non-contiguous
genes has been examined using purified rDNA longer than one repeating
unit. This can be used to form R-]oops or DNA:RNA hybrids with rRNA

and viewed in the electron microscope (Wellauer and Dawid, 1977;
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Pellegrini et al., 1977; Wellauer et al., 1978). In DNA extracted from
male and female embryos carrying a Y chromosome partially deleted for
the NO (Ybb), 86% of the rDNA is from the X chromosome. It contains
three major size classes of insertion; these are less than 1.4Kb, 1.5

to 4.0, and 4.7 to 6.5Kb. The classes were found in 14, 16 and 35%

of the rDNA units respective1y; "'EcoRI cleavage removes the middle
class (1.5 to 4.0Kb) indicating that they are Type II insertions.

The largest class then, probably corresponds to YDNA units such as

Dm103 with 5Kb insertions; whi]e»the smallest contains the small

Type I insertions (Wellauer et all; 1978).  Contiguous and split genes
are randomly interspersed on the X chromosome.  One exceptioo to

this are insertions between 0:5 and 3:5Kb; woich show sohe clustering
(Wellauer and Dawid, 1977), these probably correspond to Type II
insertions; In rDNA extracted from flies with only the Y NO, 16%

of the units were interrupted; and these were found to be clustered.

The size of the majority of the insertions corresponds to Type II
sequences. Only 3% are similar in size to Type.I insertions, and might

be due to contaminating X chromosomal material (Wellauer et al., 1978).

" 'The'Non:Transcribed Spacer

Like the rDNA of 'X. laevis, spacer 2 of D. melanogaster is

heterogeneous in size. Heteroduplexes between different EcoRI fragments
contain deletion loops in varying positions within this spacer, indicating
that it is internally répetetive. The loops do not extend into a region
adjacent to the 5' end of the 18s gene (Wellauer et al. 1978). R-
Tooping experiments using the 34s rRNA precursor show that the region
extending 0.92Kb from the 5' end of the 18s gene contains the external
transcribed spacer (ETS, see Figure 3) (Daiiid et al., 1978). So the

region where the deletion loops occur corresponds to the nontranscribed
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spacer (NTS). The NTS of cloned rDNA units from the X and Y chromo-
somes are closely homologous in thermal denaturation and heteroduplex
experiments (Wellauer et al;, 1978); Restriction mapping with the
enzyme Alu-I has shown that the NTS contains a 250 bp repeating sequence.
This repetetive region extends from the 5' end of the ETS to, in most

rDNA units, 1.9Kb from the 3' end of the 26s gene (Long and Dawid, 197a).

The‘ Chromosomal:Location:of rONA Insertion’Sequences

The chromosomal location of cloned segments of DNA can be found
by in situ hybridisation to salivary gland polytene chromosomes. = As
was expected for a plasmid containing rDNA; sequences homologous to
Dm103 are found at the nuc1éo1us; but in addition hybridisation was
also found to other regions of the salivary gland chromosomes
(D. Finnegan énd W.Jd. Peacock; cited by White and Hogness, 1977). The
sequences giving the non-nucleolar hybridisation are found in Hind III
fragment Dm103/B (éee Figure 3, Peacock et al., manuscript in preparation).
Thus sequences homologous to the Type I insertion are found elsewhere o

in the Drosophila genome..

A similar conclusion was reached by fractionating D.melanogaster
genomic DNA on cesium chloride gradients containing vari;us dyes (Dawid -
and Botchan, 1978; Dawid and Wellauer, 1978). Sequences homologous
to Type I insertions were found in two regions of fhe gradient. The
first at lower density corresponds to Type I rDNA insertions. -The
second of similar size occurs midway between the density of rDNA ahd
pure insertion sequences. This shows that insertion sequences can be
found Tinked to sequences of a different density to rDNA.

There are about the same amount of Type I insertion sequences

lTinked to rDNA and to different sequences, this is about 400Kb in
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each class. The non rDNA insertion sequences appear to be arranged

in blocks of less than 20Kb but greater than 5kb. They have a similar
'GSC'content to rDNA insertions (55%) and form well matched hybrids

with them; Restriction analysis though, shows that the two sequences
have very different res?riction patterns (Dawid and Botchan, 1978;
Dawid and Wellauer; 1978): Non rDNA Type II insertion sequences have

not been detected (I:B: Dawid; cited by Wellauer and Dawid, 1978).

rDNA in Diploid and Polytene Tissue of D.melanogaster

rd instar Tarval salivary

In the polytene chromosomes.of 3
~glands the euchromatin; where most genetic loci have been Tocated
isireplicated to give on average 1024 copies per chromosome (Rasch,
1970): In contrast the heterochiromatin which contafns repetetive

DNA is replicated onty a few times or not at all (Gall et al., 1971).
The rDNA although it is localised in the hetefochromatih, is trans-
criptionally active and so might have different replication properties

to the surrounding DNA: This can be verified in 3rd

instar larvae
by comparing the rDNA content of imaginal disks and brains (diploid
tissue) with that of salivary glands (polytene tissue).

In diploid tissue for Oregon R females with one nucleolus

organiser (XS

cL*"S‘ce/)() the rDNA content was half (0.3%) that found

in X/X females with two NO's (0.512%), while in males (X/Y) only 0.39%
was found (Spear; 1975); This indicates that in diploid tissue, the
rDNA content is dependent on genotype, and that the X énd Y chromosomes
contain different amounts of rDNA.. The rDNA of the X chromosome
constitutes 0;256% of the genome, while that of the Y chromosome is

only 0.134%; In contrast to this,polytene tissue from females with

one or two NO's from the X chromosome has an rDNA content of 0.1%.
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This indicates that the rDNA of the X chromosome is disproportionately
replicated if the homologous chromosome is missing, or deficient for
the nucleolus organiser; It is also possible that if the amount of
rDNA is less than that found in X/X tissue, disproportionate replication
occurs: For examp]e; the rDNA content of X/Y polytene tissue (0.11%)
is similar to that of X/X tissue: The nucleoclus of the Y chromosome
will also undergo disproportionate replication, as polytene XNO_/Y
tissue has an rDNA content of 0.1% which is similar to that of X/Y -
tissue, Similar rDNA contents of approximately 0.1% are.obtained in
female polytene tissue with three or four NO's (Spear, 1975). This
shows that in salivary gland polytene tissue the rDNA content is
not dependent on genotype. It replicates independently of the
surrounding heterochromatin, but is under-replicated relative to
the euchromatin (Spear, 1975).

Differences between the rDNA of diploid and po1ytene tissue has
also been examined using the technique of Southern (1975). This allows

the independent replication of the various classes of rDNA unit in

D. melanogaster to be analysed. In the stock of Oregon R used in
theée experiments both diploid tissue from males and fema]es contained
17 and 11.6Kb EcoRI fragments. These represent genes interrupted
with 5Kb Type I insertions and contiguous genes respectively. In
addition to small amounts of the 11.6Kb fragment, males contained a
major 12Kb band.  This was present in only small amounts in fema]es,
suggesting it was derived from the Y chromosome, Itsbpresence on
the Y chromosome was confirmed using tissue from larvae deficient for
the nuc1e01us of the X chromasome. In addition, as expected larvae
with only the Y nucleolus Tlacked the X chromosome specific 17Kb EcoRI
fragment. The additional sequences on the 12Kb fragment were found

fo 1ie in the equivalent of Hind III fragment D of Dmi103 (see Figure 3
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Endow and Glover, 1979). This contains the NTS, plus a portion of
the 18s gene. As insertions have not been found in the 18s gene,
the additional sequences probably lie in the NTS. It suggests that
in this stock of Oregon R there is a specific size class of NTS on
the Y chromosome.

By using these EcoRI fragments as chromosome specific markers,
differential replication of the X and Y chromosomes in polytene tissue
could be analysed. In bo]ytene tissue from males (X/Y), the major
hybridisation is to the Y specific 12Kb fragment. Less hybridisation
was seen to the 11.6Kb fragments of both the X and Y chromosomes, and
none to the X chromosome specific 17Kb fragment. The pfoportfon of
this fragment in X/X polytene tissue, relative to the contiguous 11.6Kb
units, is one third: of that in diploid tissue , indicating that contiguous
genes were over-replicated. None of these comigrate with the Y specific
12Kb EcoRl fragments (Endow and Gloyer, T979). This suggests that
during chromosome polytenisation specific classes or rDNA units are
replicated. In males this is the Y chromosome specific contiguous
repeat, while in females the contiguous repeats are replicated in
preference to the interrupted rDNA units (Endow and Glover, 1979).

This is similar to the amplication of specific rDNA units-in the oocytes
of X.laevis (Bird, 1977), é]though the structure of the differentially

replicated repeats in D.melanogaster is unknown. In the tandemly

arranged rDNA the 11.6 and 17Kb units are randomly interspersed on the
X chromosome (Wellauer and Dawﬁd, 1977). To obtain the specific repli-
cation of the contiguous repeats, only short regions of rDNA, with a
small number of units can be replicated. This suggests that the
disproportionate replication of rDNA in XNO'X polytene tissue is not due

to the nucleolus organiser undergoing another round of replication
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(Spear, 1976) but to the replication of small regions of it.

The independent replication of rDNA in polytene tissue has been
suggested to be the cause for the .dosage compensation effect. This
occurs in adult XNO—/X females and X/0 ma]es, which have an rDNA
content only slightly lower than X/X flies. The increased amount of
rDNA on the X chromosome is however not inheritable, and does not
occur on the Y chromosome in X,,-/Y flies (Tartof, 1973). Polytene
tissue has been found in adults (Ashburner, 1970). They also have
a lower rDNA content than diploid tissue (0.45% in X/X édu]ts to
0.512% in X/X diploid tissue, Tartof, 1973; Spear, 1975). This
might be due to the under-replication of rDNA due to the presence of polytene
tissue in adults. There are several objections to this hypothesis.
Firstly, the rDNA content of X/0 polytene tissue would have to be
higher than that in dip]qid tissue to account for the amount in X/0
adults. This does not accur in larvae, where it is under-replicated
relative to diploid tissue (Spear, 1975). But since the rDNA can ' |
replicate independently (Spear, 1975; Endow and Glover, 1974) it does-
not necessarily have to under-replicate in the polytene tissue of
adults.  Secondly, the rDNA of the Y chromosome does not dosage
compensate in adults (Tartof, 1973) but it undergoes disproportionate
replication in polytene tissue (Spear, 1975). A cdmparison of the
rDNA content of diploid tissue with that of adults suggests.that the
Y chromosome might undergo dosage compensation. The rDNA of the'Y
chromosome 1in XNO-/Y adults constitutes 0.175% of the}genome (Tartof,
1973), which is higher than that in the Y chromosome in diploid tissue
(0.134%, Spear, 1975), the difference might be due to dosage compensation.

It would be interesting to see if specific classes of rDNA repeat are

replicated during dosage compensation, in the same way they are in

polytene tissue.
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7. Insertions in the rDNA of Other Diptera

By analysing different species of Diptera, it is possible to find
if various features of the rDNA are conserved over long evolutionary
time spans. Any conservationmight indicate that the feature has (or

had) some functional significance.

The rDNA of a variety of species of'Drdsophila has been examined.

11.6Kb EcoRI fragments. = Tartof (1979) has found the proportion of
'putatfve' interrupted 17Kb rDNA units decreases relative to the 11.6Kb
fragments in species with low amounts of rDNA in the genome. |

The D. melanogaster subgroup is a member of the subgenus Sophopora

(Patterson and Stone, 1952). Insertions have been found in the 26s genes
of D. hydei and D. virilis.  These are members of different subgroups of

the subgenus Drosophila. In'D. hydei only 5.5Kb insertions are found,

and Tike those of D.melanogaster, they are limited to the X chromosome

(W. Kunz, cited by Jordan, 1979). Hybridisation experiments indicate

that the rDNA insertions of D.hydei and D.melanogaster are partially

homologous (Barnet and Rae, 1979).

In D.Qiri]is the major insertion is 9.6Kb. Smaller insertions of
0.3Kb occur less frequently, and it is thought that contiguous 26s genes
are found in few if any rDNA units (Barnet and Rae, 1979). The restriction

map of the rRNA coding sequences in D.virilis is similar to that of

D.melanogaster, and the insertions occur in the same position in the 26s
gene. The 9.6Kb insertion appears to consist of two diverged repeating
sequences. Its restriction map is different to that of Dm103, but
hybridisation and thermal denaturation experiments show that the two contain

closely related sequences.(Barnet and Rae, 1979). Like the Type I insertions

of D.melanogaster, sequences homologous to the 9.6Kb insertion can be found




Tinked to non rDNA sequences (Barnet and Rae, 1979).
Figure 4 shows the phylogenic relationships between the infraorders

of the order of Diptera. D.melanogaster belongs to the superfamily

Drosophilidea of the infraorder Myiomorpha. Sequences homologous to the

0.88Kb Bst I fragment, but not to the 4.5Kb Bst I/Hind III fragment of
the Dm103 insertion (see Figure 3) have been found in genomic DNA from

Sarcophaga bullata and Musca domestica. It is likely that this is

due to the presence of rDNA insertions in these species (Barnet and

Rae, 1979). These flies are members of the:superfamilies Sarcophagidea

and Muscidea respectively, which are part of the infraorder Myiomorpha
(Rohlandorf, 1974). No homology could be seen between the insertion of

Dm103 and DNA from Sciara coprophila, the crane’ fly or the robber fly

(Barnet and Rae, 1979). These species are members of the infraorders

Bibionomorpha, Tipulomorpha and Asilomorpha respectively.

The approach by Barnet and Rae (1979) of hybridising D.melanogaster

insertion probes to genomic DNA from other species, using the technique
of Southern (1975) has its limitations. Insertions in the rDNA of

other species may have Tittle or no homology with those.of D.melanogaster,

and they may be present in anly a few copies, and so might not be detected.

The rDNA of variouS'DTptera'has been cloned and analysed. S. copiophila
has 45 copies of rDNA per haploid genomes 90% of which have a repeat length
of 8;4Kb (Renkawitz et al., 1979). These have been cloned and the 26s

gene shawn to be contiguous (Renkawitz et al., 1979). Further analysis

of"SETédﬁfoﬁhi1a has shown that a small proportion of the 26s genes are
interrupted (R. Renkowitz-Pohl, cited in Renkawitz et al., 1979). Ribosomal

DNA of Calliphora erythrocephala has been cloned and some of 26s genes were

found to be split by a 2.5Kb insertion. This contains sequences homologous
to the right hand end of the Dm103 insertion (Beckingham and White, manus-

cript submitted); "C:efythrocepha1a Tike'D. melanogaster is a member of

24,



Figure 4 The phylogenic relationships between the infraorders

of the order Diptera

(Redrawn from Rohlendorf, 1974)
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the infraorder Myiomorpha but of a different superorder, Sarcophagidea.

Ribosomal DNA has been cloned from Chironomus tentans, a member of the

infraorder Tipulomorpha., It is similar to S.coprophila, it has only

43 to 72 copies of rDNA per haploid genome (Hollenburg, 1976), and a small
repeat size of 8.4Kb. When these were cloned, the 26s gene was found not
to contain an insertion (Degelmamet al., 1979). These cloned fragments
do not represent all the the rDNA unit; in C. tentans as radioactive rRNA
hybridises to larger fragments in genome DNA @enge]manlet,a1.,1919)'
which might be due to a small number of rDNA units with insertions.

It is difficult to generalise on the basis of this data on the
evolutionary aspects of rDNA insertions in Diptera. It does indicate

that in Tower Diptera (those not in the infraorder Myiomorpha) such as

‘S.coprophila, and probably C.tentans, the crane fly and robber flies that very

few insertions are found. Any insertions that they do have are probably

not homologous to those of D.melanogaster. Both the Type 1 and I

insertions of D.melanogaster, and the insertions'of D.virilis and

C.erythocephala occur in the same position, near the 3' end of the 26s

gene. With the exception of Physarum the introns (insertibns) in the
large rRNA (26s) genes of non Diptera also occur near the 3' end. A
similar situation occurs in vektebrate globin genes, where the introns

are found in the same posftipn, although the various genes diverged 6ver
500 million years ago (see Konkel et al. 1979) for references). This

does not imply that the rDNA insertions in Diptera and non Diptera are
related, but it might indicate some Signiffcance about this region df

the large rRNA gene. Among the higher Diptera the insertions are related,
as sequences homologous to the right hand end of the Dm103 insertion

are found in all those examined. This means that they have been preserved
since the superfamilies of the Myiomorpha divefged 130 to 180 million years

ago {Rohlendorf, 1974; see Figure 4).

R —
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It is 1ikely that the interrupted rDNA units in D. melanogaster are

not used to produce rRNA (Long and Dawid, 1979b, see also next section).
This is also suggested by their lack of replication in polytene tissue
(Endow and Glover, 1979), and by the decreased proportion of interrupted
rDNA units in flies wfth low amounts of rDNA, such as species of the

D.melanogaster subgroup and S.coprophila (Tartof, 1979; Renkawitz et

al., 1979). So at low levels of rDNA, there may be selection pressure
to remove split rRNA genes, or not to replicate them during polytenisation.
This conflicts with fheir continual presence in the rDNA because cells
presumably have mechanisms af removing non-functional units. One of the
proposed mechanisms of maintaining homogeneity in tandemly repeated
sequences such as rDNA is unequal exchange both between sister chromatids
and chromosomes (Smith, 1973). This hypdthesis has been used to account
for the sequence organisation of X.laevis rDNA, which can be divided into
two regions, coding and non-coding sequences. The coding sequences are
homogeneous in the tandem array, and are closely related in different
‘Xenopus species (Forsheit et al.,- 1974). Muta;ions which adversely affect
_the function of rRNA are a selective disadvéhtage and are removed from
the population. The reverse occurs if they confer an advantage on the
animal. They are then spread throughout the rDNA by unequal exchange,
thus maintaining the homogeneity of the coding sequences in the tandem
arrays. In contrast, the non-coding NTS consists of repetetive DNA,
it is heterogeneous in size in rDNA units of the same nucleolus, and
differs iin seduence in differenf species (Wellauer et al., 19765 Forsheit
et al., 1974). This can be accounted for by its ability to accept sequence
changes without impairing its function (Smith, 1973). Non-functiona]
interrupted rDNA units might be maintained because they are transcriptiomally

imctive (Long and Dawid, 1974). If they do not produce RNA which adversely
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affects the function of ribosomes they will not be selected against,

and then will be maintained as 'silent' genes (Fedoroff, 1979). This
is attractive, because not all of the rDNA is needeﬁ to give a wi]d'type
phenotype (Ritossa, 1976), and not all the rDNA is being transcribed
when visualised by the Miller spreading technique (McKnight and Miller,
1976). If the interrupted units were non functional ‘silent’ genes
they should have undergone sequences changes in the same way as the

NTS. However, the coding and spacer sequences appear to be identical

in contiguous and interrupted repeats of D.melanogaster (White and

Hogness, 1977; Wellauer and Dawid, 1977; PRellegrini et al, 1977;

David et al., 1978; Long and Dawid, 1979a), though this has not been
tested by DNA sequencing. ‘ Furthermore the rRNA coding sequences also
appear to be almost identical in higher Diptera, although their insertions
have diverged (Barnet and Rae, 1979; Beckingham and White; manuscript
submitted). This is similar to the split genes of vertebrates, such

as globin, where the intron (insertion) diverges more rapidly than the
coding sequences (see Konkel et al., 1979 for references). . It suggests
that, at some stage in the fly's 1life cycle, the insertioh or the interrupted

26s gene has some function.

8. Expression of Split Genes

As well as occurring in Drosophila rDNA, introns (insertions) are
found in a variety of other genes. In most cases these.are geneé that
accur only once per haploid genome, and so the cell needs a mechanism
to produce mature RNA from them (see Crick, 1979; Abelson, 1974). The
bulk of the evidence today shows that a primary transcript is produced
which contains both intron and exon sequences. The introns are then
'spliced' out and the exons Tigated together to form the mature transcript.

Evidence for the primary transcript,has teen found for a variety’of

interrupted genes, such as chick ovalbumin (Roop et al., 1978), mouse 8

O
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globin (Ross, 1976; Curtis and Weissmann, 1976; Tilghman et al., 1978)
and yeast tRNA (Knapp et al., 1978; O0'Farrel et al., 1978). For the
latter two the transcript has been shown to be a precursor to mature RNA.

In Drosophila the situation is more complex due to the presence of
uninterrupted rDNA units. This means that it is not necessary for the
production of mature rRNA that rDNA units containing insertions are
transcribed. Long and Dawid (1979b) have demonstrated by DNA:ﬁNA re-
association kinetics, and hybridisation of insertion probes to electro-
phoretically fractionated RNA immobilised on DBM paper that potential
precursors from rDNA units with Type I insertions are present at less than
one copy per nucleus. Only a heterogeneous array of mo]écu]eé homologous
to the insertion were found, and these are found at very low lTevels in the
cell. This indicates that rDNA units with Type I insertions are not used
to produced mature rRNA.

