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A family of long, highly-repetitive sequences, referred to
previously as ‘Hpall-repeats’, dominates the genome of the
eukaryotic slime mould Physarum polycephalum. These se-
quences are found exclusively in scrambled clusters. They ac-
count for about one-half of the total complement of repetitive
DNA in Physarum, and represent the major sequence com-
ponent found in hypermethylated, 20 — 50 kb segments of
Physarum genomic DNA that fail to be cleaved using the
restriction endonuclease Hpall. The structure of this abun-
dant repetitive element was investigated by analysing cloned
segments derived from the hypermethylated genomic DNA
compartment. We show that the ‘Hpall-repeat’ forms part
of a larger repetitive DNA structure, ~ 8.6 kb in length, with
several structural features in common with recognised
eukaryotic transposable genetic elements. Scrambled clusters
of the sequence probably arise as a result of transposition-
like events, during which the element preferentially recom-
bines in either orientation with target sites located in other
copies of the same repeated sequence. The target sites for
transposition/recombination are not related in sequence but
in all cases studied they are potentially capable of promoting
the formation of small ‘cruciforms’ or ‘Z-DNA’ structures
which might be recognised during the recombination process.
Key words: Physarum/repetitive DNA/transposon

Introduction

Transposable genetic elements are widespread in nature; they are
a common feature of both prokaryotic and eukaryotic genomes
(Kleckner, 1981; Starlinger, 1984). A number of well-defined
eukaryotic transposable elements have been described in widely
different phyla, including Drosophila (Spradling and Rubin,
1981), yeast (Cameron et al., 1979) and maize (Doring et al.,
1984; Shepherd et al., 1984). The structures of different mobile
elements are quite similar, and their properties are often com-
pared with those of integrated retrovirus proviruses, leading to
speculation that these different classes of genetic elements may
share the same evolutionary origin (Temin, 1980; Varmus, 1982).
This hypothesis is reinforced by experiments demonstrating amino
acid sequence homologies predicted from open reading frames
located within the internal domains of both these classes of genetic
elements, in regions coding for gene products possibly involved
in transposition (Saigo er al., 1984; Toh et al., 1984; Hauber
et al., 1985). Additionally, the transposition mechanism of some
mobile genetic elements, such as that of Ty in yeast, is known
to involve an RNA intermediate (Boeke et al., 1985). Such
elements have been referred to as ‘retrotransposons’. Mobile
genetic elements probably account for a major fraction of the
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middle-repetitive DNA in the genomes of some organisms, such
as Drosophila melanogaster and related species (Finnegan et al.,
1977; Young, 1979; Dowsett and Young, 1982; D’Eustachio and
Ruddle, 1983).

The most abundant middle-repetitive sequence families in mam-
malian DNA similarly may have evolved by processes involv-
ing retrotranscription. Alul-repeats, the most highly-repetitive
family of short, interspersed repeats in human DNA (Houck et
al., 1979) display a high level of homology with the 7SL RNA
sequence and it has been argued that they may have originated
from 7SL RNA by reverse transcription, followed by dispersal
of pseudogene-like DNA copies by chromosomal integration at
some stage in evolution preceding mammalian radiation (Ullu
and Tschudi, 1984). The L1 family of repeats in human DNA
and its counterparts in other mammalian genomes also possess
a pseudogene-like structure (Singer, 1982; Singer and Skowron-
ski, 1985), and other properties suggesting close structural
similarity with the transposable F-elements in Drosophila (Di
Nocera et al., 1983). All these observations point to the general
conclusion that mechanisms of replicative transposition have
probably played a significant role in the evolution of diverse ar-
rays of repetitive sequences in eukaryotic genomes.

