THE ORCANISATION AND EVOLUTION OF
" A REPEATED DNA SEQUENCE FAMILY
IN RELATED ALLIUM SPECIES

by
IAN JEFFREY EVANS B.Sc. (NOTTINGHAM)
Thesis submitted to the University of Nottingham
‘ for the degree of

Doctor of Philosophy

October 1983



ACKNOWLEDGEMENTS

In thanking all those members of the
department, past and present, who have provided
help, encouragement and humour, I would like to
single out Dr. S. Barnes, my mentor during both
underéraduate and postgraduate years.

In addition, I am very grateful to my parents
for their encouragement and support over the years,
to Mrs. Rosemary Reid for the considerable effort
involved in the typing of the manuscript and to
Miss Fiona Benson, without whom the whole thing
would not have been quite so much fun.

Acknowledgement is madé to the S.E.R.C. for

financial support duriﬁg the‘péridd 1980-1983.



CONTENTS

Contents
Summary
Abbreviations

CHAPTER 1 INTRODUCTION: -

The DNA-sequence

organisation of the

eukaryotic genome:

1) Genome organisation
as revealed by re-
assoclation studies

ii) Genome organisation
as revealed by
cloning studies

CHAPTER 2 MATERIALS AND METHODS

CHAPTER 3 THE GENUS ALLIUM

i) Species classification

ii) The chromosomes and
DNA of Allium speclies

CHAPTER &  THE CHARACTERISATION OF
BI000 IN THE A. SATIVUN
CENOME . —

1) Restriction endonuclease '

; digestion of A. sativum .
DNA ' : .

ii) The cloning of a repeated

DNA sequence from the
A. sativum genome

iii) B1000 sequence is found
" iIn a number of genomic
configurations

iv) The cloned B1l00O sequence

is a representative
member of the genomic
sequence family

v) Estimation of the -
repetition frequency of
the B1000 sequence in
the A. sativum genome

13
28

iv

41

46

52

54

56

58

59



CHAPTER 5

vi)

vii)

viii)

ii

The copy number and

physical organisation

of B1000 does not appear

to be tissue specific ceene 62

The length of the B1000-
associated repetitive
element o cseee 64

Bl000 sequences are not
abundantly transcribed ..... 69

STUDIES ON CLONED SEQUENCES

CHAPTER 6

FROM A. SATIVUM

i)

ii)

The 1solatibn and restric-

tion mapping of clones
containing B1000O-related
sequences ceoces 71

The sequence environment
of Bl1000-related
sequences - ' eseces 77

THE CHARACTERISATION OF

CHAPTER 7

SEQUENCES HOMOLOGOUS T0

B1000 IN RELATED ALLIUM

. SPECIES

1)
ii)

1i1)

iv)

The repetitive sequence
components of related
Allium species cesee 86

The prevalence of B1000
in other Allium species .cce.. 88

The organisation of B1000
in other Allium species .e¢cee 90

An estimate of B1000
sequence divergence
between species cecne 94

A SATELLITE-DNA COMPONENT

OF

A. VINEALE

1)

i1)

Identification, isolation

and characterisation of a
satellite component in

A. vineale eeese 100

The distribution of the
400 bp satellite in related
Allium specles ceees 103



iii

iii) The organisation of homo-
logous sequences in
related Allium species ..... 104

Overview and discussion ... veses 106 et.
Pe seq.
CHAPTER 8 THE EVOLUTION OF REPETITIVE
DNA_SEQUENCE COMPONENTS

i);Possible mechanisms for
the generation of ‘
organisational patterns ..... 109
"i11) The maintenance of
o patterns and sequences - ¢c.ce. :‘1?“
CHAPTER 9 FUNCTIONS AND EFFECTS

ATTRIBUTABLE T0 REPETITIVE 132
SEQUENCE DNA ceeee

i) Attributable function ceone 133
ii) Attributable effects csces 142
CHAPTER 10 REPETITIVE DNA AND THE A

EVOLUTION OF SPECIES Ceees 151

CHAPTER 11 CONCLUSIONS AND R 163
: — SPECULATIONS . . eeees = .

171

References . Leseeer

,PublicationsA ceses 194



iv

SUMMARY

A large proportion of the genomes of
species belonging to the genus Allium comprises
repetitive sequence DNA, a component implicated
as a cause of the large variation in C-values’
between even cloéely related species.

The work presented here/representsrpait of tﬁe
first phase in the characterisation of some of these
repetitive sequences in a numbef of Aliium species.
One repetitive DNA sequehce family, B1000, isolated

from the genome of A. sativum, has been characterised

with respect to the genomic organisation, reitera-
tion frequency and sequence divergence of its

members within A. sativum. Sequences sharing

homology with a clohed représehfative member of
the Bl000 family have been détectéd in thé genomes
of a number of oéher Alliﬁm specles; such sequences
display quantitativé'ahd'qualitative modulations
in their organisséidn; - |
” In addition, and by contrast, the distribution
aﬁd organisationﬁdf a’$atélii£e>DNAvfaﬁily present
iﬁfa number of Allidm'Qpecies has been investigated;
the characteristics of this fémily differ from those
of the B1000 family in many respects.

Data relating to the evolution and maintenance,
functions and effects of repetitive-sequence DNA
in eukaryotic genomes are ‘reviewed and where possible
the data pertaining to Allium are discussed in

context with such information from other specles.
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INTRODUCTION

The DNA-sequence organisation of the euxaryotic Genome

The haploid DNA content (C-value) of eukaryotic
genomes ranges from approximately 0.005 pg to 200 pg
(Bennett andemith, 1976), which not only seems to be
surplus to coding reouirements in most lndividuals (see
for example Judd et al. 1972,, Ohno 1971) but also appears
not to correlate with organlsational or evolutionary
complexlty. Although there does appear to be a correla-
tion between the minimum C-value observed in many taxo-
nomlc classes and 'complexity (Sparron and Nauman y
1976), C- values are nevertheless often very dlfferent
between even closely related species, a phenomenon |
referred to as the 'C- value paradox' |

In the hope that a physlcal characterisatlon of the
complex populatlon of sequences making up eukaryotic
genomes will enable the resolution of this paradox, the
organlsation of DNA sequences 1n the genomes of many
diverse species has been investigated. As a consequence,
much information has been collected in the last decade
relating to the organisation of eukaryotic genomic DNA
sequences at a molecular level.

Models implying an increase in gene number or gene
ampllfication as the major causative factor in DNA content

variation (see for example Callan, 1967) have been largely



discredited. Estimates of gene copy number suggested
that they remained constant at a low copy number
despite variation in genome size. Although there are
instances ef multiple copy genes (e.g. rDNA and histone
genes), most coding sequences appear to be of single
copy in the eukaryotic genome (Lewin, 1980).

-Interestingly even the amount of single-copy DNA in
a genome does not seem to corfelate with evolutionary
complexity; presumably not all such DNA 1is coding.
Consequently neither the C-value nor the amount of
single copy DNA in a genome can be taken.as any guide
to the number of genes contained within.

The nature of those sequences responsible for the
variation in C-values was first suggested by early
DNA:DNA solution reassociation experiments in which
Britten and Kohne (1968) introduced the concept of Cot
curves, ‘ A coﬁprehensive:feVIew of the methodology and

1nterpretation of such experiments ‘is provided by Britten

et at. (1974).



Genome organisation as revealed by reassociation studies

The majority of eukaryotic DNAs reassoclate over a
much wider range of Cot values than do prokaryotic
standards. ‘- This suggests that unlike the almost entirely
single copy bacterial genome, much eukaryotic DNA consists
of more than one component and includes sequences
repeated many times. -

Such-experiments have formed the basis upon which
a great many genomes from many diverse species have been
divided into components, each defined by the repetition
frequency of its constituent sequences. Such components
are rarely discrete and some care is needed in inter-
preting Cot data.

| ‘As a generalisation, eukaryotic genomes typically,
but by no means universally, display three components.
A 'slow' component renaturing at Cot values greater
than about 102; comprises single-copy or: few-copy =
sequences. A ''fast' component reassociating-before

2~comprises highly repetitious sequences

about Cot 10~
such as satellite'and fold-back DNA while an intermediate
component, renaturing between these two,<éomprises the.
rather nebulous 'moderately repetitive' DNA sequences.

- From Cot analysis a number of parameters can be
,est;mated;9among them the proportion and reiteration -
frequency of repetitive DNA sequences  within a genome.

The large volume of data gathered using such techniques

has resulted in the characterisation, albeit at a fairly



crude level, of a large number of both animal and plant
genomes. Not all stqdiesrare directly comparable but
most show repetitive DNA to be a very common feature of
eukaryotic genomes, in a wide range of species. While
Cot analysis provides estimates of the frequency of
repetitive sequences, alone it provides no information
regarding their length, or arrangement with other
sequences. |

Moré detailed information is provided by 'R versus
L curves' or 'interspersion curves', first introduced by
Davidson et al. (1973) and Graham et al. (1974). The
rationale, methodology and interpretation of such
experiments is discussed in detail by Davidson et al.
(1973), CGraham et al. (1974), Rimpau et al. (1978) and
Moyziz et al. (1981). Such experiments are particularly
informative when used in conjunction with other.techniques
such as thermal denatu:ation,Jhyperchromic shift, Sl
nuclease resistaﬁce}and.EMrstudies, as demonstrated by

work detaliled.later.

Although as in most reassociation experiments there
are-many complicating factors affecting interpretation,
this type of apptoach not only.provides:information
regarding the nature of the repetitive elements, i.e.
the}r length and the proportionrof,the genome- they make
Vup,»but also of. the length of the non-repetitive 'spacer'
sequences often associated with them and the proportion

of .the genome consisting of such an'interspersed' pattern.



- The earliest work using these methods.revealed
that the genomes of Xenopus (Davidson et al. 1973)
and sea-urchin (Graham et al., 1974) appeared to be
composed, to a large degree, of short repeated sequences
(300-400bp) interspersed with single copy sequences of
about 1000 bp. Many other genomes were subsequently:
shown~£o possess such a short-period interspersion-
(SPJD:pattern.

That such.a pattern is however not universal among

eukaryotes was first demonstrated in Drosophila (Manning

et al. 1975; Crain et al., 1976) in which long (> 5 kb)
repetitive sequences appeared to be interspersed with: =
even larger ( > 13 kb) single copy sequences in an
arrangement known as-long-period interspersion (LPIL).. -
Among the reptiles, amphibians:and mammals. the. SPI
pattern appeared to be predominant'  (Epplen et al., 1979;
Schmidtke et al., :1979; Schmid,and.Deininger,fl975)f;
while in birds LPI was more in evidence ((Epplen et al.,.
1978; Eden and:Hendrick, 1978). . A:number:of insect
genomes appeared to display an LPI component (Crain et
al., 1976; French and Manning 1986; Wells et al., 1976)
while others were found to be predominantly SPI: .
(Efstratiadis et al. 1976, French and Manning 1980).
At a lower level of'evolutiénary complexity, Fungi and
brotiéta seem to be less amenable tovclassificétlon,fi
some species possesSing little or no interspersion -

(Timberlake, 1978; Krumlauf and Marzluf, 1979),



others possessing characteristics of SPI (Firtel and
Kindle, 1975) and others of LPI (Hudspeth et al., 1977).
Although detailed studies are sparse and many taxa
have not been investigated,'it is clear that there is .
little consistency within taxa; interspersion patterns
do not appear to be maintained even to the extent that
related organisms retain similar patterns. This might
‘suggest that evolutionary transition from one pattern
-to the other is very easily achieved and has occurred on
many occasions., | o
Despite belng the basis upon which a large number
of eukaryotic genomes have been characterised'in the last
decade, the distinct nature of SPI and LPI patterns‘has
probablyvbeen exaggerated. The classification ofigenomes
as either one or the other appears with hindsight to -
have been somewhat arbitrary.' As Bouchard (1982) states,
"The early discovery of two apparently distinct modes of
moderately repetitive sequence organisation has had a
substantial influence on the attitude of subsequent
workers analyzing the organisation of various eukaryotic
genomes. . Although in retrospect such a dichotomous
system does not seem to be adequate, it was a concept-‘
adopted when the relatively crude techniques ‘of DNA ”
vreasscciation were the most powerful available.
The large volume of data obtained by such methods

is reviewed by Bouchard (1982), Singer (1982), Lewin (1980)



and Thompson and Murray (1981), the latter being with
reference to plant genomes.

In plants, more so perhaps than in animals, the
categorisation of genomes into either SPI or LPI patterns
is often meaningless. As Flavell et al. (1974) point out,
plant genomes not only contain moderately repetitive
sequences but are frequently dominated by them. Con-
sequently, patterns of sequence interspersion unique to
very large genomes might be expected. For example, -
repetitive sequences must be interspersed‘with each other.

‘Walbot and Goldberg (1979) considered it reasonable
to classify all plant genomes which had been studied at
that time as SPI pattern, at least to the extent that
single-copy segments of typical length (1-2 kb) are:
flanked by repetitive DNA sequehces. _There 1is clearly
however considerable variation in the length of the
tebetitive'segments and the-nature of their_lpterspersion
with one another. .Both long and short repetitive DNA
sequences are-found in plant genomes, often w;th a. .
continuous lengtﬁ distribution between. :Not all the .
studies, - which have been performed in a wide range of
monocotyledonous and dicotyledonous plants,are directly
comparable. Some of the more detailed investigations are
however informative.

fmln Soybean (Walbot and. Goldberg, 1979; Gurley et al.,
1979), approximately 40% of the genome is single-copy

.sequence,: the majority of thils being approximately 1 kb



in 1ength and interspersed with repetitive elements of
300-400 bp in a typical SPI organisation. Some longer
single-copy DNA 1s howeyér in an LPI organisation and
‘1ndiv1dua1‘repeat$ in this species appear to range f;om
SOOpr'to,seyeral Kilobases in length. ‘Thé overall
organisation can really only be described as showing a
general similarity to that in Xenopus. . . : ”

_VLHIn pea (Hurray et;al.,,1978),_§her¢ is‘again a broad
distribution of :epetitive elémentrlgngtbs,‘and a broqd
range of their reiteration frequencies. The majority of
single copy segments appearito be only approximately
300 bp‘in length, shorter than in the typical SPI
organisation.

- Fairly extensive_investigatlons, using reassociation
‘techniques, have also been performed on DNA from,for |
,example;Cottonb(Walbot éndeu:e, 1976{, Mungbgaq,(ng:ay
et al.,el979),>Cornw(Hakg and qubot, ;?QQ), Lilium“t
V(Bquqha;d_and Stern,ll980);’Tobqchi(liqme:qinwaqdiGolqberg,
j1977), qus;éyc(K%per’qqd,ngzfeld,1?73,, Riqe”(GuptgbeQ
al, 1982), Flax:ﬂqu%is,‘;98}), and‘PearL Mlllety(Wimpee
and Rawéon,jl979). A more extengiyg‘l%st_is provided by
Flavell (1982). | :

‘M§re’usefulzperhgps;;han sqqh‘qomparisons’between
veryﬂdisgantyand ¢9ns¢qq§nt1y thergforg_yg;y,different
vspeéiés‘might pg“the;inforgap§oniobt§1ned?from”the com-
parison of genomes of closely related plant speclies. Such
comparisons have been made between some Lathxrushspecies

(Narayan and Rees, 1976; Narayan and’Rees, 1977) and perhaps



most comprehensively of all upon four cereal species.

Early work showed approximately 75% of the wheat
genome to be repetitive (Flavell and Smith, 1976) most
Sl-resistant reassociated duplex molecules being 500-

‘600 bp in length. Interspersion of short repetitive
sequences with each other was suggested by hyperpolymer =
formation kinetics (Flavell and Smith, 1977),although
single copy sequences of approximately 1000 bp were - -
also found to be»interﬁpersed witﬁ such short repetitive
sequences.,

The genome of rye, which is 50% larger, appears to
contain, in addition to sequences of 500-600 bp, very long
repetitive elements. Most of the additional DNA in rye
consists of sequences also present in wheat, suggesting
that amplification of sequences may be important in |
evolution. Single copy sequences, mostly <1500 bp, are
interspersed in'rye with repetitive sequéhces of weight
average 680 bp (Smith and Flavell, 1977), although since
repeated sequence DNA constitutes such a large proportion
of the rye genome (about 70%), a typical SPI pattern is
impossible; long reglions of repetitive sequences must exist
in the genome.

- The organisation of those sequences which are-
sufficiently closely related to form interspecies
heteroduplexes was investigated by the method of inter-

spersion curve constructionj different length tracer
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fragments of wheat DNA were reassociated with driver

DNA from wheat and oats (Smith et al., 1976) and the
homo-and hetero-duplexes further characterised by Sl
nuclease digestion and elution by phosphate or temperature
increases from hydroxyapatite. 16-22% of the wheat
genome consists of repetitive sequences that are related,
albeit somewhat distantly, to repetitive sequences in
oats under the standard stringencies employed. These
common sequences appear to be distributed throughout

67% of the wheat genome at intervals of >3500 bp.
Sequences common to both species are not clustered in

the wheat genome and must therefore be interspersed with
sequences that are not found in oats.

These studies were extended by reassociating
labelled tracer DNA, of different lengths, from each of
the four cereal speclesjrye, oats, wheat and barley with
driver DNA of each in all combinations (Flavell et al.,
1977). The construction of such interspecies Interspersion
curves permitted the degree of homology between each of
the DNAs to be estimated and a phylogenetic scheme of
cereal DNA evolution to be constructed. Seven groups
of repétitive DNA sequences were identified on this basis,
each of which was present to a differing degree (or indeed
absent) in each species. The thermal stability of
heteroduplexes suggested that .. "repeated sequences

of a family are more closely related within than petween

species .." which was interpreted as suggesting that a
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series of amplification events had taken place during
evolution.

The nature and organisation of the seven groups of
repetitive sequence was further characterised, each group
being defined, distinguished and isolated by its
presence or absence in the four genomes. The organisation
of each group of sequence was investigated by reassociation
using different length tracer fragments of wheat and rye
DNA against driver DNA of each group. (Rimpau et al.,
1978). The sequence organisation of wheat and rye DNA
was described in terms of different units, comprising
different groups of sequences, and crude organisational
maps constructed. Over 80% of non-repetitive DNA in wheat
and rye was found to reside closé to a repetitive sequence
in a pattern resembling that of SPI. In units lacking
single-copy DNA however, short repetitive sequences
belonging to different groups appeared to be highly inter-
spersed with each other, suggesting amplification and
dispersal or re-amplification of already interspersed
repeats, concepts which will be discussed later. Some
of the data are presented graphically in figure 1.

Similar studies, leading to similar coﬁclusions,
have been performed using barley and oat DNA (Rimpau et
al., 1980).

Such studies however appear to take the techniques
of DNA:DNA reassociation to their limit. The organisa-

tional maps of cereal genomes generated in this way are,



FIGURE 1

Ceneralised common units of sequence
organisation in plant genomes as revealed
by reassociation studies.

A. Interspersion of single-copy
sequences with short repetitive
elements.

B. Interspersion of members of
different repetitive families
of heterogeneous length.

C. Tandem arrays of homologous
members of one family of repeti-
tive sequences.

D. Long regions of uninterrupted
single-copy sequences.

For details of specific examples in

cereal genomes see Rimpau et al. (1978).
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in the author's words, "simplified and schematic .."
and display .. "inadequacies with respect to fine detail.."

Moyzis et al. (1981) extended and modified the bio-
chemical and biophysical methods of Davidson et al. (1973)
and Graham et al.(1974), applying them to an investiga-
tion into repetitive sequence interspersion in Syrian
hamster DHA. 1In so doing the authors suggest four
modifications to the techniques routinely employed,
without which they suggest that interspersion data can
be incorrectly interpreted. They further suggest that in
previous studies the amount of SPI may have been over-
estimated and that single copy regions in Syrian hamster,
rat and human DNA are much longer than the generally
accepted 1 kb.

Perhaps the most important observation among the
confusion of interpretations is that the vast majority
of eukaryotic genomes contain relatively short moderately
repetitive sequences that are interspersed with un-
related sequences, whether they be single-copy or other
repeats. Although individual variation may be common,
the phenomenon of generation and distribution of families
of repeated sequences seems to be a common one. A
knowledge of the physical organisation of DNA in a
eukaryotic genome is essential if the mechanism respons-
ible for such a phenomenon is to be elucidated. This in

turn may suggest a function for such sequences, if one exists.
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Genome organisation as revealed by cloning studies

The problem with reassociation related work is
that an average picture is presented which may obscure
finer details of genome organisation. In the first
decade of such work it was not possible easily to
isolate a pure sequence-family from the complex
population of genomic sequences. What made such
isolation possible was the advent of molecular
cloning. The use of pure cloned repetitive sequence
DNAs as probes in conjunction with such techniques
as restfiction mapping and DNA sequencing has led to
the characterisation of a large number of repetitive
sequences at a very fine level in a wide range of
species. Reassuringly, in a number of instances,
detailed studies at a molecular level have confirmed
properties of elements that had been predicted fiom
earlier reassociation studies. One such is the nature
of Alu sequences.