An alternative approach has been to measure the size of actively
transcribing units using the Miller spreading technique. For D.hydei
the transcription units of spermatocytes are homogeneous, indicating that
only units lacking an insertion are transcribed (Glatzer, 1979).' Similar

experiments using embryos and nurse cells of D.melanogaster gives different

results. Here a more heterogeneous size distribution of transcription units
is found (Chooi, 1979).' ‘As Tess units were measured in these experiments
it is possible that the increased heterogenerfty is due to stretching of

the chromation. It was suggested that this is not the case because the
number of fibres per transcription unit correlates with the length of the
unit, and when an allowance is made for stretching, a significant proportion
of the units are still longer than the standard unit (defined as an uninter-
rupted rDNA unit). The distribution of the long transcription units between

the X and Y chromosomes was determined using nurse cells of X/X and
4_gc8 b
x S¢-sc® ysei-sc

8
/Y genotypes respectively. This showed that 21% of those
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on the X chromosome, and 16% on the Y chromosome were longer than
standard units. This compares with the observation that 65% of the units
on the X chromosome and 16% on the Y chromosome contain insertions
(Wellauer et al., 1978).  If the longer transcription units represent

rDNA units with transcribed insertions, it conflicts with the data of

Long and Dawid (1979b) who found no precursors in ovaries (which contain
the nurse cells) or embryos. It is possible that the longer transcription
units represent Type II insertions, but there are more of these units on
the X chromosome than there are Type II insertions, and théy are randomly
interspersed with standard units (Chooi, 1974), which also probably does
not occur for this class of insertion (Wellauer and Dawid, 1977). Two
pieces of data favour the interpretation that the longer transcription
units represent Type II insertions. Firstly similar numbers (16%) are
found on the Y chromosome, and second]y the longer units are smaller than
the size of full length Type I insertions. It is also poésib]e that

the mechanism for producing mature transcripts from 1nterfupted rDNA

in Drosophila is very different from other interrupted genes.

It seems likely fhat cells possess several enzyme systems for
splicing, which probably have different modes of action. Some evidence
for this comes from the DNA sequence of intron:exon boundaries. Similar
sequences are found at the boundaries in mRNA producing genes (see Abelson,
1979, for a review) in widely different species. For example a similar

4sequence is found in mammals and in the fibroih gene of silkmoth, Bombyx mori
(Tsujimoto and Suzuki, 1979). In contrast the 1ntrons'wh1ch océur.in
some yeast tRNA's show no homology with those in mRNA precursors (Goodman
et al., 1977; Valenzuela et al., 1978). The ends of the introns in the

rDNA of T.pigmentosa (M.A. Wild, cited by Jordan, 1974) and the chloroplasts

of Chlamydomonas (Allet and Rochaix, 1979) have no homology with those

present in genes for tRNA or mRNA. These three classes of genes are
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transcribed by different RNA polymerases. Those coding for mRNA are
transcribed by Polymerase II, rRNA by Polymerase I, and 5s RNA and tRNA

by Polymerase III (Chambon, 1975). The DNA sequencing data would suggest
that each RNA polymerase has its own set of splicing enzymes. These
enzymes behave in a similar way in different species, for example when
cloned yeast tRNA genes or SV40 are injected into X.laevis oocytes both
are correctly transcribed and spliced (De Robertis and Olsen, 1979;

De Robertis and Mertz, 1977).

This suggests that the splicing of rRNA in different species will
occur in a similar fashion. Ribosomal RNA precursors containing intron
and exon sequences have been detected in the mitochondria of yeast (VanOmmen
et al., 1979) and a temperature sensitive mutant of N.crassa (Mannela et
al., 1979). They have also been found in Tetrahymena, where the splicing

process is unusually fast. In one species, T.thermophila the half life

of the precursor is Tess than 1 minute. 1In another, T.pigmentosa the

precursor could not be detected and the splicing might occur before the
termination of transcription (Din et al., 1979). This is 1in con£fast
to the 8 globin transcript, where the half 1life of the 15s precursor is
less than five minutes (Curtis et al., 1977). This also suggests that
rRNA has its own splicing enzymes.

Significant amounts of unspliced transcripts have not been detected
in Drosophila. The reason for this could be that they have a very short
half 1ife, or are spliced during transcription. The data of Long and
Dawid (1979b) suggest that this is unlikely, and so 26s genes in Drosophila
with insertions are probably non-functional. However it cannot be excluded
that they are transcribed in certain tissues, or that they are used to

produce another form of RNA.
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9. Summary

A large proportion of the 26s rDNA genes of D.melanogaster are

split into two coding regions by an insertion. There are two non-
homologous classes of insertion - Type I and Type II. Type I insertions
are found only in the X chromosome, where they interrupt 50% of the rDNA
units. It is 1ikely that these units are not used to produce mature rRNA
in the majority of tissues. Although the rDNA units with Type I insertions
are non-functional, the coding sequences have not undergone sequence
divergence from uninterrupted units. Significant divergence is also not
seen in other higher Diptera with rDNA insertions partially homologous

to those of D.melanogaster. This suggests that interrupted units do (or

once had) some function. Sequences homologous to the major class of
insertion have also been found linked to non-rDNA sequences. The characteri-
sation of these sequences may help in the understanding of the function

of rDNA insertions. The isolation and characterisation of a cloned segment

of these sequences is described in the following chapters.
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CHAPTER Il

MATERIALS AND METHODS

1. DNA Preparation

Bacteria carrying cloned segments of Drosophila DNA were propagated
under Catagory II containment conditions as specified by GMAG. | Plasmid
DNA was prepared from E.coli as previously described (Wensink et él., 1974).
In some cases the cleared lysate was deproteinised by phenol extraction,
followed by ethanol precipitation of the nucleic acids. The resuiting
pellet was resuspended 1in TE, containing 1.085g of ciesium chloride and
0.Tml1of a 10mg/ml solution of ethidium bromide per ml of TEZ‘ It was
then centrifuged to equi]ibfium and treated as described (Wensink et al.,
1974). Deproteinisation of the cleared lysate was also carried ouf by
heaéing to 65°C for 20 minutes, the precipitated protein was pelleted by
spinning in the Sorval SS34 rotor at 8,000 rpm for 10 minutes. The
resulting supernatent was treated as described (Wensink et al., 1974).

A rapid method fof the preparation of partially pure plasmid DNA
from cleared lysates was also used. Cleared lysates from 100m1 cultures
were prepared as described (Wensink et al., 1974). An unpublished procedure of
A. Ramback was then used to partially purify the plasmid DNA. -

After the heat treatment described above to deproteinise the cleared lysate,
the supernatent was made 10% polyethylene glycol, 0.5M NaCl and kept on ice
for T hour. The DNA precipitate was then collected by centrifugation in
the Sorvé1 SS34 rotor at 8,000 rpm for 20 minutes at 4°C.  The DNA pellet

was resuspended in TE2 and was suitable for restriction endonuciease digestion.
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Nuclear DNA from D.melanogaster Oregon R embroyos was the gift

of D. Glover. Phage X strain C1857 S 7 DNA was the gift of C. Clayton
and M. Scott, and SV40 DNA was the gift of B. Chia, M. Lovett, and
P.W.J. Rigby.

2. Enzymes

The restriction endonucleases EcoRI and Kpn I were the gift of
A. Atkinson, Bst I was the gift of K. Clarke, Sst I was the gift of L. Woods,
M. Lovett and B. Chia. Sal I was the gift of B. Chia and G. Latos.
Hind III was the gift of L. Woods, Xma I the gift of G. Latos, and Hae IlI
and Hinf I was the gift of M. Neuberger. Sma I the isoschizomer of
-~ Xma I was purchased from New England Biolabs Limited. References for
these restriction endonucleases are given in the review by Roberts (1978).
E.coli DNA polymerase 1 wasthe.gift of A. Atkinson and the T4 DNA
Polynucleotide Ligase was the gift of R. Hallewell and also of K. Murray.
They were prepared as described by Jovin (1969), Weiss et.al. (1968),
and Murray et.al. (1979) respectively.

3. Restriction Endonuclease Digestion Conditions

The following digestion buffers were used for the indicated enzymes
EcoRI and Bst I; 0.1M Tris pH 7.6, 10mM MgCl,.

Hae III, Hinf I and Hind III; 0.IM Tris pH 7.6, 10mM MgCl,, 50mM NaCl, 1mM DTT.

2
Xma I and Kpn I, 6mM Tris pH 7.6, 6mM MgCl,, 6mM g Mercaptoethanol.

Sst I; 6émM Tris pH 7.6, 6mM MgCl,, 6mM g MercaptoethandTQ 100 ug/m1 gelatin.
Sal I; 6mM Tris pH 7.6, 6mM MgC]Z, 6mM g Mercaptoethanol, 100mM NaC1l.

Sma I3 6mM Tris pH 8.0, 6mM MgC]Z, 6mM B Mercaptoethanol, 20mM KC1,

100ug/m1 BSA.
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A1l the digestions were carried out at 37°C.  Where the DNA
sample was to be digested with two or more enzymes with differing digestion
conditions, the enzyme with the lower ionic strength buffer was used first.
After the appropriate amount of time the ionic strength was increased
and the second enzyme added and the digestion continued. The digestions
were stopped either by heating to 80°C for 10 minutes, or by the addition
of 1/5th volume of gel loading buffer (20% ficoll, 25mM EDTA pH 7.5,

0.5% wt/vol Orange G tracking dye) and electrophoresis.

4, In Vitro Radiolabelling of DNA

DNA was radiolabelled with 32P in vitro wusing the nick transiation
reaction of DNA polymerase I using previously described conditions (Rigby
et al., 1977). Depending on the required specific activity of the DNA,
either one or two (32Pa) deoxytriphosphates (Amersham; > 350 Ci/mmole)

were inc1udéd in thereactionat‘a specific activity of 200Ci/mmole. The
reaction was terminated by heating to 65°C for 10 minutes and unincorporated
(32Pa) deoxytriphosphates removed by passage over a sephadex G 50M column
equilibrated in TNEZ. The specific activity of the DNA was normally
between 107 and 108 cbm/ug, depending on the specific activities of the

radioactive substrates in the nick translation reaction.

5. Gel Electrophoresis

For both agarose and acrylamide gels, the gel and running buffer
was 89 Tris pH 8.0, 89mM Boric acid and 2-5mM»EDTA (TB buffer), the
agarose gels normally containedlug/ml ethidium bromide. Agarose gels
of between 0.5% and 1% in concentration were electrophoresed at 1.5V/cm
for 13 hours, if the agarose concentration was greater than 1%, electro-

phoresis was for 6 hours at 2.5V/cm.
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Linnear 2.5% to 7.5% wt/vol gradient polyacrylamide gels were
made with the assistance of M. Lovett from a stock of 30% wt/vol
acrylamide:0.8% bis acrylamide. The 7.5% acrylamide solution was made
0.15% TEMED, 0.06% ammonium persulphate and 20% glycerol, while the 2.5%
acrylamid solution was made 0.15% TEMED and 0.1% ammonium persulphate
before pouring. The restriction digestions for gradient pd]yacrylamide
gel electrophoresis were ethanol precipitated, washed in 70% ethanol,
and resuspended in 10ul of TE2 . An equal volume of 60% sucrose, i

1.5% ficoll, 25mM EDTA pH 7.5 and 0.2% wt/vol bromopheno1'b1ue was added

and the sample loaded on the gel, which was then electrophoresed at
1V/em for 12 hours. .

Gels which did not ethidium bromide were stained in a Tpg/ml
solution of the dye in electrophoresis buffer for 1 hour, and then
destained in 5mM EDTA pH 7.5 for 30 minutes. The DNA in the gel was

visualised under UV irradiation and photographed using an orange filter.

6. Transfer of DNA from Agarose Gels to Nitrocellulose and
Hybridisation with 32P DNA

DNA was transferred from agarose gels to nitrocellulose essentially
as described by Southern (1975), except with the following modifications.
The DNA in the gel was denatured in 0.5M NaCH, 1.5M NaCl for approximately
4 to 6 hours, and then prior to transfer the géT was neutralised in 1.5M
Tris pH 7.4, 3M NaCl for 1 hour. Before commencing the transfer of DNA T
on to it the nitrocellulose was rinsed several times in.distilled water

and once in 2x SSC. The transfer was carried out in 20 X SSC for 48 hours,

rrerreyrr .

after which the nitrocellulose was rinsed extensively in 2 x SSCand baked

at 80°C for at least 2 hours.

A modification of the procedure described by Jeffreys and Flavell,

32

(1977) was used for the hybridisation of nick translated ““P DNA to
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restriction fragments transferred onto nitrocellulose filters. All
the following procedures were carried out at 65°C.  The nitrocellulose
filters were first preincubated for 3 hours in 3xSSC 10 xPM (PM is
Denhardts (1966) solution) 0.1% SDS, and then for a further hour after
the addition of denatured sonicated salmon sperm DNA to 100ug/ml. The
hybridisation was in the above solution for approximately 16 hours with

10 to 20 ng/ml of denatured nick translated 32

P DNA except that5x SSC was
used. The nitrocellulose sheets were washed 4 x 30 minutes in2x$sc, 5 X PM
0.1% SDS, 0.1% tetrasodium pyrophosphate and 100ug/m? denatured sonicated
salmon sperm DNA, then 6 x 30 minutes in(0.2x SSCs 0.1% SDS, and finally

2 x 20 minutes at room temperature -in 3mM Tris base. After drying at

65°C they were autoradiographed at -70°C, using preflashed Fuji RX
medical X-ray film (Laskey and Miles, 1976).

7. Binding of DNA to DBM Paper Disks and Hybridisation with 32P.DNA

Prior to being covalently bound to DBM paper the DNA was partially
degraded by boiling in 0. NaOH for 20 minutes, then HCT and Tris pH 8.0
was added to 0.1M and 50mM respectively, the DNA was' then ethanol preci-
pitated and washed once with 70% ethanol. Between 4 and 8yug of the DNA
was then covalently bound to 9mm disks of DBM paper as described (Goldberg
et. al., 1979).

The procedure for hybridisation of nick translated 32

P DNA to

the DNA fixed on the DBMpaperas is described in Section 6 with the following
exceptionsﬁ THe preincubation and hybridisations were carried out at
55°C, and the washes at 50°C, these did not contain the 0.1% tetrasodium
pyrophosophate, also the 3mMTris base washes at room temperature were
omitted.. The final wash was in 15mM NaCl, 5mM Tris pH 8.0 and2mM EDTA
(melt buffer) at 50°C.  The disks were stored in this buffer at 4°C

after the final wash.
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8. Subcloning of Restriction Fragments

The bacterial vector chosen for the subcloning of
restrcition fragments was pBR322, which contains genes for ampicillin
and tetracycline resistance (Bolivar et al., 1977). In general
pBR322 and the plasmid from which the fragment was to be subcloned
were digested with the appropriate restriction endonucleases. When
the digestion was complete the enzymes were inactivated by heating to
80°C for 10 minutes. Then 0.1ug of cleaved pBR322 and 5ug restricted
plasmid were mixed and heated to 65°C for 5 minutes and quickly cooled
on ice and made 100 mM Tris pH 7.6, 10mM MgC]z, 1mM ATP, 15mM DTT
and 1mM spermine, with the DNA concentration at between 50 and 100ug/ml.
T4 DNA ligase was added and the mixture incubated for 1 hour at 15%,
after.which it was diluted with the above buffer to a DNA concentration
of 5 to 10 ug/ml and more T4 ligase added, the incubation was
continued for a further 15 to 20 hours. The DNA was then ethanol
precipitated and used to transform E.coli strain HB101 as described
(Mandel and Higa, 1970) to ampicillin resistance. |

Where the subcloned restriction fragment was inserted into a
restriction site in the tetracycline resistance gene of pBR322,
bacteria carrying the recombinant plasmids were ampicillin resistant
tetracycline sensitive. These were isolated by picking the ampicillin
resistant transformants into L. b]ates containing 100ug/ml ampicillin,
25ug/ml1 tetracycline, those that did not grow were tetfécycline'sensitive
and contained recombinant plasmids. If the subcloned restriction
fragment was inserted into the Eco RI site of pBR322, recombinant plasmids

were identified by the colony hybridisation procedure.
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g. Colony Hybridisation

Two procedures for colony hybridisation were used, in both
cases colonies were picked onto a grid. In one a modification of
the Grunstein and Hogness (1975) procedure was used. The colonies
were replica plated onto a nitrocellulose disk placed on an L. plate,
the colonies were then grown up overnight on the nitrocellulose disk.
This was then removed and placed on Whatman 3mm paper soaked in 0.5M
NaOH, 1.5M NaCl for 2 minutes, then neutralised in a similar way for
2 minutes in 1M Tris pH 7.4, 3M NaCl. The colonies were finally
fixed to the nitrocellulose by washing under suction in 95% ethanol,
after rinsing in 2x.SSCthe disks wére baked at 80°C for at least
2 hours. In the other procedure a disk of Whatman 541 paper was
placed over the grid of colonies. It was then‘removed and placed on
a freshL . plate and the colonies grown up for 2 to 4 hours, after
which the disk was removed and treated as the nitrocellulose disks
but omitting the 95% ethanol washes. The procedure used for hybridisation

2

of nick translated 3 P DNA to colonies bound on either nitrocellulose

or Whatman 541 paper disks is the same as described in Section 6.

10. . Plaque Hybridisation

A pool of recombinant phage A containing D.melanogaster Oregon

R DNA was provided by D.S. Hogness and constructed by L. Prestidge,

D. Kemp and E. Meyerowitz. The pool was-constructed by inserting
approximately 20Kb segments of randoﬁ]y sheared Drosophila DNA between
the left and right arms of the vector A Sep 6 by dG:dC tailing. This
A vector has identical arms to A 647 (Murray et al. 1977) but is red~
and contains a spontaneous clear mutation. The recombinant A phage

were packaged in an in vitro packaging extract generating 5 x ]04 phage.
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These were banded in an cesium chloride equilibrium gradient and the
peak (2 x 104 phage) amplified in E.coli strain KH802. The amplified
phage pool (A bDm) was banded again in cesium chloride and divided
into high and low density phage pools, which correspond approximately
to phage containing large and small inserts of Drosophila DNA
respectively.

A total of 2.4 x 104 phage from the high density pool wére
used to infect a lawn of E.coli strain KH802 on 6 L. plates (4 x 103
plaques/56.7 cm2 p]ate); Four replicas of the plaques on each.plate were
taken on nitrocellulose disks by the procedure of Benton and Davies
(1977).  They were denatured in 0.5MNa0H, 1.EM NaCl for 30 seconds
and neutralised for the same time in W Tris pH 7.4, 3M NaC].' After
rinsing in 2 x SSC:they were baked at 80°C for 2 hours. The procedure
for hybridisation of nick transiated 32P DNA to the plaques is the
same as in Section 6, ex cept that 0.1% tetraéodium pyrophosphate was
included in the preincubation and hybridisation solutions, and also in |

all the 65°C washes,

11. Cesium Chloride, Actinomycin D Equi1ibrium Density Gradients

A total of 520ug of D.melanogaster DNA was cleaved with EcoRI,

phenol extracted and ethanol precipitated. The DNA was resuspended

in 25m1 of TE2 containing cesium chloride at a density of 1.66 g/cc and
30ug of Actinomycin D per 100ug of DNA. After centrifugétion in the
Beckman 60 ti rotor at 31,500 rpm at 20°C for 72 hours, 1ml ffactidns
were collected. The main peak was located by spotting 10ul aliquots

of the fractions on agarosé gels containing Tug/ml ethidium bromide.

Fractions containing the main peak were extracted with cesium chloride
saturated isopropanol to remove the Actinomycin D, concentrated by
dialysis against polyethylene glycol and then dialysed against'TEZ.

The DNA concentration of each fraction was determined by its 00260
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12. Purification of Restriction Fragments

The main procedure used is as follows. After fractionation by
agarose gel electrophoresis, restriction fragments were located by
ethidium bromide staining and irradiation with long wave UV. The
segment of the gel containing -the desired restriction fragment was
cut out and broken up by syringing through a 23 gauge needle into 2mls
of 10x TNE
out several times after which the solution was incubated with shaking

for 1 hour at 65°C.  The phases were separated by centrifugation
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2 buffer and 2mis of TE2 saturated phenol. This was carried

for 10 -minutes at 8,000 rpm at 4°C in the Sorval HB4 rotor. The aqueous

phase was removed and replaced with 1ml 10 xiTNE2 buffer and the above
procedure repeated. The DNA in the pooled aqueous phases was ethanol
precipitated, and after washing once with 70% ethanol waé resuspended
in distilled water and was then suitable for labelling in vitro by nick

translation.

Restriction fragments for nick translation were also fractionated

by sucrose gradient centrifugation. The restriction endonuclease cleaved

DNA was layered on a 27m1 10 to 30% wt/vol sucrose gradient in TNE2
buffer and centrifugated at 25,000 rpm for 12 hours at 20°C in the
Beckmann SW27 rotor, after which 1 ml fractions were collected. An
aliquot of each ffaction was then analysed by agarose gel electro-
phoresis, and fractions containing the desired fragment pooled and
ethanol precipitated. After washing in 70% ethanol it was resuspended
in distilled water and used for nick translation.

Restriction fragments for restriction mapping by digestion with
a second enzyme Were purified by using LGT agarose. Restriction

endonuclease cleaved DNA was electrophoretically fractionated in an
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Tow gelling temperature (LGT) agarose gel (LGT agarose from Miles)
using TB buffer. Restriction fragments were located by ethidijum
bromide staining and lTong wave length UV irradiation and the gel slice
containing them cut out. This was then melted at 65°C, cooled to
37°C and MgCl, added to 20mM and an excess of the second restriction
endonuclease added. The digestion was carried out. for 1 hour

at 37°C then fractionated on a second normal agarose gel.