Over one-half of the total complement of repeated DNA in
the genome of the eukaryotic slime mould Physarum
polycephalum consists of a single family of long, methylated,
highly-repetitive sequences which we have previously referred
to as ‘Hpall-repeats’ (Peoples et al., 1985). They account for
a sizeable fraction, possibly up to 20%, of the genome and are
found exclusively in clusters, forming methylated ‘domains’
20—50 kb long that are a source of about one-half of all the
‘foldback’ DNA in Physarum (Whittaker et al., 1981; Peoples
and Hardman, 1983). Using non-homologous segments of the
Hpall-repeat as hybridisation probes it was shown that different
portions of its sequence are frequently found in various ‘scrambl-
ed’ arrangements in different cloned DNA segments (Peoples and
Hardman, 1983). Scrambled clusters of repetitive elements are
a general structural feature of eukaryotic genomes (Wensink et
al., 1979; Musti et al., 1981; Eden et al., 1981). By studying
the structure of segments of Physarum DNA containing these
sequences we therefore not only gain information on the
mechanisms responsible for sequence ‘scrambling’ and the for-
mation of foldback DNA in this organism, but also hope to pro-
vide further insights into the structure and evolution of eukaryotic
genomes in general.

Here we report that the 5.8 kb long highly-abundant ‘Hpall-
repeat’, identified previously in Physarum DNA (Peoples et al.,
1985) forms part of an even larger repetitive DNA element with
many of the features of a eukaryotic transposon. The disorganised
structure typical of DNA segments containing clusters of these
elements can thus be explained by transposition-like events that
have resulted in the integration of additional copies of the putative
mobile element, in either orientation, into preferred target sites
located within its own sequence, generating DNA segments with
the potential to form ‘foldback’ structures.
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Results

Structure of the Physarum genomic DNA clone PLI5

Initially, one cloned Physarum DNA segment containing the
highly-abundant ‘Hpall-repeat’ was chosen for detailed restric-
tion, hybridisation and nucleotide sequence analysis. This se-
quence (PL15) is one of a number of previously characterised
DNA segments derived from the methylated compartment of
Physarum nuclear DNA (Peoples and Hardman, 1983). The
restriction map of PL15 is shown in Figure 1, together with maps
of two distinct clones (pPH29 and pPH53a) derived independently
from the Hpall-repeat as plasmid clones (McLachlan and Hard-
man, 1982) and used originally as hybridisation probes to select
the PL15 sequence from a lambda genomic DNA library. The
restriction map of PL-s5, a 4.3-kb subcloned Mspl fragment of
a Hpall-repeat obtained from a separate lambda-derived genomic
clone PL5 (Peoples er al., 1985) is also presented. pPH29,
pPH53a and PL5-sS were nick-translated and used as probes to
various restriction digests of PL15 to determine the location of
these sequences. Results are summarised in Figure 1. Those
segments previously identified as contiguous, internal portions
of the long Hpall-repeat (Peoples et al., 1985) are labelled A —E.
The results indicate that the central portion of PL15 contains these
segments in the expected register for an intact Hpall-repeat ele-
ment. Two regions (labelled 1 and 2, Figure 1) indicate the ap-
proximate positions of discontinuities in the sequence order in
PL15; in region 1 segment A is preceded by B and in region
2 it is preceded by segment E. The nucleotide sequences of these
regions (Figure 2) shows the position of the discontinuities. The
sequence TGTTGG is located at the precise point at which the
two sequences diverge. This suggested that transposition-like
events may have given rise to the sequence arrangement found
in PL15, since nearly identical small sequence elements are found
at the termini of a number of well-characterised mobile genetic
elements, including copia (Levis et al., 1980), Ty (Gafner and
Philippsen, 1980), Cinl (Shepherd et al., 1984) and spleen
necrosis virus (Shimotohno ez al., 1980).

Figure 3a illustrates a hypothetical scheme for the origin of
PL15 based on DNA transposition events involving a repetitive
element containing the DNA segments A —F. The structure of
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Fig. 1. Restriction/hybridisation analysis of Physarum genomic DNA clone
PL15. PL15 DNA was restricted with appropriate enzymes. Fragments were
separated by gel electrophoresis, and blot-hybridised using the recombinant
plasmid DNA probes indicated. Segments with the same restriction/
hybridisation properties are labelled A —E. The segment E’ is an inverted
copy of E located in pPH53a. Regions 1 and 2 indicate the positions of
discontinuities in the sequence order of PL15 DNA segments A—E. W,
BamHI; O, EcoRl; O, Hindll, A, Hindlll, ®, Mspl.
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probes