Alu sequences were first reported by Houck et
al. (1979) as 300 bp duplex molecules resistant to
S1 nuclease digestion after reassociation of sheared
denatured human DNA. Reassociation experiments
demonstrated that they were interspersed in the human
, genome with non-related sequences, many adjacent to
non-repetitive DNA, and that they had a reiteration
frequency of as many as 3 x 105, representing 3% of

the genome. Furthermore, some members of this family
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appeared to be transcribed, being found on HnRNA
and cytoplasmic poly A RNA (Jelinek et al., 1980).
Following the cloning of members of the Alu
family, detailed analysis showed that most elements
were indeed 300 bp in length and that they were
linterspersed: throughout most of the human genome,
as evidenced by the fact that they are present in 90%
of the clones in a genomic A library (Tashima et
al., 1981). Alu elements have been found in the
region of known genes and within gene clusters (Bell
et al., 1980; Duncan et al., 1979; Fritsch et al.,
1980). A consensus sequence has been constructed
(Deininger et al., 1981) to which the majority of
family members show at least 80% sequence homology.
An internal structure is also evident, all elements
being a head-to-tail dimer; each half being ter-
minated by an AT rich sequence and the whole being
flanked by short direct repeats (see figure 2 ).
' Many Alu elements act as in vitro and in vivo
templates for transcription by RNA polymerase III
(Duncan et al., 1979; Elder et al., 198l). This,
in addition to the fact that such elements are often
found within such usually well conserved and homo-
geneous sequences as satellite arrays (Grimaldi and
Singer, 1982), has been interpreted as suggesting

that Alu elements are capable of transposition.



Alu
~ 300 bp

Copia
~ 5kb

Ty1
« 5kb

FIGURE 2

The general structure of the eukaryotic
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Supporting this theory is the fact that genomic Alu
elements are often found surrounded by short direct
repeats, duplications of a genomic sequence, which

is typical of bacterial transposons and, as is
becoming increasingly apparant, also typical of
eukaryotic transposons. A possible mechanism for
transposition is the reverse transcription and
reinsertion of transcribed Alu elements (Jagadeeswaran
et al., 1981; Sharp, 1983), the presence of Alu
elements on polydispersed circular DNA from monkey
cell cultures perhaps being evidence of an intermediate
in this process (Krolewski et al., 1982).

Alu-like sequences are not confined to the human
genome. They have also been reported in other primate
genomes such as the bonnet monkey'(Houck and Schmid,
1981), African Green monkey (Grimaldi et al., 1981)
and the Galago (Houck and Schmid, 1981), where they
are also interspersed and 300 bp in length. '

Related sequencesof about 130 bp have been
reported in rodent genomes. The Bl and B2 sequences
in the mouse are strikingly similar to primate Alu
sequences in copy number, interspersion pattern,
orientation in the genome and transcription (Krameroy
et al,, 1979; Georgiev et al.,198l; Krayev et al.,
1980). The presence of Alu-like sequences in the

genome of a plant species, Malze, has been demonstrated
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(Blin et al., 1983). Several other short inter-
spersed repetitive sequences that are unrelated to
Alu have been described, among them Ret (875 bp)
in African Green Monkey (Lewin, 1982) and A, B and
C in mouse (Haigwood et al., 1981).

It seems reasonable to assume that it is the
presence of such short elements, which are usually
in high copy number and widely interspersed in a
genome, that is responsible for the reassociation of
DNA fragments in a manner suggesting SPI in some of
the eukaryotic genomes alluded to earlier.

That many sequences in the eukaryotic genome
appeared to be transposable was perhaps surprising,
although earlier studies had suggested that such a
phenomenon might be responsible for mutations of
high reversion frequency such as those in Maize
(McClintock, 1956). Transposition of sequences was
also invoked, without any direct evidence, for
the interspersion patterns revealed by reassociation
work. It was only with detailed genomic mapping that
elements capable of transposition were characterised.
One of the earliest and better characterised were

the copia-like sequences in Drosophila.

Copia and the copia-like sequences such as 412
and 297 (Finnegan et al., 1982), mdg 1 and mdg 3
(Ilyin et al., 1980) share a number of properties.

All are much longer than Alu-like elements, being
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approximately 5-7 kb, exist in 30-50 coplies per
genome, are interspersed and are flanked by long
(200-500 bp) direct repeats; see figure 2.
Members of each family code for abundant poly At
mRNA. - The resemblance to transposable elements
of E. coli (Calos and Miller, 1980) and to the
proviruses of vertebrate retroviruses (Levis et
al., 1980) has been noted.

The copy number and chromosomal location of
many of these elements appears to vary between

different Drosophila strains (Strobel et al., 1979),

there being a short duplication of genomic DNA
sequence associated with each element. Furthermore,
a number of revertable mutations have been shown to
be due to the insertion and excision of copia-like
transposable elements (Gehring and Paro, 1980;

Snyder et al., 1982). The evidence strongly suggests
that copia-like repetitive sequences are trans-
posable and although the mechanism is not clear, the
existance of copia- like RNA sequences in retro-

virus-like particles in cultured D. melanogaster

cells (Shiba and Saigo,1983) is suggestive.
An unusual family of transposable elements in

Drosophila has been described by Truett et al. (1981).

The foldback (FB) family members are heterogeneous in
both the length of the element and the length of the

terminal inverted repeats that characterise them.
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”

There are significant differences in chromosomal
locations between strains, there usually being
about 30 copies per genome. An FB element responsible

for the W® mutation at the white locus in Drosophila

is capable of precise excision at high frequencies.
(Collins and Rubin, 1983).

Transposable elements have also been described
in other eukaryotic genomes. Tyl elements of

Saccharomyces cerevisiae have properties very similar

to those of copia (Cameron et al., 1979) and have
been shown to be responsible for an unstable mutation

(Roeder et al., 1980). The Caenorhabditis elegans

genome contains a 1.7 kb transposable element, Tcl
(Emmons et al., 1983) while in plants a 402 bp element
flanked by direct repeats has been detected in the
genome of Maize (Marx, 1983).

Many other classes of repetitive DNA sequence
elements in eukéryotes have been described. Evidence
for their being transposable is however suggestive
rather than compelling. The more extensively
investigated of these are probably the Kpn and Hind III
1.9 kb-families in primates, the EcoRI/MIF-1 family
in rodents and a number of families in sea urchin.

Six distinct families of Kpn I sequences of the
human genome have béen described (Shafit-Zagardo,
1983), members of which are polymorphic in length and
sequence, occuring approximately 104 times per genome
and which are found interspersed with other sequences

including genes and satellite arrays. Some members
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appear to be transcribed (Lerman et al., 1983).
Members of the 1.9 kb Hind III family of repeats in
human DNA appear to be interspersed as part of a
larger (> 5.5 kb) element repeated approximately
3000-4000 times (Manuelidis and Biro, 1982). They
appear to be related to the above-mentioned Kpn I
sequences.

MIF-1 family members, of which there are
approximately 20,000 interspersed throughout the genomes
of several rodent species_ (Brown and Dover, 1981),
are at least 3000 bp in length. They appear to be
the same sequence as the 1.3 kb Eco RI family
(Heller and Arnheim, 1980; Cheng and Schildkraut,
1980; Meunier-Rotival et al., 1982), members of
which have been investigated in some detail and
appear to be somewhat heterogeneous with respect to
sequence and length.

Members of specific repetitive families in the

genome of the sea urchin Stroglyocentrotus

purpuratus have been characterised with respect to

their organisation (Anderson et al., 198l; Moore et
al., 1981; Scheller et al., 1981; Posakony et al.,
1981). The results are complex but both long and

short repetitive elements are described. Interspersion
of such elements with both single copy DNA and other

repetitive elements is common.
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An arrangement of repeated DNA sequences pre-

viously undetected in Drosophila was revealed by

cross-hybridisation of fragments of ten clones
(Wensink et al., 1979). Repetitive elements no
greater than 1 kb in length were found to reside

in large clusters with unrelated elements of similar
size. Different clusters share the same short
elements but such elements are in different per-
mutations in each cluster. This 'clustered and
scrambled' arrangement of moderately repetitive
elements suggests that they may be transposable, as
indeed might be entire clusters.

A clustered organisation in which repetitive-
sequence elements are scrambled at different site5
in the genome has also been detected in the chicken
genome (Musti et al., 1981).

Clearly a large proportion of many eukaryotic
genomes is composed of moderately repetitive inter-
spersed sequences such as those described above;
sequences which are often largely responsible for
the differences in DNA content between related
species.

In a number of species however a large proportion
. of the genome comprises highly repetitive tandemly
arranged'satellite-DNA'sequences; 50% for example

in Dipodomys (Hatch et al., 1976). The organisation
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of satellite DNA in eukaryote genomes is reviewed
by John and Miklos (1979), Lewin (1980) and Singer
(1982).

The presence of such sequences was originally
deduced from the fact that they form 'satellite’
bands when subjected to isopycnic centrifugation
in CsCl or Cu504 density gradients, as a result of
their average base composition deviating signifi-
cantly from that of total DNA. A number of satellites
are'cryptic', only being revealed.in the presence of
heavy metal ions antibiotics or dyes in such gradients.

Early reassociation studies established that
satellite DNA is generally highly repetitious and in
the form of a tandem repeat of a unit sequence. The
basic unit may be as small as 2bp (Sueoka N and
Cheng T.Y., 1962 ) or be several hundreds of base
pairs in length. The term satellite DNA is now applied
to DNA sequences of this organisation, rather than to
jJust those sequences isolatable as satellite bands on
isopycnic gradients. On the other hand although
tandemly repetitive genes, for example r RNA genes,
can form satellite bands in such gradients they are
usually not regarded as satellite DNA. For the
purposes of this discussion such sequences will be
referred to as 'repetitive genes'.,

In a simple situation, partial restriction

digestion of satellite DNA liberates a characteristic
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ladder, fragments being integral multi ples of

the basic unit. The situation is, however, often
more complex, restriction digestion often revealing
the presence of short and long range periodicity.

In addition the existence of more than one type of
restriction pattern reveals the presence of discrete
segments of variant sequences in many genomes (for
example H8rz and Zachau, 1977).In such a way
restriction digestion has revealed much regarding

the evolutionary history of satellite DNA.

In situ hybridisation studies have demonstrated
that satellite DNA sequences are generally associated
with heterochromatin, a fact that has provoked much
speculation regarding possible functions of such
sequences. Ideas relating to the evolutionary
history and possible function of satellite DNA will
be discussed later.

In evolutionary terms satellite DNA is rather
variable. Some specles possess characteristic
satellite DNA sequences which will not cross
reassociate with those sequences of related organisms

(for example in some Drosophila species). Indeed some

organisms possess a number of satellite families,
which may or may not be related to one another, while
others may have one,or indeed may lack such a com-

ponent. In instances where related species share a
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satellite DNA family the quantity may be very
different between closely related genomes. An example
is in Dipodomys species (Hatch et al., 1976).

In contrast to their great variability between
related species (either qualitative or quantitative),
satellite families show relative uniformity within a
species. It has long been assumed that the same
relatively homogeneous arrays were present on all
chromosomes of the complement in many species.The
use of cloned material however has enabled the
sequencing of a number of satellite units, reveal-
ing a considerable amount of sequence divergence.
Whether this is a result of heterogeneity within
an array present on all chromosomes or whether it
-1s due to divergence between arrays on different
chromosomes, arrays which are homologous within a
chromosome, remains to be established. The evolu-
tionary implications of within species variation of
satellite DNA arrays will be considered later.

The vast majority of satellite DNA shows no
detectable level of transcription. The exceptions
(varley et al., 1980 )might be a result of
‘readthrough from upstream promoters.

Relatively few investigations have been made
relating to the characterisation in detail of the
many repetitive sequences present in plant genomes.

The situation however seems to be more complex than
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in animal genomes.
Work using cloned repetitive sequences has
been mainly centred upon those tandemly arranged
highly repeated DNA sequences present in hetero-
chromatin. The organisation of both simple and
compound tandem repeats in the genomes of species
of the Gramineae has been determined (Bedbrook et
al., 1980 a, b; Jones and Flavell, 1982). The
localisation, copy number and structure of four
families of tandemly arranged simple sequence DNA
was investigated in a number of Secale species (Jones
and Flavell, 1982). Each species was unique in the
amount of each family and its distribution within
the chromosome complement, although there was usually
aﬁ associlation with heterochromatin. The evidence
suggested that each sequence family exists independently
of the others, perhaps residing in separate blocks.
In contrast, other repetitive sequence families
appeared to be conserved between speclies as evidenced
by fluorescence bands on ethidium bromide stained gels.
Reamplification of a portion of a tandem array
after the insertion of a short sequence within the
array appears to have led to the telomeric-specific
compound repeats of rye (Bedbrook et al., 1980 a, b).
Clearly however many families of repeated DNA
sequences are organised in a way more complex than

a8 localised tandem array. Many appear to be
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interspersed with other non-related repeating units

or with single-copy DNA and to be distributed along
all chromosomes of the complement. A randomly
isolated wheat ODNA fragment was found to consist
entirely of repeated sequence DNA representing members

of several families (Flavell etalx;1981). In situ

hybridisation to metaphase wheat chromosomes showed
the sequence to be distributed over most if not all
the chromosomes.,

Results using two such wheat clones as probes
against restricted total DNA, which
had been fractionated and bound to nitrocellulose
filteryshowed that members of the family represented
by the clones vary considerably in copy number and in
organisation between related species (Flavell, 1982).
Such a conclusion is drawn from the variation in
intensity and in the pattern of hybridisation. The
organisation of the repeats responsible for these data
is presumably complex, reflecting their evolutionary
history. Sequence translocation, amplification and
possibly deletion appear to be responsible for the
differences in the majority of DNA sequence families
between related species.

A system for classifying moderately repetitive
interspersed sequences has been suggested by Singer
(1982). Although useful in categorising those

sequences that have so far been described in eukaryotes,
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it may suffer from the same inadequacies as does the
partitioning of genomic interspersion patterns into
SPI and LPI ; In other words there is a danger of
subjecting what is effectively a rather heterogeneous
situation to a dichotomous classification system.
Nevertheless the concept of 'short interspersed
repeated sequences' (SINES) and 'long interspersed
repeated sequences' (LINES) has been adopted by a
number of authors. SINES are usually considered
to be shorter than 500 bp and to have a copy number
of up to 106 per genome. LINES on the other hand are
several Kilobases in length and are generally of
lower copy number (104 or lower). Some of the
repetitive elements described above can be fitted into
this classification; Alu-like sequences being considered
SINES; Kpn, Tyl, MIF-1 and all copia-like sequences as
LINES. The'clustered and scrambled' repeats of

Drosophila and the complex repeats of cereal genomes

do not fall easily into either category.
Unfortunately even a detailed knowledge of a
particular sequence does not necessarily lead
immediately to the elucidation of its function or
evolutionary behaviour. A prime example is that of
. satellite DNA. As John and Miklos (1979) conclude in
their review of the field ... "although fashionable
dogma dictates that analyses of structure and change

in structure will necessarily resolve the questions
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of function, it is obvious that such oblique
approaches do not for the most part even impinge
upon the problem ..."

Nevertheless, in the absence of any direct
methods of elucidating function and evolutionary
behaviour, detailed comparison of the organisation
of specific repetitive sequence families between
related species remains perhaps the most powerful
approach.

It was with this in mind that a stqdy of a class
of repetitive DNA sequence elements found in the

genome of A. sativum was undertaken; elements which

are indeed common to several other Allium genomes.
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MATERIALS AND METHODS

Materials
Allium material was obtained commercially except

for A. ursinum (Bulwell, Notts.), A. babingtonij (Tresco

Cornwall), A.triquetrum (St. Marys, Scilly Isles),

A. vineale (Portland Bill, Dorset).

Isolation of plant DNA

Allium tissue (bulb, unless otherwise stated)
was ground in a minimum volume of extraction buffer
(0.5M Sucrose, 0.05M Tris, 0.1M EDTA, p.H 7.23),
strained through gauze or miracloth (Calbiochem)
and centrifuged for 15 minutes at 3,000 r.p.m. (4°C).
The resulting pellet was resuspended in extraction
buffer containing3.3% Triton-X and centrifuged for
15 minutes at 5,000 r.p.m. This step was repeated
several times and the pellet resuspended in 10
volumes of 0.1M Tris, O0.1M EDTA pH 8.0 to which SDS
was added to 0.5% and protease (preincubated at 37°C
for 4hr.) to 500 Hg/ml.

After one hour incubation at 37°C, 1/5 volume
of 6M sodium perchlorate was added to the lysed
material and the mixture shaken with an equal volume
of chloroform:amylalcohol (23:1). This mixture was

centrifuged for five minutesat 5,000 r.p.m., the upper



layer being retained, and the operation repeated
until no more material appeared at the interface.

An equal volume of cold absolute ethanol was layered
on and the DNA spooled into a suitable buffer (e.g.

10mM Tris, 10 mM EDTA, pH 8.4).

Purification of plant DNA

DNA extracted by the above method was subjected
to two rounds of centrifugation on neutral CsCl
density gradients in the presence of ethidium bromide.
DNA was centrifuged in gradients comprising 4.2759
CsCl, 60 ul Ethidium bromide (10 mg/ml) and 4.6 ml
DNA in buffer (e.g. 50 mM Tris, 10 mM EDTA, 0.1%
sarcosyl) for 16-20 hours at 40,000 r.p.m., 20°C. in
a vertical rotor (VTié5) on a Beckman L5 658
ultracentrifuge.

Mainband DNA was visualised in UV light,
fractionated by side puncture, shaken ten times
with isopropanol to remove ethidium bromide and
dialysed overnight at 4°¢ against a dilute buffer
such as 10 mM Tris - HC1 pH 8.0,

Purified plant DNA was stored at -20°c.

Isolation and purification of plasmid DNA

Large scale isolation of plasmid DNA was
performed essentially as described by Clewell and
Helinski (1969). 30 mls (or multiples thereof) of
Luria Broth was innoculated with 1 ml of an overnight

culture and incubated with shaking to 0D = 0.6.
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Chloramphenicol was then added to 200 pg/ml and
incubation continued for 18 hours. Cells were
harvested and resuspended in lml cold 25% sucrose
in 0.05M Tris pH8.0. 1 mg lysozyme, in 0.25M
Tris pH 8.0, was added and the cells kept on ice
for five minutes. O0.4ml. of 0.25M EDTA pH 8.0
and, after five minutes on ice, 1.6ml detergent
mixture, were added to lyse the cells (1% Brij 58,
0.4% sodium deoxycholate, 0.0625M EDTA, 0.05M Tris
pH 8.0). After ten minutes gentle agitation the
clear viscous mixture was centrifuged for thirty
minutes at 20,000 r.p.m., (4°C) to remove cell
debris and associated 'chromosomal' DNA. The
supernatant was shaken several times with an equal
volume of chloroform: amyl alcohol (23:1). Finally
an equal volume of cold ethanol was added, the
mixture shaken gently, held at -20°C for at least
one hour and the DNA p;eclpitate pelleted by
centrifugation at 10,000 r.p.m. for ten minutes.

Plasmid DNA was purified by centrifugation on
neutral CsCl density gradients in fhe presence of
ethidium bromide as described above, except that the
gradients comprised &4.5g CsCl, 60 H1(lOmg/ml)
ethidium bromide, and 4.5ml1 DNA in buffer (e.g. 0.1HM
Tris- HCl, 0.1H EDTA pH 8.4).

Plasmid DNA was also routinely extracted on a
smaller scale by the rapid lysis method of Ish-

Horowicz and Burke (19S81). Cells from 1l-4 mls of



overnight culture were harvested and resuspended in
100 pyl 50mM glucose, 25mM Tris pH 8.0, 10mM EDTA.
200 pl 0.2 M NaOH, 1% SDS was added and the mixture
incubated on ice for five minutes. Upon addition of
150 yul cold 5M NaOAc pH 4.8, a heavy precipitate
formed which was pelleted. The supernatant was
removed, and the DNA ethanol precipitated and
resuspended in 10mM Tris pH 8.0. Contaminating RNA
was removed during restriction digests of plasmid DNA
by the addition of 2 1g/ml heat treated ribonuclease

A (Sigma).

Restriction digestion

Restriction endonuclease digestion of DNA was
performed in an appropriate volume at 37°C for 1%-2
hours with an excess of enzyme usually»in a buffer
comprising 100mM Tris-HCl (pH 7.2), 5mM MgClz,
50mM NaCl or in BRL core buffer (50mM Tris HCI
pH 8.0, 10mM MgCl,, 50mM NaCl). Reactions were

stopped by the addition of 1/4 volume of 10% ficoll,
0.06% Bromophenol blue, 0.5% SDS and incubation at
65°C for ten minutes. .
Restriction endonucleases were obtained from

BRL, Enzobiochem Inc., CBL and Biolabs.

Cel electrophoresis

DHA fragments were electrophoresed on vertical

and horizontal agarose gels in Tris Acetate EDTA
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buffer (0.04M Tris, 5mM Na acetate, 1lmM EDTA pH 7.9)
and on agarose mini-gels (Uniscience) in Tris borate
buffer (0.1M Tris, 0.1M Boric acid, 2.5mM EDTA).

The Tris Acetate EDTA buffer was also used for
polyacrylamide gel electrophoresis. After staining
with Ethidium Bromide (0.5ug/ml), DNA was visualised
on ayy- transilluminator and photographed on Ilford

FP4 film.

Isolation of DNA from agarose qgels

Stained DNA was cut from the gel in an agarose
strip, placed in dialysis tubing containing 1/10
dilution electrophoresis buffer and electroeluted in
the same buffer for % hour at 100 v. The buffer was
removed from the tubing, the DNA extracted with
phenol: chloroform (1l:1) and chloroform, and ethanol
precipitated after the addition of 1/10 volume 2M Na

Acetate.