13. Phenol Extractions and Ethanol Precipitations

In general the phenol extractions described in this Chapter

were carried out by the addition of 2 volumes of‘TE2 saturated

phenol to the aqueous phase. = After mixing the phases were separated
by centrifugation, and the aqueous layer collected. Ethanol precipi-
tations'of DNA were carried out by the additjon of 1/5th volume of

2M sodium acetate pH 7.0 and 2.5 volumes of absolute ethéno] to the
aqueous solution. | The. solution was then kept either at -20°C for at
least 12 hours, or in a dry ice ethanol bath for 20 minutés.‘ The |
DNA precipitate was then. collected by centrifugation. =~ Normally after
phenol extraction DNA was ethanol precipitated, where necessary
_residual phenol was removed by washing the DNA peilet in 70% ethanol,

it was then dessicated to dryness and resuspended in TE2.

14. Length Standards for Gel Electrophoresis

Restriction digests were fractionated on agarose gels ranging
in concentration from 0.4 to 2.5%. The latter allowed fragments of
< 200 bp to be resolved. As size markers for small fragments Hind III,
. Hae III, or Hinf I digests of SV40 were used. The sizes of the

fragments were determined from the SV40 sequences (Fiers et al., 1978).



For large fragments, an EcoRI/Bst I digest of phage X was used
(Haggerty and Schleif, 1976). In this case the size of the A genome
was taken as 46.5 Kb (Davidson and Szybalski, 1971). The sizes of
the unknown restriction fragments was determined by comparing their
mobility with that of the length standards. This was carried out
using a graph drawn of the lenth of the standard restriction fragments

(in Kb) plotted against their mobility.

15. Electron Microscopy

This was carried out using the aqueous spreading technique of
Davis et al. (1971). SV40 DNA (5.226Kb, Fiers et al., (1978) ) was
included as a length standard in the spreading mixture. They were
examined in a Philips EM301 microscope. The length measurements
were made by projecting 35mm micrographs'onto a Hewlett Packard

digitiser in line with a 9821 computer.

44.
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CHAPTER III

ISOLATION AND CHARACTERISATION OF cDm 219

1. Introduction

The hybridisation of Type I insertion probes to gradient
purified non-rDNA Type I sequences (Dawid and Botchan, 1978; Dawid
and Wellauer, 1978) indicate that they are too complex to be analysed
by this approach. Therefore these sequences were isolated by cloning in
bacterial plasmids. This chapter describes the isolation and

characterisation of a cloned segment of D.melanogaster DNA which contains

five tandemly arranged units homologous to the insertion of Dm103.
During the course of these experiments a variety of recombinant
plasmids derived from Dm103 were used. This 17Kb EcoRI" fragment was
originally isolated cloned in the vector pSC101 where it was named
pDm103 (Glover et al., 1975). It was then transferred into the
vector ColEI, where it was called cDml03 (Grunstein and Hogness, 1975).
The vector ColEI 1is not homologous to pSC101, and so pDm103 can be
hybridised to segments of Drosophila DNA cloned in ColEI, as no hybridi-
sation occurs due to the bacterial yectors. Dm103 has also been
cloned in the vector pBR322 (pcDm103, see Appendix I) which has slight
homology with both pSCI01 and ColEI. A diagram of Dm103 and sub-clones

derived from it is shown in Figure 5.

2. Isolation of Cloned Non-rDNA Type I Insertion Seguences

As previously described there are two classes of sequence in

the D.melanogaster genome homologous to the Type I insertion of Dm103.




Figure 5 Subclones of Dm103

The subclones are indicated below the restriction map of Dm103.
The construction of pDml103A, cKDm103/AT, cKDm103/B and cKDm]O3/D is
described by Glover and Hogness (1977). With the exception of pDm103/A
the vector is the ColEl-Kan plasmid (PML2), for pDmi103/A the vector is
pSC101.  The construction of pC2, pC25 and pC4 is described in Appendix I,
the vector is pBR322. '

46.
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There are those which occur in the rDNA as Type I insertions, and those
which are found outside of it linked to different sequences. This
provides the basis for the isolation of cloned segments of Drosophila
DNA containing non-rDNA Type I insertion sequences. Bacterial colonies

containing cloned D.melanogaster DNA which hybridise to insertion

sequences can be differentiated into the two classes by whether they
hybridise to an rDNA probe. Those that do not will contain Type I
insertion sequences from outside the rDNA.

A cloned segment of non-rDNA Type I sequences was isolated from

a pool of segments of D.melanogaster DNA cloned inthe vector ColEI.

The recombinant plasmids were of two kinds- those where the D.melano-
dA:dT tailing method (Wensink et al., 1974), or those where the DNA
had been partially digested with EcoRI and ligated into the vectors
'EcoRT site using DNA 1ligase (Glover et al.,'1975). | These plasmids
were constructed at Stanford University by G. Rubin and D. Glover
respectively. They were screened for those containing sequences
complementary to cRNA transcribed from pDm103. As the two vectors
pSC10T (for pBm103) and ColEI are not homologous, only colonies
containing plasmids with sequences homologous to Dm103 will hybridise.
Because this contains a 17Kb rDNA unit with a Type I inserion, colonies
which hyBridise to it will contain plasmids with either rDNA sequences
or non-rDNA Type I sequences. A total of 144 colonies were isolated
which hybridised to Dm103. Of these 135 contained randomly sheared

‘D.melanogaster DNA, and nine had fragments generated by partial EcoRI

cleavage.
Colonies containing recombinant plasmids were then screened

for non-rDNA Type I sequences by the differential hybridisation of rDNA
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and Type I insertion probes. As an rDNA probe pDm103/A was used;

it contains fragments Al and A2 of Dm103 (Figure 5, Glover and Hogness,
1977), which contain 18 and 26s rDNA sequences and approximately 200bp
of insertion, cloned in the vector pSC101. The only hybridisation
which will occur will be due to Dm103/A since the plasmid vectors do

not show homology. The insertion probe contained Hind III fragment B
of Dmi103 (Dm103/B, see Figure 5). This contains almost all of the
5.3Kb insertion and approximatley 206bp of 26s rDNA sequences (Glover
and Hogness, 1977). It was purified from cKDm103/B in order to prevent
hybridisation due to the ColEI sequences of the PML2 vector. EcoRI
cleaves cKDm103/B twice, generating the 6.5Kb ColEI, plus a 13Kb fragment
which includes Dm103/B. This fragment was separated from the 6.5Kb
ColEI on a sucrose gradient (material and methods), and recovered for

use as the insertion probe. The two probes were radiolabelled in vitro
with 32P by nick translation (Rigby et al., 1977) and used for colony
hybridisation (Grunstein and Hogness, 1975). |

Several colonies hybridised to the insertion probe, but not
to the rDNA probe. But when plasmid DNA was prepared from these
colonies all but one, cDm219, hybridised to rDNA. Figure 6 shows that
cDm219 hybridises to an rDNA unit with a Type I insertion, Dm103, (track 1)
but not to an uninterrupted unit, Dm238 (track 2, D. Glover, personal
communication). This indicates that cDm219 contains non-rDNA Type I
insertion sequences. |

The plasmid cDm219 is one of those constructed by inserting

D.melanogaster DNA into the bacterial vector by the dA:dT tailing method.

The Tength of the inserted segment of Drosophila DNA was determined
by measured the contour length of X-irradiated cDm219 in the electron
microscope. This gave a ]ength of 32.12 Kb (SD = T 0.72 kb, N =11)

which subtracting the length of the ColEl vector (6.54Kb, Glover and



Figure 6 Hybridisation of cDm219 to pDm238/29 and pcDm103

EcoRI cleaved pcDm103 (track 1) and pDm238/29 (track 2) was
electroretically fractionated on a 0.6% agarose gel and transferred
to nitrocellulose. Lanes marked A are the ethidium bromide stain of the

32p 1abelled cbm219

gel, and those marked B are the autoradiograph of
hybridised to the DNA transferred on to the nitrocellulose. The faster

migrating fragment in both tracks is the pBR322 vector.

50.



Figure 6.
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Hogness, 1977) gives a length of 25.58Kb for the inserted segment of

Drosophila DNA (Dm219).

3. Construction of the Restriction Endonuclease Cleavage
Map of cDm219

If the Type I insertion sequences of Dm 219 have not signifi-
caﬁtly diverged from those of Dmi03, they can be located by cqmparison
of its restriction map with that of fhe Dm103 insertion. This section
describes the construction of a detailed restriction map of cDm219.

The initial approach to producing a restriction map of cDm219
was to order restriction fragments by single, double and in some cases
triple and partial digestions of c¢Dm219 with a variety of restriction
endonucleases.  However, the sum of the sizes of the restriction
fragments generated by several enzymes did not equal the length of
c¢Dm219.  Furthermore, densitometric tracings of restriction digests of
cDm219 fractionated on agarose gels, and stained with ethidium bromide,

" indicated that some fragments were present in greater than molar amounts.
This suggested that cDm219 was internally repetitious.

This made the production of an unambiguous restriction map
of cDm219 difficu]t. However; it was possible to construct a map
for the enzymes Bst I and EcoRI and a partially complete map for Xma I.
The construction of the maps for these endonucleases is given in Appendix 2,
which included a diagram of the Bst I and EcoRI cleavage sites of cDm219
(Figure 28). Xma I was used to orientate the Bst I/EcoRI doubie
digestion products, but it was not possible at this stage to do thé
same for the 2.6 and 1.8Kb EcoRI fragments, and the two 4Kb Bst I frag-
ments. The partial Xma I map also allowed the ColEI vector of cDm219
to be positioned on the cleavage map, since it has a single Xma I site

1.35Kb away from its single EcoRl site.
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In order to reduce the complexity of the restriction endonuclease
cleavage pattern of cDm219, the Bst I, EcoRI and the Bst I/EcoRI double
digestion products were subcloned into a bacterial plasmid vector.

The vector chosen for this was pBR322 (Bolivar et al., 1977). This

is 4.3Kb, and has genes coding for tetracyline and ampicillin resistance,

it has single cleavage sites for EcoRI Bstl Sé] I, Hind III and Pst I.

A map of pBR322 is shown in Figure 7. It éan be seen that with the
exception of EcoRI all the above cleavage sites are in an antibiotic
resistance gene. When a restriction fragment is inserted into one

of these sites the gene is normally inactivated. Thi; provides a quick
preliminary screen for recombinant plasmids. For example inéertion

of a Bst I fragment into the Bst I site of the tetracyc]fne resistance
gene of pBR322 makes bacteria carrying the recombinant plasmid sensitive
to tetracycline. These can be jsolated.by screening for bacteria
which are ampicillin resistant and tetracycline sensitiye.

This method was used as a preliminary screen for recombinant
plasmids containing the Bst I and Bst I/EcoRI fragments of cDm219.
Plasmids carrying the EcoRI fragments were identified by the colony
hybridisation procedure (Grunstein and Hogness, 1975).' The inserted
segment of cDm219 was then identified by restriction endonuclease
cleavage (Appendix 1).

Digestion of the subcloned fragments of cDm219 with restriction
endonucleases gave rise to a far less complex cleavage pattern than
that of the parental clone. In these digéstions none of the fragments
appeared in greater than molar yields. This meant that by a combination
of single, double and partial digestions of the subclones their restriction
maps could be deduced. By comparison of similar digestions of cDm219,
the 2.6 and 1.8Kb EcoRI fragments and the two 4Kb Bstl fragments
could be ordered. This is shown in Figure 28 of Appendix 2, together

with the names of the subclones containing these fragments. The
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Figure 7 Restriction map of pBR322

The sizes of various.restriction fragments (in Kb) or
pBR322 is taken from its DNA sequence (Sutcliffe, 1978), and the
positions of the ampicillin and tetracycline resistance genes (shown inside

the restriction map) is from Boj]vaf et al. (1977).
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complete restriction map of cDm219 is shown in Figure 8, its construction
is described in Appendix 2. Only the four Hind III sites of cDm219
which correspond to the single site of fhe Dm103 insertion were mapped.
There are additional Hind III s{tes present in unit 2 of Dm219 (see
Figure 8). A more detailed map of the subclone pB74 was produced

by mapping its Pst I cleavage sites. This is described in Appendix 2,
and is shown in Figure 12.

Also ‘included in Figure 8 is a map of the cleavage sites of
cDm103 for the same enzymes as were mapped on cDm219 (Giover and
Hogness, 1977; Hind III and EcoRI, B. Jordan and D. Glover; Xma I,
and D. Glover; Sal I and Bst I; personal communications), while the
Sst I and Kpn I sites were mapped as described in Appendix 2. For some
of these mapping experiments subclioned fragments of Dm103 were used.
These were; cKDm103/B (Glover and Hogness, 1977), together with the
4.5Kb Hind III/Bst I fragment (pC2) and the 0.88Kb.§§£ I .fragment (pC25)

from the insertion, both were cloned in pBR322 (Appendix 1), and are

as shown in Figure 5.

4. The Restriction Map of cDm219

Figure 8 shows the restriction mapé of cDm2i9 and cbm103,
comparison of the two indicates that a large ﬁortion of Dm219 contains
Type I insertion sequences. The left hand end of the Dml03 insertion
contains a characteristic set of four Sst I sites; representatives of
which are also found in repeating arrays with Dm219. At the right
hand end-of the Dm103 insertion is a set of Bst I and Kpn I sites,
these are found incomplete in four regians of Dm219. This allows
Dm219 to be divided into five tandeh]y arranged units of Type I sequences.
Three of theunits are complete (units 2,3, and 4, of Figure 8) and two
are interrupted by the ColEl vector (units 1 and 5, of Figure 8).‘ It can

be seen that the units are separated from each other by the presence
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Figure 8 Restriction map of cDm103 and cDm219

The map .of cDm219 shows the fiveltandemly arranged units
homologous to the insertion of Dm]Oé. The sequence substitufion, zeta,
of unit 2 is indicated by the wavy Tine. Identical deletions are found
in units 3 and 4.  This is shown for unit 3 by the alignment of its restricion
map with that of the Dml03 insertion, & represents the deletidn, and
v and ¢ are the secuences to either side of it. Some subclones of Dm103
are shown below its restrction map, and all of those of Dm219 are indicated

above its map.
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of a single Bst I site at their left hand ends. This means that
each unit is represented by a subcloned Bst I fragment except for
the incomplete units 1 and 5, which are found in the clone pB1l.

Many of the restriction sites of the Dmi103 Type I insertion
occur in common arrangements within several of the Dm219 units. Both
units 3 and 4 have the 2.6 Kb Xma I fragment found in the left half
of the Dm103 insertion (Figure 9,A). The 1.05 and 0.07Kb Kpn I
fragments of Dml103 are found in units 1 and 2 (Figure 9,B) while the
0.37Kb Bst I/Kpn I fragment is found in units 3 and 4, as well as
units 1 and 2 of Dm219 (Figure 9,C). There are, however, differences
in the Sst I cleavage sites of Dm219 which are not apparent iﬁ Figure 8.
Figure 10 shows Sst I digestions of subclones of cDm219 which contain
either entire units or their left hand ends fractionated in a high
resolution gradient polyacrylamide gel. A Sst I digest of pC2 is
also shown, this contains the Teft hand half of the Dm103 insertion
(see Figure 5). It can be seen that all units with intact left hand
ends, except for unit 2, have the 0.68Kb Sst I fragment of Dm103
(Sst I fragment F of Dm219). . In contrast, of the equivalent fragments
in Dm219 (Sst I fragments G to K) to the 0.32 and 0.35 Kb Sst I fragments
of Dm103 only one; fragment I of units 2 and 3 comigrates with a
fragment in Dm103 (the 0.32 Kb Sst I fragment). The rest vary in size,
ranging from 0.355 to 0.29Kb. Only units 4 and 5 of Dm219 have
identical Sst I cleavage sites, both giving fragments G and J.

Although these small Sst I fragments are heterogeneous in Dm219,. they

do map in the equivalent positions of the tandem arrays as the 0.35

and 0.32Kb fragments in the Dm103 insertion, this suggests a basic
underlying homology in this region of Dm103 and Dm219. This 1is supported
by restriction digests of three other independently isolated cloned

rDNA units with full length Type I insertions; cDm206, cDm435 and cDm8OI.
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Figure 9 Restriction endonuclease digests of cDm219 and its

subclones

(A) Xma I cleayed pchm103 (track 1), pB2 (track 2), pB7 (track 3),
and cDm219 (track 4) were fractionated on a 0;6% agarose .gel. The
arrow indicates the 2.6Kb fragment from the inéértion of Dm103, which
comigrafes with fragment D of cDm2i9.

(B) Tracks 1, 4 and 6 are Kpn I digestions of cDm103% pB74 and
cDm219 respectively, tracks 2, 3 and 5 are EEE I/Bst I}digestions of
¢Dm103, pB74 and cDm219-respective1y.

(C) Tracks 1 and 6 are Kpn i digestions of cDm103 and pB11 respectively,
the remaining tracks are cDm103 (track 2),pB2 (track 3), pB7 (track 4) and
pB11 (track 5) all cleaved with Kpn I/Bst I.  The digests in (B) and (C)
were fractionated on 2.5% agarose gels, the arrows 1ndicaté'a, the 1.05Kb
and ¢, the 0.07Kb Kpn I fragments and b, thé 0.37Kb Kpn I/Bst I fragménts
of cDm103 which comigrate with fragments of cDm219.
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Figure 9.



Figure 10 Sst I digestion of cDm219, its subclones and of

rDNA Type I insertions

Sst I digestions of cDm219 (track 1), cDm206 (track 2), pC2
(track 3), cDm219 (traék 4), pRB46 (track 5), pB11 (track 6), pB7
(track 7) and pB2 (track 8) fractionated on a 2.5-7.5% gradient
polyacrylamide gel (see materials and methods). The letters alongside

track 1 refer:to the Sst I fragments of cDm219.
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These were digested with Sst I, Kpn I, Bst I and Sal I. The only

difference between these three Type I insertions and that of Dmi03

was found in Dm206, where the 0.32Kb Sst I fragment of Dml103 was

found to be approximately 20 bp smaller (see tracks 2 and 3 of Figure 10).
This indicates that slight variation in these Sst I sites can occur in
both rDNA and non-rDNA Type I sequences, although with higher frequency

in the latter. Several other differences occur in the restriction

maps of Dm103 and Dm219.  For example the 0.68Kb Sst I fragment of -
Dm103 contains a Sal I site, this does not occur in the'equiva]ent
fragments of Dm219. Other variations can be seen in Figure 8, only some
of them are due to the major sequence variations described in the next

section.

5. Major Sequence Differences Between the Units of Dm219 and the
Insertion of Dm103

The differences in the restriction maps of the Dm219 units and
the‘insertion of Dm103 described in the previous section, can be
explained by single base pair changes. However, the resfriction maps
of figure 8 also reveals that large sequence alterations can occur
between the two Type I sequences.

At the extreme right hand end of the Dmi03 insertion there are
two Bst I sites, 0.88Kb apart. In the units of Dm219 the left hand
Bst I site is missing. In Dm103 this occurs in the 1.05Kb Kpn I
fragment, which is also present in units 1 and 2 of Dm219, Whiéh suggests the
absent Bst I site isdue to minor sequence changes. Units 3 and 4-of
Dm219 however, lack all but one of the Kpn I sites; and so the 1.05Kb
fragment is missing. Digestion of c¢Dm219 with either Hind III, Kpn I
or Bst I resuits in a 4Kb doublet fragment, corresponding to units 3

and 4. As the insertion of Dml103 is 5.4Kb, and units 3 and 4 are
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4Kb, it suggests that they have 1.4Kb dele tions, which would account
for the missing Bst I and Kpn I restriction sites. The region

deleted in these units was found by aligning their restriction maps
with that of the Dm103 insertion (see Figure 11). The restriction
sites between the 2.6Kb Xma I and 0.37Kb Kpn I/Bst I fragments of Dm103
are missing in units 3 and 4, indicating that the deletion occurs
between these fragments. The position of the deletion shown in

Figure 11 is based on the assumption that before the deletion occurred,
units 3 and 4 had similar restriction maps to units 1 and 2. On this
basis the region of the Dm103 insertion deleted in units 3 and 4

starts approximately 0.37Kb from the right hand end and extends 1.4Kb
to the left, removing the 0.07 and 1.05Kb Kpn I fragments. This
suggests that a second Kpn I site should be found in these units (see
Figure 11), but if the assumption stated above is carrect it was not
there in the first place. Confirmation that a deletion has occurred
was obtained by the heteroduplex experiments of J. Shepérd and D. Glover
who Tocalised a 1.1Kb deletion 0.5Kb from the right hand Bst I site of
these units.

Unit 2 of Dm219 is unusual because it contains three cleavage
sites for EcoRI which does not normally cleave rDNA Type I insertions.
This unit is also 11.4Kb in length, which is 6Kb larger than the Dmi03
insertion. This suggests that it contains non-insertion sequences,

and is confirmed by the experiments described in the following section.