PL15 can be accounted for by two insertions of additional copies
of the same element, both involving target sites within the
repeated element, one to the right of segment B and the other
to the right of segment E as depicted. The observed restriction
map of PL15 is exactly as predicted on the basis of this scheme,
with the exception of two additional restriction sites, one for
BamHI and one for EcoRI. These differences can be accounted
for by minor sequence variations within the Hpall-repeat ele-
ment since additional copies of this sequence, lacking these par-
ticular restriction sites, are found in the same clones. The
BamHI-restriction site is located in the EcoRI/HindIIl segment
B; four other copies of this segment can be seen in the restric-
tion maps presented in Figure 1 which lack the internal BamHI
site. Likewise a copy of the BamHI/Hpall segment D is located
in pPH29 (Figure 1) lacking the EcoRI restriction site referred
to above. Nucleotide sequencing confirms that these differences
result from sequence polymorphisms in different copies of the
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Fig. 2. Nucleotide sequence analysis of sites of discontinuity in DNA
segments containing ‘Hpall-repeats’. Sequence analysis was carried out by
subcloning and sequencing appropriate restriction fragments in M13mp8 or
M13mp9 vectors. Regions 1 and 2 are sequences of PL15 indicated by
arrows (see Figure 1) positioned between EcoRI and Hindll restriction sites.
The first T residue of the underlined sequences TGTTGG have been
assigned as nucleotide 1 to indicate their position at the left of the putative
transposon-like element. Other regions are numbered to denote their relative
position in the element, whose total length is estimated to be 8.6 kb (Figure
4). Positions are approximate and based partly on restriction mapping as
well as sequence data. Regions 3 and 4 are sequences of uninterrupted
internal regions of the long repeated element with positions as indicated,
corresponding to sites to the right of EcoRI cleavage sites in PL5-s5 and
pPHS53a (Figure 1). Asterisks denote base changes in the corresponding
homologous segments of regions 1/3 and 2/4. Regions 4’ and 5 are
sequences derived from the left and right hand ends, respectively, of the
1.8-kb EcoRI segment of pPH53a (labelled F in Figure 3b). The sequence
TCTAACA, thought to define the right end of the transposon-like element is
underlined. Region 4’ is located on the opposing DNA strand to region 4,
in the same region of the repeated element.



Hpall-repeat element.

The scheme predicts that uninterrupted versions of the target
sites for the recombination events leading to the formation of
PL15 should be located in regions 3 and 4 of the proposed
transposon-like element. As shown in Figure 2 this prediction
is fulfilled; sequences of the left hand portions of regions 3 and
4 correspond to those immediately to the left of the TGTTGG
sequence in regions 1 and 2, respectively.

Structure of the Physarum genomic DNA clone pPH53a

The scheme outlined in Figure 3a suggests that PL15 contains
two left hand segments of the putative transposon-like sequence,

a

Transposon-like sequence in Physarum DNA

but is devoid of segment F representing the right hand portion
of the element. The Physarum genomic DNA clone pPH53a con-
tains a 1.8-kb EcoRI-terminated DNA fragment flanked by two
E segments arranged in inverted orientation. It was thus suppos-
ed that pPH53a might contain the right hand segment of the
repeated element (segment F), and that it might have been formed
by a transposition-like event involving mutually-inverted copies
of the element recombining at a site to the right of segment E.
The restriction map of pPH53a is as predicted on the basis of
this hypothesis (Figure 3b). The scheme outlined in Figure 3b
predicts that sequences at either end of the 1.8-kb EcoRI frag-
ment of pPH53a should be closely related or identical up to the
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Fig. 3. Hypothetical schemes showing the possible origin of PL15 and pPH53a by DNA transposition. The long transposon-like element containing segments
A —F is drawn schematically. The ends of the element are indicated by boxed regions containing HindlI restriction sites. Symbols denoting restriction sites are
as defined in Figure 1. (a) Origin of PLI5: two copies of the transposon-like element recombine into regions 3 and 4 in direct register, forming a repeated
sequence cluster containing one uninterrupted and two interrupted copies of the element. ‘Random’ cloning of Sau3al partials of genomic DNA (Peoples and
Hardman, 1983) generates a DNA segment with restriction properties corresponding to those of PL15. (b) Origin of pPH53a: a copy of the transposon-like
element recombines in reverse orientation into a site located within a second copy of the element around the boundary of E and F. A BamHI segment derived
from this structure by plasmid cloning (McLachlan and Hardman, 1982) has the properties of pPH53a. ‘fb’ indicates the position of foldback elements in
pPHS3A defined by electron microscopic analysis (McLachlan and Hardman, 1982).
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Fig. 4. Co-linear arrangement of Hpall-repeat elements in Physarum genomic DNA. The restriction map of a complete element is shown, containing segments
A —F. Various non-overlapping segments were obtained by subcloning into pUC8 and pUC9 plasmid vectors and later used as hybridisation probes to various
restriction digests containing 1 ug of Physarum genomic DNA. These were: A, Hpall/Hindlll segment of PLS5-s5; B—D, pPH29; E, BamHI/EcoRI segment
of pPH53a; F, EcoRI segment of pPH53a. Radioactively-labelled lambda HindllI restriction fragments (not shown) were used as size markers. Physarum
genomic DNA was digested using: lane 1, Hindll; lane 2, Hindll/EcoRI, lane 3, Hindll/BamHI; lane 4, Mspl; lane S5, Mspl/Hindlll; lane 6, Hindlll; lane