Construction of recombinant plasmids and Transformation

Partial genome libraries were constructed in
pBR 322, pAT 153 and pBR 323 by digesting approximately
lyg of genomic DNA and lig of plasmid DNA to completion
with the appropriate enzyme, mixing the two in a buffer
29 0.066 mh ATP, 10mM DTT, 66 mM
Tris HCL pH 7.6 and ligating for 16-20 hours at 4°C

comprising 66mM MgCl

with 0.1 units ligase (BRL).

Plasmid DNA was transformed into calcium-treated



E. coli (HB10l) cells. 8ml LB were innoculated with
0.4ml of a fresh overnight culture and incubated at
37°C with agitation for 90-100 minutes. The cells
were harvested and resuspended in 4ml cold 1OmM
CaClz. After reharvesting and resuspension in 0.5ml
cold 75mM CaClz, 0.2ml of the cell suspension was
added to the DNA in 0.3ml 75mM CaClZ. This mixture
was held on ice for 45 minutes and heat shocked at
42°C for ten minutes. .0.5ml LB was added and the
cells grown at 37°C for 1-2 hours before plating on
the appropriate LB plates.

Recombinants were selected on the basis of
insertional inactivation of either the ampicillin or

tetracycline gene, and stored at -20°C in 35%

glycerol.

Screening of recombinants

Clones containing a particular DNA sequence were
selected by colony filter hybridisation, essentially
as described by Grun;tein and Hogness (1975) except
that Whatman 541 hardened ashless filter paper was

used and the proteinase K step omitted.

In vitro labelling of DNA by MNick-translation

Nick-translation was carried out essentially
according to Rigby et al (1977) and A. Jeffreys
(pers.comm.), the 251 reaction mixture comprising

0.05M Tris-HCl pH 7.8, SmM MgCl,, 0.0l M

2’
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Bmercaptoethanol, 5uM dATP, Sy dGTP, SuM dTTP,
1-2ul(a-3%P) dCTP (10mCi/ml, Amersham) and
0.05-0.1ug DNA, 1ul 8ng/ml DNase and &4 units DNA
polymerase I (BRL) were added and the mixture
incubated at 15°C for one hour. The reéction was
stopped with 25ul 10mM Tris-HCl pH 7.5, 10mM EDTA,
0.5%-SDS and DNA extracted with phenol:chloroform
(1:1) followed by two ethanol precipitations
using Calf Thymus DNA (0.1lmg) as carrier DNA. The
final precipitate was redissolved in 500ul 10mM

Tris HC1l pH 7.4 and stored at -20°C.

7 8

Specific activities of 10° - 10” counts/min per

ug of DNA were routinely obtained.

In vitro end-labelling of DNA fragments

Restriction fragments of plasmids were ethanol
precipitated, resuspended in 10pl H20 and were end-
labelled in 1 x core buffer (BRL) in the presence
of 5uM dATP, 5uM dGTP, SuM dTTP, 0.5ul (a -32P)

dCTP (10mCi/ml, Amersham) and 2 units large-
fragment (Klenow) polymerase (BRL), essentially'by
the method of Maniatis et al (1982). The reaction was
performed at room temperature (20-24°C) for % hour
after which time the mixture was loaded directly onto

an agarose mini-gel on which the restriction fragments

were fractionated. The required DNA fragment was
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excised after staining with ethidium bromide and
visualising in UV light, electroeluted, extracted
with phenol:chloroform and chloroform, ethanol
precipitated and redissolved in 50ul 10mM Tris HCl

pH 7.4,

DNA transfer and filter hybridisation

DNA was transferred from agarose gels to
nitrocellulose filter paper (Schleicher and Schﬂll
BA 85) essentially as described by Southern (1976).
Large (>10kb) fragments of DNA were often
partially depurinated by treatment with 0.2M HCl for
ten minutes to aid transfer. Following denaturation
in 1.5 NaCl, 0.5M NaOH and neutralisation in 34
NaCl, 0.5M Tris HCl pH 7.0, each for 15-30 minutes,
DMA was transferred overnight at room temperature.
The filter was then washed in 2 x SSC and baked in
vacuo at 80°C for 2 hours. Filters were stored at room
teﬁperature.
Filters to be probed were prehybridised for
several hours at 65°C, in the hybridisation solution
(4 x SSC, 0.1% SDS, 5 x'Denhardts solution' i.e. 0.1%
PVP, 0.1% ficoll,0.1% BSA) in sealed plastic bags.
Heat denatured probe was added directly to this
solution (usually in about 100Hl) and hybridisation
performed for 15-18 hours ét 65°cC. in some experiments,

to increase the rate of reassociation, Dextran



sulphate (high M.W, Sigma) was added to the
prehybridisation solution to a final concentration
of 10% (Wahl et al, 1979).

Following hybridisation, filters were washed in
4 x SSC, 0.1% SDS at 65°C for at least } hour and
also in 2 x SSC at room temperature before being
blotted dry and subjected to Autoradiography.

Some nitrocellulose filters were re-probed
several times. Those filters on which probe had
decayed to below detectioﬁ level were reprobed in the
way described above for freshly baked filters. Other-
wise probe was removed from a filter by incubation

at 65°C in H,0 for several hours, with several changes,

2
after which time hybridisation was performed as

described above.

Autoradiography

Filters were exposed to pre-flashed Kodak
X-omats film, usually with an intensifying screen
(Fuji Mach II) at -80°C (Laskey, 1980) for periods
ranging from 2 hours to several weeks. Film was

developed in Kodak DX-80 developer.

Spot-blot hybridisation

Samples of DNA were quantitatively assessed
before transfer to nitrocellulose filter and
hybridisation essentially by the method of Cunningham

(1983). 5ul samples of DNA solutions were spotted

36.
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onto ethidium bromide plates (1% agarose containing
10,g/ml Ethidium bromide poured in petri dishes)

and allowed to dry. DNA was visualised by UV and
quantified against a) -DNA series -dilution standard.
A thin layer of 1% agarose was poured over the gel
and allowed to set. The DNA was partially depurinated,
denatured and neutralised as described above ('DNA
transfer and filter hybridisation') and transferred
to nitrocellulose paper in a simplified Southern

blot apparatus for at least 2 hours. The filter was
baked in_vacuo for two hours and probed in the usual

fashion.

Rapid small-scale extraction of plant RNA

Total RNA was extracted from root tissue of a
week-old individual plant by an adaptation of the
method of Bartels and Thompson (1983). The tissue
was finely chopped and ground in a pestle and mortar
in a minimum volume of 0.1M NaCl, 0.0lM Tris, 0.01M
EDTA, 2% SDS. Preincubated protease was added to
2mg/ml and the mixture incubated at 37°C for 15
minutes. Cell debris was pellettéd by centrifugation
and the supernatant extracted twice with phenol:
C¢.hloroform (l:1) and with chloroform. HNucleic acid
was ethanol precipitated and redissolved in 10mM Tris

pH 8.0. RHNA was stored under ethanol at -80°C.
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DNA : DNA solution reassociation and hydroxyapatite

chromatography

Driver DNA was usually sonicated to a length
of 200-600 bp, (2 minutes on a Kerrys KT 100
sonicator). Labelled tracer DNA and at least a
5000 fold excess of driver DNA were heat denatured
and reassociated in 0.12M phosphate buffer (1M PB
is 0.5M Na dihydrogen orthophosphate, 0.5M disodium
orthophosphate) at 60°C in sealed tubes. The period
of iIncubation for the required Cot value was
determined from the relationship

Cot = 0D 260 x t (hours)
2

After reassociation to the required Cot, single
and double stranded DNA were separated on hydroxy-
apatite (HAP). Double stranded DNA was bound to HAP
(Biorad. DNA grade) which had been equilibrated in
0.124 PB in water jacketted columns at 60°c. Single
stranded DNA was eluted with 4 x 2ml rinses of 0.1l2M
PB, the remaining double stranded DNA with 4 x 2ml
rinses of 0.5M PB.

In thermal elution experiments, reassociated
DNA was bound to HAP at 60°C and the temperature of
the water jacketted column raised at interwvals.
Single-stranded DNA was eluted at each stage by

4 x 2ml rinses with 0.12H PB, TCA precipitated and
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subjected to scintillation counting.

TCA precipitation and Scintillation counting

To each DNA sample to be TCA precipitated was
added BSA to a final concentration of 50-100 ug/ml
and 20% TCA to a final concentration of 10%. After
mixing this was kept on ice for 15 minutes before being
filtered under suction through filter paper
(WYhatman GF/C) which had been soaked in 5% TCA. The
filter was washed with 5% TCA before being dried for
1 hour at 70°C prior to scintillation counting.

In instances where small aliquots, e.g. 5ul,
of labelled-DNA solutions were to be counted, these
were spotted directly onto Whatman GF/C paper.

Dry filters were immersed in a 24:1 toluene
liquifluor (NEN) scintillation cocktail and counted
on an Intertechnique SL30 liquid scintillation

spectrometer.

Sl-nuclease digestion

To the DNA solution was added four volumes of
0.3M NaCl, five volumes of Sl assay buffer (0.05M
acetic acid, 0.05M sodium acetate, 5mM B mercapto-
ethanol, 2mM zinc sulphate pH 4.5) and an appropriate
number of units of Sl nuclease enzyme (Sigma) in
accordance with the manufacturers recommendations.
The mixture was incubated at 37°C for the appropriate

length of time before being either loaded onto a HAP



column or ethanol precipitated.

Chromosome preparation and stajning.

Actively growing root tips were excised from
healthy bulbs growing in water and incubated at room
temperature in 0.2% fresh colchicine with occasional
agitation (to ensure aeration) for six hours. After
washing in distilled water the tips were fixed in
3:1 ethanol:acetic acid overnight at room temperature
after which tips were hydrolysed in preheated 1M HC1
for eight minutes at 60°C, washed in water and stained
by immersion in Feulgen stain for one hour. The
terminal 1-2mm of the stained tips were exciged, teased
apart and squashed in 45% acetic acid. Chromosomes
were viewed and photographed on a Vickers M17 micro-

scope on Ilford FP4 film.
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THE GENUS ALLIUM
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THE GENUS ALLIUM

(1) Species classification

The genus Allium, described by Stearn (1944) as a
"vast almost unwieldy genus", is extremely diverse,
containing 600 or more species which cover the whole
Northern hemisphere. The majority of species are
perennial monocotyledonous wild plants which possess
the taste and odour characteristic of onions and garlic;
a property which has resulted in the cultivation of
several species since Egyptian times. The resulting
variety of cultivars makes the task of Allium taxonomy
(already difficult due to the diversity of structure and
the combinations of characters) even more difficult.

Early taxonomic works by Clusius and Haller are
recognised as being important in the formulation of

Linnaeus's Species Plantarum of 1753 in which 31 species

of Allium were described. Despite numerous attempts,
notably by Don and Regel in Cl9, no classification yet
proposed in considered totally adequate, although in more
recent years cytological techniques have contributed
greatly to an understanding of species relationships.
Such work 1is taken, into consideration by Traub (1968)

f&f example in his tentative key for Allium species.

A classification of the Allium species of Europe and



42.

the Middle East is presented in figure 3 ; the majority
of this information was obtained from J. Shaw (pers.comm).
Only the main subgenera and sections are shown as
taxonomy beyond this level becomes somewhat confused.
Although the nomenclature is different to some extent,
this classification agrees with others available (for
example Traub, 1968; Tutin, 1980) in so far as the
grouping of species into common lines of descent is
concerned.

Some general information pertaining to the species
used in this investigation is presented below. Specific
details relating to chromosome number, ploidy level,

DNA content etc. are presented in table 1.

A large amount of information relating to the

botany, cultivation and utilisation of Allium species is

presented by Jones and Mann (1963).
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Species
name

A. sativum

A. porrum
A. babingtonii

A. vineale

A. sphaerocephalon

A. schoenoprasum

A. hierochuntium

A. cepa
A, fistulosum

A. stipitatuh

A. tuberosum

A. neapolitanum

A. moly

A. ursinum

A. ostrowskianum

A. triquetrdm

(Data from references cited in main text)

TABLE

Common
name

common-
garlic
leek

crow-
garlic

chive
shallot
onion
Japanese

bunching
onion

Chinese
chive

Golden
Allium

Ramsons

Red-star

1

Basic
chromosome
number

8

2n

‘16

32
48

32

16
16
16
16
16

16
32

14
14

14
14

18

Ploidy

+

NN

DNA
content

2c (pg)
32.7

24 .1

15.6
30.3
33.5
26.3

34.8

45.2

63.0
39.8/

- 44,6

36.3
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Species Notes

SECTION ALLIUM

A. satiyum L.

The common garlic A. sativum (sativum =

cultivated) occurs in a variety of morphological types,
all of which are completely seed sterile, reproduction
therefore being exclusively vegetative. Consequently
existing cultivars must have arisen as vegetative
mutations during theAlong cultivation of garlic.

Three basic types of A. sativum, designated H, U

and A, distinguishable on the basis of morphological
characters, have been described (Konvicka and Levan,

1972). The chromosomes of A. sativum have been described

by several workers (Verma and Mittal, 1978; Konvicka and
Levan, 1972). All three types have 16 chromosomes
which, although similar in gross morphology between
clonal types, do show slight differences in length and

arm ratios between H, U and A.

A. ampeloprasum L. (ampelos = grape vine, prason = leek)

Wild forms of this species are widespread in their
distribution throughout Europe and are extremely variable.
The cultivated forms can be divided into three groups,
one of which, the 'leek group' contains the cultivated

leek A. ampeloprasum var porrum (L) Gay, hereafter

referred to simply as A. porrum.




A. babingtonii Borrer

Considered a variety of A. ampeloprasum by some

authors, A. babingtonii is unusual in being unknown

outside Britain. First noted in Cornwall it has since

been reported in Dorset and Western Ireland.

A. sphaerocephalon L.

A very variable species throughout Europe with

local differentiation.

A. vineale L.('crow garlic')

A species widespread in most of Europe as a weed

on cultivated land.

SECTION CEPA

A. cepa L.
Unknown in the wild state, A. cepa is probably

derived from A. oschanini in the region of Iran and has

been in cultivation for over 3000 years. The cultivars
can be divided into three groups, the majority;
(including 'spring onion' 'tree onion' and A. cepa, used
in this study)belonging to the 'common-onion' group.

The shallot, A. hierochuntium (or A. ascalonicum)

belongs to the 'aggregatum' group.

A; fistulosum L.

The Japanese bunching onion (or Welsh onion) is

44,
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unknown as a wild species, having many cultivated forms.
It has been crossed successfully with A. cepa to

produce a hybrid.
SECTION RHIZERIDEUM

A. tuberosum

The chinese chive is known as both a wild and a
cultivated plant. It is unusual in that it spreads by

rhizomes rather than by forming bulbs.
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(2) The chromosomes and DNA of Allium species

1) Chromosomes

By 1965 about 170 forms of Allium had been studied
cytologically, revealing there to be three basic haploid
complements; n = 7, n = 8 and n = 9, the majority having
n = 8 or a multiple thereof since polyploidy is common
and ranges up to 13x. Despite this fact, it seems to be
generally accepted that the primary basic chromosome
number in the genus Allium, from which the others have
been dérived, is n = 7. It is thought that the present
day Karyotypes and distribution of the species were
largely determined by a drastic reduction in the number
of plants during the last glacial period and the sub-
sequent reexpansion of populations of survivors after-
wards, an example of a genetic bottleneck.

Confirmatidn of the somatic complement number of
several Allium species was sought by subjecting
metaphase chromosomes of squashed root tip material to
Feulgen staining (see Materials and Methods).

Typical examples of stained metaphase chromosomes

of A. sativum are shown in figure 4 confirming the

somatic chromosome complement to comprise 16 chromo-
somes, i.e. a diploid in which n = 8. Although accurate
Karyotyping is difficult using only Feulgen stained
material, the eight pairs of chromosomes can be divided

into three groups as described by Konvicka and Levan (1972)
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and Verma and Mittal (1978):

1) S long pairs, each with approximately median
centromeres

2) 2 satellited pairs, both of which are more
asymmetric than the 'long' pairs and which have

secondary constrictions separating a short

proximal segment from a big satellite on their
short arms

3) 1 short pair, distinguishable by size, with
clearly asymﬁetric arms

The results of squashes of material from

A. babingtonii (2n = 48), A. cepa (2n = 16),

A. triquetrum (2n = 18), and A. porrum (2n = 32)

are shown in figure 5. In all cases the complement

number presented in tabie 1 is confirmed. The variability

of both chromosome number and chromosome volume between

spécies within the genus Allium {s clearly demonstrated.
Supernuﬁ?ry B-chromosomes have been reported in

several Allium species (Ved Bra't, 1965a). A clinal

variation in B-frequency has been detected in natural

populations of A. schoenoprasum (Bougourd and
Parker. ,1975) while a correlation between the
frequency of B-chromosomes and germination time has been

reported in A. porrum (Vosa, 1966).



FIGURE &4

Metaphase chromosomes of A. sativum.

(a) metaphase squash of the somatic complement

(b) idiogram






FIGURE 5
Metaphase chromosomes of A. cepa (a),

A. porrum (b), A. babingtonii (c) and

A. triquetrum (d), (not to scale).

— represents 10 um
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ii) DNA

A variation in nuclear DNA content between members
of different Allium species was perhaps first observed
by Levan (1935) in describing a 3-fold range of chromo-
some lengths in various species. Jones and Rees (1969)
have more recently demonstrated significant differences
in nuclear DNA content between diploid species of each.
basic chromosome number, constancy of chromosome number
clearly not reflecting constancy of DNA amount. DNA
amount however is, not surprisingly perhaps, correlated
with chromosome volume. Because of the poorly understood
taxonomy, they conclude that although changes in DNA
amount are widely distributed between (but may‘be highly
localised within) chromosomes, the evolutionary direction
of such changes cannot be correlated with the phylogeny
of Allium species.

The hope that an investigation into the base
composition of Allium nuclear DNA would prove usefui
as a taxonomic tool was dashed by the resulting range of
34,6 - 39% G + C being too narrow (Kirk et al., 1970).
Furthermore the lack of correlation between base compos-
ition and nuclear DNA amount suggests that there is no
base composition bias in those DHA sequences which can
be observed to have changed in quantity during the
evolution of the genus.

Despite the above work and a multitude of papers
concerned with the Karyotypic investigations of Allium

species (for example Konvicka and Levan, 1972; Verma and
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Mittal, 1978), there are relatively few studies
concerned with the physical organisation of DNA 1in
such species.

Perhaps the most significant to date is the study
of the chromosomes and DNA of A. cepa (Stack and Comings,
1979). A Cot curve provided evidence for there being
three fractions of the genome. The estimated proportion
of the genome made up by repetitive DNA is one of the
highest for any plant species so far investigated, while
interestingly the estimated value of G + C content, one
of 33.2%, is the lowest so far repofted for an angiosperm.
In situ hybridisation suggested that moderately repetitive
sequences were distributed throughout the length of all
A. cepa chromosomes while evidence for interspersion of
repetitive and single copy DNA sequences at the molecular
level, from work on the reassociation of fragments of
different lengths, indicated the A. cepa genome to be
predominantly of the short period interspersion pattern.

Cot curves for 7 Allium species have been prepared
by Ranjekar et al. (1978) and have been interpreted as
suggesting that differences in the genome size among
those species studied are not due exclusively to
variations in the percentage of repetitive DNA. Repetit-
ive fractions were further characterised by isopycnic
centrifugation and thermal denaturation, demonstrating

a gross similarity between species.
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Several Allium species have been alluded to in
investigations concerned with the search for satellite
DNA in plant genomes. In no instance was the presence
of any measurable quantity of satellite DNA reported
(Ingle et al., 1973; Ingle et al., 1975; Stack and
Comings, 1979). 1In contrast however, a tandemly
repeated 400 bp sequence has been identified and cloned

from the genome of A. vineale (data presented later).

A similarly sized and apparently related satellite
component has also been identified and chacterized in
the genome of A. cepa (A. James and S. Barnes, pers.
comm.). Sequences closely related to these highly

repetitive tandemly organised sequences of A. vineale

and A. cepa are also present in the genomes of several

other Allium species.

A Cot curve for the nuclear DNA of A. sativum has

been generated (Evans et al., in press) and agrees well
with that presented by Ranjekar et al. (1978) for the
same species. There appear to be three major components
of the genome. Approximately 25% .of the genome
reassociates before Cot 5 x 10'2, presumably including
the very highly repetitive sequences,(such as satellite
if it is present) and 'fold back' DNA. A fraction
representing approximately 40% of the genome, reassoc-

1

iating between Cot 10 = and Cot 10 represents the

'*moderately repetitive' component of the geﬁome while



single-copy and low-copy sequences are presumably
present in the fraction reassociating after Cot 102,
a fraction which will also include any unreactable
fraghents.

Further investigations into the general organisa-

tion of the nuclear genome of A. satiuum, A. cepa and

A. porrum have employed DNA:DNA solution reassociation
techniques to construct interspersion curves. Tracer
DNA fragments of different lengths from one species
were reassociated with an excess of driver DNA from
the same and from different species (Evans et al., in

press; Evans, James and Barnes, unpublished). The
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results suggest that many repetitive sequences are common

to the genomes of all three species. Such shared

sequences seem to make up different proportions of each

genome and to show some sequence divergence between

genomes. Thelr physical organisation however appears to

be approximately the same in each species, many of the

repetitive elements being interspersed with sequences

of lower repetition.
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THE CHARACTERISATION OF B1000 IN THE

A. SATIVUM GENOME

(i) Restriction endonuclease digestion of

A, sativum DNA

Total genomic DNA from A. sativum is rendered

susceptible to type II restriction endonucleases
~after removal of associated contaminating molecules
such as proteins, polysaccharides and RNA. This
was best achieved by CsCl density gradient centri-
fugation in the presence of ethidium bromide as
described in Materials'andJMethods, © ' DNA
extracted by this method typically possessing an
0D 260/0D 280 ratio of approximately l.4.