6. The Hybridisation of Type I Insertion Sequences to cDm219

In order to confirm the freatures described above, particulariy
the presence of non-insertion sequences in unit 2, cDm219 was hybridised
to in vitro ' radiolabelled rDNA Type I insertion probes (Rigby et al.,
1977). This was carried out by the procedure of Southern (1975).

Restriction endonuclease cleaved cDm219, or its subclones was electro-



Figure 11 Alignment of the restriction maps of unit 4 of Dm219

with the Dm103 insertion

The restriction map of unit 4 of Dm219 has been aligned with that
of the Dm103 insertion to show how its 1.4Kb deletion removes the 0.07Kb
and 1.05Kb Kpn I fragments. A similar alignment can be made with unit 3

of Dm219.
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phoretically fractionated on agarose gels, stained with ethidium bromide
for photography, and then the fragments transferred to a nitrocellulose
filter. Either radioactive ckDm103/B or ¢Dm103 could be used as insertion
probes, as cDm219 does not contain rDNA sequences. The only hybridi-
sation which can occur, will be either due to the ColEI sequences in

the probes and the vectors of cDm219 and its subciones, or to the

presence of insertion sequences in the Dm219 restriction fragments.

The Non-Insertion Sequences of Unit 2

Figure 12 shows the restriction map of unit 2.. In this
figure the 2.6 and 1.8Kb EcoRI fragments are referred to by the names
of the subclones which contain them (pR37 and pR42 respectively). When
Dm103/B 1is hybridised to an EcoRI/Bst I digest of cDm219 all of the
fragments hybridise with the exception of the 2.6 and 1.8Kb EcoRI
fragments (Figure 13, track 1). This confirms that the three EcoRI
sites of unit 2 are due to a non-insertion sequence, which was named the
zeta element. This size of the zeta element was determined by
hybridising ¢cDm103 to a variety of other digests of cDm219, or its
subclones. This revealed that neither the 2.0Kb Pst I/EcoRI (Figure 13,
track 10) or the 1.6Kb Xma I/EcoRI (Figure 13, track 7) fragments to
the left and right of the EcoRI sites respectively contain insertion
sequences. In contrast the 2.27Kb Sst I/EcoRI fragment to the left,
and the 1.9Kb Pst I/EcoRI fragment to the right hybridise to cDm103
(Figure 13, track 4 and 9 respectively). This data is illustrated in
Figure 12, where it can be seen that the Timits of the zeta'e1ement are
within the 0.27Kb separating the Sstl and Pst I sites at its left end,
and within the 0.3Kb between the Xma I and Pst I sites.at its right hand
end. This makes the zeta element between 8.0 and 8.57 Kb, which when

subtracted from the length of unit 2 (11.4Kb), shows that the unit only



Figure 12 Restriction map of unit 2 of Dm219

The fragments indicated above the restriction map dovnot

hybridise to the Dm103 insertion, while those below do show hybridisation.

This was used to position the zeta substitution which is shown by the
thick line. The fragments and the subclones indicated above this were

used as probes for hybridisation to genomic DNA.
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Figure 13 Hybridisation of Type I insertion probes to restriction

fragments of Dm219

Hybridisation of 32p qabelled cKDm103/B to Bst I/EcoRI cleaved
cbm219 (track 1), 32P labelled cDm103 to Sst I cleaved cDm219 (track 2),

Bst I/Sst I cleaved pB11 (track 3) and pB2 (track 6), Bst I/ECORI/Sst I

digested pRB46 (track 4) and pRB108 (track 5). Tracks 8, 9, and 10

show the hybridisation of 32

P labelled cDmi03 to Pst I/EcoRI digests of
pB74, pRB108 and pRB46 respectively. The digests of tracks 2 to 6 wére
fractionated on a 1% agarose gel, the remainder on 0.6% gels. Lénes
marked A are the ethidium bromide stained gel, those marked B show the
result of transferring the fragments to nitrocellulose and hybridisation

with 2

P Tabelled DNA. The sizes (in Kb) of the fragments are indicated
alongside tracks 1A, 7A and the two relevant fragments of tracks 8 to 10.
The lettersalongside track 2 denote the Sst I fragments of cDm219.  The
position of the pBR322 vector in tracks 3 to 6 is indicated, as is the weakly

hybridising 2.27 Kb Sst I/EcoRI fragment in track 4.
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contains between 3.4 and 2.8Kb of insertion sequence. This indicates
that between 2.0 and 2.57Kb of the Type I sequences are deleted frdm
unit 2. A comparison of the restriction maps of unit 2 and the Dm103
insertion suggest that the deletion extends from just to the right

of the equivalent of the third Sst I site of Dm103. This would make
the position of the deletion and the zeta element of unit 2 coincident
indicating that a substitution of approximately 8.0Kb for 2.0Kb of
insertion has occurred. The equivalent position of the unit 2
substitution in Dm103 is 1.1 to 3.6Kb from the left end of the insertion.
Similar results were obtained by the heteroduplex experiments of

D. Glover, who showed that the zeta element is 8.05Kb, and that 0.95Kb
of Type I sequences are deleted in unit 2. In these experiments the
substitution was found to lie between 1.2 and 2.37Kb. from the left end
of the Dm103 insertion:

In some experiments described in'the following chapter it was
noticed that the 1.6Kb Xma I/Eco RI fragment from the right end of
the zeta element hybridised to fragments from the left end of unit 2.
A similar result is seen when pRB108 from the right of unit 2 is used
as a probe. It hybridises to the 2.27Kb SstI/EcoRI ffagment of pRB46
(from the left side of unit 2, see Figure 8 and Figure 14, track 2).
The converse also applies; the 2.0KbPstI/EcoRI fragment gel purified
from pRB46 hybridises to the 2.8Kb Sst I/EcoRI of pRB108 (Figure 14,
track 4).

The probes used in these experiments were either subc]dnes of
cDm219, or purified from them, and so the weak hybridisation cannot be
due to contamination. The weak homology between the Teft and right
ends of unit 2 most likely resides in the zeta element, as no hybridi-
sation was seen with the 2.0Kb PstI/EcoRI fragment to Dm103.

With the exception noted above the zeta element does not

appear to be internally repetitive at the level recognised by the
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Figure 14 A repeating sequence at or near the ends of the Zeta element

This was detected by cross hybridisation between restriction
fragments from either end of the Zeta element. Tracks 1, 2, and 3 show
the hybridisation of the 2.0Kb Pst I/EcoRI labelled with 32p o Sst 1/EcoR1
vdigestions of pB74, pRB108 and pR46'respective]y, The 2.27Kb Sst I/EcoRI
fragment which shows homology with the probe is indicated, the high molecular
weight fragment in track 3 is a partia1>digestion product.  Tracks 4 and
5 show the hybridisation of 32P labelled pRB108 to Sst I/EcoRI digests of
pRB46 and pB74 respectively. All the digests were fractionated oﬁ 0.6%
‘gels, lanes marked A are the ethidium bromide stained gel and B after

32

transfer to nitrocellulose and hybridisation with “~P DNA.
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restriction endonucleases EcoRI, Kpn I, Pst I or Xma I. In addition
the two cloned EcoRI fragments of the zeta element do not cross

hybridise or show homology with any other region of unit 2.

The Insertion.Sequences of ¢Dm219

It can be seen (Figure 13) that restriction fragmehts from
¢cbm219 or its subclones hybridise to cDm103 or cKDm103/B with an
intensity expected of their length and their molar yield. Weak
hybridisation occurs if the Dm219 fragment contains part of the zeta
element, or if it is due to the partial homology of ColEI with the
pBR322 vector of the subclones. This leads to the conclusion that,
with the exception of the zeta element, Dm219 is composed entirely of
insertion sequences.

None of these experiments, or the heteroduplex experiments of
J. Sheppard and D. Glover, addressed the question of the junctionS‘
between the tandemly arranged units of Dm219. This is because ckbm103/8
which was used to form heteroduplexes with the subcloned Bst I fragments
of cDm219 lacks approximately 200bp of the left end of theiinsertion.
Experiments were therefore carried out to see if ¢cDm219 contained this
region, and also the righf hand end of the insertion.

Figure 8 shows that the junctions between the units of Dm219
are contained within a 0.29Kb Bst I/Hind III fragment. It can be
found in the subclones pRB46, pB2, pB7 and pBl1l, which represent units
2,3,4 and 5 of Dm219 respectively. In addition pB2, pB7.and_pB]1 contain
a 0.346Kb BstI/HindIII fragment cleaved from the tetracycline resistance
gene of the pBR322 vector. This fragment is not found in pRB46 as it
is contained in the 0.398Kb Bst I/ECoRI fragment of pBR322 which is
substituted by the Dm219 fragment during the cloning procedure. The
position of the Bst I and Hind II1 sites in these subclones is shown

in Figure 31 of Appendix 2.

The probes for the left and right ends of the Dm103 insertion
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were cKD103/A1 and pC4 respectively (Figure 5). cKDm103/A1 includes
approximately 200bp of insertion sequences extending from the left of the
insertions single Hind III site to the g2 26s rDNA, and almost all of pSC101,
its construction and structure is described by Glover and Hogness (1977).
pSC101 codes for tetracycline resistance, and so shows homology with the
0.346Kb Bst I/Hind III fragment of pBR322, pC4 contains a 0.32Kb Bst, I/Hind III
fragment of Dm103 inserted in pBR322 deleting the 0.346Kb §§£-I[ﬂigg I11
fragment of the vector. This 0.32Kb fragment of Dm103 contains at least

200bp of g2:26s rDNA and the sequences extending to the insertions right hand
Bst I site.

Figure 15 shows the hybridisation of these two prbbes to Bst I/
Hind III digests of pBR46, pB2, pB7 and pB11. It can be seen that
cKDm103/A1 hybridises to the 0.29Kb fragment, but at an intensity which is
only about a third of that to the 0.346Kb fragment from pBR322 (Figure 15,
lane C of .tracks 2 to 5). This suggests that the junction fragments of
Dm219 are only partially homologous to the left end 6fthe Dﬁ103 insertion.
However, these fragments should é]so contain sequences from the right end
of the insertion and so should also hybridise to pC4. Figure 15 (lane A,
of tracks 2 to 5) shows that this does not occur, although pC4 does hybridise
back to the 0.32Kb Bst I/Hind III frégment (Figure 15, track 1). A
negative result was also obtained when cKDm103/B was used as é probe

(data not shown). The 0.29Kb Bst I/Hind III should contain the 200bp

of insertion sequences found in Dm103/Al1. The level of hybridisation
seen supports this conclusion. But as the fragment is only partially
homologous to Dml103/Al1, the lack of hybridisation:-to pC4 or Dm103/B

is surprising. It is possible that hybrids between the 0.29Kb fragment
and pC4 afe not stable in the hybridisation and washing conditions used

in this experiment (see Materials and Methods). Alternatively the
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Figure 15 The junctions between the units of Dm219

The junctions between the unitsvof Dm219 are contained in
a 0.29Kb Bst I/Hind III fragment. _Eg; I/Hind IIT digests of cKDm103/B
(track 1), pB2 (track 2) pB7 (track 3), pB11 (track 4) and pRB46 (track 5)
were electrophoresed through a 1.6% agarose gel which was stained with

ethidium bromide (lanes marked i or B), the fragments were transferred
32

to nitrocellulose and hybridised with either “°P 1abe11ed'pC4 (Tanes marked
ii or A) or cKDm103/A1 (lanes marked C). The 0.32, 0.346 and 0.29Kb Bst 1/
Hind III fragments from cKDm103/B (cloned in pC4), pBR322 and the subcloned

fragments of Dm219 respectively are indicated.
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fragment might not contain sequences homologous to pC4, which would
mean that it contains non-insertion sequences, The nature of these

junction sequences is best determined by DNA sequencing.

7. Thermal Me]tﬁng Experiments between Individual Units

of Dm219 and the Insertion of Dm103

Comparison of the restriction maps of the tandemly arranged
units of Dm219 with the Dm103 insertion indicate that some sequence
divergence has taken place. This is too small (less than 100 bp) to
be detected in the heteroduplex experiments of J. Sheppard and D. Glover.
A more accurate determination of the degree of sequence divergence was
obtained by comparing the temperature at which Dm103 homoduplexes melted
with that of hybrids between it and units of Dm219. The difference
between the two temperatures is a measure of the percentage of mis-matched
base pairs in the hybrids.

Plasmids éontaining either the Dml103 insertion, or yarious units
from Dm219 were covalently fixed to DBM paper (Goldberg et al, in press)
and hybridised with a radiocactive probe (see Table I). The hybrids
and homoduplexes were then melted by raising the temperature through 59¢
intervals, and the amount of radioactivity still hybridised to the DNA
bound on the DBM paper determined. Melting curves ( a plot of the
amount of radioactivity on the DBM paper versus temperature) resulting
from such an experiment are shown in Figure 16, and the results of
two experiments are given in Table I. Hybrids between units of Dm219
and the Dml03 insertion have a melting temperature 1.5°C to 0.1°%
lower than Dm103 insertion homoduplexes. It is not clear if these
values, particularly the latter, are significant. However it does

indicate that the insertion sequences of Dm103 and Dm219 are closely related,
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TABLE1  The Tm of cKDm103/B homoduplexes and hybrids
between cKDm103/B and the units of Dm219

Plasmids used to Experiment 1 Experiment 2

form duplexes with

ckbm103/8 m ATm Tm ATm
cKDm103/B 60.25 0.0 66.25 0.0
pB2 58.75 1.5 65.25 1.0
pB7 58.75 1.5 65.15 0.9
pB74 60.15 0.1 66.35 0.1

In experiment 1 cKDm103/B was bound to disks of DBM paper, while
in experiment 2 cKDm103/B, pB2, pB7 and PB74 were each bound to separate
disks. The DNA bound to the disk was then hybridised with 32P Tabelled

DNA at a concentration of 2ng/ml, and a specific activity of.9 x 1013m1/ug.'

In experiment 1 the 32

P DNA was cKDm103/B, pB2, PB7 and pB74, while in
experiment 2 it was cKDm103/B.  The DBM paper disks were washed as described
in materials and methods and then placed together in a beaker containing
melt buffer. The melting temperature of the hybrids was then determined

by raising the temperature through 59¢ intervals. At each‘température the
disks were removed and counted by Cerenkov.radiation in a~scienti1iation
counter. In experiments 1 and 2 the cpm's remaining on the disks at 75°C
and 80°C respectively were treated as background and subtracted from the
values determined at lower temperatures. The results were then plotted

as the percentage of the cpms hybridisgd to the DNA bound on the disk at 50°¢C

against temperature. This 1is shown in Figure 16 for experiment 2. These

melting curves were used to determine the Tm (the temperature at which half



the cpms have been lost from the filter) of the duplexes. The difference
between the Tm of cKDm103/B homoduplexes and hybrids between it and pB2,
pB7 and pB74 is given by the ATm value.
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Figure 16 Melting curves between hybrids of the units of

Dm219 and the Dm103 insertion

The plasmids pB74, pB2, pB7 and cKDm103/B representing
units 2, 3 and 4 of Dm219 and the insertion of Dm103 respéctively

32p yabelled cKOm103/B

were fixed to DBM paper and then hybridised with
(materials and methods). The melting curves were constructed as

described in the legend to Table I.
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and have undergone very little sequence divergence (0.1 to 1.5%,
assuming 10 equals 1% mismatched base pairs, Britten et al., 1974).
Together with the restriction mapping experiments it suggests that
non-rDNA Type I sequences have been more free to evolve than Type I

rDNA insertions.
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CHAPTER 1V

THE ARRANGEMENT OF Dm219 SEQUENCES WITHIN
THE Drosophila melanogaster GENOME

1. Introduction

The cloned segment of D.melanogaster DNA, Dm219 consists of five

tandemly arranged Type I insertion sequences. Two of the units have identical
deletions, . and another a substitution; the zeta element. Before generalities
can be drawn from this sequence arrangement, it is important to know whether

it is reflected in the D.melanogaster genome. The technique developed by

Southern (1975) can allow the organization of a cloned segment of DNA to be
determined within total genomic DNA. This procedure when coupled with
fractionating genomic DNA by density was used to §how that the sequence
arrangement in Dm219 reflects a significant proportion of Type I sequences
in the Drosophila genome. |

The hybridisation probes used to determine the organization of Dm219

sequences in the D. melanogaster genome were as follows. The probe for rDNA

sequences was pDm238/29, this is an 11.6Kb ECoRI fragment contdining an
uninterrupted rONA unit cloned in pBR322.  The insertion probe was pB7, a
subclone of Dm219, which contains a 4Kb Bst I fragment (see Figure 8). The
zeta element probes are indicated above the cleavage map of Unft 2 (Fﬁgure 12).
Two of the probes are the cloned 2.6 and 1.8Kb EcoRI fragments of Dm219 -

(pR37 and pR42 respectively). Also the 2.0Kb Pst I/EcoRI and 1.6Kb Xmal/EcoRl

fragments were purified by gel electrophoresis and used as zeta element probes.

2. Tandem Arrays of Type I Sequences within the D.melanogaster Genome

EcoRI does not cleave Type I insertion sequences, so if tandem

arrays such as those of Dm219 exist in the D.melanogaster genome they‘should
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be found in large EcoRI fragments. The problem being to distinguish such
fragments from the large EcoRI fragments which hybridise to Type I insertion
protes, but are derived from the rDNA.  This can be seen in Figure 17
where pB7 has been hybridised to an electrophoretically fractionated EcoRI
digest of genomic DNA, which was denatured and transferred to nitrocellulose
(Southern, 1975). The insertion probe hybridises to a complex array of
fragments including the 17Kb EcoRI fragments representing rDNA unfts with
full length Type I insertions. A different pattern of hybridisation is
seen when a rDNA probe (pDm238/28) is used. This is also of high complexity
and includes the 17Kb EcoRI fragments and the 11.6Kb fragments derived from
contiguous rDNA units. |

Use was then made of the observation of Dawid and Botchan (1978)
that it is possible to fractionate non-rDNA Type I sequences away from the
rDNA on cesium chloride equilibrium gradients containing actinomycin D.
This provides the basis for a partial purification of the large EcoRI
fragments containing tandem arrays of Type I sequences. Thé Type 1 insert{ons
have a G:C. content of %, and the rRNA coding sequences have a>§j§.content
of 39% (Dawid and Wellauer, 1977). This means that EcORI fragments with’
tandem arrays of Type I sequences will have a higher G.:C. content’ than the
rDNA and bind more actinomycin Dso decreasing their density. Thus when ECORI
cleaved genomic DNA is fractionated on cesium chloride - actinomycin D
equilibrium gradients the 1érge EcoRI fragments with tandem arrays of:Type I
sequences will be found in the low density region of the gradient. These
can be detected by electrophoresing an aliquot of each gradient fraction
on an agarose gel, followed by transfer to a nitrocellulose filter and
hybridisation with the insertion probe pB7.

Figure 18A ghows the result of such an experiment with EggRi cleaved

' D;mEIanogaster DNA. In fractions from the high density region of the

gradient the hybridisation pattern is fairly simple. EcoRI fragments

corresponding to rDNA units with full length Type I insertions can be seen,



Figure 17 Hybridisation of Type I and rDNA sequences to

EcoRI cleaved D.melanogaster DNA

EcoRI cleaved D.melanogaster DNA was electrophoresed through

a 0.6% agarose gel and transferred to nitrocellulose (SoUtherﬁ,l]975).
It was then hybridised with 32PWabeHed pDn'238/29‘(track 1, track 2 is
a shorter exposure) or pB7 (track 3). The position of the 11.6, 17
(contiguous rDNA units and those with full length Type I jnsértions
respectively) 7.8A and 5.9 Kb EcoRI fragments is indicated. The latter

two fragments are produced from rDNA units with Type II insertions.

88,



Figure 17.
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there arealso fainter bands between it and a broad band at 12Kb. These
probably correspond to rDNA units with smaller Type I insertions (Dawid

and Wellauer, 1978; Wellauer and Dawid, 1978). Towards the centre of

the gradient, as the density becomes lower, these fragments decrease in
intensity, and are replaced by a more complex hybridisation pattern. This
becomes essentially a smear in fractions from the Tow density region of

the gradient (Figure 18(A), tracks 6 to 8), with EcoRI fragments ranging
from approximately 25Kb to 11Kb. Over the smear can be seen several

strong bands. In tracks 5 and 6 (Figure 18(A)) they are of 10.9 and 9.6Kb,
These are probably not derived from the rDNA as they have a higher density
than rDNA units with or without Type I insertions, and there are ﬁo strongly
Tabelled rDNA EcoRI fragments of this size (Figure 17). They probably
represent another form of organisation of non-rDNA Type I sequences, unlike
that of Dm219, As expected fractions from the low density region of the .
~gradient contain large EcoRI fragments of at least 25Kb (Figure 18A, tracks
7 and 8).