7, Mspl/EcoRI; lane 8, EcoRI.

point of interruption by the right hand end of the element. Ac-
cordingly, this fragment was recovered from pPH53a by gel elec-
trophoresis and sequenced after cloning into M13mp8. The
sequences (4’ and 5) are compared in Figure 2. The sequence
CTAACA is located at the point of discontinuity. This is an in-
verted complement of the hexanucleotide sequence found at the
putative left hand terminus of the repeated element (Figure 2).

Consensus arrangement of Hpall-repeats in genomic DNA

The restriction map of a proposed uninterrupted copy of the
repeated element is shown in Figure 4. It includes the internal
portion of the repeating unit previously described as the ‘Hpall-
repeat’ extending from the leftmost Hpall restriction site to the
BamHI site (segments A and B—D, Figure 4, Peoples and Hard-
man, 1983; Peoples er al., 1985). Copies of this element so far
identified in various cloned Physarum DNA segments are inter-
rupted by additional Hpall-repeats. It is nevertheless possible to
confirm the co-linear arrangement of restriction segments within
the ‘consensus’ repeating unit by probing Southern blots of ap-
propriate restriction digests of Physarum genomic DNA with non-
overlapping internal sub-cloned portions of the element (segments
A —F, Figure 4). The results are consistent with the restriction
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map presented in Figure 4. Additional DNA bands seen in some
tracks are compatible with loss, or in vivo protection, of map-
ped restriction sites, consistent with sequence polymorphism of
genomic copies of the element.

Transposon-like properties of the repeated element

More extensive nucleotide sequence analysis of the clones con-
taining either end of the repeated element described above reveals
several further properties typical of transposable elements already
characterised in other eukaryotes. Regions 1 and 2 (containing
the left hand portion of the element) and region 5 (containing
the right hand portion of the element) show almost exact sequence
identity extending for 277 bp, terminating with TGTTGG to the
left and CTAACA to the right (Figure 5). This 277-bp region
contains several inexact, internal direct and inverted repeats
similar to the long terminal repeats (LTRs) of defined transposable
elements (Finnegan et al., 1977). Other transposon-like features
include a region of 17 bp immediately adjacent to the left LTR
which is identical in sequence and position to the retrovirus-like
‘tRNA binding site’ region of the mobile genetic element copia
(Flavell and Ish-Horowicz, 1983), a purine-rich region (AGAG-
GGA) adjacent to the right LTR (Figure 5), putative poly(A) ad-