A number of restriction endonucleases, having
4 and 6 base-pair recognition sites, cleave total

A. sativum DNA into fragments which, when fraction-

ated by gel electrophoresis and stained with éthidium

bromide appear as discrete bands over a background
smear. Such bands presumably comprise repeated
sequences with conserved restriction sites while
the background smear represents the fractionation
of fragments liberated by scission of the DNA at
effectively randomly distributed sites, as might
be expected in the case of single copy sequences
or of very diverged repetitive sequences.

Typical results are shown in figure é6(a).

Total DNA from A. sativum was digested separately




FIGURE 6

a)

b)

c)

A. sativum DNA digested with Eco RI

and Bam HI, fractionated on an agarose
gel and stained with ethidium bromide.
Densitometer scans of the digests
shown in figure 6(a).

Autoradiographs of the digests shown
in figure 6(a) after Southern blotting

and hybridisation with 32

P B1000.
The sizes of some of the major bands
are marked in base pairs. The band

representing the source of the B1000

probe is arrowed.
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with Eco RI and Bam HI restriction endonucleases,
electrophoresed on a 1% agarose gel, stained with
ethidium bromide and photographed with UV illumina-
tion. A number of strong bands are apparent, the
size of many of which are indicated, ranging on
this gel from approximately 600 bp to over 8000 bp.
The size distribution of fragments is displayed

in a different form in figure 6(b), where the
photographs of figure 6(a) have been scanned in a
densitometer.

The patterns of digestion are characteristically
different, very few bands being common to the two
digests.

This is indeed the situation in fractionated
digests using most other restriction endonucleases
(data not shown), immediately suggesting that most
of the DNA in the bands is not organised in the genome
in long tandem arrays. Typically in such an
orgénisation, the same sized repetitive fragments
may be released by restriction endonucleases
recognising different sites (see for example
Chapter 7). Furthermore there is no evidence of

the ladder of fragments typical of satellite DNA

in any of the restriction digests of A. sativum so
far observed. Nevertheless it is possible that the
complexity of the genome might hide a minor com-

ponent with such characteristics.
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It is practically impossible to interpret any
higher-order sequence arrangements from ethidium
bromide stained electrophoresed restriction frag-

ments of A. sativum DNA (even using combinations

of restriction enzymes) simply because of the
large size and complexity of the genome. There are
clearly a large number of fairly homogenous
repetitive elements, as evidenced by the number and
distribution of bands, but their relationship to one
another cannot be determined from data such as that
in figure 6(a), particularly as the prominent bands
in each digest display no obvious numerical relation-
ship to each other.

For this reason it was necessary to simplify
the investigation by focussing attention upon the
organisation of one family from the complex

population of genomic sequences.

(i1) The cloning of a repeated DNA sequence from

the A. sativum genome

Of the many prominent bands superimposed upon
the fluorescence of DNA in figure é6(a), that of
1050 base pairs in the Bam HI digest was considered
the most favourable for further investigations for
a number of reasons;
1) The DHA in the band makes up a small but fairly
significant proportion of the genomic DNA.

Densitometric scanning of the Bam HI'digest
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(figure 6(bj)suggests that the band represents
approximately 0.6% of the total,
2) The fragments making up the band are
reasonably short compared to the majority of
other bands and therefore easier to manipulate.
Problems in cloning procedures have been reported
when using large fragments, particularly those
~which are internally repetitious and consequently
impart instability (Bedbrook & Gerlach, 1980).
3) It is well resolved from the bulk of
resfriction fragments on a gel, aiding the ease
of isolation and minimising contamination by co-
migrating DNA.

Total A. sativum DNA was digested with Bam HI,

fractionated on a 1% agarose gel, stained with
ethidium bromide and a strip of gel containing

the band of 1050 bp excised. The DNA contained
within was isolated by electroelution and labélled
with <132P - UCTP by nicktranslation. This probe
was used to screen a small partial library of |

Bam HI fragments of A. sativum inserted into

pBR322 plasmid vector. All these procedures are
described in Materials and Methods.

Three clones (from 65) were picked out in
this way and one of these, pAs 3017 was found to
contain a Bam™ HI fragment 1050 bp in length and

homologous to the probe. This fragment was
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subcloned into pAT 153 vector and this clone,
pAs 3017B, used as a source of the repetitive
fragment hereafter referred to as the B1l000

sequence (Banmp HI, approx. 1000 bp).

(iii)B1000 sequence is found in a number of

genomic confiqurations

The availability of pure B1l000 sequence in
large quantity enabled its organisations in the

A. sativum genome to be investigated by virtue

of the fact that under suitable conditions radio-
actively labelled B1000 DNA will hybridise to
filter-bound fragments sharing some homology. The
degree of hybridisation depends on a number of
factors such as the stringency of reassociation,
the degree of homology of the reacting molecules
etc., factors discussed in depth by Britten et
al. (1974) for solution reassociation experiments.

Total A. sativum DNA digested with Eco RI

and Bam HI and fractionated on a 1% agarose gel
(that‘presented in figure 6(a)) was transferred by
Southern blotting onto nitrocellulose filter

and hybridised with Bl000 probe as described in
Materials and Methods. The resulting autoradiographs
are presented in figure 6(c) where they are compared
to the fractionated DMNA prior to blotting. In

addition to hybridisation to fragments of 1050 bp
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in a Bam HI digest, (the source of the B1000
probe), there is considerable hybridisation to
fragments whose lengths show no obvious
relationship to that of the probe, or indeed to each
other. Not only is there hybridisation, of varying
degrees of intensity, to othef discrete bands both
larger and smaller than the probe length, but also
to a background smear. The fact that there are
bands larger than 1000 bpin addition to a smear
suggests that if Bl000 is interspersed in the
genome, it is not entirely diffuse, some copies
being non-randomly arranged in larger repeating
units. The same conclusion can be drawn from

the distribution of hybridisation to the Eco RI
digested DNA. As an extension of this experiment,

total A. sativum DNA was digested with a number

of different restriction endonucleases and probed
with B1000 as described above. The pattern of
hybridisation was characteristic for each restriction
enzyme, examples of which are shown in figure 7(a),
there being pronounced discrete bands of hybridisa-
tion over a background smear. In no digest is a
satellite-ladder apparent, nor do the prominent

bands bear any simple numerical relationship to

one another within.-or between digests. The

situation is clearly too complex to permit even

the construction of tentative restriction maps



FIGURE 7
a) Autoradiograph of a Southern blot of

A. sativum DNA digested with (a) Hind III

(b) Bam HI, (c) Eco RI, (d) Bel I,
(e)

(h) Alu I and (i) Hinf I and hybridised

32

1 II, (f) Hinc II, (g) Hae 1I1I,

E

with P B1000O.

Hybridisation of the B1000 probe to its
position of origin in a Bam HI digest
is indicated by (» -« ); the size of
some other major bands is marked in
base pairs.

b) Autoradiograph of cloned B1000 probe

hybridised to A. sativum DNA digested

with (a) Hind III, (b) Bam HI,
(c) Eco RI, (d) BCl I, (e) Bgl II,
(f) Hinc II, (g) Hae III, (h) Alu I
and (1) Hinf I.

¢) The Southern blot of figure 7(b)

32

reprobed with P genomic 1050 bp-

band DNA.
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of elements containing B1000 homologous sequences.

(iv) The cloned Bl000 sequence is a representative

member of the genomic sequence family

Although Bl000 hybridises strongly to the
1050 bp band in a Bam HI digest of A. sativum it

could have been formally possiSle that the probe
was not typical of the majority of sequences in
that band.

Therefore a comparison was made between the
hybridisation patterns resulting from the use of
cloned Bl000 and of the genomic 1050 bp band ex-
cised from a gel as probes against total DNA
digested with several different restriction endo-
nucleases. The latter probe represented all
variants of sequences of length 1050 bp in propor-
tion to their numerical frequency in the band
whereas B1l000 probe represented just one sequence
which may or may not be typical. (Bl000 was
however originally isolated by its hybridisation
to the nick-translated gen§mi¢ band in the initial
screening and ought therefore to be fairly homo-
logous to many of the sequences contained therein).

Total A. sativum DNA was digested with several

different restriction endonucleases, fractionated
on a 1% agarose gel and transferred to nitro-

cellulose paper. Initially this Southern blot was
probed with nick-translated cloned B1000 sequence,

resulting in the hybridisation pattern shown in
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figure 7(b).

After sufficient time for the 32

P of the probe
to decay below detection level (rather than eluting
the probe and risking washing off some of the filter
bound driver DNA) the same filtef was re-probed with
32P labelled genomic 1050 bp band DNA, resulting in
the hybridisation pattern shown in figure 7(c).

The distribution of hybridisation on each
autoradiograph is very similar. The same major
bands are highlighted although there is more hybrid-
isation to a background smear in the case of the
genomic 1050 bp band probe, particularly in the
digests using enzymes with & bp recognition sites.
This would be expected if there is a small degree
of sequence contamination by non-B1000 sequences in
this more complex of the two probes or indeed if
there is sequence heterogeneity of Bl000-like
sequences within the genomic band.

The fact that the two autoradiographs are
essentially identical would seem to suggest that
the cloned Bl000 sequence is indeed typical of the

average or most common sequence in the genomic

1050 bp band.

(v) Estimation of the Repetition frequency of the

B1l000 sequence in the A. sativum genome

The amount and range of hybridisation of B1000
probe to genomic blots (see for example, figure 7

above) suggests that the probe is of high reiteration
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frequency in the A. sativum genome. Confirmation

of this fact was sought by monitoring the solution
reassociation kinetics of 32P.labelled B1000 used as

a tracer against total A. sativum driver DNA.

Reassociation was monitored by hydroxyapatite
column fractionation of single and duplex molecules
as described in Materials and Methods.

Figure 8 shows the resulting reassociation curve.
Reassociation of B1000 probe using excess calf thymus
DNA as a driver was monitored in order to detect
any self-reassociation during the term of the
experiment. None was detectable by Cot 50, suggesting
B1000 contains no fold-back sequences. Driven by

A. sativum DNA, B1l000 probe reassociated between
2

Cots 10 “and 10s typical of sequences in the moderately

repetitive component of the Cot curve of A. sativum

DNA.

From the Coti value of its reassociation, the
copy number or the complexity of the Bl000 homolo-
gous sequences can be estimated (Lewin, 1980). The
Cott from figure 8 equals 5 x 107", Assuming a
repeat length of approximately 1000 bp the re-
association kinetics are consisteént with a copy number
of approximately 3 x 104 although, as with many
reassociation studies there are inaccuracies inherent
in this calculation, the kinetics of reassoclation

being particularly affected for example by any
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Reassociation of Bl000 driven by A. sativum

~total DNA (® - @) and calf-thymus DNA (O - 0O ).
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seduence heterogeneity.

An estimate of copy number can also be
obtained from a comparison between the fluo-
rescence of DNA on egpidium bromide stained gels
and the degree of hybridisation of B1000 probe to
the same DNA transferred to nitrocellulose filter.

The 1050 bp band appears to make up approx-
imately 0.6% of the total genomic DNA when A.sativum
DNA is digested with Bam HI and fractionated on a
gel, a figure determined earlier from densitometric
data (sée figureé(b)). However, as demonstrated by
the hybridisation patterns in figure 7 for example,
B1000-homologous sequences'are present on many
other fragments in such a gel. In fact the band of
1050 bp seéms to comprise only approximately 6.8%
of the total radiosotope-induced darkening on a
typical autoradiograph, as determined by micro-
densitometry.

Consequently sequences homologous to the B1000
probe, at the stringencies applied in the hybridisa-
tion experiments, make up approximately 100/6.8 x 0.6%
of the genome or 8.8%. Assuming again a repeat
length of 1000 bp, and a genome size of

10

3 x 107"bp (calculated from a 2c value of 32.7 pg;

see table 1), such a value corresponds to approx-

6

imately 2.5 x 10" copies per genome

(8.8% x 3 x 1010/1000). This calculation assumes
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that all the sequences in the genomic 1050 bp band
will hybridise to B1000 probe i.e. that they are all
related. In this respect the copy number estimate is
a maximum value.

Considering the inaccuracies inherent in both
these methods of copy number estimation,the figures

of 3x 10“ and 2.5 x 106 are not too dissimilar.

(vi) The copy number and physical organisation of

B1000 does not appear to be tissue specific

To investigate whether either the reiteration
frequency or the organisation of B1000-like sequences

differs between tissues of the A. sativum plant,

32p B1000 was hybridised to nitrocellulose-bound
Bam HI digested DNA extracted from three different
regions of a week-old individual plant. Total DNA
was extracted from root, bulb and shoot tissues as
described in Materials and Methods but on a smaller
scale and without density gradient purification.

No attempt was made to eliminate plastid DNA such
as mitochondrial or chloroplast DNA.

The results of digestion of DNA from each source
with Bam HI fractionated on a 1% gel are shown in
figure 9(a). Digestion, while not entirely complete
in all cases, compares very favourably in its extent
with the digestion of DNA purified on a larger scale

by CsCl centrifugation (see figure 6(a)).The



FIGURE 9
a) DNA extracted from i) shoot, ii) bulb

and iii) root tissue of A. sativum,

restricted with Bam HI and fraction-
ated on an agarose gel.

The sizes of the AEco RI/Hind I11

digest used as a marker are given in
base-pairs.

b) Autoradiograph of the DNA of figure 9(a)
after Southern blotting and hybrid-

32

isation with P B100O.
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positions and intensities of major bands are
clearly very similar in digested DNA from root,
bulb and shoot tissue, being practically identical
to the pattern presented in figure 6(a) for Bam HI
digested gradient purified bulb DNA.

The autoradiograph produced when the DNA from
this gel was transferred to nitrocellulose and
hybridised with Bl000 is presented in figure 9(b).
Taking the slightly different concentrations of
each DNA on the gel into consideration, the degree
of hybridisation to each appears to be very similar.
Likewise the pattern of hybridisation appears to be
the same, very closely resemblihg that presented
earlier in figure 6(c).

It would appear from this result therefore that
the frequency and organisation of Bl1000-like sequences
is the same throughout the plant, at least at the
level of discrimination possible by crude extraction
of DNA from root, bulb and shoot tissue; there is no
apparent significant somatic amplification or
rearrangement.

Of course each of fhese three tissue types
themselves contain a wide variety of different
types of cells at different developmental stages,
and it is possible that there is some variation in
the frequency and organisation of Bl000 sequences

at a lower level in the plant.
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Changes in the DNA content of cells as a
result of differential replication of components
of the genome have been observed during plant
development (Nagl,1982 ). The phenomenon of
endo-reduplication has been described in A.cepa
in which there appear to be differences in re-
associationkinetics between DNA extracted from
different segments of root tissue (Cremonini et al.,
1981). This has been interpreted as being evidence
for differential replication of highly and mod-

erately repetitive sequences in certain cell-types.

(vii)The length of the Bl000O-associated

repetitive element

Two situations can be envisaged to explain the
patterns of hybridisiation such as those presented
in figures 6 and 7, where strong bands (mostly
larger but some smaller than the probe length) are
highlighted by B1000 probe.

The Bl000 could be part of a larger repeating
unit in which case the distinctive hybridisation
patterns would be due to heterogeneity of restric-
tion sites within and external to the larger repeat,
perhaps indicative of such'a larger element being
found in a number of different sequence environments
within the genome. Alternatively the complex pattern
of bands could be due to the Bl1000 sequence being
composed of a number of smaller repetitive elements

which are .themselves found in a number of different
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permutations within the genome.

Thus in both of the above cases, a complex
hybridisation pattern of discrete bands super-
imposed upon a background smear is due to the
same phenomenon i.e. a combination of restriction
site heterogeneity and repetitive element sequence
permutation. The two cases differ in their scale.
In the former the Bl000 is part of a larger repeti-
tive element, whereas in the latter it is composed
of a number of smaller elements.

One way to discriminate between these alterna-
tives is to determine the hybridisation patterns
produced by using different parts of the B1000
sequence as probes against digested genomic DNA.

If B1l000 is part of a larger repetitive element,
all parts should behave in the same way as the
whole in hybridisation to filter bound digested
DNA (except when being used to probe fragments
produced by enzymes recognising sites within the
B1000-like sequence).

Conversely if Bl000-like sequences are com-
posed of a number of different unrelated repetitive
elements, sub-fragmentsof the cloned probe might be
expected to behave differently than the whole, each
presumably picking out a subset of the bands produced
by the whole.

In order to generate sub-fragments of the cloned

B1000, restriction enzymes recognising sites within
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the sequence were sought. Three enzymes . were
found to cut Bl000 into sub-fragmeﬁts of sig-
nificant size; all three, Hae III, Alu I and
Hinf I having 4 base pair recognition sites. A
. detailed restriction map of B1000 showing the
positions of Hae III and Alu I restriction sites
is presented later (figure 13). |
Digestion of Bl000 with Hae III produces two
fragments of approximately 610 and 440 bp. These
fragments were isolated from an agarose gel, nick-
translated and used sepérately’to probe Southern

blots of genomic A. sativum DNA digested with

several combinations of enzymes.

The resulting autoradiographs are presented
in figure 10 . Clearly the hybridisation patterns
are very similar for both probes. This suggests,
but does not conclusively prove, that in the ma}j-
ority of instances the two Hae III fragments of
B1000 are found contiguously arranged in the genome,
presumably as co-linear parts of a larger
repetitive unit.

If this were indeed the case it might be argued
that the characteristic pattern produced by the hybrid-
isation of Bl000 to for example a Bam HI digest of

A. sativum DHNA is due to the partial digestion of

a larger repeating structure. Although the hybrid-

isation patterns are very reproducible and in most



FIGURE 10

A. sativum DNA digested with (a) Bam HI/

Hae II1, (b) Bam HI, (c) Bam HI/Eco RI/Hind III,

(d) Bam HI/Eco RI and (e) Bam HI/Hind III

and probed with (I) the 610bp Hae III fragment

and (II) the 440 bp Hae III fragment.

FIGURE 11

Time course Bam HI digestion of A. sativum

DNA hybridised with 2P B1000.

Lane (a)undigested DNA, (b) DNA digested
for five minutes with 5 units enzyme, (c) 15
minutes with 5 units, (d) 45 minutes with

S units and (e) 120 minutes with 20 units.
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digests a vast excess of enzyme is used, this poss-
ibility was investigated by probing, with B81000,
genomic DNA samples subjected to increasing periods
of digestion with Bam HI.

A depletion of larger bands in concert with
the appearance of other smaller ones with increasing
degrees of digestion would suggest that many bands
were indeed due to partial digestion of a large
repeat unit. However, as figure 11 . ' demonstrates,
there appears to be no such depletion/appearance
effect; all discrete bands in the displayed range
increase in intensity with increasing digestion time.

This suggests that all these fragments are
liberated independently from their sequence environ-
ment, and none are the result of incomplete digestion

of others.

The search for a large fragment from which others
are liberated was extended up to 15 Kb on weaker
agarose gels. The same kind of results as presented
in figure 11 ~~ were obtained in that no 'parent'
band could be detected (data not shown).

This seems to suggest either the existénce of
a very large repeating unit or heterogeneity in the
size of any large repeating unit(s) of which B1000

is a component.

Further evidence suggesting that Bl000 is indeed

part of a larger repetitive element is provided
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by experiments involving reassoclated repetitive DNA.

Mildly sonicated A. sativum DNA was reassoclated

to Cot 12 and digested with S1 nuclease. The Sl-
resistant duplexes were fractionated on an agarose
gel, transferred to nitrocellulose filter and

32P B1000. Hybridisation was almost

hybridised with
entirely to DNA fragments of length greater than 7 Kb
(data not shown). No discrete bands of hybrid-
isation were however visible, possibly suggesting

heterogeneity in the length of any repetitive

element. A. sativum DNA which had been reassociated

and Sl-digested under the same conditions was
fractionated on a Sepharose 2B column. Selected
size fractions were run out on 2% and 0.5% agarose
gels, transferred to nitrocellulose filter and

32p B1000. Hybridisation was to

hybridised with
a wide range of fragments, there being again no

bands suggestive of discrete-length duplex molecules
(data not shown).

The degree and effects of hyperpolymer formation
(Flavell and Smith, 1977) in these reassociation
experiments were however undefermined. Hybridisation
of B1000 to duplexes greater than 7Kb in length can
thus only be regarded as suggestive rather than con-
clusive, since incomplete removal of such hyper-

polymer molecules by Sl nuclease digestion would

confuse the interpretation of the above data.
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(viii) B1l000 sequences are not abundantly

transcribed

Transcription of moderately repetitive DNA
sequences has been demonstrated by hybridisation
of specific probes to filter bound RNA - so called
'Northern' blots (see for example Posakony et
al., 1983).

RNA was extracted from fresh root tissue as
described in Materials and Methods. When frac-
tionated on a 1% agarose gel and stained with
ethidium bromide, ribosomal RNA bands were clearly
visible, demonstrating that degradation during
extraction and fractionation was minimal (data
not shown). The rRNA bands were still visible
under yUv illumination after transfer of nucleic
acids to nitrocellulose paper, before baking and
subsequent hybridisation with 2P B1000. Hybrid-
isation was performed both at 65°C. in the con-
ditions employed for Southern blots as described
in Materials and Methods and also at 42°C in a
similar hybridisation solution containing 50%
deionized-formamide.