The structure of Dm219 predicts that if these large EcoRIfragments
contain tandem arrays of Type I sequences: they should be cleaved to their
unit length by restriction endonucleases which cleave them once. - To test
this an aliquot of each gradient fraction was digested with BstI, electro-
phoretically fractionated and hybridised to pB7 (Figure 18B). The 17Kb
'EcoRI rDNA fragments are cleaved twice by Bst I into fragments of 9, 7, and
0.88Kb.  Of these pB7 only hybridises to the 9 and 0.88 fragments, which
are seen in the high density regions of the gradient (Figure 18B, tracks 1
to 3). Other fragments of 4.1 and 3.5Kb are seen which are most abundant in
tracks 5 and 6 (Figure 18B). These are possibly derived from the 10.9 and
9.6Kb EcoRI fragments which occur in the same region of the gradient.
Another fragment of 4.7Kb is found, this was expected due to BstI/EcoRI
cleavage of rDNA units with 0.5 and 1.0Kb Type I insertions. But its
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~

’

Figure 18 Fractionation of restriction endonuclease fragments

homologous to the Type i insertion on a cesjum chloride

actinomycin D gradient

EcoRI cleaved D.malanogaster DNA was fractionated on an cesium

chloride actinomycin D gradient as described in materials and methods.
An aliquot of approximately 0.3ug from each fraction was either electro-
phoresed on a 0.5% agarose gel for 40 hours at 1.5v/cm (A) or digested

-

with Bst I and fractionated on a 0.6% gel (B). They were then transferred

to nitrocellulose and hybridised with 32

P labelled pB7.  The tracks (1
to 8) are arranged in order of decreasing density (increasing G:C content).
The markers in (A) are EcoRI cleaved cDm219 (25 Kb), cDm103 (17 and 6.6Kb)

and pBR322 (4.3Kb), while in (B) they are an EcoRI/Bst I digest of cDm219.
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abundance increases with decreasing density and so is unlikely to be

derived from the rDNA. One other intensely hybridising fragment is

seen, this is 4.3Kb and is found inthe low density region of the gradient, so
it is 1ikely to originate from non-rDNA Type I sequences. The most

striking result is seen in tracks 7 and 8 (Figure 18(B)) where the complex
smear of EcoRI fragments, including the predominate fragment of at least
25Kb, is compacted to an intensely hybridising region of 3.8 to 5.4Kb.

The above results are consistent with the structure of Dm219. Large
'EcoRI fragments were found with a high G:C content, these appear to contain
tandemly arrangeg units which are heterogeneous in size, their upper size
limit being 5.4Kb - the size of the Dm103 insertion. Like Dm219 they-appear
to lack the 0.88Kb Bst I fragment of Dmi03, as this appears:;to be absent

in the Tow density region of the gradient.

3. ‘The Arrangement of Sequences in the D.melanogaster Génome Homologous

- to the Zeta Elément of Dm219

"Introduction

Unit 2 of Dm219 contains a substitution of about 8Kb which was named

the Zeta element. Its organization within the D.melanogaster genome was

investigated by hybridising zeta element probes to restriction endonuclease

cleaved genomic DNA by the technique of Southern (1975).

‘Hybridisation of pR37 and pR42 to EcoRI Cleayed D.melanogaster DNA

The plasmids pR37 and pR42 contain the 2.6 and 1.8Kb EcoRI fragments
respectiyely, of the zetaelement of Dm219 (see Figure 12). When genomic
DNA is cleaved with ECoRI and hybridised with pR37, most of the autoradiographic
response is from a fragment which comigrates with the 2.6Kb EcoRI fragment
of Dm219 (Figure 19, tracks 1 and 2). In contrast, pR42 as well as

hybridising to a fragment of similar mobility to the 1.8Kb EcoRI fragment of
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Figure 19 Hybridisation of Zeta sequences to restriction endonuclease

cleaved Drosophila melanogaster DNA

Total D. melanogaster DNA was cleaved with various restriction

endonucleases and then electrophoresed through agarose gels. It was

then transferred to nitrocellulose (Southern, 1975) and hybridised with

32 32

in vitro “"P radiolabelled zeta sequences (Rigby et al., 1977). P labelled

PR37 was hybridised to EcoRI, Bst I and Kpn I cleaved D.melanogaster DNA

(tracks 1, 7 and 9 respectively) and to EcoRI (track 2) and Kpn I (track 10)

32

cleaved cDm2189. P labelled pR42 was hybridised to EcoRI cleaved

D.melanogaster DNA (tracks 3, 5 , 13, 15 and 19) and cbm219 (tracks 4 and 18),
and to Bst I, Kpn I, Bst I/EcoRI, Kpn I/EcoRI and Sst I/EcoRI digested

D.melanogaster DNA (tracks 8, 11, 14, 16 and 17 respective]y); it was also

hybridised to Kpn I cleaved cDm219 (track 12). The 1.6Kb Xma I/ECORI
fragment was gel purified, radiolabelled and hybridised to EcoRI cleaved

D.melanogaster DNA (track 6). The samples of tracks 7 and 8 were electrophoresed

through a 0.5% agarose gel for 40 hours at 1.5V/cm, the remaining samples
were electrophoresed on 0.6% gels. ‘

Samples of digested DNA which were electrophoresed on the same
agarose gel are arraﬁged in groups (tracks 1 to 4, 5 and 6, 7 and 8, 9.to0
12, 13 and 14, 15 and 16, and 17 to 19). EcoRI cleaved D.melanogaster

DNA hybridised with 32P pR32 is included where relevant as a reference in

the separate groups (tracks 5, 13, 15 and 19). The sizes of various
restriction fragments in genomic DNA or cDm219 which hybridise to Zeta

sequences are Jiven in Kb é]ongiside the tracks.
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Dm219, also hybridises to five other fragments of 3.0, 4.1, 5.8, 7.4 and
n25Kb with approximately equal intensity.(Figure 19, tracks 3 and 4). These
results indicate that the zeta element of Dm219 is part of a family of

moderately repetitive sequences within the D.melanogaster genome., The

sequences of pR37 and pR42 are found not only in the expected2.6 and 1.8Kb
EcoRI fragments which correspond to those of Dm219, but in the :case of pR42

they are also Tinked to five other sequence arrangements in the genome.

Hybridisation of pR37 and pR42 to Bstl Cleaved D.meélanogaster DNA

Bstl does not cleave the zeta element of Dm219, it also does not
cleave the majority of the EcoRI fragménts in the genome to which pR427 '
hybridises. One exception is the ~25Kb which is digested by Bstl to a
size of 6.3Kb, in addition several other fragments at a 1owér intensity
are seen (Figure 19,.track 14). This means that pR37 and pR42 will
hybridise to identical Bstl fragments if they are Tinked together 1in the
genome. Figure 19, tracks 7 and 8 show the hybridisation of pR37 and
pR42 respectively to Bst I cleaved genomic DNA. Both probes hybridise to
an identical set of fragments of greater than 7.4Kb, including one which
comigrates with the 11.4Kb fragment of Dm219, which contains the zeta
element. In addition, pR37 hybridises to fragments of 5.3 and 6.4Kb, which
show no hybridisation to pR42. This shows that the majority of sequences
homologous to pR37 and bR42 in the genome are linked, but some in pR37 occur

independently of those in pR42.

‘D.melanogaster Genome

The above data reveals that there are seven major arrangements of the

zeta element within the D.melanogaster genome, these are shown in Figure 20,

The smallest of these (z1) consists of the unlinked pR37 sequences, while
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Figure 20 The major arrangements of zeta sequences within the

D. melanogaster genome

The seven major arrangements were determined from the hybridisation
of Dm219 zeta element sequences to restriction endonuclease cleaved

D.melanogaster DNA electrophoretically fractionated and transferred to

nitrocellulose (Figure 19). For comparison the zeta element of Dm219
and its flanking Type I sequences is shown. The determination of the copy

numbers of the various zeta arrangements within the genome is described in

the text and in Figure 22.
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the others consist of the 2.6Kb Eco fragment linked to either the 1,8Kb
fragment or any of the other five EcoRI fragments to which pR42 will
hybridise. The z;; arrangement of Figure 20 corresponds to the zeta
element of Dm219, the restriction map of which is also shown in this

figure.

The Flanking Sequences of the Zeta Arrangements

Several experiments were carried out to determine the nature of

the sequences flanking the zeta arrangements within the D.melanogaster

genome, In particular to see if they were linked to Type I insertion
sequences. |
Figure 19 (track 6) shows the hybridisation of the 1.6Kb Xmal/EcoRI
fragment to EcoRI cleaved genomic DNA.  In Dm219 this fragment is located
to the immediate right of the 1.8Kb EcoRI fragment cloned in pR42. It
hybridises to the same EcoRI fragments in the génome as does pR42 with the
exception of the 1.8Kb fragment. Thus not only are the majority of the
sequences present in pR37 and pR42 linked in the genome, but they are also
Tinked to those of the Xmal/EcoRI fragment (See Figure 20). This indicates
that the EcoRI site separating this fragment from that of pR42 is not
conseryed in comparison to those producing the 2.6Kb EcoRI fragment.
Experiments were also carried out to identify other restriction fragments

in the D.,mélanogaster genome which contain both the zeta element and Type 1

insertion sequences. The 11.4Kb Bstl fragment of Dm219 has a]readylbeen
fdentified. Kpnl cleaves the zeta element of Dm219 once in the 2.6Kb
EcoRI fragment (see Figure 12) producing fragments of 5.8 and 5.0Kb,.both
of which contain Type I sequences. The sequences in pR37 will hybridise to
both of these fragments, while pR42 will only hybridise to the latter.

When they are hybridised to Kpnl cleaved genomic DNA a Targe number of

fragments are revealed. PpR37 hybridises to a smear of fragments of
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between 5.0 and 6.0Kb (Figure 19, track 9) which makes it difficult
to identify the 5.8 and 5.0Kb fragments of Dm219. A smaller number of
fragments hybridise to pR42, most of which are also between 5.0 and 6.0Kb,
the most intensely hybridising fragment comigrates with the 5.8Kb KpnlI
fragment of Dm219 (Figure 19, tracks 11 and 12). This is surprising
as the 11.4Kb Bst I fragment of Dm219 is a minor fragment amid a large
._number of others (Figure 19, tracks 7'énd 8). The most likely explanation
is that some of the other zeta arrangements in the genome contain an
internal 5.8Kb Kpn I fragment. This predicts that some of the other EcoRI
fragments which hybridise to pR42 will be cleaved by Kpn I. Figure 19 (track
16) shows the result of hybridising pR42 to an Kpn I/EcoRI digest of
Drosophila DNA. Both the ~ 25 and 5.8Kb EcoRI fragments are cleaved by Kpn I,
and a new fragment of 4.8Kb appears. This when combined with the pR37
sequences as shown in Figure 20 equals the 5.8Kb Kpn fragment. A similar
experiment was done with Sst I. Both the ~ 25 and 5.8Kb. EcoRI fragments
are cleaved by Sst I, resulting in a new fragment of 5.1Kb (Figure 19,
track 17).

These two results are shown in Figure 20, together wjth.that of the
Bst I/EcoRl digest. It can be seen that the Kpn I and Sst I sites in
%/ and ;vfl together with the Bst I site of the latter align with sites
in Dm219. This suggests that these two arrangements contain Type I sequences,
but the complexity of the hybridisation patterns seen in Figure 19 makes

this conclusion ambiguous.

The Zeta Sequences to the left of pR37 in the D.melanogaster Genome

The zeta arrangements shown in Figure 20 were derived from hybridisation
experiments using pR37 and sequences to its right of the Dm219 zeta element
as probes. In order to characterise the sequences to its left in the

D. melanogaster genome the 2.1Kb Pst I/Eco Rl fragment was used as a probé.
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Figure 21 Hybridisation of zeta sequences to the left of pR37

to restriction endonuclease cleaved D.melanogaster

DA

Restriction endonuciease cleaved DNA was electrophoresed through

a 0.6% agarose gel and transferred to a nitrocellulose filter. They were

then hybridised with either the °°

32

P labelled 2.1Kb Pst I/EcoRI fragment
(tracks 3, 4 and 5), 2P pR37 (tracks 1, 2, 6, 7 and 8) or 2P pR42 (track 9).

The tracks contain D.melanogaster DNA cleaved with EcoRI (trécks 2 and 3),

Pst I (tracks 5, 6 and 9), or-£§§_1[§ggRI (tracks 4 and 7). pB74 cleaved
with Pst I or Pst I/EcoRI was electrophoresed in tracks 1 and 8 respectively,

the sizes of some of its restriction fragments are given alongside the tracks.
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This fragment togéther with the Pst I sites of the zeta element are shown in
Figure 12.  When either this fragment or pR37 is hybridised to Pst I
cleaved genomic DNA the 3.6Kb Pst I fragment which is homologous to
both of these probes is a minor species among a large number of fragments
(Figure 21, tracks 5 and 6). The most intense hybridisation of pR37
is to a fragment of~0.90Kb, a slightly smaller fragment is seen when pR42
is used as a probe (Figure 21, track 9). This suggests that it contains
'sequences homologous to both pR37 and pR42, although its sizg is different
to the25kbPst I fragment which overlaps the 2.6 and 1.8Kb EcoRI fragments
of Dm219. As expected the 3.6Kb Pst I fragment in genomic DNA, 1ike that of
Dm219, is cleaved by EcoRI, but only approximately 60% of the ~ 0.90Kb Pst 1
fragments are digested, resulting in a fragment of about ~0,5Kb (Figure 21,
track 7). This is unexpected if it is the equivalent of the Dm219 2.5Kb
Pst I fragment which is cleaved by EcoRI, also this site appears to be
conserved in genomic DNA (see FigureIZO). When-the 2.1Kb Pst I/EcoRI
fragment is hybridised to a PstI/EcoRI digest of genomic DNA, a fragment
which comigrates with it is seen, but there are also about 30 other fragments
of equal intensity in the 3.3Kb region of the gel (Figure 21, track 4). This
fragment hybridises to a large number of EcoRI fragments in genomic DMA,
which range in size from 25 to 2.8Kb, the most intense being 4.8Kb.

These experiments reveal two main features of the zeta arrangements in the

D. melanogaster genome. Firstly hybridisation of zeta element probes to Pst I

cleaved genomic DNA reveals considerably more internal heterogeneity than was
previously shown with Kpn I, EcoRI and Bst I. Secondly sequences homologous
to the left hand end of the Dm219 zeta element in the genome are far mdre
heterogeneous than those on the right. This is seen by comparing the
hybridisation pattern of the 2.1Kb Pst I/EcoRI fragment to that of the 1.6Kb
Xmal/EcoRI fragment to EcoRl cleaved genomic DNA (Figure 19, track 6; Figure
21, track 3). | |
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4. 'Quantitation of Zeta Sequences in the D.melanogaster Genome

The previous section described the arrangement of sequences in the

D.me1anogastef genome homologous to the zeta element of Dm219. It indicates

that the arrangement found in Dm219 is a minor part of the total number.
Some of the other zeta arrangements also appear to be linked to Type I
sequences.

The number of copies of each zeta arrangement in the D.melanogaster

genome was determined by quantiative gel transfer hybridisations (Lis et al.,
1978). A standard curve of the intensity of hybridisation of the . 32P probe
to known amounts of either cDm219 or pB74 was constructed. By comparing
the intensity of hybridisation of restriction fragments in a known amount
of genomic DNA with the standard curve, the copy number of the restriction
fragment could be determined. Efficient transfer of the larger restriction
fragments in the genome relative to those .of cDm219 used to construct the
standard curve was achieved by short wave ultra violet irradiation of the
gel prior to transfer. This nicked the DNA within the gel so reducing its
length when denatured for transfer to the nitrocellulose filter. The
efficiency of transfer of fragments in different parts of the gel was
monitored by including Hind I1II cleaved phage A in several gel tracks. It
was detected after transfer to nitrocelluiose by including in vitro labelled
32PAv(Rigby et al., 1977) in the hybridisation solution.

The copy number of the EEQRI fragments in genomic DNA homologous
to pR42 and pR37 was calculated from the standard curve of the hybridisation
of these probes to EcoRI cleaved cDm219 (Eigure 22A).  The copy numbers of the
major EcoRI fragments which hybridise to pR42 and represent the zeta
arrangements of Figure 20 are 4,2, 3, 6, 3 and 2 for the 1.8(zy,), 3.0 (1111)>

4.1 (Cly)a 5.8(;v) 7'4(Cﬁ) and ~ 25Kb(z, . ) EcoRI fragments respectively. This

V11
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Figure 22 Quantitative gel transfer hybridisations of zeta sequences

to D.melanogaster DNA

Quantitative gel transfer hybridisations were carried out as described
by Lis et al. (1978). After electrophoresis the gel was irradiated with

short wave ultraviolet Tight for 10 minutes. The DNA was then transferred

to nitrocellulose filters and hybridised at a concentration pf 20ng/m]

with 32p pR42 (specific activity 8.8 x 107 cpm/ug) or 32
activity 6.4x107 cpi/ug). In both cases 32P labelled A DNA (specific

P pR37 (specific

activity 7 x 107 cpm/ug) was included at a concentration of 0.23 ng/ml.
Several autoradiographs were taken, and ones which gave a linear dose
response with increasing amounts of plasmid DNA when traced with a Joyce-
Loebal microdensitometer were used to estimate the amount of zeta sequences

within the D. melanogaster genome.

(A)  Track 1 contains 1.03ug of EcoRI cleaved D.melanogaster DNA,

tracks 2, 3, 5, 6, 7, 9 and 10 contain 0.019, 0.034, 0.078, 0.16 and 0.31 ng
of EcoRI cleaved cDm219 respectively, tracks 4, 9 and 11 contain 0.5ug of -
Hind III cleaved A. After electophoresis through:a 0.6% agarose gel and

hybridisation with S°

P labelled pR4Z and A the autoradiograph which is
shown, was used to construct the i]]ustrated linear close response for tracks

2,3, 5 and 6. These contain relative to the D.melanogaster the equivalent

of 0.97, 1.94, 3.84 and 7.83 copies of the 1.8Kb EcoRI fragment per genome.
A densiometric tracing of track 1 is shown, the ordinate is calibrated from

the linear dose response curve.

32

(B) Hybridisation of ““P pR37 to 1.03pg of EcoRI cleaved

D.melanogaster DNA after electrophoresis through a 0.6% agarose gel and

transfer to a nitrocellulose filter. A densiometric tracing of the auto-
radiograph is shown. The ordinate was calibrated from a linear dose

response curve of the hybridisation to EcoRI cleaved cDm219 which contained



the equivalent of 0.97 to 31.33 copies of the 2.6Kb fragment per genome.
In this exposure the hybridisation of pR37 to the 2.6Kb EcoRI fragment in

the D.melanogaster genome is outside the linear dose response of the

tracing. A shorter exposure where a linear dose response was obtained
from 8 to 64 copies of the 2.6Kb fragment was used to estimate that it is

present 18 times per genome.

(C) 32P pR42 was hybridised to 2.06ug of Bst I cleaved D.melanogaster

DNA which has been electrophoresed through a 0.5% agarose gel at 1.5v)cm for
40 hours. A densiometric tracing of fhe autoradiograph is shown, its
ordinate was constructed from the Tinear close response curve of the
hybridisation of pR42 to Bst I cleaved pB74 which contained the equivalent

of between 1.03 and 16.62 copies of the 11.4Kb Bst I fragment per genome.
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adds up to 20 copies of pR42 sequences in these arrangements. The total
number was estimated to be 32 by summing the area under the densitometric
tracing of pR42 hybridised to EcoRI cleaved genomic DNA.

pR37 hybridizes mainly to an EcoRI fragment in genomic DNA which
comigrates with the 2.6Kb EcoRI fragment of Dm219, this was found to be
present 18 times per haploid genome (Figure 22B). This is close to the value
.of 20 for the copy number of the major EcoRI fragments which hybridise to pR42,
and so it is consistent with the 2.6Kb EcoRI fragments being linked to these
in the genome as is shown in Figure 20. When the minor fragments which
hybridise to pR37 are included, the total number of sequences is 42 per
haploid genome. The discrepancy between the total number'of sequences
homologous to pR37 and pR42 in the genome (42 compared with 35) might be due to
the presence of additional pR37 sequences unlinked to those of pR42, which
would result in a higher copy number.

Both pR37 and pR42 hybridise to identicalbgig I fragments which are
larger than 7.4Kb in the genome, indicating that the majority of these
two sequences are linked. The copy number of the Bst I fragments homo]ogoué _
to pR42 was determined using a standard curve of the hybridjsafion of pR42
to Bst I cleaved pB74. From this the copy number of each of the 14 major
Bst I fragments which hybridise to‘pR42 was found to be between one and two
per haploid genome (Figure 22C). The 11.4Kb Bst I fragment of Dm219 was
found to be present approximately twice per haploid genome. The total number
of sequences homologous to pR42 in this experiment was 31, which is close to
the value of 35 estimated from its hybridisation to EcoRI cleaved

D.melanogaster DNA.

The copy numbers from these experiments suggest that the same zeta
arrangements are present on several different Bst I fragments in the genome.
This is because there are only one or two copies of each of the major Bst I

fragments per genome, while there are between two and six copies of each of
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the zeta arrangements shown in Figure 20. This means that some of the
members of a particular arrangement have to be present on different Bst I
fragments. It then accounts for there being four copies of the z;;
arrangement found in Dm219, but only two copies of the Dm219 11.4Kb Bst I
fragment. The additional members of ¢;;, presumably are found on other
Bst I fragments. Alternatively the members of a particular zeta arrangement
might differ.due to the presence or absence of Bst I sites, (compare the
intensitities of EcoRI fragments in track 13 with those in the Bst I/EcoRI
digest of track 14, Figure 19).