(a) LEFT-HAND TERMINAL REPEAT REGION
20 30

10
TGTTGGAATC
-—

60
GATTCAGOGT

110
GTCAAAGTGT

160
TTTTCCIGTG

210
TTTTTGTACT

260

TGTAGCTTIGT AATTTGATIG

70 80
CAGAAATAAT GTGACAAGCT

120 130
CAAACTGACA GTTTTATGTA

170 180
CACAGGCTIG TGOGCAQGCC

220 230
GTTAACAATA _AACTTGTAAC

270 280

50
TAATATAAAT GTAATAGCAA

20 100
GTCAAAGTAT GTGACAAGCT

140 150
ATTATTTCCT TATTTGGGCG

190 200
CCATGOGACG  CAGGGCTOGA

240 250
ACAACTCATC TGAGAGCTCC

290 300

COCATTOOCC  TGTAACTATT TCTAACAGGT TATGGGCOCA CAGGTGCTGT

(b) RIGHT-HAND TERMINAL REPEAT REGION
8317 8327 8337 8347 8357
CIGTTGAGCC TCAGTTAGAG GGATGTTGGA ATCTGTAGCT TGTAATTIGA
—— e—-———

"%L&G 8377 8387 8397 8407
TTGTAATATA AATGTAATAG CAAGATTCAG OGTCAGAAAT AATGTGACAA

8417 8427 8437 8447 8457
GCIGTCAAAG TATGTGACAA GCTGTCAAAG TGTCAAACTG ACAGTTTTAT

8467 8477 8487 8497 8507
GTATTTATTT CCTTATTIGG GOGTTTTGCT GTGCACAGGC TOGTGOGCAC

8517 8527 8537 8547 8557
GOCCCATGOG  ACGCAGGGCT  CGATTTTIGT ~ACTGTTGACA ATAAAGTIGT

8567 8577 8587 8598 8607
AACACAACTC ATCTGAGAGC TOOCCTATTC COCCTCTAACT ATTTCTAACA

Fig. 5. Nucleotide sequence analysis of left and right LTR-like elements.
Subcloning and nucleotide sequence analysis was performed by the Sanger
dideoxy-chain termination method using M13mp8 and M13mp9 vectors.

(a) Sequence of the putative left-hand end of the repeated element.
Nucleotides 1—20 correspond to region 1 (Figure 2) starting at TGTTGG
and extend inwards into the repeat. (b) Sequence of the putative right hand
end of the repeated element, starting at nucleotide position 8298. Sequences
of intervening, internal portions of the repeat are incomplete; nucleotide
positions are approximate and based partly on restriction mapping data.
Sequences 1 —277 and 8331 —8607 are homologous direct repeats
terminated by short inverted repeats TGTTGG....CTAACA (underlined with
arrows). The ‘tRNA binding site region’ adjacent to the left LTR, and the
oligopurine sequence adjacent to the right LTR, are underlined. Elements in
the LTR sequences resembling control elements are boxed and referred to in
the text.

dition signals (AATAAA, nucleotide positions 217 and 8546,
Figure 5; Montell ez al., 1983) and possible ‘TATA’ box se-
quences (nucleotide positions 34 and 8362; Figure 5; Goldberg,
1979; Kimmel and Firtel, 1983).

Discussion

The structure of the DNA clone PL15 is typical of segments
derived from the Hpall-resistant, hypermethylated compartment
of the Physarum genome (Peoples ez al., 1985). These domains
of hypermethylated DNA consist predominantly of multiple
copies of partly scrambled DNA segments derived from a single,
long repeated element, but occasionally additional less-abundant
repetitive elements are also found in this DNA fraction (Peoples
et al., 1985). This unusual, apparently disorganised, sequence ar-
rangement is observed for a significant fraction of the repetitive
DNA in other eukaryotic genomes (Musti et al., 1981; Eden et
al., 1981). Wensink et al. (1979) were the first to suggest that
scrambled repeated sequence clusters might arise by DNA
transposition. Although it has still not been proved directly in
this study that such a process has led to the formation of the

Transposon-like sequence in Physarum DNA

clusters of methylated repeated sequences in Physarum DNA
described here, the abundant repetitive element that is a domi-
nant feature of these regions has all the hallmarks of a transposon-
like sequence. The observation that LTR-like elements are located
at the precise points of discontinuity in all of three instances
studied favours the involvement of a directed, in vivo recom-
bination mechanism and argues against the assertion that the
scrambled arrangements of these sequences may be a DNA clon-
ing artifact. The heat-shock responsive transposable element
DIRS in Dictyostelium (Capello et al., 1984) is another reported
instance of preferential integration of a eukaryotic transposon into
sites located within its own sequence.