In many experiments no hybridisation of B1000
to the filter was observed. Occasionally however
some hybridisation was apparent (after very long
exposure times) in the form of a smear.

Despite treatment of samples with RNase and
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DNase it was not possible to clearly establish
whether hybridisation was to RNA or to a minor
component of sheared DNA. Hybridisation in 50%
formamide at 42°C. favours DNA:RNA reassociation
but in instances when hybridisation was detectable
it was usually to the DNase treated sample alone.
Hybridisation of probe to incompletely digested
DNA cannot be discounted although as DNA was not
denatured prior to transfer to nitrocellulose
filter it ought not to be in hybridisable single
stranded form on the filter.

The results of these experiments are thus
unfortunately inconclusive. It would appear
though'that if Bl00O sequences are present on RNA

molecules that their transcription rate is low.



CHAPTER 5

STUDIES ON CLONED SEQUENCES FROM A. SATIVUM
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STUDIES ON CLONED SEQUENCES FROM A. SATIVUM

The isolation and restriction mapping of clones

containing Bl1000-related sequences

Attempts .to generate libraries of A. sativum

genomic DNA fragments inserted into) or cosmid
vectors were unfortunately unsuccessful. Con-
sequently the plasmid vectors pBR 322 and its
derivatives pAT 153 and pBR 328 were employed,
although this necessarily resulted in a reduction
in the size of genomic fragments that could be
successfully cloned.

A partial shotgun library of A. sativum Hind III

fragments was constructed and the recombinants
~screened with B1000 probe by the method of
Grunstein and Hogness (1975) ,as described in
Materials and Methods.

Figure 12 shows the result of such a screen.
Several colonies produced very strong hybridisa-
tion signals, and were accompanied by ones of
less intense signal. Presumably a weaker signal
implies that sequences homologous to the B1000
probe are either shorter or more diverged than those
of stronger signal.

All positively hybridising clones were analysed
initially by sizing on agarose gels. The size of

inserts ranged up to 5.4 kb (data not shown) with



FIGURE 12

Partial Hind III clone library of A. sativum

DNA probed with 32P B1000. The numbers of the

hybridising clones are marked.
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a distribution skew towards smaller fragments
as might be expected from kinetic considerations
inherent in random shotgun cloning methods. The
fact that all these plasmids hybridise to the
original Bl000 probe may suggest that they all
share some sequence homology and, depending upon the
extent pf sequence divergence, might therefore be
expected to possess common restriction sites over
some of the insert length. This would not necessarily
be the expectation if, for example, each of the
clones carried a different portion of the Bl00O
seqhence, in which case there might be no homology
between the clones. From data presented earlier
however it does appear as though the Bl000 sequence
exists as a contiguous unit at most genomic sites;

Six of the positive clones (pAs 7044, -7029,
-7094, -7206, -7225 and -7354) were subjected to
further analysis by restriction mapping using
the enzymes Bam HI, Eco RI, Hind III and B8ql II.
There was no apparent homology between clones in
the restriction sites of these four enzymes (see
figure 13), perhaps surprising considering their
strong hybridisation to a common probe. Nor did
the restriction maps of any of the clones seem to
bear any relationship to that of the cloned B1000
sequence used as the original probe; all lack a
1050 bp Bam HI fragment.

The ultimate test of sequence homology would

be the sequencing of the inserts, although a fine
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restriction map ought to reveal any homology.
Consequently fine restriction maps were constructed
of the Bl000 probe and the positive clones using
the enzymes Hae III and Alu I,both enzymes having
four base-pair recognition sites. This was
achieved by partial digestion of 32P end-

labelled fragments as described in Materials and
Methods. The restriction maps are presented in
figure 13.

Furtherhore, to narrow down the particular
regions of interest, the restriction fragment(s)
responsible for the hybridisation to the B1000
probe was identified by probing Southern blots of
a series of different digests of each plasmid with
B1000. One example, that of pAs 7044 is shown
in figure 15.

The maximum length of the region possessing
homology to Bl000 probe is presented for each
recombinant plasmid in figure 13, denoted by (==-==).

There is clearly not total concordance between
the restriction maps of Bl000 sequence and the
clones, nor between the clones themselves.

There appears to be a paradox. At the level
attainable by the probing of Southern blots of
digested genomic DNA there appears to be a fairly high
degree of homogeneity in B1000 and its flanking
sequences, as demonstrated by the rather discrete

bands of hybridisation on autoradiographs such as



FIGURE 13
Restriction maps of positively hybridising

A. sativum Hind III clones.

(The Hae III and Alu I sites internal to pAs 7044

and pAs 7206 were not determined).
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in figure 6(c). However at the somewhat finer
level of restrictipn mapping of clones there appears
to be little concordance of restriction sites either
within the fragment hybridising to B1000 or within
the fragments flanking it.

It is of course possible that in the small
sample, organisations of B1000 which are atypical
of the common orientations have been cloned. Some
of the inserts of the clones are however of the
same length as bands highlighted by B1000 in

Hind III digests of A. sativum (see figure 23).

This suggests, but by no means proves, that each
plasmid is a cloned example of a configuration of

B1000 that is common in the A. sativum genome. If

so the homogeneity observed at one level is in
contrast to the heterogeneity observed at another.
These observations can be explained by the
existence of microheterogeneity. The insertion,
deletion, inversion or amplification of one or
many sequences of very short length would be
obvious at the level of fine restriction mapping but
less so at the higher level of Southern blot analysis.
At the latter level small increases or decreases in
the length of individual sequences would not be
detectable, even if restriction sites were intro-
duced or deleted, unless occurring in a large number
of sequences.

If re-amplification of sequences is a common
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phenomenon in the genome, a variant sequence might
be detectable by Southern blot analysls‘if for
example a restriction site was deleted prior to
amplification up to the level of detection.

Such an occurrence could explain the presence of
the many discrete strong bands on autoradiographs
such as presented in figures 6(c), 7, 21, 22 and
23.

Sequence rearrangements on a small scale,
leading to the phenomenon of microheterogeneity
have been observed in members of a number of
repetitive sequence families.

Dubnick et al (1983) subjected ten cloned
examples of the mouse 1.3 kb Eco RI family to
restriction mapping. Although certain regions of
the repeats seemed to be highly conserved there
was intraspecific sequence divergence. In regions
that were sequenced,this divergence was found to
be due to single base substitutions, and insertions
or deletions of one or a few bps.

Ten clones of the MIF-1 family were sequenced
by Brown & Piechaczyk (1983) and found to display
sequence variation as a consequence of not only
individual base changes but also small insertion
sequences and tandem repetitions.

Accepting that there may be a certain degree
of microheterogeneity within the sequences involved,

it is possible to construct a tentative map of a
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maps of figure 13.
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‘consensus' element in which B1000 resides.

In figure 14 the restriction maps of B1000
and the Bl000-containing recombinant plasmids
'have been aligned so that there is an optimal
degree of restriction site concurrence.

If the concurrence is real the data suggests
that there is a repetitive element of which B1000
is a part that, despite being somewhat heterogen-
eous in sequence at different sites in the genome,
retains sufficient aspects of its internal
structure to be recognisable by DNA hybridisation
and restriction mapping studies. Unfortunately
the small size of the clones used in this study
do not permit an extension of the consensus element
beyond about 1.5 kb with any confidence. Finer
mapping of the larger clones might facilitate
such an extension as would alignment of fragments
of larger length cloned in ) or cosmid vectors.

That Bl000 1is part of a larger repetitive
element that is somewhat heterogeneous in sequence
is supported by the data presented in Chapter 4 .
It also provides an explanation for the patterns
of hybridisation produced when digested genomic
DNA 1is probed with B1000 (figures 6(c), 7 and 9).
Although the data of figure 10(b) suggests that
the many discrete bands on such autoradiographs
are not liberated by partial digestion of a larger

repeated element they could be liberated from such
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an element if a subset of copies represented
sequence variants. Such a subset, which may have
gained or lost certain restriction sites due to
mutational events before their amplification (or
due to homogenisation afterwards, see Chapter 8 )
might,upon digestion,liberate different sized
bands showing homology to B1000 than do non-
variant sequences. Such a situation would explain
the different degrees in intensity of many of

the bands of hybridisation in figures 6(c), 7 & 9
for example; these being due to differences in copy
number of sequence variants as a result of diff-
erential amplification.

In a simpler situation it might be possible
to map common restriction sites external to the
B1000 sequence and thus construct a consensus
restriction-map of the larger element (see for
example Manuelidis and Biro, 1982). Unfortunately
due to the apparent complexity of the organisations
involved, and the paucity of restriction sites for
endonucleases recognising 6 bp (i.e. not too
frequent) sites internal to the probe sequence,

this cannot be achieved.

The sequence environment of Bl00O-related sequences

In two of the recombinant plasmids, pAs 7044
and pAs 7206, the sequence responsible for hybrid-

isation to the probe is totally enclosed within



FIGURE 15

a)

b)

pAs 7044 digested with (a) Alu I,

(b) Hae III/Alu I, (c) Hae III, (d)Bam HI/

ja o
(Y]
(1]
[

11, (e) Eco RI/Hae IIl, (f) Bam HI/
Eco RI, (g) Hind III/Eco RI, (h) Hind 111/
Bam HI.

DNA of figure 15(a) Southern blotted

and hybridised with 32P 81000.
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regions of A. sativum DNA that show no

homology with, and arepresumably unrelated in
sequence to, B1000. This is evidenced by lack
of hybridisation of B1000 probe to restriction
fragments either side of the fragment displaying
hybridisation (for example see figure 15.).

This permitted the analysis of sequences flanking

B1000-type repeats in the genome of A. sativum.

It was also possible to establish whether the
flanking sequences in one recombinant plasmid
showed any homology to the corresponding flanking
sequences in another. Were the B1l000 sequence
part of a larger repetitive element, within which
it was always  embedded, then flanking sequences
in one recombinant plasmid might be expected to
show homology to those in another. Alternatively,
were the Bl1000 sequence to be a relatively short
repetitive element found in a variety of sequence

environments within the A. sativum genome the

flanking sequences might be expected to vary
from clone to clone.

In order to pursue this line of investigation,
clone pAs 7206 was subdivided into three fragments
I, Il and III, of length 600, 750 and 1550 bp
respectively, by triple digestion with Hind III,
Bam HI and Eco RI (see figure 13). The three
fragments were fractionated on an agarose gel,

electroeluted and nick-translated for use as probes.
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Initially each probe, I, II and III, was
used to probe Southern blots of various restriction
digests of pAs 7206, the plasmid from which they
were obtained. Such a'back-hybridisation'was
necessary to determine whether there was any cross-
hybridisation between probes I, II and III. There
was an absence of hybridisation of any of the three
probes to anything other than the restriction
fragments predicted from a study of the restriction
map of pAs 7206 (data not shown). This suggests
that there is no internal repetition within the
insert, unless of course it is restricted to being
totally within one of the three probe fragments or:
is of very short length. In both these cases such
internal repetition would not be detectable by
'back-hybridisation'.

The above experiment also demonstrates that
there is no cross-contamination of fragments by any
others. The probes I, II and III can therefore be
considered essentially pure.

Each probe was hybridised separately to

a) The partial library of Hind III

generated recombinants from which the
six plasmids were originally isolated

b) Sodthern blots of restriction digests

of A. sativum genomic DNA.

The resulting autoradiograms are presented

in figure 16.

Some of thesedata are presented in tabular



FIGURE 16

Subfragments of pAs 7206 used as probes

against :-

a) a partial Hind III library of A. sativum

DNA

b) total A. sativum DNA digested with

(a) Alu I, (b) Hae III and (c) Hind III.
The length of common prominent bands is marked

in kilobases.
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form in table 2, where the clones picked out
by each probe and the intensity of hybridisation
in each case is detailed to ease comparison.

Clearly the probes I, II and III are
repetitive. Each hybridised to clones other than
pAs 7206 (from which they were isolated) suggest-
ing the presence of homologous sequences at a
number of different sites in the genome.

Confirming the presence of a Bl000 related
sequence in fragment II, probe II hybridised to the
same clones as does the original Bl000 probe. A
number of these clones were also picked out by
probes I and/or III (for example pAs 7044, pAs 7029)
suggesting that DNA sequences present in fragments
I, II and III are found contiguously arranged at
other sites in the genome; evidence again for a
larger repeating unit.

There were a number of clones which hybridised
to only one of the probes. Were the plasmid
inserts long this might be indicative of one
fragment being present independently of the other
two at some sites. Therefore the insert length
in a number of these clones was established by
restriction mapping. Most were too small to
enable the above conclusion to be made,being <
l1kb in length (data not shown).

That fragments I, II and III were repetitive
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was further suggested by the fact that each
hybridised strongly to a large number of fragments,
and highlighted many discrete bands,on Southern

blots of digested A. sativum genomic DNA (figure 16).

The intensity of hybridisation appeared to be
similar in each case when specific activity of
probe and DNA concentration on each filter were
taken into consideration.

The pattern of hybridisation for each of the
three probes I, II and III, is however different.
Differences would be expected due to differences
in the internal sequence of each probe and con-
sequently in those fragments to which each
hybridises. This would be particularly noticeable
in digests involving enzymes with 4 bp recognition
sites such as Hae III and Alu I which liberate
smaller fragments than those with 6 bp recognition
sites. This is indeed reflected in differences in
pattern in the digestion products, particularly
those below~ 2 kb.

However if fragments I, II and III are often
found contiguously érranged in the genome it would
be expected that there would be larger bands in
common between digestion products probed with
each, 1.e. hybridisation to fragments liberated
by restriction at sites external to the element

composed of I, II and III.
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Such a pattern is observed. In Hind III
digested DNA,all three probes hybridise to major
bands of 2.2 kb and 4.2 kb as well as to a number
of common minor bands. Similarly all three probes
hybridise to fragments of 3.0 kb and 3.1 kb in
Hae III digests.

The hybridisation pattetns are too complex to
enable the construction of a restriction map of
any Bl1000-containing element with any confidence.
Nevertheless it can be concluded that sequences
flanking a Bl000 related sequence in clone pAs 7206
are themselves repetitive, to approximately the
same degree,and seem to be found associated with
B1000 sequences at other sites in the genome.

This suggests the existence of a conserved repetit-
ive element of length at least 4.2 kb (the length
of the largest common band visible in hybridisation

of each fragment to digested A. sativum genomic

DNA ).

In a similar fashion to the above, the insert
of clone pAs 7044 (5.4 kb) was subdivided into
three fragments, A, B & C by triple digestion with
Hind III, Bam HI and BglIIl as shown in figure 17.
Each was nick-translated and used as probes in the
same way as probes I, II and III above. The
resulting autoradiograms are presented in figure 17

and some of the data is presented in tabular form

in table 3.



FIGURE 17

Subfragments of pAs 7044 used as probes
against :-
a) a partial Hind III library of

A. sativum DNA

b) total A. sativum DNA digested with

(a) Hind III, (b) Bam HI, (c) Eco RI,
(d) Becl I, (e) Bgl II, (f) Hinc II,

(g) Hae III, (h) Alu I and (i) Hinf I.
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Probes A, B and C hybridise strongly to many
fewer clones than do I, II and III, perhaps
surprising considering their length. In fact
probe A only hybridises strongly to the clone from
which it was originally isolated.

Although the sample number of clones 1is low
this might be taken to suggest that sequences
making up the bulk of fragment A are of lower
repetition frequency than those of I or III for
example.

Unexpectedly, fragment B of pAs 7044, the
fragment to which the B1000 probe showed homology
in the initial screen does not hybridise to the
same clones as the corresponding Bl000-homologous
fragment II in pAs 7206 or as the original B1000
probe; mefely to a subset of them. This might
suggest that only a part of the Bl00O probe
sequence is contained within fragment B.

As with pAs 7206, the evidence from the
hybridisation patterns produced by probing
digested genomic DNA with subfragments of
pAs 7044 suggest that such subfragments are found
contiguously arranged at many sites in the genome,
i.e. there is evidence of a large repetitive
element. All three probes from pAs 7044 hybridise
to a >6 kb band in the Eco RI digest for example( < ),
while many other major bands are common to digests

probed with at least two of the probes (for example
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the major pands in a Bcl I digest probed with B and C),

The conclusion is that in both the larger
clones pAs 7206 and pAs 7044, B1000 sequence (or
part of it) is flanked by sequences that are
contiguous with it at many other sites in the
genome and that restriction sites external to it
are conserved to a certain degree. This is highly
suggestive of a conserved element in which B1000
sequence resides. Is Bl1000 always present in the
same element? If this were the case then sequences
flanking B1000 in one clone ought to be at least
partially homologous to sequences flanking it in
another if the sequence of the larger element is
conserved to a large enough degree.

That there is some homology between the two
clones is suggested by the fact that probes I, II
and III hybridise to pAs 7044 (albeit weakly in the
cases of I and III) and probe B hybridises to
pAs 7206 in the filter hybridisations of figures 16
and 17 (see also tables 2 and 3). The homology
between the two clones was further investigated by
probing Southern blots of various restriction
digests of pAs 7044 with fragments I and III of
pAs 7206. The results are shown in figure 18.

Homology between pAs 7044 DNA and probes I
and III is somewhat limited, as evidenced by the
long exposure times necessary in order to detect
any hybridisation signals; both probes however

hybridise to a different subset of bands.



FIGURE 18

pAs 7044 digested with combinations of several
restriction endonucleases (see legend to figure 15)
and hybridised with

a) probe I of pAs 7206

b) probe III of pAs 7206
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Although information obtainable from these

data is limited due to the paucity of convenient
restriction sites within pAs 7044, it does appear
as though homology between the plasmids extends
beyond the Bl00O-related sequence within each

and into at least one of the flanking fragments of
pAs 7206.

How far this homology extends and how well
conserved are the sequences demonstrating homology
cannot be determined from the above data.

| The relatively weak cross-hybridisation between
the two clones and the apparent difference in

the B1l000-homologous sequences within each

might be an indication that the two are members of
different families of Bl000-containing elements

or are simply very diverged in sequence from one
another. Finer restriction mapping, further cross-
hybridisation studies and even sequencing may

be required to determine the relatedness of the two

inserts.



CHAPTER 6

THE CHARACTERISATION OF SEQUENCES
HOMOLOGOUS TO B1000 IN RELATED ALLIUM SPECIES
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THE CHARACTERISATION OF SEQUENCES HOMOLOGOUS

70 B8 1000 IN RELATED ALLIUM SPECIES

(i) The repetitive sequence components of

related Allium species

A comparison between the repetitive sequence
components of related genomes can be made using
Cot curve and interspersion curve analysis. Examples
of such studies and tﬁeir limitations were detailed
earlier (see Introduction).

A comparison of the physical organisation of DNA
in related genomes can also be made by observing the
fluorescence patterns of digested genomic DNA
fractionated on a gel and stained with ethidium
bromide. The value of this approach tends to decrease
with increasing C-value, in the sense that large
complex genomes may display less discrete bands of
fluorescence than comparatively smaller ones.
Nevertheless, such an approach has been employed
to study gene amplification, enabling a vast array
of amplified DNA.fragments to be identified in mouse
cells for example (Bostock and Tyler-Smith, 1982).
The digested genomic DNAs of cereals have many fluo-
rescence bands in common when displayed in the afore-
mentioned way, suggesting that they share many conserved
repeated sequences (Bedbrook et al.,1980a) ; many of

these are highly repeated tandemly arranged DNA
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sequences (Jones and Flavell, 1982).

The fluorescence patterns of Bam HI digested
and fractionated total DNA from several Allium
species is presented in figure 19. There are clearly
differences in the number and the distribution of
fluorescence bands between many of the species,

particularly between A, vineale and A. sativum for

example which are regarded as being rather closely
related. Presumably a difference in fluorescence
pattern reflects differences in the repetitive
sequence component between two genomes. Of particular

interest therefore is the presence in A. vineale and

A. cepa of a ladder of fragments whose lengths are
integral multiples of 400 bp. Such an arrangement
is typical of a satellite DNA component and from the
fluorescence patterns alone such a component appears
to be present in some species yet absent from others

(such as A. sativum). Data relating to a satellite

component of some Allium genomes is presented later
(Chapter 7 ).
Those bands common to several species (the 'ladder'

for .example in A. vineale and A. cepa) presumably, but

do not necessarily, comprise related sequences,
suggesting that at least a part of the repetitive
sequence component of one species is present in another.
The relatedness of sequences cannot of course be estab-
lished from such data alone, although a similarity of

fluorescence patterns is suggestive of shared sequences..



FIGURE 19
Total DNA from several species of Allium digested
with Bam HI and fractionated on an agarose gel.

a) A. vineale

b) A. cepa
c) A. babingtonii

d) A. porrum

e) A. sativum

The lengths of bands of a )(Eco RI/Hind IIl marker

are given in base pairs.
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Nevertheless, it is clear that the repetitive
sequence components of even rather closely related
species can be rather different as judged by

differences in restriction patterns of total DNA.