Some of the restriction fragments in Bst I or EcoRI cleaved genomic
DNA which hybridise to pR37 or pR42 aré present less than once per haploid
genome. There are several possible reasons for this. Firstly, the
restriction fragments in the genome might only be partially homologous
to the probe. This could be due to sequence divergence creating additional
Bst I or EcoRI cleavage sites, or decreasing the stability of hybrids
between the fragment and the probe. Both would lead to a weaker
hybridisation signal and hence underestimation of the copy number.
Alternatively the genomes of individual flies in the population from which
the DNA was prepared might vary in their restriction sites, which-wduld

also lead to fragments being present less than once per genome.

5. Linkage between Type I and Zeta Sequences in the D.melanogaster Genome

The copy numbers obtained from'the quantitative gel transfer
hybridisations described in the previous section allow an estimation on the
degree of Tinkage between Type I and zeta sequences. This assumes that
the restriction sites present in Z, and ;Vllindicate that they contain
Type 1 insertion sequences (see Figure 20). If this is correct, then

together with the two copies of Dm219 in the genome, a total of 12 out of
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35 (34%) of the zeta sequences (represented by pR42) are linked to Type I
insertion sequences.

Because of the complexity of the hybridisation patterns of zeta
element probes to genomic DNA, the assumption that Ly and vl contain
Type 1 sequences may be incorrect. More.definitive evidence of their
Tinkage in the genome was obtained by an alternative approach. This was
. to measure the frequencey of plaques obtained from a library of randomly

sheared D.melanogaster Oregon R DNA cloned in phage A which hybridise to

both zeta element and Type I insertion sequences. The library was obtained
from D.S. Hogness, and its construction is described in Chapter 2. It was
used to infect a Jawn of E.coli, Four replicas of the resulting plaques were
then taken onto nitrocellulose disks by the procedure of Benton and

Davies (1977). These were then bybridised to radiocactive probes containing
zeta element (pR37 and pR42), Type I insertion (pB7) or rDNA (po238/29)
sequences. After autoradiography the number of plaques homologous to each
probe was counted (see Table 2); Using this data the copy number of each

sequence in the genome could be calculated from:

———P———4—- X - L X 1.65 x 105
2.4 x 10 20
L

Where 2.4 x 104 is the number of plaques screened, 20 is the average size

(in Kb) of the D.melanogaster DNA carried by each plage, and 1.65 x ]05 is

the size of the D.melanogaster haploid genome in Kb (Rasch et al., 1973).

P is the number of plaques which hybridised to each probe, and is given in
Table 2. L is the length ofbthe segment of Drosophila DNA in the probe,
which was 1.8 for pR42, 2.6 for pR37, 4.0 for pB7 and 12Kb for pDWn238/29.

From this the following copy numbers per haploid genome was calculated to be 18,



TABLE 2

The number of plaques homologous to Type I, rDNA and‘Zeta

Sequences obtained from a library of D.melanogaster DNA

cloned in bacteriophage A

110.

32p abelled |  pDm23s/29 0B7 DR37 . pR42
probes

Number % Number % Number ¢ | Number %
pDm238/29 149 63.5 69 26.5
pB7 69 31.7 171 65.7 8 12.3 12 23
pR37 8 3.0 44  67.6 17 32.6
pR42 12 4.8 17 26.1 23 44 .4
TOTAL 218 100 260 100 65 100 52 100

A total of 2.4 x 104 plques generated from a 1ibrary of D. melaogaster

DNA cloned in bacteriophage A (materials and methods) were screened by the

procedure of Benton and Davies (1977).

hybridised with

107

plaques which hybridised to one or two probes.

pB7, pR37 and pR42.

32

cpm/ug at a concentration of 2ng/ml.

which hybridised to a given probe.

The nitrocellulose filters were

The table gives the number of

P labelled DNA which had specific activities of approximately

Four plaques hybridised to

The percentages are of the total number of plaques
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22, 89 and 75 for pR42, pR37, pB7 and pDm238/29 respectively.

These values rest on two assumptions, the first is that each
sequence is found only once in any given recombinant phage, and secondly
that there is no preferential loss of particular sequences from the library.
For tandemly repeated sequences of less than 20Kb in length such as rDNA
and the Type I sequences of Dm219 the first assumption is incorrect.

In the case of rDNA where the size distribution of the units is known
| the average size can be calculated to bé 14Kb. This means that phage -
with 20Kb inserts of Drosophila rDNA will contain on average 1.43 units.
When the original copy number is muitipliied by this a value of 105 per
haploid genome is found. For non-rDNA Type I sequences, the proportion
which are arramnged in tandem, and their size distribution is unknown,
and so the copy number cannot be adjusted. The second assumption is
also unjustified as some tandemly arranged sequences are unstable in
recombinant phage » (B. Klein and K. Murray, personal communication).
If this were true for the rDNA, then it would account for the low value
of 105 units per haploid genome in comparison to values of 250 as determined
by DNA:RNA saturation hybridisation experiments (Tartof, 1973). The
second assumption might a]sogffect tandemly arranged Typé I sequences, and
possibly zeta sequences associated with them. This would explain the
different copy numbers obtained by this method compared to those obtained
by quantitative gel transfer hybridisations (22 against 42 for pR37, and
18 against 35 for pR42).

The degree of linkage between zeta sequences and Type I sequences
was determined from Table 2, 33% of sequences homologous to pR42 are |
Tinked to those found in pR37, and 23% to the Type I sequences of pB7."

This is lower than those determined by quantitative gel transfer hybridisation
experiments where values of 100% and possibly 34% were obtained. For pR37,

26% are linked to pR42 and 12% to pB7, which is also Tower than the previously
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determined values of 83% and possibly 28% respectively.

The plaques which contained Type I sequences could hybridise to
either the rDNA or zeta element probes, or to neither. From Table 2
the number of rDNA units with Type I insertions is 31%. The DNA used
to construct the Drosophila library was prepared from a mixture of males
(X/Y) and females (X/X). As Type 1 insertions only occur in the rDNA
of the X chromosome, in 49% of the units (Wellauer et al., 1978); the expected
percentage of plaques containing rDNA which hybridise to Type I probes can
be calculated to be about 36.75%. The majority of the plaques which
hybridised to pB7 did not hybridise to the rDNA probe, this value (74%)
is higher than expected but supports the conclusion that fhere is a large
number of non-rDNA Type I sequences in the genome.

A comparison of the results of the plaque hybridisation periment
with those obtained by other methods iqdicate that it is only semi-quantitative.
The data is consistent with the structure of Dm219 as zeta sequences can

be found linked to Type I sequences in the genome.
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CHAPTER V

DISCUSSION

The number of cloned segments of non-rDNA Type I sequences isolated
was considerably Tower than expected. Quantitation of Type'I sequences
fractionated on cesium chloride gradients containing various dyes indicate
that similar amounts are found linked and unlinked to the rDNA (Dawid and
Wellauer, 1977). This means that of the colonies which hybridise to CRNA
from pDm103, half of those containing Type I sequences should not hybridise
to rDNA probes. Thirty-seven out of the 144 screened hybridised to the
insertion probe and so approximately 17 shou]dhave contained non-rDNA
Type I seqences but only one, cDm219, was found. This probab]y results
from preferential transcription of rDNA rather than the insertion sequences .
of pDm103 by E.coli RNA polymerase. This would bias the original screen
with such cRNA towards the selection of colonies containing rDNA.  Support
for this comes from the finding of Type I sequehces in the plasmid cDm207
(Roiha and Glover, manuscript in preparation) previously thought not to
contain Type I sequences, since it did not show hybridisation to cRNA from
pDm103 (Glover, 1977). A

The plasmid, cDm219, which was isolated from this écreen was shown
by restriction mapping and hybridisation experiments to consist of five
tandemly arranged units homologous to the insertion of Dm103 (Figure 8).
Units 3 and 4 are only 4Kb, both having an identically positioned deletion
of 1.4Kb. In contrast unit 2 is 11.4Kb as a result of an 8Kb subéfitution,

the zeta element, which replaces 2Kb of Type I sequence.
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The arrangement of Type I sequences in Dm219 is characteristic of

a significant proportion in the D.melanogaster genome. EcoRI does not

cleave Type I secuences, and so tandem arrangements like Dm219 are contained in
large EcoRI fragments which band at a lower density in cesium chloride-
actinomycin D density gradients than rDNA.  These large EcoRI fragments
are digested to fragments the size of the repeating unit by restriction endonucleases
such as Bst I which have only one cleavage site per unit (Figure f8). The
Bstl generated fragments form a compact array of between 3.8 and 5.4 Kb,
suggesting that the units of the tandem arrays are heterogeneous in size.

Not only do the units of Dm219 differ by the presence or absence
of deletions and substitutions, they also show variation in the poéition of
restriction sites. Most of this variation is limited to two §§i 1 fragments
at the left of each unit which vary in size from 0.35 to 0.29kKb. Only in
units 4 and 5 are these fragments identical. Units 3 and 4 have identically
positioned deletions but different restriction maps. Unequg] exchange might
act on tandem arrays of Type I sequences resulting inthe saltation of similar
units.  The deletion might have occurred in one unit which was then duplicated,
for example by exchange events, and the two units might then have undergone
sequence divergence to produce the different restriction maps of units 3 and 4.
Unlike the Type.I sequences of Dm219 those of the rDNA are relatively
homogeneous. When three other full length Type I rDNA insertions were
examined, only one, Dm206, had a different restriction endonuclease cleavage
pattern to Dm103. This was found to be similar to the variation in the two
small Sst I fragments of the units of Dm219. One of these fragments in
Dm206 is about 20 bp shorter than the equivalent fragment in Dm103. The
variation in this region of the Type I sequences of Dm219 and the rDNA might
aldo have arisen by unequal exchange in their respective tandem arrays.
The differences between the Type I sequences represented by Dm219 and those
of the rDNA suggesfs that exchange does not occur betweer the two sequences.
This would argue that Type I insertions are not transposable elements of

the type found in prokaryotes (reviewed by Shapiro et al., 1977; Kleckner, 1977)



115.

or possibly in Drosophila (Finnegan et al., 1977; Potter et al., 1979; Strobel
et al., 1979). These transposable elements show very little sequence variation.
It is possible that only Type I sequences located in the rDNA are transposable
in which case they would have a very specific intergration process 1imited
to a sequence in the 26s rRNA gene.

The substitution found in unit 2 (the zeta element) was found to
contain homologous sequences at or near its ends. This is similar to the
" transposable elements of prokaryotes and the putative elements of Drosophila
(Finnegan et al., 1977). The distribution of zeta sequences'within the

D.melanogaster genome was examined by the technique of Southern (1975).

Seven major sequence arrangements of the zeta element were found, constituting
a total of 20 copies per haploid genome (Figure 20). Two of the arrangements
have restriction maps suggesting that they are linked to Type I sequences.
However, the complexity of the hybridisation pattern of zeta element probes

to genomic DNA renders this conclusion ambiguous. The frequencies of
recombinant phage containing both Type I and zeta sequences in a 1ibrary of

D.melanogaster DNA cloned in phage{A; indicates that 12 to 23% of the zeta

sequences are linked to Typé I sequences., This is to be compared with
possibly 28 to 34% determined by gel transfer hybridisation experiments.

A comparison of both copy number and linkage values determined by plaque
Hybridisation experiments with those obtained by other methods suggest that
they are most likely underestimates. For example, there are 105 copies of
rDNA per haploid genome when determined by this method, compared with 250
from RNA:DNA saturation hybridisation experiments. Secondjy the.gé] transfer
hybridisation experiments indicate that 100% of the sequences in pR42 are
Tinked to those of pR37 in the genome, compared with 17% determined by plaque
hybridisation. The frequent association of zeta sequences with Type I
sequences might explain the deletion in unit 2. If two zeta elements are

present at different sites within tandemly arranged Type I sequences, recombination
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between the two elements would lead to a deletion in one of the units
(such as unit 2 of Dm219) and a duplication in the other.
The copy number of the zeta element suggests that it forms part of

the middle repetitive DNA of the D.melanogaster genome. This sequence

class in Drosophila makes up about 16% of the genome, and consists of families
of sequences which are each present about 35 to 100 times dispersed in 6.0 Kb
blocks throughout the genome (Manning et al., 1975). The chromosomal
location of a particular middle repetitive sequence represented by a cloned

segment of DNA varies in different strains of D.melanogaster. This suggests

that the middle repetitive sequences have the ability to transpose to different
chromosomal locations (Finnegan et al., 1977; Strobel et al., 1979; Potter

et al., 1979; Young, 1980). The zeta element of Dm219 might be similar

to these putative transposable elements. Firstly it has a sequence repeat

at or near its ends and secondlys. the different zeta arrangements
(Figure 20) might represent different chromosomal Tocations. and hence
different flanking sequences. As at least 12 td 23% of the zeta sequences

are linked to Type I sequences and most of the zeta arrangements are present
more than once per genome, it suggests that if the zeta element is transposable,

it only integrates into certain sequences.

The Chromosomal location of Dm219

The insertion of Dm103 hybridises in situ to the nucleolus, the
chromocentre and to chromosome 4 of polytene chromosomes (Peacock et al.,

manuscript in preparation). In the salivary glands of D.melanogaster

the centromeres of the polytene chromosomes and their surrounding heterochromatin
fuse together forming the chromocentre (Lefevre, Jr., 1976). The hybridisation
to the chromocentre of the Dm103 insertion could locate these segménts to

the centromeric heterochromatin of any of the four chromosomes in the

D.melanogaster karotype. A better idea of its Tocation is obtained by in situ
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hybridisation to the diploid metaphase chromosomes of neuroblasts. Here
almost all of the hybridisation is limited to a block of héterochromatin

which contains the nucleolus of the X chromosome. Less than 10% of the

silver grains are located on the Y chromosome and none at all on any

of the other chromosomes. This suggests that the majority of the non-rDNA
Type I sequences are located in the heterochromatin surrounding the nucleolus
of the X chromosome (Peacock at al., manuscript in preparation). Only 5%

of the silver grains are located over the chromocentre when the Dm103 insertion
is hybridised in situ to polytene chromosomes, although simi]ér amounts of

Type I sequences occur linked and unlinked to the rDNA (Peacock et al.,
manuscript in preparation; Dawid and Wellauer, 1977). This might be

because the repetitive DNA of the chromocentre is under-replicated during
polytenisation (Gall et al., 1971) which would lead to a weaker hybridisation
signal from the non-rDNA type T sequencés compared to those 1n the nucleolus.
Alternatively most of the non-rDNA type 1 sequences might occur in the nucleolus
Tinked to the rDNA although not interrupting it. The position of the non-
rDNA Type I sequences has been further localised using inversions of the X

chromosome. The proximal breakpoint of the wm4

inversion is ‘Tocated very
close to the distal end of the rDNA (see Figure 2). In this inversion a

large part of the X heterochromatin (Xh) distal to the rDNA is now located
near the telomere. When rDNA is hybridised in situ to this chromosome in
diploid neuroblasts the silver grains are still located over the heterochromatin
near the centromere. In contrast, when Type I insertion sequences are used

as a probe;two regions of the chromosome hybridise, one region near the
centromere and the other near the telomere (R. Appels, personal communitation).
For hybridisation to occur in situ to diploid chromosomes, the chromosomal
sequences must be repetitive. This means then a large amount of the non-rINA
Type I sequences are located in the heterochromatin of the X chromosome

distal to the nucleolus (see Figure 2).
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Bob Levis and David Glover have carried out in situ hybridisations
with subcloned fragments of Dm219 to salivary gland polytene chromosomes.
pB7 which only contains Type I insertion sequences hybridises as expected
to the nucleolus, the chromocentre and to a band of chromosome 4. When pR37
is used as a probe the silver grains are located over the chromocentre and a
Tesser number over region 42A of the second'chromosohe. pR42 hybridisés solely
to the chromocentre. The common region of hybridisation of these probes
representing both the Type 1 and zeta sequences is to the chromocentre:
thus Dm219 originates from this chromosomal region. This suggests that
Dm219, 1ike most non-rDNA Type I sequences, is located in the heterochromatin
distal to the rDNA of the X chromosome,which is part of the chromoéentre of

polytene chromosomes.

The Chromocentre

The heterochromatin of the chromosomes which fuses tb form the
chromocentre makes up a larger part of the genome than is apparent in the
polytene chromosomes of sa]ivary g]ands; A better idea of the proportion
of heterochromatin in the genome is obtained when diploid metaphose chromosomes
from neuroblasts are examined. Here 22 to 31% of the HapToid‘genome of
females is darkly staining heterochromatin (Peaéock et al., 1977). The Y
chromosome which contains‘about the same amount of DNA as the X chromosome
cannot be seen 1n~sa]ivary gland polytene chromosomes because it is completely
heterochromatic in this tissue. The Y chromosome does however contain genes
for male fertility (Williamson, 1976), suggesting that the heterochromatin is
not necessarily genetically inactive.

About 25% of the D.melanogaster genome consists of highly repetitive

satellite sequences. In situ hybridisation locates these sequences almost

entirely to the heterochromatin, with very 1ittle Tabelling of the euchromatic
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arms of polytene chromosomes (Peacock et al., 1977). The heterochromatin of
the X and Y chromosomes also contains the genes for rRNA (Ritossa, 1976).
Cloned middle repetitive sequences hybridise in situ to the chromocentre
(Wensink et al., 1974; Glover et al., 1975). Some of these of the “copia"
type are dispersed throughout the genome and are thought to be transposable
elements (Finnegan et al., 1977). Also sequences homologous to the tandem
arrays located at 87C1-3 which are transcribed during heat shock are found

" at the chromocentre (Lis et al., 1978). Both polysomal poly AT RNA from:
normal cells and poly AT RNA from heat shocked cells hybridisé in situ to
the chromocentre (Spradling et al., 1975; Spradling et al., 1976). However
in both of these cases it is not clear if the RNA is transcribed from

chromocentric DNA or homologous sequences in the euchromatin.

The Heterochromatin Distal to the rDNA of the X Chromosome

The sequence organisation of the heterochromatin is clearly complex
and the significance of finding Type I and'zetasequences in it is not obvious.
It suggests that the zeta element is ot part of the dispersed middle repetitive
putative transposing sequences of ﬁrosophila.\ A significant ﬁropbrtion of the
non-rDNA Type I sequences are located in the Xh distal to the rDNA.  This
region of the hetérochromatin has been shown to affect the expression of
. the rDNA.

Procunier and Tartof (1978) have put forward the hypothesis that the
Xh contains a region capable of sensing a deficiency in its homoTogue and
then promoting the disproportionate replication (dosage combeﬁsation) of its
own rDNA.  This region, named the compensatory response (cr) locus,was’
Tocalised to the heterochromatin distal to the rDNA by using various

deficiences of the X chromosome. A chromosome which is deficient for cr(cr )

is sensed by its homologue (cr+) which in response, disproportionately replicates

its rDNA.  For this to occur the cr' locus has to be contiguous with jts rDNA.
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If it is separated from its rDNA by an inversion of the X chromosome such
as wm4 (see Figure 2) and placed with a cr chromosome, no dosage compensation
occurs. The cr ]6Eus of the X can detect cr Y chromosomes and cause dosage
compensation. However it is claimed the reverse does not occur; a erty
chromosome does not dosage compensate when placed with a cr’ Y chromosome.
(Procunier and Tartof, 1978).

Sequences in this }egion of the Xh have also been found to interact
with a autosomal gene. Female homozygous for thegéneabnorma1 oocyte
(abo), which is an autosomal recessive maternal effect mutant of the second
chromosome, produce eqgs which have a decreased change of survival relative
to wild type flies. The eggs can be rescued by increasing'doses of either:the
Y chromosome or of Xh (Sandler, 1970). |

By testing of the eggs of homozygous abo females caould éti]l be
rescued by X chromosome deficient for various regions of Xh, the region
responsible for this effect was located to the Xh distal to the rDNA (Xhabo,
Parry and Sandler, 1974). When flies are kept homozygous for abo over: -
several generations they cease to show the aho phenotype and have a several
fold increase in their rDNA content (Krider and Leyine, 1975). It seems
possible that this increased amount of rDNA is causing the loss of the abo
phenotype and that this is being mediated by the Xh distal to the fDNA.

The molecular basis of cr and Xhabo is completely unkhown. The
finding that non-rDNA Type I sequences are found in the same region of hetero-

chromatin as c¢r and Xhabo

is suggestive but not proof of a relationship
between the function of the rDNA and these sequences. It would be interesting

to see if the tandem arrays (large EcoRI fragments) of Type I sequences such

as Dm219 occur in the X chromosome deficiencies used to map cr and Xhabo.