The transposon-like repetitive element is estimated to be
~ 8.6 kb long with direct LTR-like sequences terminated by short
inverted repeats (5'TGTTG...TAACA3’) typical of certain well-
defined eukaryotic transposons (Gafner and Philippsen, 1980;
Levis et al., 1980). From the estimated repetition frequency of
these elements (2000 — 5000 copies/haploid genome; Peoples and
Hardman, 1983) they occupy ~1.7—4.2 x 107 bp, or
10—20% of the Physarum genome. Since 20% of the genome
is found in the Hpall-resistant compartment in which these se-
quences are exclusively located (Whittaker et al., 1981) this is
in keeping with previous studies suggesting that clusters of these
elements account for the major portion of the DNA in this frac-
tion (Peoples and Hardman, 1983). The size of these sequence
clusters (20 —40 kb, Whittaker and Hardman, 1980) suggests that
there may be > 1000 per genome equivalent, containing up to
4 — 5 repeat copies per cluster. The analysis presented in Figure
3b indicates that transposition/recombination may take place bet-
ween mutually inverted copies as well as directly oriented copies
of the element. This would lead to sequence arrangements with
the potential of forming the complex, clustered ‘foldback’ struc-
tures previously recognised as major components of the inverted-
repeat fraction of Physarum DNA (Hardman et al., 1979a); they
probably account for >50% of the foldback structures in
Physarum DNA (Gerrie et al., 1983). Similar clustered foldback
sequences are also a feature of other eukaryotic genomes (Hard-
man et al., 1979b).

Since sequences within the repeated element reported here are
preferred sites for transposition/recombination they were examin-
ed for common structural features. They show no obvious se-
quence homology but it is interesting that in two cases (regions
3 and 4) the axes of symmetry of small perfect palindromes
(TATTTG CAAATA and GGCT AGCC) lie at the putative site
of recombination, and in the third case (region 4') recombina-
tion occurs near the centre of a 12-nucleotide alternating pyri-
midine/purine sequence (GTATACAC ACAC) with Z-DNA like
properties (Nordheim et al., 1982). It is possible that these special
structural features are recognised as favoured sites for transposi-

tion/recombination, but it does not in itself offer a ready explana-
tion for preferential targeting to sites within the repeated element
since such small sequences might also be expected to occur
elsewhere in the genome. Other factors may therefore be involved
in modulating the availability of potential target sites for trans-
position/recombination that have yet to be discovered.

Materials and methods

Strains and DNA clones

Nuclear DNA was isolated from microplasmodia of P. polycephalum (Cooke and
Dee, 1975) as described previously (Hardman er al., 1979b). The preparation
of the DNA library of Sau3al-partially digested Physarum genomic DNA fragments
using Lambda-1059 was described by Whittaker (1982). PLS and PL15 were
selected by Benton and Davis (1977) hybridisation screening using the Hpall-
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repeat-containing Physarum genomic DNA clones pPH29 and pPH53a. The con-
struction and characterisation of these DNA clones has been described by
McLachlan and Hardman (1982). PL5-s5 is an internal subclone of PL5 con-
taining a 4.3-kb Mspl restriction fragment of the Physarum Hpall-repeat con-
structed by Peoples er al. (1985).

DNA hybridisation

Restriction fragments were separated on 1% agarose gels and blotted using the
sandwich-blot method of Smith and Summers (1980), based on the original pro-
cedure of Southern (1975). Conditions of hybridisation and methods used for
the preparation of nick-translated DNA probes have been described previously
(Peoples et al., 1985). Typically, probes were labelled to specific activities
>1 x 10® c.p.m./ug of DNA and autoradiographs were exposed for 16 —24 h.

DNA sequence analysis

DNA sequencing was performed using the dideoxynucleotide chain termination
method (Sanger et al., 1977). Appropriate subcloned DNA restriction fragments
were inserted into M13mp8 or M13mp9 vectors (Messing and Vieira, 1982).
Radiochemicals and other materials for DNA sequencing were obtained from
Amersham International PLC (UK).
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