(11) The prevalence of B 1000 in other Allium species

The proportion of each Qenome represented by DNA
fragments residing in the 1050 bp band (the source of

the B 1000 probe from A. sativum) can be estimated in

each case by densitometry. Such an approach is
however of little use in studying the prevalence or
physical organisation of a specific repetitive sequence
family such as B 1000 in the genomes of different
species, simply because other sequences in each genome
homologous to B 1000 cannot be determined by such means.
An indication of the prevalence of B 1000-like
sequences in genomes of other Allium species is given
by the degree of hybridisation of B 1000 probe to
"spot blots" of DNA samples. This method (Cunningham,
1983) offers the advantage of accurate quantification
of DNA by its fluorescence on ethidium-bromide plates
prior to blotting, as described in Materials and
Hethods.
Because hybridisation to nitrocellulose bound DNA
is performed under fairly stringent conditions (65°C
in 4 x SSC) the degree of hybridisation will be det-
ermined not only by the quantity of homologous sequences

but also by the degree of mismatching between probe and
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genomic sequence. It has been estimated that every
1% mismatching reduces the Tm of a duplex by about
1°C., although the magnitude depends upon the base
composition (Bonner et al., 1973).

Genomic DNA from 19 different species/varieties
of Allium (see tablel ) were spotted onto ethidium
bromide plates,as was a dilution series of ) DNA
standards. DNA was visualised under UV: illumination
permitting a quantification of each sample to be made

(figure 20(a)). After partial depurination, DNA was

32p 5 1000

denatured, neutralised and hybridised with
as described in Materials and methods. The resulting
autoradiograph is presented in figure 20 (b). After
the variation in quantity of DNA in each sample is
taken’ into consideration, there is clearly considerable
variation in the degree of hybridisation of B 1000

to the DNA of each species. Strongest hybridisation

is to A. sativum, the source of the probe, and to the

apparently very closely related species of

A. babingtonii, A. porrum, A. vineale, and

A. sphaerocephalon.

Hybridisation is however very weak to the
apparently more distantly related species

A. triquetrum (2n=18), A. ursinum (2n=14), A. moly

(2n=14) and A. neapolitanum (2n=14) all of which

differ from A. sativum in thelir basic chromosome

number. Also comparatively weak is hybridisation

to species apparently closely related to A. cepa



FIGURE 20
Spot blot hybridisation to DNA from Allium
species
a) Ethidium bromide stained DNA samples
b) Autoradiograph of the above following
transfer to nitrocellulose filter and

32

hybridisation with P B1000O.

The DNA samples are from:

l. A. sativum 11. A. fistulosum

2. A. porrum 12. A. pekinense

3. A. sphaerocephalon 13. A. schoenoprasum

4., A. babingtonii 14, A. tuberosum

5. A. vineale 15. A. neapolitanum

6. A.ostrowskianum 16. A. stipitatum

7. A. triguetrum 17. A. moly

8. A. ursinum 18. A. cepa var spring

9. A. cepa onion

10. A. hierochuntium 19. A. cepa var tree
onion

20. A. sativum

A )\ -DNA dilution series is also presented. The

amount of DNA is marked in ug.



"

16

13

18

4 5
9 10
14 15

19 20



20.

such as A. hierochuntium and the cepa varieties

‘spring-onion! and'tree-onion:

Accurate quantification of the degree of
prevalence of Bl000 in these species is rendered
difficult without an idea of the degree of sequence
mismatching involved; intensity does however seem
to be in accordance with phylogenetic relationships

as presented in figure 3.

(iii)The organisation of Bl1000 in other Allium species

An indication of the physical organisation of
B1000-1like sequences in the genomes of other species
was obtained by probing Southern blots of digested

32p 81000.

and fractionated DNA from each species with
As with spot'blots, the amount of hybridisation
to each DNA is determined by thé result of a com-
bination of the effects of copy number and sequence
divergence, and as a consequence neither value can be
accurately determined without an estimate of the
other. However the pattern of hybridisation is less
likely to be affected by these two parameters and
can yield information on the probe's physical

organisation in genomes other than that of A. sativum.

The DNA of 10 species was further investigated in
this way. Approximately 2ug of each DMA was digested
separately with BamHI, Eco RI and Hind III,
fractionated on a 1% agarose gel, Southern blotted

onto nitrocellulose filter and probed with B1l000.



FIGURE 21
Bam HI digested DNA from (a) and (i)

A. sativum, (b) A. babingtonii, (c) A. porrum,

(d) A. triquetrum, (e) A. schoenoprasum,

(f) A. cepa,(g) A. cepa (spring onion variety),

(h) A. tuberosum, (Jj) A. vineale, and (k) A.cepa
32

(tree onion variety) hybridised to P B1000.
Lanes (a) to (h) are from the same original
gel, lanes (i), (3) and (k) from a different
gel. Lanes (d) to (h) were exposed for five
times the period of the other lanes in order to
show the very weak hybridisation patterns. The
length of some of the prominent bands is marked

in base pairs, the position of the original

1050 bp probe sequence is marked with an arrow.
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FIGURE 22

fco RI digested DNA from several Allium species

(see figure 21) hybridised with >2P B100O.
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FIGURE 23

Hind III digested DNA from several Allium

species (see figure 21) hybridised with 2P B1000.
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The resulting autoradiographs are shown in figures
21, 22 and 23. The lanes (d), (e), (f), (g) and (h)
in figure 21 were exposed for 5 times as long as all
other lanes in order to show the very weak hybrid-
isation patterns.

There are very obviously considerable quantitative
differences in the degree of hybridisation to DNA of
each species; differences which reflect those in the
spot-blot hybridisation experiment earlier (figure 20).
The patterns of hybridisation of B1000 to B8am HI and

Eco RI digests of A. sativum are essentially identical

to the patterns presented in figure 6 (c) and discussed
earlier. Two other Allium specie§ DNAs show very
similar patterns and a similar degree of intensity of

hybridisation as that to A. sativum, namely

A. babingtonii and A. porrum. However in both cases

although the major bands appear to be approximately

the same length, there appears to be some variation

in the distribution of minor bands, most particularly

noticeable perhaps in the Hind III digests of figure 23.
Several species show very little hybridisation.

It is only on rather over-exposed autoradiographs

(see figure 21) that a pattern can be discerned in

the DHA of A. triquetrum, and the three A. cepa

varieties. However it is interesting to note that
in all these examples a band of length 1050 bp,
i.e. the length of the original B1000 probe,is

observable in Bam HI digests,as are weak bands
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corresponding to other major bands observable

in A. sativum digests. Thus it appears that

although the degree of hybridisation of the probe
to the DNA of these species is greatly reduced
for whatever reason, the pattern seems to have been
conserved to some extent.

It is the third situation that may be of most

significance. Although in both A. vineale and

A. schoenoprasum bands of 1050 bp are highlighted

by 81000 in Bam HI digests, many of the other major
bands in the three digests are of different length
to- those found in corresponding digests of

A. sativum. This observation is particularly

pronounced in A. vineale. The degree of hybridisation

is very similar to that to A. sativum, but in all

three digests most of the bands of hybridisation are

of different length to those in A. sativum.

It might be useful to classify each of the 10
DNAs investigated in this way into one of three
general groups:
1. GCenomes to which B1000 hybridises to approx-

imately the same degree as to A. sativum DNA

producing substantially the same pattern of hybrid-
isation.
2. Genomes to which Bl000 hybridises to a very

much reduced degree compared to with A. sativum

but which nevertheless show some similarity in their

patterns of hybridisation.
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3. Genomes to which B1000 hybridises and reveals
a substantially different pattern of hybridisation

compared to A. sativum.

Group 1 includes A. sativum, A. babingtonii and

A. porrum, Group 2 A. triquetrum, A. cepa, A. cepa var

Spring onion, A. cepa var tree onion and A. tuberosum,

and Group 3 A. vineale and A. schoenoprasum.

Although all species fall reasonably easily into
these three groups it must be noted that there are
minor differences between even the most similar
patterns of hybridisation. Furthermore because hybrid-
isation to DNA of the species assigned to Group 2 is
only detectable on the more over-exposed autoradio-
graphs, patterns of hybridisation are not always
clearly visible. In those instances where a pattern

is visible, differences from that of A. sativum are

apparent in all cases. The significance of these

observations will be discussed later.
Hybridisation of Bl000 to discrete bands of

fragments in the fractionated digestion products

of species other than A. sativum (see figures 21,

22 and 23) suggest that in these species too, B1000-
related sequences are frequently found adjacent to a
limited number of other repetitive sequences. This
conserved, non-random arrangement of restriction
sites external to Bl000-like sequences in a number

of different genomes might suggest that B1000 exists
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in such genomes within a larger coﬁserved repetitive
element. Unfortunately the patterns of hybridisation
are too complex to enable the construction of a con-

sensus sequence of any such element with any confidence.

(iv) An estimate of Blpgq sequence divergence

between species

Any sequence mismatching will affect the degree
of hybridisation in such experiments as those out-
lined above and could conceivably affect the patterh
of hybridisation. This latter effect would depend on
whether Bl000 sequences in certain configurations in
the genome are any more or less homogeneous than those
in other éonfigurations.

To determine the effect of sequence mismatching
upon results such as those presented in figures 21, 22
and 23, the effect of increased and decreased strin-
gency upon the degree of hybridisation between B1000
and heterologous DNA was investigated.

DNA from A. sativum, A. porrum (an apparently

closely related species) and A. cepa (apparently more
distantly related) was digested separately with Banm
HI and Hind III, fractionated on a 1% agarose gel,
transferred to nitrocellulose paper and probed with
B1000 at 45°9C., 65°C. and 75°C., representing low,
medium and high stringency respectively. All nine

pairs of digests (3 species, 3 temperatures) were

hybridised separately to minimise any competition
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effects between different DNAs. All lanes had the
same quantity of DNA and the same. amount of probe
applied to them and the resulting autoradiographs
are presented in figure}ZQ.

As might be expected, most hybridisation to

A. sativum DNA occurs at 65°C., which is closest to

the optimum temperature for reassociation under these
conditions (usually regarded as Tm :25°C.). At 65°cC.
there 1s also strong hybridisation to A. porrum DNA,
the pattern of which closely resembles that of

A. sativum DNA; a result in accordance with the data

from spot blots (figure 20(b) and Southern blots of
digests (figures 21, 22 and 23). Also in accordance
with these data is the observation that at 65°C.,

hybridisation to A. cepa DNA is considerably reduced

compared with that to A. sativum.

However at the reduced hybridisation stringency

of 45°C., slightly less hybridisation to A. sativum

and A. porrum DNA occurs while that to A. cepa is
increased compared to that at 65°C. This is presum-
ably because imperfectly matched duplexes are able to
form between Bl000 and A. cepa sequences at this
reduced stringency, duplexes which were prevented

from forming stably at 65°C. This immediately suggests
that a quantity of Bl000-related sequence exists in the
A.cepa genome that is not detectable under standard
reassociation conditions (4xSSC, 6S°C.).

The fact that hybridisation to A. cepa at



FIGURE 24

Southern blots of DNA from A. sativum (A.s),

A. porrum (A.p) and A. cepa (A.c) digested with
(a) Bam HI and (b) Hind III hybridised with

32P 81000 at I QSOC., II 65°C. and III 75°C.

representing low, medium and high stringency.
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reduced stringency is in the form of a smear rather
than of discrete bands implies a large degree of
heterogeneity in B1000-like sequences in this genome.
A large degree of heterogeneity would alsobresult in
increased mismatching and the reduced degree of
hybridisation observed.at 65%C.

At the increased stringency of 75°C., virtually
all hybridisation to A. cepa DNA is abolished, again
'suggesting that Bl000 related sequences in the genome
of this species‘are somewhat more diverged from the

probe sequence than those in the genomes of A. sativum

and A. porrum. Indeed at 75°C., hybridisation to
A. sativum and A. porrum, although considerably

reduced compared to that occurring at 6S°C., is still
detectable, suggesting the presence of sequences
which are little diverged from the Bl000 probe
sequence. The pattern of hybridisation at 75°C. to
these two species differs from the pattern at 65°c.
in so far as much of the background high molecular
weight smear is abolished and the relative proportion
of hybridisation to fragements of length 1050 bp is
greatly increased, as it is to some other higher
molecular weight bands.

The possible interpretation that sequences
sharing greater homology with Bl000 reside within
specific elements in the genome will be discussed

later.
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In conclusion, this experiment suggests that
while the Bl000O-related sequences in the genome of
A. porrum have been conserved to approximately the

same degree as those in A. sativum during the

evolution of the two species, any homologous
sequences in the genome of A. cepa have undergone
a considerable degree of divergence. The same
conclusions can be drawn from a study of the thermal
stability of duplexes formed between Bl000 and
homologous sequences in the genomes of four Allium
species.

32P B1000 and an excess of sheared, unlabelled

genomic driver DNA from either A. sativum, A. porrum,

A. cepa or A. vineale were denatured and reassociated
in solution to a Cot of 21;5 at 60°C. Reassociated
duplex molecules were immobilised on HAP in a water-
Jacketted column and TCA precipitable counts
(representing denatured single stranded B1000 DNA)
were monitored during incremental rises in temperature.
The results for each of the species are presented in
figure 25 the counts at each temperature expressed as
a proportion of the total .number of counts eluted in
each experiment.

As expected, duplexes formed between B1000 and

homologous sequences in the genome of A, sativum

were the most stable, having a Tm of 74.°C. Duplexes

involving A. porrum DNA also showed a high degree of



FIGURE 25
Thermal stability of heteroduplex molecules
formed between 32P labelled B1000 probe and

genomic DNA from A, sativum (@ -@ ), A.vineale

(0 -0), A. porrum (a-a) and A. cepa (m-m).

A melting curve of native A. sativum DHNA

is also presented ( --- ). Denaturation was
monfitored by absorbance of DNA at 0D 260 with
incremental rises in temperature. Values are
expressed as a percentage of the total increase

in 0D.
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thermal stability, having a Tm only 1°c. lower than

A. sativum, suggesting an approximate 1% mismatch.

This is entirely in accordance with the data pres-
ented above (figure 24), as is the fact that
B1000:A.cepa DNA hybrid molecules appear to be very
unstable with a Tm of 63°C. being some 11°Cc. lower
than Bl000:A.sativum. This represents a mismatching
of some 1ll%.

Interestingly B1000:A.vineale duplexes, although
apparently less well matched than those formed between

B1000 and A. sativum or A. porrum DNA, nevertheless

show only a 3.5°C. difference in Tm, representing
3.5% mismatching. Therefore there appears to be

considerable homology between Bl000 and A. vineale

DNA despite the fact that some considerable differences

in the physical organisation of B1000 in A. vineale

(comQared to within A. sativum and A. porrum) is

suggested by such data as that in figures 21, 22 and

23.
The implications of this will be discussed later.

A melting curve of native A. sativum DNA is also

presented in figure 25. Sonicated total DNA was loaded
onto HAP at 60°C. in 0.12M PB and single stranded

DNA eluted at each incremental fise in temperature.

The 0D 260 of each fraction was measured and

expressed as a fraction of the total for the
experiment. A Tm of 86°cC. suggests a G + C base

pair content of approximately 40%, (Marmur and

Doty , 1959; Lewin, 1980), similar to the value
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reported by Kirk et al. (1970) using chemical
methods. The A Tm of over 10°C. between native

A. sativum DNA and B1000:A.sativum duplexes implies

a certaln degree of heterogeneity of those sequences
able to hybridise with B1000 probe under standard
conditions. The heterogeneity is however less than
that observed between B1000 and DNA from species

other than A. sativum.

The sequence divergence of Bl000-like sequences
in the A.sativum genome appears to be average for
moderately repeated sequences in that genome. A
thermal elution curve was constructed for A.sativum
DNA that had been reassociated at 60°C to Cot 10.
Although showing a slightly broader melting profile
than the curves in figure 25 , such reassociated
DNA had a Tm of approximately 77°C. (data not shown),
a value not dissimilar from the Tm of B1000:

A.sativum duplexes.

A degree of sequence divergence suggested by
‘thermal elution studies is in accordance with the
data from hybridisation at different criteria (figure
24) as well as the restriction map heterogeneity

reported earlier (see figure 13).
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A SATELLITE-DNA COMPONENT OF A. VINEALE
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A _SATELLITE-DNA COMPONENT OF A. VINEALE

Identification, isolation and characterisation

of a satellite component in A. vineale

The existence of a satellite-type tandem
array of repetitive DNA sequences in the genome

of A. vineale was 1initially suggested by the

presence of a ladder of fragments in ethidium
bromide stained, fractionated digestion products
of genomic DNA. Several restriction endonucleases.
liberated such a pattern, among them Hind III,
Eco RI and Bst I (the latter being an isoschizomer
of Eiﬂ HI). Examples are shown in figure 27(a),
the lengths of the fragments forming the ladder
being integral multiples of 400 bp. Presumably
the 400 bp fragments represent the monomer, the
800 bp fragment the dimer and so on. Fragments
of 2400 bp representing é6-mers are clearly visible
in ethidium bromide stained gels.

In order to confirm the arrangement of such

sequences in the genome of A. vineale, genomic DNA

was digested with Eco RI, fractionated on an agarose
gel and the 400 bp monomer band excised and nick-

translated. This was then used to probe A. vineale

DNA which had been digested with a number of diff-
erent enzymes and transferred to nitrocellulose
filter. The resulting autoradiograph is shown in

figure 27(b). The characteristic satellite ladder



FIGURE 27

a) A. vineale DNA digested with (a) Bst I,

(b) Eco RI, (c) Hind 111, (d) Hae IlI,
(e) Alu I, and fractionated on an
agarose gel. The marker is an

Eco RI/Hind II1 digest of A (see figure

19).

b) Autoradiograph of the above following
transfer of DNA to nitrocellulosec
filter and hybridisation with >2p

nick-translated 400 bp band DNA (arrowed

in (a)).

Bands representing the monomer, dimer and

trimer fragments are sized in base pairs.
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is indeed produced in four of the digests,
confirming that fragments that are multiples
of 400 bp in length are indeed homologous to
the 400 bp monomer. Furthermore'the fact that
hybridisation of the monomer is only to fragments
that are integral multiples of 400 bp suggests
that there 1Is only one recognition site for each
of the endonucleases Hind III, Eco RI, Bst I and
Hae III. The ladder pattern is presumably created
as a result of the loss of recognition sites for
each enzyme by mutation; bands representing 9-mers
are clearly visible in figure 27(b).

The hybridisation pattern resulting from
hybridisation of the monomer unit to Alu I digested

A. vineale DNA is however different, there being a

more complex ladder which contains fragments of
length smaller than the 400 bp monomer, (see figure
27(b)). This immediately suggests that there 1is
more than one Alu I recognition site within the
‘consensus' unit sequence; a fact which permits

the partial restriction map of figure 28 to be
constructed. The alignment of Alu I sites in
relation to Hind III sites is possible because

Alu I recognises the central four base-pairs of
Hind III recognition sites and thus will always

cut at sites recognised by Hind III. All the bands

in the Alu I digested A. vineale DNA track of

figure 27(b) can be accounted for as being partial
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digestion pfoducts of DNA conforming to the
restriction map presented in figure 28. The
sites for the other enzymes cannot however be
assigned from this data alone, simply because

all produce the same sized fragments.

FIGURE 28
v 400 bp v v
A 28000 ) ) r A
120 bp

100 bp
v s Hind Il

d=au

To obtain purer probe, cloned monomer unit

DNA was sought. A partial library of A. vineale

Bst I fragments in pBR328 was screened by the method
of GCrunstein and Hogness (1975) with 32P labelled
400 bp monomer band. Of several positive clones
one, pAv 1101 was used as a source of the 400 bp
monomer for further work, it having been shown to
contain a 400 bp Bst I fragment homologous to the
monomer probe by hybridisation to Southern blots of

restricted recombinant plasmid (data not shown).
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The distribution of the 400 bp satellite in

related Allium species

The distribution of sequences homologous to

the A. vineale satellite component among other

Allium species was determined by hybridisation of
32P labelled pAv 1101 to a spot blot of DNA from
19'different specie;/varieties (the same spot-

blot As used in figure 20). Strongest hybridisation

was to A. vineale DNA, the source of the satellite

probe. Weaker but distinct hybridisation occurs

to DNA from A. babingtonii, A. sphaerocephalon,

A. porrum and A. schoenoprasum (data not shown).
Whether this was due to differences in amount or
in sequence divergence cannot be established from
this data.

It was surprising that there was little or
no hybridisation to DNA from A. cepa. As alluded
to earlier, the genome of A. cepa contains a
satellite component consisting of a 400 bp array;
this DNA is isolatable as a satellite band on a
CsCl density gradient but appears to be less simple
in its organisation as judged by the ladders of
fragments produced upon hybridising cloned monomer
to digested A. cepa DNA, (A. James, S.R. Barnes,
pers.comm.). Although the satellite components of

A. vineale and A. cepa have the same repeat length

they do not appear to be closely related.



104,

The organisation of homologous sequences in

related Allium species

The DNA of several species was digested with
Bst I, fractionated on an agarose gel, trans-
ferred to nitrocellulose and hybridised with
32P 400 bp cloned monomer. The results of hybrid-
isation to the DNA of 9 different Allium species
is shown in figure 29.

There is hybridisation to all 9 specles; the
degree of hybridisation however varies considerably.

Interestingly, although there is reasonably strong

hybridisation to the DNA from A. sativum,

A. babingtonii, A. porrum and A. schoenoprasum it

is largely confined to high molecular weight DNA.
Conversely hybridisation to A. cepa and A. cepa var,
spring onion is largely to a ladder of fragments,

while that to A. triquetrum is to both a ladder

and high molecular weight DNA.

Where ladders exist in DNA from species other

than A. vineale, hybridising fragments are of

lengths representing multiples of 400 bp. Thus

any sequences sharing homology with A. vineale
satellite in these species appear to have the same

basic organisation as in the genome of A. vineale.