~ However, even if they were missing in the deficiencies which gave cr~ pheno-
types and failed to rescue the eggs of abo/abo females, it would not necessarily

mean a correlation as the deficiencies remove large segments of DNA.  The
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analysis of other cloned segments of Type I sequences would help in the
characterisation of this region of the X heterochromatin. It would be of
particular interest to characterise the other zeta arrangements by molecular
cloning, in order to see if they coﬁtained repeating sequences at or near
their ends, and to obtain unambiguous evidence of their high frequency of
linkage to Type I sequences. The analysis of the zeta arrangements in

different strains of D.melanogaster by Southerns (1975) technique would make

- it possible to see if the different arrangements reflect zeta elements
transposing into different sequences. The multiple copies of each arrangement
might suggest that zeta elements have specific sites of intergration in
repetitive sequences. |

In conclusion then the easiest approach to underﬁtanding the role of
Type I sequences (both in and outside the rDNA) and the X heterochromatin is
a combination of methods. This would be to characterise more cloned segments
of DNA from this region, coupled with genetic manipulation of the Xh and
the rDNA,to obtain a possible correlation between the phenotypic effect of

the manipulation and changes occurring at the DNA level.
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APPENDIX I

ISOLATION AND IDENTIFICATION OF SUBCLONES

LS

The general procedure for the subcloning of restriction fragments into
pBR322 is given in materials and methods. It also describes the two procedure§
used to identify recombinant plasmids and their partial purification from U
cleared lysates for restriction analysis.

Figure 7 shows a restriction map of pBR322 together with the position
of its amplicillin and tetracycline resistance genes. It can be seen that the
tetracycline résistance gene contains Bst I and Hind III sites. Insertion of
a restriction fragment into these restriction sites inactivates the tetra-
cycline resistance gene and hence provides a preliminary screen for the identi-
fication of bacteria containing recombinant plasmids. - ThiS'}nvolved selection
for ampicillin resistant transformants and then screening these for tetracycline

sensitivity. Bacteria of this phenotype should contain recombinant plasmids.
This was confirmed and the identity of the inserted fragment determined by
restriction endonuciease analyses of partially purified DNA from cleared lysates
prepared from the tetracycline sensitive colonies.

The above proceduré for seTec%ing recombinant plasmids could not be
used when fragments were inserted into the pBR322 EcoRI site as this does not
occur in the tetracycline resistance gene. Instead the colony hybridisation |
procedure (materials and methods) was used to identify colonies containing
recombinant plasmids. This was checked by restriction analysis of DNA prepared

from the positive colonies.

1. Subcloning Restriction Fragments from cDm219

The bacterial vector pBR322 and cDm219 were cleaved with either EcoRI,

Bst I, or Bst I/EcoRI and 1igated together and used to transform E. coli. The
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jsolation and identification of subclones containing the various restriction

fragments of cDm219 is described below.

The 2.6 and 1.8Kb EcoRI fragments of cDm219

Ampicillin resistant transformants were selected, and screened by
the colony hybridisation procedure for recombinant plasmids containing
cbBm219 EcoRI fragments. The probes used were the 2.6 and 1.8Kb EcoRI

" fragments of cDm219, gel purified and nick translated with 32

P. Two of
the positive colonies from this screen pR37 and pR92 contain the 2.6 and 1.8Kb

EcoRI fragments of cDm219 respectively (Figure 23, tracks 1 and 3).

The Bst I fragments of cDm219

DNA was prepared from the ampicillin resistant, tetracycline sensitive
colonies and digested with either Bst I or Sst I. Digestion of plasmids
containing the 4Kb Bst I cDm219 fragments with Bst I gives a single band,
consisting of the 4Kb Bst I insert and the 4.3Kb pBR322 vector which comigrated on
this gel system (Figure 23 tracks 10 and 11). Cleavage of these plasmids
with Sst I vave slightly different reétriction patterns, two of the clones
pB2 and pB7 with different Sst I patterns (Figure 23 tracks 17 and 18) were
taken as representative of the two 4Kb Bst I fragments of cDm219.

Plasmids containing the 11.4 and 12.6Kb Bst I fragments were
identified by the presence of large Bst I fragments in the plasmids pB11 and
pB74 (Figure 23 tracks 8 and 9). Digestion with Sst I gaye,s]ightly different
restriction patterns with pB11 and pB74. The latter was shown to contain
the 11.4Kb Bst I fragment, as upon EcoRI digestion (Figure 23 track 21)'it gave
the 2.6 and 1.8Kb EcoRI fragments of cDm219.

The Bst I/EcoRI fragments of c¢Dm219

Partially purified DNA was prepared from cleared lysates (mater1a1s

and methods) of ampicillin resistant, tetracycline sensitive transformants and
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Figure 23 Identification of recombinant plasmids containing the

subcloned EcoRl, EcoRI/Bst I and Bst I fragments of cbm219

EcoRI cleaved pR37 (track 1) and pR42 (track.3) electrophoresed on
a 0.8% agarose gel alongside Bst I/EcoRI cleaved cDm219 (track 2), the
position of the 2.6 and 1.8Kb EcoRI fragments are indicated. EcoRI/Sst I
digests of cDm219 (track 4), pRB46 (track 5) and pRB108 (tréck 6) together
with EcoRI cleaved pBR322 (track 7) electrophoresed on a 0.8% agarose gel,
the position of the 2.8 and 2.27 Kb}§§§_1/§ggRI fragments are indicated.
Bst I digest of cDm219 (track 12), together with Bst I digests ofythe
subcloned Bst I fragments pB74 (track 8) pB11 (track 9) pB7 (track 10) and
pB2 (track 11), a Bst 1 digest of pBR322 is shown in track 13. The position
of the 12.6 and 11.4Kb Bst I fragments of cDm219 and of linear pBR322 is
indicated. Sst I digestions of pB74 (track 15) pB11 (track 16) pB7 (track 17),
pB2 (track 18) and of cDm219 (track 19) electrophoresed on a 1.5% agarosé
gel. EcoRI digestion of cDm219 (track 20) and pB74 (track 21) electrophoresed
on a 0.6% agarose gel. The samples 1in tracks 5 and 6, 8 to 11 and 15 to 18

are from cleared lysates. The letter 'p' refers to partial digestion products.



T28.

2:27

8 9 10 11 12 13 15 16 17 18 19

Figure 23.



126.

the inserted Bst I/Eco Rl fragment identified by Sst I/EcoRI digestion. The
Sst I site closest to the EcoRI site of the 3.1 and 3.9 EcoRI/Bst I fragments
had been mapped by gel purifying these fragments and digesting them with

Sst I (data not shown). DNA from the clone pRB46 gave an 2.27Kb EcoRI/Sst I
fragment (Figure 23, tracks 5 and 6) characteristic of the 3.1Kb EcoRl/Bst I
fragment (Figure 23, track 5) while pRB108 gave an 2.8Kb fragment characteristic

of the 3.9Kb EcoRI/Bst I fragment (Figure 23, track 6).

2. Subcloning the 11.4Kb EcoRI fragment of cDm238

The plasmid cDm238 contains a segment of randomly sheared D.melanogaster

DNA inserted into the bacterial vector ColEl by the dA:dt tailing technique.

The segment has an 11.4Kb EcoRI fragment containing an entire rDNA unit

lacking an insertion (D. Glover, personal communication). EcoRI cleaved cDm238
was ligated to EcoRI cleaved pBR322 and used to transform E.coli to ampicillin
resistance. Colonies containing the 11.4Kb EcoRI fragment cloned in pBR322

32P

were isolated by the colony hybridisation procedure. Nick translated
po]Oé was used as a probe. The pSCi01 vector of this plasmid hybridises
weakly to pBR322, but a far stronger hybridisation signal will be seen'if
the colony contains the desired recombinant plasmid due to the hybridisation
of Dm103 to the 11.4Kb EcoRI fragment. DNA was prepared from the colonies
which gave strong hybridi;ation signals and was then cleaQed with EcoRI. One
plasmid, pDm238/29, gave an 11.4Kb fragment which comigrated with that of
cDm238 (Figure 24 track 2) plus the pBR322 vector. pDm238/29 was chosen

as a recombinant plasmid containing the 11.4Kb EcoRI fragment of cDm238.

3. Subcloning the 17Kb EcoRI fragment of c¢Dmi103

cDm103 contains the 17Kb fragment Dm103 inserted into the
vector ColEl. Dml03 was cloned in pBR322 by 1igating EcoRI cleaved pBR322
and cDm103 together and using it to transform E.coli to ampicillin resistance.

Transformants containing Dm103 inserted in pBR322 were identified by the
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Figure 24 Indentification of recombinant plasmids containing the

11.4Kb EcoRI fragment of cDm238 and the 17Kb EcoRI fragment
of cDm103 |

EcoRI digests of cDm238 {track 1) pDmz38/29 (track 2) and pBR322
(track 3) electrophoresed on a 0.8% agarose gel. cDmI0O3 cleaved with
Bst I/EcoRI (track 4) and EcoRI (track 7), pcDmi03/1 cleaved with Bst I/
EcoRI (track 5) and EcoRI (track 8) and pBR322 cleaved with Bst I/Eco RI
(track 6) and EcoRI (track 9) electrophoresed onca 0.6% agarose gel. The
sizes in Kb of relevant restriction fragments are indicated alongside

tracks 1, 4 and 17. The samples in tracks 5 and 8 are from cleared lysates.



Figure 24.
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Figure 25 Identification of recombinant plasmids contdining the

subcloned Bst I and Bst I/Hind IIl fragments of

cKDm103/B

Bst I/Hind III digests of cKDm103/B (tracks 1 and 6), pC2 (track 2),
pC4 (track 5) and pBR322 (tracks 3 and 4) electrophoresed on 0.6% (tracks 1
to 3) and 1.5% (tracks 4 to 6) agarose gels. Bst I c]eaved‘pBR322 (track 7),
pC25 (track 8) and cKDm103/B (track 9) electrophoresed in a 1% agarose gel.
The sample in track 8 is from a cleared lysate. The positiqns of the 4.5

and 0.32 Kb Hind I1I/Bst I and 0.88Kb Bst I fragments are indicated.
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colony hybridisation procedure.
The 0.88Kb Bst I fragment of Dml103 was used as a probe. It was

gel purified and nick translated with 32

P. Figure 24 (tracks 4 to 9) shows EcoRI
and EcoRI/Bst I digestions of DNA prepared from one of the colonies which
hybridised. pcDm103/1 (Figure 24 track 7) was chosen as an example of Dml103

cloned in pBR322. It is normally referred to as pcDm103.

4, Subcloning the HindIII/Bst I fragments of cKDm103/B

Hind III/Bst I digestions of cKDm103/B and pBR322 were 1igated
together and used to transform E.coli to ampicillin resistance. DNA was
prepared from ampicillin resistant, tetracycline sensitive colonies. Figure 25

show Hind II1I/Bst I digests of cKDm103/B, pBR322 and two of the tetracycline

sensitive plasmids. pC2 (Figure 25 track 2) contains the 4.5Kb Bst I/Hind I11
fragment of cKDm103/B, while pC4 (Figure 25 track 5) contains the 0.32Kb

fragment.

5. Subcloning the 0.88Kb Bst I fragment of cKbml103/B

Bst I cleaved pBR322 and cKDm103/B were 1igated together and used
to transform E.coli to ampicillin resistance. DNA was prepared from tetra-
cycline sensitive colonies and cleaved with Bst I. The plasmid pC25 was

chosen as containing the 0.88Kb Bst I fragment of cKDm103/B (Figure 25 track 8).
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APPENDIX II

RESTRICTION MAPPING cDm103 AND cDmZ219

The generation of the restriction maps of cDm103 and c¢Dm219

shown in Figure 8 and of pB74 in Figure 12 is described in this Appendix.

1. The Sst I and Kpn I sites of Dm103

The mapping of the Sst I and Kpn I sites in Dm103 wds carried out
relative to the previously determined sites for Hind III (Glover and
Hogness, 1977), Xma I (B.R. Jordan and D. Glover, personal communication),
Sal I and Bst I (D. Glover, personal communication). In the figures of
this section these sites and the subclones of Dm103 are only shown where

relevant to the mapping experiments.

Sst I sites of Dml03

Both cDm103 and cKDm103/B are cleaved five times by Sst I giving
a similar restriction pattern with the exception of the 1argést fragment.

As Sst I does not cleave the bacterfa] vectors, ColEl or PML2, of these
plasmids then all the Sst I sites are in Hind III fragment B of Dm103.
Table 3 gives the sizes of the Sst I fragments of cKDm103/B, and Figure 26
the final Sst I map of Dm103/B.

Bst I cleaves Dm103/B 0.32 and 1.2Kb from its right hand Hind III
site, resulting in a 0.88Kb Bst I fragment. An Sst I[Egg I digesf of
Dm103/B gives the 0.88Kb Bst I fragment plus a new one of 0.22Kb, placing an
Sst T site 0.22Kb from the left most Bst I site. Sst I/Hind III digestion
of Dm103 gives two new fragments of 1.5 and 0.29Kb.  The 1.5Kb Sst I/Hind III
fragment has to be due to the Sst I site closest to the right hand end of

Dm103/B and this means that the 0.29Kb fragment shows the presence of an Sst I
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TABLE 3 The sizes of the restriction fragments produced by

Sst I digestion of ckDm103/B and Kpn I digestion

of cDm103
Sst I digested cKDm103/B Kpn I digested cDm103
Fragment Size (Kb) Fragment Size (Kb}
A 15.63 : A 21.53
B 2.65 B 1.05
c 0.68 C 0.37
0.35 D 0.07

0.33




Figure 26 The Sst I cleavage map of Dmi03

A1l the Sst I sites of ¢Dm103 are in Hind III fragment B, a
restriction map of which is shown in the Tower part of the figure, the
thick lines indicate the 26s rRNA coding sequences. The new fragments
arising from the cleavage of Sst I fragments B, C, E and D with other
restriction endonucleases are indicated above the map, togefher with some
of the partial Sst I digestion products. The combinations of restriction

endonucleases used are shown beside their cleavage products.
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Figure 27 The Kpn I cleavage map of Dm103

A1l of the Kpn I sites of cDm103 are in Hind III fragment B,
a restriction mapvof which is shown in the lower part of the figure, the
thick Tlines indicated the sequences coding for 26s rRNA. The sizes and
positions of the restriction fragments resulting from Kpn I and Bst I
cleavage of cDmi03 and Kpn I/Bst I cleavage of pC25 and pC2 afe indicated

above the map.
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site 0.29Kb from the left end of Dm103/B. Xma I cleaves Dm103/B :0.4

and 3.05Kb from its left hand Hind IIl site giving a fragment of 2.65Kb.
Double digestion of Dm103/B with Xma I/Sst I results in cleavage of Sst I
fragments B and D to give fragments of 1.17 and 1.33Kb, and 0.2 and 0.175Kb .
respectively. This places fragment D adjacent to the 0.29Kb Sst I/Hind III
fragment. Fragment E fs adjacent to D because a partial Sst I digestion
results in a fragment of 0.66Kb, close to the expected sum of D and E
(0.68Kb). Sal I cleaves Dm103/B 1.1Kb from its left hand end, an Sst I/Sal I
digestion results in fragment C being cleaved into fragments of 0.58 and
approximately 0.1Kb placing it adjacent to G. Fragment B must lie between

fragment C and the 1.5Kb Sst I/Hind III fragment.

Kpn I sites of Dm103

Kpn I cleaves cDmi03 4 times, resulting in the fragments shown
in Table 3. A Kpn I/Bst I double digestion of cDm103 gives 3 new fragments
of 0.58, 0.47 and 0.37 Kb, placing all the Kpn I sites in the vicinity of
the two Bst I sites of the Dmi03 insertion. The Kpn I sites were then
mapped using the subcloned 4.5Kb Hind III/Bst I fragment (pC2) and 0.88Kb

Bst I fragment (pC25) (Figure 27).

Kpn I cleavage of pC2 gives fragment C, further digestion with
Bst I gives both this fragment and the 0.58Kb Kpn 1/Bst I fragment. This
places one Kpn I site 0.58Kb from the left of the left hand Bst I site of
Dm103, adjacent to this must be fragment C. pC25 upon Kpn I digestion
results in fragment D. Digestion with both Kpn I and Bst I gives Kpn I/Bst I
fragments of 0.47 and 0.37 Kb.  The sum of the 0.58 and 0.47 Kpn I/Bst I

fragments is that of fragment B, resulting in the Kpn I map shown in Figure 27 .

.Restriction mapping ¢Dm219

The basis of the restriction map of cDm219 shown in Figure § was

the generation of an essentially unambiguous map for the restriction endo-
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nucleases Bst I and EcoRI. Incomplete restriction maps could also be
produced of cDm219 for several other enzymes. But their completion and
the removal of the remaining ambiguities in the Bst I and EcoRI restriction
maps was dependent on the use of subcloned restriction fragments of cDm2i9.
The restriction fragments were cloned in pBR322 (material and methods,
Appendix I) and were the result of cleaving cDm219 with EcoRI, Bst I or

both of these enzymes. A restriction map of pBR322 is shown in Figure 7.
.As it is not cleaved by Kpn I, Sst I, or.zmg I, all the sites for these
enzymes in the subclones must occur in cDm219. Unless relevant restriction
fragments containing pBR322 sequences have been ignored in describing the
restriction mapping experiments.

Most of the results used to produce the final restriction map of cDm219
are given in a tabular form, additional results are also given in the text.
As the re]ationships between restriction fragments shown in the tables were
derived both from digestions of ¢cDm219 and its subclones, the names of the
subclones are also indicated, alongside the sizes of the EcoRI, Bst I and
EcoRI/Bst I digeétion products of cDm219. In describing the restriction
mapping of cDm219 its three EcoRI sites are taken as a centraT reference

point, and the left and right ends of cloned restriction fragments refer to their

orientation in cDm219.

The EcoRI and Bst I sites of cDm219 and the positioning of the ColEI vector

The sites of the EcoRI and Bst I fragments of cDm219, togefher with
the products of digestion with both of these enzymes is given in Figure 28A.
Bst I cleavage of cDm219 results in three fragments when the digest is fractionated .
in an agarose gel. But upon partial Bst I digestion an 8Kb fragment results,
indicating that the 4Kb Bst I fragment C is a doublet. As the two 4Kb Bst I

fragments are adjacent (giving the 8Kb partial fragment) the linear map for
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Figure 28 Mapping the Bst I and EcoRI sites of cDm219

(A) The sizes (in Kb) of the EcoRI, Bst I and EcoRI/Bst I
fragments of ¢Dm219. The arrows indicate how the doubie digestion products

originate from the fragments resulting from digestion with a single enzyme.

(B) The Bst I and EcoRI cleavage map of cDm219. The horizontal
order of the fragments is the same as the vertical order in (A). The
orientation of EcoRI fragments B and C, the 2.9 and 3.1 Kb EcoRI/Bst I
fragments, and of the two 4 Kb Bst I fragments was determined as described
in the text. The names of the subcloned restrcition fragments of cDm219

are shown below the restriction map.
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the Bst I fragments in A°B C C. A Bst I/EcoRI digestion of cDm219 results
in Bst I fragment B being cleaved to3.9and3.KKb fragments together with
EcoRI fragments B and C.  The orientation of the 3.9 and 3.1Kb Bst I/EcoRI
fragments was determined by further digestion with Xma I.

The sizes of the Xma I fragments of cDm219 is shown in Figure 32A.
Bst I cleaves z@g I fragment A into fragments of 8.25 and 7.25Kb, which must
1ie in the 12.6 and 11.4Kb Bst I fragments. The orientation of these two
" Bst I/Xma 1 fragments was determined by cleaving cDm219 with these enzymes
together with EcoRI which only cleaves in the 11.4Kb Bst i fragment. This
triple digestion of cDmZ19 results in the 8.25Kb Bst I/Xma I fragment being
cleaved by EcoRI into the 2.6 and 1.8Kb EcoRI fragments, the 3.1Kb EcoRI/Bst I
fragment and a 1.6Kb EcoRI/Xma I fragment. This establishes the 8.25Kb Xma I/

/fragment '

Bst T Ties in the 11.4Kb Bst I fragment, and that the 3.1Kb Bst I/EcoRI
fragment lies to the left of the EcoRI sites as the 3.9 Kb fragment is
cleaved by Xma I which has to cleaye to the right of the EcoRI sites. The
triple digestion of cDm219 also'positions its ColEI vector. ColEI has no
Bst I sites and in cDm219 its EcoRI site was destroyed by the dA:dT tails .
used in its construction. It has a single Xma I site, digeétion of the
GIEI Lplasmid with Xma I and EcoRI results in fragments of 5.2Kb (ColELY
and 1.35Kb (ColEI S). The only Xma I fragment of cDm219 large enough
to contain ColEI L is fragment A. As shown above this fragment is cleaved
by Bst I into fragments of 8.25 and 7.25Kb, the 8.25Kb fragment was shown
to contain cDm219's three EcoRI sites and so ColEI'L must be in the 7.25Kb
Xma 1I/Bst I fragment, which is located in Bst I fragment A; The remaining
portion of ColEI (ColEI S) then occurs in the Xma I fragment adjacent-
to fragment A.

The orientation of the 2.6 and 1.8Kb EcoRI fragments is described
in the section on the Sst I and Xma I sites of cDm219. The data from

these experiments is included in Figure 28B which shows the EcoRI and Bst !



143.

cleavage sites of cDm219. All of the products of single or double
digestions of cDm219 with these enzymes were subcloned in pBR322. The

names of the subclones are indicated below the restriction map (Figure 288B).

The Kpn I sites of c¢Dm218

Figure 29A gives the results of cleaving cDm219 with Kpn I alone
or in various combination with. EcoRI and Bst I.

Figure 30 shows the positions the EcoRI and Bst I sites in
fragments B and C.  EcoRI cleaves fragments B and C, resulting in fragments
of 3.35, 2.6, 1.8, 1.6 and 1.03Kb in length. The 2.6 and 1.8Kb fragments
comigrate with the two small EcoRI fragments of cDm219. But Kpn I/EcoRI
digestion of the cloned EcoRI fragments of cDm219 shows that the 2.6Kb EcORI
fragment contains a Kpn I site resulting in fragments of 1.6 and 1.03Kb.
This indicates that the 3.35 and 2.6Kb Kpn l[EEQRI fragments are due to Kpn I
sites to the left and right of cDm219's EcoRI sites. The orientation of
these two'gég I sites was determined with Bst I. This does not cleave
fragment B but does cleave fragment C to 4.8 and 0.37 Kb,.which means that
either the 3.35 or the 2.6Kb Kpn I/EcoRI fragments will be cleaved by Bst I.
This as expected from its size was the 3.35Kb fragment which was digested
by Egi I to the 3.1Kb Bst I/ECORI fragment.  This places:Kpn I fragment C
to the left of fragment B. As only the 2.6Kb EcoRI fragment is cleaved
by EBE I it must overlap fragments C and B, and as fragment C is only
cleaved once by EcoRI (giving the 3.35 and 1.6Kb fragments) then the 7.8Kb
ESQRI fragment must be in fragment B placing it to the right of the 2.6Kb
EcoRI fragment. Figure 30 shows the order of fragments B and C and of the
2.6 and 1.8Kb EcoRI fragments. |

Bst I cleaves fragments A C and D resulting in the following new

fragments of 10.4, 4.8, 3.55 and 0.37 Kb. Fragment C has already been
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Figure 29 Mapping the Kpn I sites of cDm219

(A) The results of single, double, or triple digests of cDm219
with the restriction endonucleases Kpn I, EcoRI and Bst I. The arrows
indicate the result of cleaving single digestion products with a second

or third enzyme.

(B) The Kpn I map of cDm219, the horizontal order of the fragments

is the same as the vertical order in (A).
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Figure 30 The Kpn I sites of unit 2 and its surrounding sequences

in cDm219

The EcoRI and Bst I cleavage sites of unit 2 are shown on the lower
lines together with the positions of Kpn I fragments B and C.  Above this
map is indicated the sizes and positions of fragments arising from Kpn I

cleavage of EcoRI, Bst I or EcoRI/Bst I fragments.
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po§itioned, by Bst I into a 4.8Kb fragment which was shown to be at the
left end of the 11.4Kb Bst I fragment. A small part (0.37Kb) then must
be in the 12.6Kb Bst I fragment. This is also the only Bst I fragment
large enough to give the 10.9Kb Kpn I/Bst I fragment derived from Kpn I
fragment A. The remaining portion of this Kpn fragment then must occur in
the right hand 4Kb Bst I fragment giving a 0.37Kb Bst I/Kpn I fragment.
These two Bst I fragments also contain the 4Kb Kpn fragment which must occur
_ twice in cDm219. They are cleaved to fragments of 3.55 and 0.37 Kb by
Bst I. It indicates that one overlaps the two 4Kb Bst I fragments, 3.55 Kb
in the right hand one and 0.37Kb in the left. While the other overlaps
with the left hand one and the 11.4Kb Bst I fragment, the 3.55Kb fragment
occuring in the former and the 0.37Kb fragment in the ]atter_gég I fragment.
The positioning of the above Kpn I sites was confirmed and fragments
E and F positioned by mapping Kpn I sites in the cbm 219 sﬁchones. Kpn I
cleavage of pRB108 produces fragments E and F, further digestion with Bst I
gave the 0.37Kb Kpn I/Bst I fragment. Both pB2 and pB7 contain a single
Kpn I site, digestion with Bst I as well gave fragments of 3.55 and 0.37Kb.
The 3.55 Kb fragment of pB2 together with the 0.37 Kb fragment of pRB108 |
makes up one of 4Kb Kpn I fragments. While the 3.55Kb fragmént of pB7
together with the 0.37Kb fragment of pB2 makes up the other. The 0.37Kb
fragment of pB7 together with the 10.8Kb Kpn I/Bst I fragment of pBil give
fragment A.  pB11 also gave Kpn I fragments E and F and the 0.37Kb Kpn/Bst I
fragment derived from fragment C.
The orientation of fragments E and F was not determined but as
they comigrate with the 1.05 and 0.07 Kpn I fragments of Dm103 (Figure 8)
they have been positioned in the same orientation as in Dm103. This is
supported by finding a 0.37Kb Kpn I/Bst I fragment in cDm219 which comigrates
with that of Dm103. In Dml03 this fragment is adjacent to the 0.07Kb
Kpn I fragment (fragment F of cDm 219). The fragment in cDm219 maps in
the same position as in Dm103 supporting the argument that the fragments F

and E occur as in Dm103.  The Kpn I restriction map of cDm219 is shown in
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Figure 29B.

Orientation of the subcloned Bst I fragments of cDm219

When using subcloned restriction fragments for restriction mapping
cDm219, it was necessary in some cases to know the orientation of the
inserted segment of cDm219 relative to restriction sites in the pBR322
vector.  The restriction map of cDm219 for the enzymes Bst I, EcoRI and
Kpn I could be constructed without knowing the orientation of the subclones.
Also the restriction map of pBR322 is known (Figure 7). It has a single
EcoRI site 0.348Kb from its singe Bst I site, and does not contain a Kpn I
cleavage site. By knowing the cleavage sites for Kpn I and EcoRI relative
to the Bst I sites of c¢Dm219, and the position of the EcoRI site relative
to the EEE I site of pBR322, the orientation of inserted cDm219 Bst I fragments
into pBR322 could be determined.

The cDi219 Bst I fragments of the subclones pB2, pB7 and pB11 all
contain a EEE I site 0.37Kb away from their right hand Bst I site (Figure 29).
Depending on the orientation of the inserted cDm219 Bst I fragment, a
EEQ I[EgéRI digest of these subclones will give either a 0.77 or a 4.3Kb
fragment. A1l of these subclones gave a 0.77Kb fragment, placing the
right hand end of the inserted Bst I fragment nearest the pBR322 EcoRI site.

The subclone pB74 contains the 11.4Kb Bst I fragment, and has
four EEQRI sites, three from the inserted Bst I fragment giving the 2.6
and 1.8 KB‘EEQRI fragments of ¢Dm219, and one in the pBR322 vector.

Depending on the orientation of the inserted Bst I fragment the other two

' EEQRI fragments of pB74 will be either 3.5 and 7.9Kb or 4.3 and 7.71Kb.

The latter was found indicating the left hand enc of this Bst I fragment is
nearest the pBR322 EcoRI site. Restriction maps of these far plasmids

are shown in Figure 31, and their 5' to 3' orientation relative to the Dmi03

insertion is indicated.
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Figure 31 Restriction maps of plasmids containing the subcloned

Bst I fragments, and the 3.1Kb EcoRI/Bst 1 fragment

of cDm219

The restriction maps of various subcloned fragments are shown
compared with that of the Dm103 insertion. The 5' to 3' orientation of
the inserted Bst I fragments relative to that of Dm103 is indicated by the
horizontal arrows. This was determined as described in the text, and the
restriction fragmehts used for doing this are indicated below the restriction
maps. Not all of the Hind III sites. present in the cloned Bst I fragment

of pB74 were mapped.
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The Xma I sites of cDm219

Figure 32A shows the results of Xma I cleavage of cDm219, and
the results of furthercleavagewith Bst I and Bst I/EcoRI.  Not shown is
the result of Xma I/EcoRI digestion, which results in Xma I fragment A
being cleaved to 10 and 1.6Kb Xma I[gggRlbfragments plus the 2.6 and 1.8Kb
EcoRI fragments.

The positioning of Xma I fragment A has already been described.
Fragment B must be adjacent to A as it is not cleaved by either Bst I or
EEQRI and hence contains the remaining portion of ColEI (Col EI S). Frag-
ment C is cleaved by Bst Ito fragments of 2.2°and.0.6Kb. The 2.2Kb fragment
corresponds to the remaining portion of the 11.4KbBst fragment, and so the
0.6Kb fragment must be found in thé Teft hand 4Kb Bst I fragment. Fragment
F is cleaved into fragments of 0.62 and 0.19Kb by Bst I, the 0.62Kkb fragment
corresponds to the femaining part of the 12.6Kb Bst I fragmént.

The positions of the remaining Xma I sites was determined by using
subclones of cDm219. Both.pBZ and pB2 on Xma I digestion give fragments
Dand E. On'Xma I/Bst I digestion, pB2 gives the 0.6Kb X@g!l/@gg 1. frag-
ment. This shows that pB2 contains the left hand 4Kb Bst I fragment and
is adjacent tothe 11.4Kb Bst I fragment. This has also been determined
from the Sst map of cDm219. The 0.6Kb Xma I/Bst I fragment is derived
from Bst 1 cleayage of frggment C. The other Xma I/Bst I fragment of
pB2 was very sﬁa]1 and its size was determined as follows; the orientation
of the 4Kb Bst I fragment relative to the EcoRI site of pBR322 in pB2 is
known and means that this Xma I site should be the closest one to the ‘EcoRI
site of pBR322.  An Xma I/EcORI digestion of pB2 gives a fragment of 0.55Kkb,
by subtracting the distance between the EcoRI and Bst I sites of pBR322;
0.348Kb, a size of 0.19Kb was arrived at for the Xma I/Bst I fragment of
pB2.  The plasmid pB7 gave similar results except that the 0.6Kb Xma I/§§£ I

fragment of pB2 was 0.62Kb in pB7.  This fragment is derived from fragment F,
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Figure 32 Mapping the Xma I sites of cDm219

(A) The sizes of fragments (in Kb) resulting from single, double
or triple digests of cDm219 with the restriction endonucleases EcoRI, Bst I
and Xma I. The arrows indicate the result of cleaving single digestion

products with a second or third enzyme.

(B) The Xma I restriction map of cDm219, the horizontal order of
the fragments is the same as the vertical order in (A). The orientation

of fragments D and E was determined as described in the text.
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the remaining part being the 0.19Kb Xma I/Bst I fragment of pB2. This
Xma I/Bst I fragment is also found, in pB7 where it is part of fragment F
which overlaps pB7 and the 12.6Kb Bst I fragment.

The orientation of fragments D and E within pB2 and pB7 was
determined by Kpn I cleavage. This enzyme cleaves each 4Kb Bst fragment
0.37Kb from the right hand end and depending ontheir orientation will cleave
either fragment D or E. A Xma I/Kpn I diegestion of either pB2 or pB7
. results in fragment E being cleaved by Kpn I to a fragment of 0.76Xb,
the other fragment migrated off the gel. This places fragment E to the
right of D. The final Xma I map of cDm219 is shown in Figure 32B.

Sst I sites. of cDm219

Figure 33A gives the results of cleaving cDm219 with Sst I, and
the results of further digestion with EcoRI/Bst I.  The result of Sst I/
EcoRI digestions of cDm219 is described in the text.

The sum of the sizes.of -the Sst I fragment of .cDm219 shown in.Table2 is 28.58Kb, 5

a discrepancy of 6.54:Kb when compared with the contour length measurement
of cDm219 (32.12 Kb) in the electron microscope. As shown below there
are two copies of fragments C, E, I and J, and three copiés of fragment F
in chm219. Allowing for this the sum of the fragments is 32.31 Kb, in
close agreement with the length of cDm219.

EcoRI cleaves only fragment A, resulting in the 2.6 and 1.8Kb
EcoRI fragments, and EcoRI/Sst I fragments of 2.8 and 2.27Kb.  The orientation
of these two fragments was determind by Sst I/EcoRI cleavage of pRB46 and
pRB108.  The 2.27Kb fragment was found in pRB46 and the 2.8Kb fragmenf in-
PRB108.  This places Sst I sites 2.27Kb to the left and 2.8Kb to the right
of the EcoRI sites.

Bst T cleaves fragments C and E giving rise to fragments of 2.32,
1.1, 0.55 and 0.52Kb. Digestioﬁ of gel purified Sst I fragments with

Bst I showed that the 2.32 and 0.52Kb fragments are from fragment C, and

Mt e e e ped e g TT RN
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Figure 33 Mapping the Sst I sites of cDm219

(A) The sizes of fragments (in Kb) resulting from single, double
or triple digests of cDm219 with the restriction endonulceases EcoRI, Bst I
and Sst I. The arrows indicate the result of cleaving single digestion

products with a second or third enzyme.

(B) The Sst I map of cDm219, the horizontal order of the fragments

is the same as that in (A).



Sstl

Fragment
Size

Sstl

Bstl ¥Size 7

EcoRl

Bstl EcoRl
Sfze

Subclone

8.

-l

K ! A £ H 1 F

1.8 0,29 0.32 1.58 0.33 0.32 0.68

LA

.211055029032227261828110550330

VIV

0.355 0.31 0.68

0

31 0.68 2.32 0.52 0.355 0

0.355 0.31 0.68 2.22

A

32 0.68 2.32 0.52 0.355 0.

Figure 33.

2.6 1.8
pRB46 pR37 pR42 pRB108 pB2
E HIF
pRB46 37 pR42 »RB108 sB2

_Ls.d

158,



159.

and the 1.1 .and 0.55 Kb fragments from fragment E.

Their position together with the rest of the Sst I sites was
determined from digestions on subcloned fragments of cDm219. The 1.1Kb
Sst I/Bst I fragment from fragment E was found in pRB108.  The cloned
segment in pRB108 is adjacent in cDm219 to one of the 4Kb Bst I fragments.
Digestion with Sst I/Bst I of these cloned 4Kb segments showed that pB2
~ gave the 0.55Kb remaining of fragment E? and also fragments F, H and I,
together with the 2.32 Kb double digestion fragment from fragment C. The
remaining 0.52Kb portion of this fragment should be found in the 4Kb
Bst I fragment adjacent to that of pB2. This is seen in an Sst I/Bst I
digestion of pB7 together with fragments F, G and J and another 2.32Kb
fragment. The 12.6Kb Bst I fragment of pB11 is adjacent to ‘the 4Kb
fragment of pB7. When digested with Sst I/Bst I pB11 gave the expected
0.52Kb fragment of fragment C. This digestion also gave fragments B, D,
F, G and J as well as another 1.1Kb Sst I/Bst I fragment derived from
fragment E.  The remaining 0.55Kb was found in the adjacent 3.1Kb EcoRI/
Bst I fragment cloned in pRB46 on Sst I/Bst I cleavage. Also found were .
fragments I and K. |

The arrangement of the Sst I fragments which afe not cleaved by
either EcoRI or Bst I was determined by partial Sst I digestions or double
digestions with Xma I. Both pB7 and pB11 have fragments F, G and J, and
gave identical results upon partial Sst I digestion. The partial digestion
products found were 0.64, 0.48 and 1.42Kb. The 0.64Kb>fragment indicates
J and G are adjacent, while the 0.98Kb fragment is close to the sum (Q.99)
for F and J being adjacent. The 1.42Kb fragment is F, J and G being
Tinked by partial Sst I cleavage. This establishes their order as F J G.
Their order relative to the left hand Bst I site was determined by Xma I/
Sst I cleavage as Xma I cleaves 0.62 Kb from this Bst I site. Xma I cleaved
fragment G, so the order relative to Bst I site is G J F. The partial Sst 1

fragments of pB2 were 0.63, 0.98 and 1.36Kb, as well as fragments H, I and
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F. The sum of fragments H and I is 0.65Kb close to the size of the 0.63Kb
partial digestion fragment and so they are adjacent in pB2. As the sum
of either H and F, or I and F are so close (1.01 and 1.00Kb respectively)
it is impossible to tell which of H or I is adjacent to F from the partial
digestion. Their order.-has been placed H I F by analogy with the similar
sized fragments of Dm103, pB2 and pB11. Their order relative to the
left hand Bst I site of pB2 was also determined by Xma I c]eavagé. In
this case Xma I cleaves 0.6Kb from this site, and cleaves either H or I,
as the two fragments comigrated on this gel. This establishes the order
in pB2 relative to the left hand Bst I site as HI F. In pRB46 fragments
I and K have to be adjacent, their order relative to the 0.55Kb §§§ I/Bst 1
fragment was obtained by a partial Sst I digestion followd by complete
digestion with Bst I. In this experiment three partial fragments are seen,
one of 0.55Kb due to I and K being adjacent, which comigrates with the Sst I/
Bst I fragment, the others were of 0.795 and 1.15kKb.  The former is close
to the sum (0.84Kb) of K being linked to the 0.55Kb Sst I/Eéi I fragment.
The order then relative to the Bst Isiteis KI.This is fn contrast to the
order of the equivalent fragments of Dm103, pB2 and pB11.

The 12.6Kb Bst I fragment of pB11 contains the ColEI vector of
cDm219.  ColEIl has no §§3 I..cleavage sites. The only possible order
for fragments B and D relative to fragment F of pB11 is F D B as this
avoids the presence of Sst I sites in the ColEI vector. This allows it
to be contained completely within fragment B. The final Sst I restriction

map is shown in Figure 33B.

Hind III sites of cDm219

Only some of the Hind III sites of cDm219 were mapped. These
were the four sites nearest the left hand end of each Bst I fragment.

A Hind I1I/Bst I digest of cDm219 gives a 0.29Kb Hind III/Bst I fragment.
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This could also be seen in Hind III/Bst I digests of pB2, pB11 and pRB46
(the left hand Bst 1/EcoRI fragment of the 11.4Kb Bst I fragment) as well
as the 0.346Kb Bst I/Hind III fragment of pBR322 (see Figure 7). In
PRB46 the Bst I/EcoRI fragment of pBR322 containing its single Hind III
site was deleted and replaced by the 3.1Kb Bst I/EcoRI fragment of cDm219.
The Bst I/Hind III digest of pRB46 then places a Hind III site 0.24Kb
from the left end of the 11.4Kb Bst I fragment of cDm219. In pB2, pB7
~and pB11 the 0.29Kb fragment could come from either end on the inserted
cbm219 Bst 1 fragment. The end it came from was determined by a Sal I/
Hind III digest of these plasmids, as the orientation of the inserted Bst I
fragments relative to the pBR322 Sal I site was known and also Sal I does
not cleave cDm219. The Sal I/Hind III digest of these plasmids resulted
in a fragment of 0.57Kb, subtracting the distance between the Sal I and
Bst I sites of pBR322 (0.276Kb, see Figure 7) places a Hind III 0.294Kb
from the left hand Bst I site of pB2, pB7 and pB11. This Hind III site
and the Sal I site of pBR322 are shbwn in the restriction maps of the sub-

clones in Figure 31.

Pst .1 sites of pB74

The results of cleaving pB74 are given in Figure 34. Also
shown is the results of the experiments described below. In this summary
fragments derived frdm the pBR322 vector and the 11.4Kb Bst I fragment ' .
of cDm219 are shown separately.

One of the Pst I sites of pB74 is in the pBR322 vector. A Pst I/
Bst I digest of pBR322 (see Figure 7) results in fragments of 1.123 ana
3.237Kb.  Double digestion of pB74 with Pst I[§§E.I results in fragments A
and E being cleaved resulting in the two vector fragments and fragments
of 1.9 and 1.1Kb which had to be derived from the inserted Bst I fragment.

The 1.1 and 1.9Kb Pst I/Bst I fragments are found in similar digests of



Figure 34 Mapping the Pst I sites in the subcloned 11.4Kb

Bst I fragment in pB74

(A) The sizes of fragments (in Kb) resulting from single, double
or triple digests of pB74 with the restriction endonucleases EcoRI, Bst I
.and Pst I. The fragments from the triple digestion of pB74 have been
divided into those derived from the 11.4Kb Bst I fragment (B74) and those
from the pBR322 vector.

(B) The Pst I map of pB74, the horizontal order of the fragments

is the same as the vertical order in (A).
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pRB46 and pRB108 respectively, placing Pst I sites 1.1 and 1.9Kb from
the left and right ends of the 11.4Kb Bst I fragment.

EcoRI cleaves Pst I fragments B C D and E into fragments of
0.71, 1.47, 2.1, 1.33, 1.125, 1.375, 0.425 and 1.9Kb.  The 0.71 Kb fragment
is the smaller Pst I/EcoRI fragment of pBR322 (See Figure 7). These
fragments were ordered by cleaving gel purified Pst I fragmenfs with EcoRI

and comparing the resulting fragments with Pst I/EcoRI digests of pRB46,

. pR37, pR48 and pRB108. Fragmenf B gavé the 2.1 and 1.33Kb fragments which
are found in pRB46 and pR37 respectively. Fragment C gave.the 1.125

and 1.375 Kb fragments, the former was found in a Pst I/EcoRI digest of
pR37 and the latter in pR42. Fragment D gave the 0.425 Kb fragment which
is found in pR42 and one of 1.4 Kb found in pRB108. Finally fragment E

on EcoRI digestion gave the 0.71Kb Pst I/EcoRI fragment of pBR322, and

one of 1.475 which is the fragment frdm the pBR322 EcoRI site to the Pst I
site 1.1Kb into the 11.4Kb Bst I fragment. In Figure 34A the 1.475Kb fragment
is shown as if cleaved with Bst I resulting in a 0.348 Kb EcoRI/Bst I
fragment from pBR322, and the 1.1Kb Bst I/Pst I fragment from the cDm219
Bst I fragment. The Pst I map of pB74 is shown in Figure 34B.
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