These results strongly suggest that at least some

of the satellite components of A. vineale and

A. cepa are related, sharing some homology in



FIGURE 29

Total DNA from (a) A. vineale, (b) A. sativum,

(c) A. porrum, (d) A. babingtonii, (e) A. cepa,

(f) A. cepa var. spring-onion, (g) A.schoenoprasum,

(h) A. tuberosum and (i) A. triquetrum, digested

with Bst I (= Bam HI), fractionated, Southern blotted

32

and hybridised with P 400 bp A. vineale DNA.

32

Similar results were obtained using P pAvl1llOl as
a probe. The length of the bands representing the
monomer, dimer and trimer fragments are marked in

base pairs.
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both sequence and organisation; the degree of
homology is however rather limited.

Hybridisation of the A. vineale 400 bp

monomer probe to DNA fragments of high molecular

weight from species such as A. sativum after

digestion with Bam HI could be interpreted as
suggesting either a different organisation of
homologous sequences in the latter (i.e. non-
tandem) or. an absence of Bam HI restriction sites
in any tandem arrays present.

The evolutionary history of the various
Allium satellite components is not easy to
establish from the rather limited data piesented
above. There is clearly however a degree of
between-species heterogeneity and within-species
homogeneity as evidenced by data such as that of
figures 27 and 29. Models relating to the
generation and maintenance of relatively homogenous
tandeh arrays are discussed later, as is a poss-
ible explanation for the patterns of hybridisation

obtained in the studies described above.
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Overviéﬁ

Data relating to the organisation of two
repetitive-sequence DNA families in the genomes
of species of the génus Allium has been presented.

Members of the B1000 sequence family are
organised in a complex fashion in A. sativum,
usually found enclosed within a larger yet somewhat
heterogeneous element which is interspersed with
other unrelated repetitive sequences. The sequence
family is also represented in other Allium species
to varying degrees; in some,différences in the
pattern of hybridisation on Southern blots of restricted
total DNA suggest differential amplification of
sequences containing B 1000 during evolution.

The organisation and distribution of a second
family - the 400 bp 'satellite' family - is different.

Isolated from A. vineale, it is present in a different

subset of species than B 1000, being absent or in very

low copy in A. sativum. Members of this family are

organised in tandem arrays, liberating ladders of
fragments which are integral multiples of the basic unit
repeat (400 bp)upon digestion with a variety of restric-
tion endonucleases.

The physical organisation of many families of
‘repetitive DNA sequences in eukaryotic genomes has been
described in the Introduction. For the purposes of the
discussion such sequences will be divided into two

classes, tandemly repetitive sequences, and inter-

spersed repetitive sequences. |
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Each of these is further subdivided:

(I) Tandem

| i) Non transcribed 'satellite’

ii)Transcribed repetitive genes

(II)Interspersed

i) SINES ) excluding those sequences having
) characteristics of transposable
ii) LINES ) elements
iii) Transposable elements

By no means are these categories intended to be
definitive subdivisions of repetitive sequences; they
are simply based on the physical organisation and
physical characteristics of a sequence, and do not
necessarily reflect for example differences in bio-
logical function,

In subdividing repetitive sequence elements it
is not intended that one class be considered in
isolation from the others; some genomic processes
for example might apply to all. On the other hand,
welcome though a unifying theory would be, it seems
unlikely that all repetitive sequences can be
considered to be subject, in the genome, to all the
same processes and pressures.,

The subdivision of repetitive DNA sequences is
then an attempt to create order from the situation in
which, as Bouchard (1982) states ... "the bulk of
eukaryotic moderately repetitive elements can at
present only be said to be united in their apparant

lack of resemblance to transposable elements ..."
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The elucidation of the nature and organisation
of repetitive DNA sequences in a wide range of
eukaryotic genomes raises a number of questions:

1) Does the present day organisation suggest
any mechanisms for the generation and
maintenance of such patterns and of their

-constituent elements?

2) Does a study of the evolutionary history
“and present day organisation of repetitive
DNA sequences suggest a function for such
sequences?

3) Does the accumulation of repetitive
sequences into the organisational patterns
observed have any effect upon the functioning

of the genome?

4) Can the evolutionary behaviour of repetitive
DNA sequences be incorporated into the

evolutionary theory of speciation?

There follows a review of evidence relating to
these questions. Where this evidence is relevant to
the data presented for the Bl000 and 400bp-satellite
families of Allium species (Chapters &4, 5, 6 and 7),
discussion is presented. Those sections to which the
Allium data does not seem directly relevant ought
perhaps to be regarded as signposts to areas where

further investigation might prove profitable.



CHAPTER 8

THE EVOLUTION OF REPETITIVE DNA SEQUENCE COMPONENTS
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THE EVOLUTION OF REPETITIVE DNA SEQUENCE COMPONENTS

Possible mechanisms for the generation of

organisational patterns

From hybridisation data alone it is possible to
conclude that in Allium genomes the physical organisa-
tion of the Bl000 family and the 400 bp -satellite
family differ considerably yet are occasionally
present in the same genome. As described in Chapter 7
the satellite sequences appear to be clustered in
tandem arrays. The localisation of these clusters
is not known and while it is possible that clusters
of arrays are themselves dispersed throughout the
length of all chromosomes, a very localised hetero-
chromatic distribution might be expected if such
sequences are typical of other eukaryotic satellite
components.

Members of the B1000 family do not however
appear to be clustered in the genome.  There is no
evidence of tandeh arrays of such sequences either in
genomic blot experiments or in cloned genomic
fragments. The evidence that they are Interspersed
with unrelated sequences and widely dispersed through-
out the genome is further strengthened by the results
of in situ hybridisation experiments using 34 81000

to probe the A. sativum chromosome complement. An

example is presented in figure 30 (data of G.Jamieson).

Hybridisation of the probe occurs at sites along both



FIGURE 30

In situ hybridisation of 3H B1000 to metaphase

chromosomes of A. sativum (data of G. Jamieson).
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arms of all chromosomes, a situation very

atypical of satellite sequences for example. It

has not yet been established whether there 15 any

reproducible pattern of silver grains over the

complement, an iﬁvestigation hindered by the difficul-

ties involved in accurately Karyotyping A.sativum

chromosomes. Nevertheless sequences hybridising to

B1000 appear to be distributed throughout the genome.
How might these different organisational

patterns have evolved?

1) Tandem arrays

A study of the present day organisation of
satellite DNA in a number of species has enabled
the evolutionary history of many families to be
established (see for example Biro et al., 1975;
Roizes and Pages, 1982).

Although amplification of short sequences
appears to be responsible for satellite clusters,
the mechanisms involved are not clearly established.
Two processes have been proposed, saltatory replica-
tion and unequal crossing-over.

Britten and Kohne (1968) first postulated the
process of saltatory replication, which describes
the sudden replication of a sequence to produce a
cluster containing a large number of tandemly
arranged copies. The model has since been modified

by Walker (1971) and Southern (1975a)in order to
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explain the phenomenon of long-range periodicity
common to many complex arrays. The modified model,
which is presented in figure 31 , postulates that
arrays are produced by a series of amplification
events - rather than by a single event - with
mutation occurring in some copies of the array prior
to their re-amplification. The basic unit length of
amplified sequences may of course be different at
each step.

The actual mechanism of amplification is not
clear; it may involve rolling circle replication of
excised elements (a process well established in

rDNA amplification during ﬁeiosis in Xenopus for
example, Hourcade et al., 1973) or perhaps abberant
replication of the DNA template. It is in respect of
the latter that the phenomenon of gene amplification
might be of relevance.

A mechanism by which cells meet the demand for
- increased quantities of specific gene products,
either during development or when subjected to
selection pressure in culture; gene amplification
appears to be rapid, occurring in a single cell
division (reviewed by Schimke, 1982). In at least
some cases the mechanism appears to involve

unscheduled DNA replication at a single position

followed by multiPle recombination events which
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re;olvethe molecules (Roberts et al., 1983). The
unit subject to amplification may range in length
up to 2000 kb, the resulting array being either
unstable, existing as an extrachromosomal double
minute chromosome (which has no centromere and is
subject to non-disjunction at mitosis) or stable,
integrating into the chromosome. If selection
for the amplified genes is removed, such arrays
are notoriously unstable.

Whether this phenomenon has any bearing upon
the generation of satellite arrays is not clear.
It does however demonstrate that under certain
conditions large scale amplification of genomic
sequences can and does occur. Incidentaly, even if
satellite arrays were to be generated in this way,
it would not necessarily imply selection for their
sequences. Satellite DNA distribution is unusual
in that it is almost invariably heterochromatic.
It is possible that the generation of tandem arrays
at other positions in chromosomes does occur but
that such arrays, unless subject to strong positive
selection, are very unstable. In heterochromatic
regions however, amplified sequences may not be
subjected to the same selection pressures as else-
where, perhaps being protected by the local DNA con-
figuration (heterochromatic DNA is usually in a

condensed state) or simply being tolerated if in a
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non-essential region; in this region tandem arrays
might be less unstable than elsewhere on a chromo-
some.

An alternative model for satellite array
generation has been postulated which requires
frequent unequal crossing over events to occur
between repeating units on sister chromatids which
have become aligned out of register (Smith, 1976).
Computer simulation suggests that stochastic
unequal crossing over will eventually lead - as a
result of crossover fixation - to a tandem array
consisting entirely of a single basic sequence. This
model 1s presented in figure 32, Despite there beling
difficulties in aspects of both models (see Lewin,
1980) many present day patterns of genome organisa-
tion have been explained using schemes which involve
the generation of tandem arrays. In the evolution
of heterochromatic repetitive sequence elements in
cereal species, amplification by unequal crossing-
over or rapid saltatory mechanisms is presumed to
have been followed by the divergence and dispersal
of elements of small size. A cyclic scheme of
molecular events for repetitive sequence evolution
is proposed (Flavell, 1980) which involves re-
amplification of an already amplified and dispersed
sequence. If the unit which is reamplified includes,

in addition to the original unit of amplification,
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unrelated flanking sequences, then the generation
of complex or compound repetitive elements can
easily be envisaged, (see Flavell, 1980).

There is no reason to suppose that the reamplified
complex element will not be dispersed and further
reamplified in a different configuration.

The 400 bp satellite-DNA family of A.vineale,
reported here, appears to be comparatively simple
in its organisation as judged by the ladders of
-fragments produced by digestion of total DNA. Only
fragments representing integral multiples of the
400 bp basic repeat-unit appear when Southern blots
of restricted total DNA are probed with either
genomic or cloned satellite monomer sequence (see
figure 27(b).No other higher order periodicity is
evident in autoradfographs of such blots, although
such a pattern might be liberated by restriction
endonucleases other than those employed here. A
more complex situation is evidently present in
the related satellite array in A.cepa. In addition
to fragments representing integral multiples of the
basic 400 bp unit, there appears to be a minor com-
ponent consisting of fragments of non-integral length
(A. James, S. R. Barnes, pers.comm.)

The relative simplicity of the A. vineale

satellite offers no clues as to the mechanism of

its generation. The apparent lack of long range



115.

periodicities " would seem to suggest relatively few
amplification events. The non-integral minor bands in
the related family in A. cepa might therefore be
evidence for further amplification events in this
species subsequent to the evolutionary divergence

of A. vineale and A. cepa.

Whether any amplification events proceeded by
a process of saltatory replication or unequal
exchange cannot be established from the data avail-
able. The latter,though,has been implicated as being
responsible for copy number variation in the FRNA
genes of A. cepa. A 2.5 fold intraspecific variation
in the number of TrRNA genes in A. cepa has been
reported by Maggini et al. (1978) who detected a much

smaller variation in A. sativum. Such variation has

been detected within a number of plant species
(Flavell and Smith, 1974; Cullis and Davis, 1975),

and within Drosophila in which the increase or decrease

of TRNA genes in fesponse to selection (in the bobbed
strain for example, Tartof, 1975) is thought to be due
to unequal crossing-over events. Interestingly the
difference in the magnitude of variation between

A. cepa and A. sativum might be related to the fact

that meiotic crossing over does not give rise to
polymorphisms in the seed-sterile vegetatively propaga-

ting A. sativum. That this fact might have relevance

to the organisation of satellite arrays in Allium

species is discussed later (page 124 ).
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Interspersed sequences

Neither saltatory replication nor unequal
crossing-over can alone adequately explain the
mechanism of evolution of interspersed repeated
sequence elements in eukaryotic genomes.

Nevertheless, some interspersed sequences
may have their origin in tandem arrays. Orphons,

a class of dispersed solitary elements derived from
tandem multigene families such as histone and
ribosomal genes, have been detected in species as

diverse as sea urchin, Drosophila and yeast (Childs

et al., 1981). While the mechanism is not clear,
the presence of a transposable element in a cloned
sea urchin orphon (Childs et al. , op cit.) might
suggest that the orphon was generated as a result of
the illegitimate recombination of a transposable-
element which had inserted into a tandem array of
genes., There is no apparent reason why orphon
generation should be restricted to tandemly repetit-
ive gene families; all tandem arrays may be prone to
it. Their conclusion that ... "there may no longer
be a clear distinction between tandem and dispersed
multigene families ..." might also be applicable to
hon-genic sequences.

In the case of orphons, the parent tandem array
is still very much in evidence; indeed the copy
number of orphons per genome appears to be limited

(Childs et al., op Cit). If a similar mechanism
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is to be postulated for the generation of dispersed
elements such as MIF-1 and Kpn-I, the absence of any.
parent tandem array must be explained. The data
presented earlier provides no evidence for members of
the B1000 family in Allium species being organised in
tandem arrays. If such sequences have their origins
in tandem arrays then sufficient time must have
elapsed since their generation for the entire array
to have been dispersed. Tandem arrays of genes (such
as histones and TRNA genes) may be subject to more |
stringent selection for maintenance of configuration
than .tandem arrays of non-transcribed non-genic
sequences (a subject discussed later). It is not
inconceivable therefore that the processes to which
any tandem arrays are subjected in the genome have a
greater effect and act more rapidly upon non-genic
sequences.

Indeed, Anderson et al. (1981) in studying cloned
members of three different sea urchin repeated sequence
families concluded that the organisational status of
a particular family may reflect its age. Amplification
of a relatively low copy sequence into a tandem array
of homogeneous repeats is, they suggest, followed in
time by the dispersal of family members and their
eventual decay to heterogeneity as a result of the
accumulation of mutations.

On a smaller scale, tandem gene duplication
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followed by the dispersal and divergence of sequences
 1$ thought to be responsible for the nature and
organisation of multicopy gene families such as the
globins (Jeffreys, 1982) and sea urchin actin genes
(Scheller et al., 1981).

Transposition of rather large segments of DNA
mobilised by a pair of terminal repetitive elements
of the foldback (FB) family has been reported (Paro
et al., 1983) and may offer clues as to one mechanism
for the dispersal of duplicated or amplified DNA
sequences.

Interspersion of repetitive sequences might occur
in the absence of transposition mediated events.
Roberts et al. (1983) have determined the organisation
of those molecules resolved by multiple recombinational
events following gene amplification within chromosomes.,
Their resulting model of gene amplification requires
that recombination between irregularly spaced
repetitive sequences produces an array of units
which are heterogeneous in both size and sequence
content. If a region consisting of repetitive
sequences were to be subjected to this process the
result might be clusters of repeated elements which,
due to the multiple recombination events,were
related but scrambled in each cluster. Although the
mechanism requires that multiple regions of homology

must be present within the amplified DNA, it
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may be responsible to some degree for members of
different families of repetitive sequences (often

of heterogeneous length) béing interspersed with each
other, a phenomenon particularly prevalent in plant
genomes as described earlier.

A rather different evolutionary history, one not
involving an initial amplification event, has been
proposed for some of the ggglg-like elements. These
resemble the proviruses of vertebrate retroviruses
in many respects, being of similar length, having
direct repeats at each end, and causing a duplication
of the target site upon insertion for example
(Finnegan et al., 1982). Retroviruses possess the
capacity to generate RNA transcripts of themselves,
which may become enclosed within virus particles
and form infectious agents. Upon infection of a cell,
double-stranded DNA copies of the RNA are generafed;
these are able to circularise and integrate stably into
the host genome.

It has been suggested that transposable elements

such as those of Drosophila may have evolved from

such retroviruses. If so they were presumably not
originally part of the ancestral genome but have
infected at some stage and become co-adapted to become
a hereditable part of the present genome in a number
of species. The mechanism of transposition of some
eukaryotic transposable elements may still resemble
that of retroviruses as suggested by the discovery

of virus-like-particles containing copia RNA
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(Shiba and Saigo, 1983) and of circular DNA
containing copia sequences (Flaveli and Ish-
Horowicz, 1981).

Whether any of the above-mentioned processes
are involved in the generation and distribution of
many of the large numbers of moderately repetitive
interspersed elements in eukaryotic genomes has not
been established. The easiest way of explaining the
distribution of such sequences would be to credit
them with the ability to transpose following thelir
generation. As described earlier some sequences are
Indeed capable of transposition and it has even been
suggested that the majority of middle-repetitive
DNA sequences in eukaryotes are, or at one time were,
capable of transposition (see for example

Doolittle, 1982).

There 1s indeed evidenée for some moderately"
repetitive DNA sequence families having been in the
past transposable but having since lost the ability.
The striking similarity mentioned earlier between
the copia-like sequences and retroviral sequences
also extends to sequences which show no signs of
being transposable. Brown (1983) for example reports
that sequences homologous to LTR's of retroviruses
are found within MIF-1 elements, such sequences
including those required for RNA transcription. This
might suggest that members of the MIF-1 family were
once capable of transposition, possibly via an

RNA intermediate (like retroviruses), but that the
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majority of members have since accumulated mutations
and can no longer support the transcription of RNA
necessary for their mobility. There is no reason
why this should apply only to MIF-1 family members.
The recent discovery of homology between the MIF-1
elements of mouse and the Kpn I elements of primates
(Singer et al., 1983) might implicate such a
mechanism of generation and dispersal for the major
primate LINE family. Although the relationship
between the two families is distant, as indicated

by their sequence divergence, both appear to have
their origin in a common progenitor.

Interestingly retroviral-like sequences have
also been found in the repeating unit of a tandemly
arranged sequence, one of the bovine satellite
DNA's (Streeck, 1982).

Further evidence for transposition of sequences
within a eukaryotic genome involving reverse trans-
cription of an RNA intermediate comes from pseudo-
genes, untranslatable 'decayed' copies of functional
genes. (Denison et al, 1981; Chen et al.,1982).
Many pseudogenes have lost the intervening sequences
of the parent gene and therefore resemble processed
RNA products. The integration of reverse transcribed
copies of processed mRNA, followed by a relatively
rapid accumulation of mutations,could explain the

presence, and nature, of many dispersed sequences in

€ukaryotic genomes (Sharp, 1983).
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Replicative transposition of a DNA sequence
ensures the self-preservation of a sequence and
requires no function to explain its origin or
maintenance (other than the function of self-
maintenance). The recently introduced concepts of
'selfish' and 'ignorant' DNA are useful in the
context of understanding genome organisation.

Selfish and Ignorant DNA

Selfish DNA (Orgel and Crick, 1980;
Doolittle and Sapienza, 1980) is a term which has
‘been used to describe sequences which are present
in the genome not as a result of their conferring
'fitness' upon the organism carrying them but
simply as a result of their properties of self-
maintenance and self-proliferation within a genome.
Sequences capable of transposition fit into this
category rather neatly. Elements such as the copia-
like sequences, Tyl and maybe Alu, all of which have
been described earlier, appear to be autonomous in
their ability to transpose; their existence is
sequence dependent in the sense that certain genes
and DNA sequences are required to perform trans-
position, and are thus presumably maintained by
selection. Theoretical studies on the accumulation
of selfish DNA have been présented by Ohta (1983)
for example.

Some sequences appear however to proliferate
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differentially in a sequence independent manner, an
example perhaps being the satellite components of
genomes discussed earlier. Such sequences have
been regarded, like selfish DNA, as conferring no
selective advantage upon the individual possessing
them. In addition however they have been assumed
to be generated randomly in a sequence independent
fashion, and have been termed 'Ignorant' sequences
(Dover, 1980). Fincham (1983) refers to Ignorant
DNA as ... "DNA which can proliferate differentially
merely because of its repetitiveness rather than
because of anything special about its sequence ..."
and that ..."once a sequence acquires a certain
abundance, in the form of tandem repeats, it may
occasionally spread in almost epidemic fashion ...".
By applying the term 'selfish' or 'ignorant'
to a sequence, it 1s possible to explain the presence
and distribution of almost any component of a
eukaryotic genome. Clearly then it is a term to be
used with caution if the concept is not to be

devalued.
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The maintenance of patterns and sequences

Although selection for specific sequences could
be invoked to explain the maintenance of sequence
homogeneity, the qualitative and quantitative varia-
tion between genomes of the majority of repetitive
sequences might be interpreted as indicating that
other mechanisms are operative.

Fixation by unequal crossing-over, a model
discussed earlier, can account for the maintenance
of relatively homogeneous tandem arrays of amplified
sequences within a single linkage group and does not
require that such DNA is subject to selective pressure
(Smith, 1976).

This phenomenon might explain the organisation
of the 400 bp satellite sequence in several Allium

species. From data presented in Chapter 7 it appears

~as though the 400 bp monomer isolated from A. vineale
hybridises to DNA from a number of different species;
the pattern and degree of hybridisation however vary.

To Bam HI digested DNA from A. sativum, A. babingtonii,

A. porrum . and A. schoenoprasum, hybridisation is

mostly to-a wide range of fragments, mostly of high
molecular weight with no clearly discernable satellite

*ladder'. Conversely,to DNA from A. cepa, A. cepa

var 'spring onion' and A. triquetrum,much of the

hybridisation is to a ladder of fragments suggesting a
degree of sequence maintenance.

The distributlion and organisation of the 400 bp
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family among the Allium species is difficult to
explain in terms of differential amplification of
sequences. Why related families should be present

in A. cepa and A. vineale in an apparently well

conserved organisation while being apparently rather
heterogeneous within species closely related to

A. vineale (e.g. A. sativum) is difficult to explalin.

However if homogenising mechanisms operate in some
species and not others, the data can be explained.

According to Ved Brat (1965b) A. sativum and

A. babingtonii are asexual, while A. cepa,

A. triquetrum and A. schoenoprasum have sexual breed-

ing systems. A. porrum has both systems.
There appears to be some relationship between
breeding system and the degree of maintenance of the
400 bp array.

If a tandem array was present in a sexually
reproducing ancestral species it may have been
maintained by unequal crossing-over and inherited
by subsequently diverging species. If such species
continued to maintain sexual breeding systems,
homogeneous arrays might have been maintained by
meiotic unequal exchange and still be visible as
ladders to the present day. Fixation of variant
sequences of the same repeat length might be
responsible for the reduction in homology between

species as is seen between A. Cepa and A. vineale
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for example. However in species which have
acquired an asexual breeding system, unequal
crossing over would perhaps not maintain homo-
geneity in the satellite arrays if it is a
process operating only in meiosis as envisaged

in the model of Smith (1976). Although sequences

sharing some homology with the A. vineale 400 bp

monomer probe would still be detectable in the
present day genome they may have undergone much
mutation and possibly reorganisation (especially
if free of any selective constraint) - a situation
perhaps evidenced by a smear of hybridisation in

digests of A. sativum and A. babingtoniil in figure

29.

The same distribution and organisation might
of course arise if the satellite component, in
particular perhaps its repeat length, was performing
some function at meiosis. In sexually reproducing
species,maintenance of the tandem arrays by selec-
tion for any meiotic function can be invoked.

Until hybridisation of pAv 1101 to a series
of different digests of genomic DNA from a number of
species has been performed, and until the breeding
systems of the Allium species have been more clearly
established, the above interpretation must be
regarded as highly speculative. The correlation

between breeding system and hybridisation pattern
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is by no means perfect and the report that

A. vineale is asexually reproducing (Ved Brat,

1965b)does nothing to strengthen the argument
outlined above...

Nevertheless species of the Allium genus would
appear to be suitable material for studying the
requirement for meiosis in the maintenance of
satellite DNA sequence homology.

Unequal crossing-over could also be respons-
ible for the maintenance of sequence homology in
tandem-arrays of genes. Selection alone would not
be able to achieve this because the large numbers
of genic sequences involved would dilute the effect
of mutant copies. Selection would however play a
role in preventing the fixation of deleterious
mutations in genic sequences.

Repetitive sequences not subject to selection
or to stochastic phenomena such as cross-over
fixation might be expected to accumulate mutations,
independently, from the moment of their generation.
This ought to be particularly true of multiple
copy dispersed sequences which cannot, due to their
physical arrangement, be subject to unequal crossing
over.

Reassociation work however seemed to suggest
that dispersed repetitive elements of common origin
shafed more homology with one anofher than would be

expected considering estimates of the rate of
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mutation in the absence of selection. In cereal
genomes for example it appeared as though older
sequences were no more diverged than more recently
evolved sequences, where age was estimated from
evolutionary distribution (Flavell et al., 1977).
Fu:thermore, the repeated sequences of a family
appeared to be more closely related to each other
within a species than to the corresponding family

in other species. Such an observation was originally
interpreted as being evidence for multiple amplif-
ications of related but slightly diverged sequences
in different genomes, the reamplification events
belying the actual age of the sequences involved;

in the light of more recent data however, other
mechanisms have also been invoked.

Greater within-species than between-species
homogeneity has been observed in a number of
repetitive sequence families; in multigene familes
such as the rRNA genes (Coen et al., 1982;

Strachan et al., 1982), and in dispersed non-

coding families such as MIF-1 (Brown and Dover, 1981).
Variation is accumulating in these families but

within a species it appears to be accumulating in

a 'concerted' fashion; individual members are not
diverging in sequence independently. Although the
mechanism is not clear, the process would seem to

involve the replacement of a sequence in the genome
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by a variant, a phenomenon which has been termed
'homogenisation'. The model of unequal exchange
implies that such a process can only act within
a tandem cluster of sequences; although it can
maintain sequence homolbgy within an array it
cannot act inter-chromosomally. The homogenisa-
tion of dispersed sequences would seem to require
a process which can operate between sequences on
non-homologous chromosomes. Such a process might
be 'gene-conversion', a non-reciprocal transfer
of information. Evidence of gene conversion
between tandemly arranged repeated genes in

Saccharomyces has been demonstrated by Jackson

and Fink (1981), and between dispersed repetitive
sequences in yeast by Scherer and Davis (1980).
The process in the latter case appeared to involve
the formation of hybrid DNA and a correction of
base pair mismatches. 1In the same organism, the
.replacement of a sequence by another as a result
of a specific DNA transposition-substitution event
appears to operate at the mating type locus,
(Strathern et al., 1982).

Non-reciprocal gene conversion events have
also been invoked to explain the sub-populations of
MIF-1 sequences in the mouse genome (Brown and
Dover, 198l). Any bias in the direction of con-

version may result in the spread of variant
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sequences throughout a genome, a hypothetical
process termed molecular drive. Dover (1982)

has proposed that molecular drive can be considered
capable of distributing novel types of mutation by
a process not dependent upon the external factors
of natural selection or genetic drift. Whatever
the mechanism behind this phenomenon, be it
directionally or randomly by unequal exchange,

gene conversion or direct transposition, it is
proposed that it would be capable of spreading a
variant sequence throughout a chromosome, between
chromosomes and, at a higher level, throughout a
sexual population (Dover, 1982; Dover et al., 1982).
Theoretical considerations suggest that any
directionality in a process such as géne conversion
would indeed accelerate the rate of fixation of a
sequence (Nagylaki and Petes, 1982) and that gene
conversion would provide an efficient mechanism for
maintaining the homogeneity of repeated sequences
in eukaryotic chromosomes (Birky et al., 1976).

The evolutionary implications of such a model
are considered later.

It should however be noted that much of the
evidence for within-species homogeneity of members
of repetitive sequence families has been provided by
reassociation studies and, more recently, by

restriction-mapping. DNA sequencing studies have
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more recently established however that there 1is,
in many instances, far more extensive variation
within a species thgn previously suggested.
Sequencing of cloned members of some satellite
DNA families has revealed variation of the order
of 12% in bovine 1.706 satellite for example
(Miklos, 1982). Considerable heterogeneity has
also been detected in the MIF-1 family (Brown and
Piechaczyk, 1983, Dubnick et al., 1983) although
certain regions of each element do appear to be
more conserved than others.

The data presented here suggests that members

of the Bl000 family in A. sativum are somewhat

heterogeneous in sequence as judged by restriction
patterns and thermal elution profiles. The sample
number is however too low to establish whether this
is true of the majority of members of the family.
The sequencing of a few members of any large
family will always be subject to sampling error.
It might however be worth considering that the
apparent homogeneity of some sequence families is
misleading, and that further investigation will
reveal more sequence heterogeneity than was

previously suspected.



CHAPTER 9

FUNCTIONS AND EFFECTS ATTRIBUTABLE
TO REPETITIVE SEQUENCE DNA
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FUNCTIONS AND EFFECTS ATTRIBUTABLE TO REPETITIVE-

SEQUENCE DNA

The question to which the majority of investiga-
tions into genome organisation (summarised in
Chapter 1) were addressed was whether a study of
the evolutionary history and present-day organisation
of repetitive sequences would give any indication
as to their function. How successfully has this
question been answered?

As described earlier, patterns of genome
organisation appear to be conserved in a wide range
of eukaryotic species as do at least portions of
the sequences of constituent elements in many cases
(see‘Chapter 8 ). If selection iIs acting so as
to préserve patterns and sequences it might be
assumed that both are performing some function of
advantage to the individual. If-however the con-
cepts of Selfish and Ignorant DNA, and stochastic
models such as unequal crossing over and sequence
homogenisation are accepted, there is no real need
to invoke selection as a direct causative agent of
all that is seen in the genome, much of the DNA
therein may have no function in the true sense of
the word. Nevertheless this does not mean to say
that such DNA need have no effect upon the genome
and/or individual; even if a family of sequences

is generated by entirely random, stochastic processes
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utterly unconnected with the functioning of the
organism, it may still have consequential effects
upon the genome.

What functions have been ascribed to repetitive
sequences and what effects of their presence and
turnover have been observed?

Attributable functions

(1) tandem arrays

The function of tandemly arranged multigene
families provides few conceptual problems. With
a few exceptions such as orphons and pseudogenes,
most family members are functional genic sequences
which are transcribed. Thelir reiteration may be
a response to the requirement for large amounts of
gene product.

The function (if any) of satellite DNA is by
no means as clear. The fact that the vast majority
of satellite families show no detectable levels
of transcription appears to rule out any role as
a transcriptional template. A role in the regula-
tion of gene expression also seems unlikely
considering the evolutionary variability in sequence
and amount, and its heterochromatic distribution.
It is in fact this association with heterochromatin -
itself not a very clesrly understood component of
the genome - that has led to most speculation

regarding any functions.

AT e i 05 st et



134.

Satellite DNA has been implicated, with little
evidence, as being responsible for recognition
and pairing between homologous chromosomes and
for the folding of chromatin within the chromo-
somes, so-called'housekeeping functions'
(Walker, 1968). The evidence for such functions
is however not strong. The presence of satellite
DNA does not seem to be essential for the condensa-
tion of facultative heterochromatin, (Brown, 1966)
and although nucleosome phasing could be interpreted
as being evidence of a structural fole for satellite
DNA in chromatin material (HMusich et al., 1977)

it could just as easily reflect one of the constraints

upon the mechanism of its generation. Drosophila
chromosumes deficient in most of their satellite DNA
are still able to pair normally (Yamamoto, 1979)
and yeast centromeres function at mitosis and
meiosis without the massive amounts of satellite DNA
normally associated with eukaryotic centromeric
regions (Clarke & Carbon, 1980). Such evidence has
led John and Miklos (1979) to conclude ...."the
bulk of simple-sequence DNA can have very little to
do with general cellular processes or with such
concepts as centromere strengths..."
ii) Interspersed sequences

Specific functions have been proposed for
dispersed sequences, for SINES in particular, although

the construction and testing of models is complicated
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by the fact that only a small subset of those
sequences considered to be repetitive may be
functional.

Repetitive sequences have been implicated in
the control of gene expression, one of the funda-
mental problems in molecular biology, either as
signal sequences in the DNA or as RNA processing
signals. The early models of Britten and Davidson
(1969) and Georgiev (1969) suggested for example
that SINES acted as sites in the DNA for the specific
binding of regulatory macromolecules, analagous to
the promotors and operators of prokaryotic operons.
Such models have been modified in the light of
evidence relating to the organisation of SINES in
the genome (Davidson et al., 1977) in an attempt
to explain the co-ordinated control of unlinked
genes. The vast majority of SINES do not however,
it is fair to say, have the properties, such as
conservation of sequence, expected of regulatory
elements.

The extensive representation of interspersed
repetitive sequences in cellular RNA has been
interpreted as suggesting that such sequences are
involved in the regulation of gene expression,
perhaps as a result of the control of mRNA matura-
tion (Davidson and Britten, 1979; Murray and

Holliday, 1979; Lerner et al., 1980; Roberts, 1980).
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Indeed some SINE families appear to be functional
genes; cytoplasmic 4.55 RNA of rodent cells and
7 S RNA of human cells have both been implicated
in the regulation of gene expression (Zieve & Penman,
1981; Lerner and Steitz, 1981). Both are transcripts
of DNA sequences which can be regarded as SINES,
being only a few hundred nucleotides in length.

It is however the presence of repetitive
transcripts in heterogeneous nuclear RNA (HnRNA)
and cytoplasmic poly(A) RNA that is of particular
interest, especially as their expression is often
developmentally modulated (Zuker and Lodish, 1981;
Ryffel et al., 1981; Davidson and Posakony, 1982;
Jelinek & Schmid, 1982 .; Posakony et al., 1983;
Chung et al., 1983). A correlation between repetitive
sequence expression and developmental change does
not necessarily imply a functlional role; such
sequences may simply have transposed into trans-
cription units, as seems to be the case for some
repetitive elements in the sea urchin genome
(Posakony et al., 1983). Unfortunately investiga-
tion is made difficult by the fact that only a small
subset of the total number of elements in a repeti-
tive sequence family is transcribed, the rest
being transcriptionally inactive. With this in mind
Davidson and Posakony (1982) conclude that ...
"despite their ubiquity, their quantitative

prominence, their apparent developmental regulation
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and the amount of interest they have aroused,
the repetitive sequence transcripts of animal
cells remain a phenomenon in search of a
physiological meaning ...".

The transcription of B1000 sequences in

A. sativum has not been conclusively detected

(see page 69 ). It is however possible that
under the conditions employed a small subset of
transcriptionally active elements would not be
detected.

A number of functions unconnected with gene
expression have been proposed. The fact that
14 bp of the consensus Alu sequence shows
homology with a number of viral origins of
replication (Jelinek et al., 1980) has been inter-
preted as suggesting that Alu-like sequences act
as origins of DNA replication in those genomes
possessing them. Mammalian DNA is replicated
bidirectionally simultaneously from many dispersed
sites, approximately as many as there are Alu
elements (Jelinek et al., 1980, Georgiev et al., 1981).
There is currently insufficieﬁt evidence to con-
clude whether or not this is merely fortuitous.

Moderately repetitive DNA sequences synthesized
during pachytene in Lilium (Bouchard and Stern,
1980) have been hypothesised as having a specific
function in the process of chiasma formation and

crossing-over. Such sequences (P-DNA) make up
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approximately 1% of the genome, are of modal
length . 1500-2000 bp, are interspersed and

are members of several distinct families. Members
of each family appear to be nén;divergent in
sequence as judged by thefmal stability analysis.

It has been suggested that the nicking and
repair activities during pachytene occur at these
specific P-DNA sites in the genome. Homologous
P-DNA is also detectable by reassociation in other
plant species across a broad phylogenetic range
(Friedman et al., 1982). Although copy number
varies considerably, the sequence of such DNA is
strongly conserved; such conservation of sequence
among hoderately repetitive DNA elements of diff-
erent species is very unusual, suggesting that
there are strong selective forces ensuring the
homogeneity of P-DNA.

Specific sequence recognition of a moderately
repetitive component of a genome has also been
proposed by Liu & Lark (1982). Deletions in A clones
containing a 3.25 Kb interspersed repeated DNA

sequence from Dipodomys ordii appear to be the

result of the recognition, by components of the A
Red (E. coli recE) function, of a specific sequence,
aﬁd even of its polarity.

| It is perhaps worth pointing out at this stage
that care has to be taken when assigning functions

to sequences which are considered repetitive. The
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majority of the DNA hybridisation experiments
relating to the organisation of repetitive DNA
sequences in eukaryotic genomes have been per-
formed using'standard conditions', usually at
an arbitary Tm-25°C. in 0.12M PB which is con-
sequently that stringency at which those sequences
which have reassociated by a certain Cot value
are termed repetitive and the remaining ones
non-repetitive. As Bendich and Anderson (1977)
point out, although this is the level at which
investigators distinguish repetitive from non-
repetitive sequences, there is no reason why it
should be the same level of discrimination as
applied by the organism.

The effect of temperature upon the re-
association of repetitive sequences 1is clearly
demonstrated for example by the data presented in
figure 24, At lower stringency, genomic sequences
in A. cepa showingbsome homology to Bl000 are
detectable; such sequences are not detectable on
the autoradiograph at 'standard' and 'high'
stringency. Similarly at higher temperatures there
is reduced hybridisation of B1000 to genomic DNA of

A. sativum and A. porrum and the pattern of hybrid-

isation is changed; bands of presumably relatively
well matched sequences become more prominent over

the background smear. Thus there appear to be many
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sequences which although considered homologous to
B1000 at 65°cC. are not detectable as being so at
75°C., suggesting a degree of divergence of
sequence a mong Bl000 related sequences.

By classifying many rather heterogeneous
repeats as.repetitious, it is quite possible that
a few very homogeneousrepeats are being obscured.
If it is only the latter that is of functional
significance to the cell then different experi-
mental criteria will have to be adopted in order to
distinguish such sequences from the 'noise' of the
heterogeneous background sequences. Few studies
have however been performed at other levels of
stringency.

Another danger associated with molecular
studies i1s that of a parochial approach to DNA
sequence alone. Manuelidis (1982) stresses the
importance of determining the configuration and
organisation of repetitive elements at a higher
level than nucleotide sequence. Suggesting that
such sequences may have an influence upon higher
order three dimensional architecture of chromo-
somes, Manuelidis (op.cit.) has shown that members
of the c-Hind R family of interspersed repeated
sequences are non-randomly distributed on human
chromosome arms and may participate in the align-

ment and/or association of chromosomes.
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The assocation in interphase nuclei of
specific regions of non-homologous chromosomes
that are rich in particular types of DNA sequences
might suggest a function for such sequences 1in
chromosome recognition. In this context Bassi
et al. (1982) have demonstrated that highly
repetitive inverted-repeat DNA appears to aggregate

in interphase nuclei of Vicia faba and that meta-

phase chromosomes are preferentially labelled in
central regions after in situ hybridisation with
labelled inverted-repeat DNA. In A. cepa however
such sequences appear to be scattered throughout
all chromosomes (Stack and Comings, 1979).

Chromosomes of A. cepa do appear to adopt a
'*telophase configuration' throughout interphase
with centromeres lying at one side of the nucleus
and telomeres at the opposite side (Fussell, 1975).
These regions are identifliable in interphase
nuclei because they contain late replicating DNA.
The nature of such DNA has however yet to be
established.

As stated earlier, the presence of a particular
sequence component by no means requires it to have
a function in the genome; selfish and ignorant DNA
require no function to be invoked in order to
explain their presence in the genome. The danger
of avoiding the question of function by simply
characterising a sequence as selfish or ignorant

was alluded to earlier however.
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Whether serving a function or not, the physical
presence of repetitive DNA sequences may have con-
sequences; a number of effects (both specific and

general) have been characterised.

Attributable effects

It would be surprising if a DNA sequence of
length several hundred to several thousand base
pairs, present in as many as several thousand coples
and possessing the ability to transpose was observed
to have no effect upon the genome - even if such a
sequence was regarded as ‘'functionless'.

Indeed many phenomena have been described that
appear to be the direct result of repetitive
sequences. Some are very specific effects, others
the more general effects of DNA accumulation.

Insertion-mutations caused by transposable
elements have been characterised in yeast

(Williamson et al., 1983), in Drosophila (Modolell

et al., 1983) and in Soybean (Goldberg et al., 1983).
Such elements are assumed to be responsible for a
number of genetic instabilities, such as ones in
Maize (McClintok, 1956) and mouse (Whitney and
Lamoreux, 1982).

In addition to being the cause of some
insertional mutations, SINES and LINES appear to be
responsible for other types of major rearrangements

of DNA in the genome. A large deletion responsible



143.

for a disorder of haemoglobin synthesis in humans
has one end point half-way into an Alu sequence
(Jagadeeswaran et al.,1982). This of course may
be coincidental, although Calabretta et al. (1982)
report the presence of genetic instabilities in
areas of the human genome containing Alu sequences.

Furthermore the association of a long Drosophila

transposable element with chromosomal deletion
breakpoints has been reportdd by McGinnis et al.
(1983) and Perlman (1983).

It may be that the facilitation of sequence
rearrangements by repetitive sequences is a common
phenomenon in eukaryotic genomes.

Both tandemly arranged and interspersed
repetitive sequences also appear to have an
effect at a level higher than that of nucleotide

sequence rearrangement.

A well documented effect of satellite DNA
which may be of great evolutionary significance,
is the reduction 1in the frequency of recombination
events occurring within adjacent sequences during

meiosis in Drosophila; it appears to be the amount

of satellite DNA that determines this germ-line
effect, the sequence itself seems relatively
unimportant (John and Miklos, 1979; Miklos et al.,
1980; HMiklos and Gill, 1981; Miklos,1982).

0f particular interest therefore is the
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relationship between chiasma frequency and
variability in some plant species. Variability
is lower in populations of Lolium and Festuca with
high chiasma frequencies and vice versa, while
selection appears to be more effective among
populations with low chiasma frequencies (Rees
and'Jones, 1977). Rees and Jones (op.cit.)
conclude that ... "the information .... provides
strong evidende of the adaptive consequences of
adjustments in chiasmata upon the variability of
populations and their capacity to respond to
selection.”

Any effect upon recombination frequency by
satellite DNA might therefore be of great sig-
nificance and might imply that the presence and
quantity of a satellite component of a genome
is subject to selection to a greater degree than
previously imagined. There are however no data yet
relating to whether any effects of satellite DNA
are of adaptive significance; whether it can be
regarded as having a "germ line function" (John and
Miklos, 1969) is open to interpretation.

As Maynard-Smith (1982) points out, "Usually
the distinction between an effect and a function
is fairly clear, but difficulties arise when the
effect is not on the individual, but on the species...".

The majority of other 'general effects' of

genomic repetitive sequence components are ones due
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to quantity rather than nucleotide seéuence.

Although in the original models selfish and
ignorant DNA is assumed not to be subject to
phenotypic selection, the amplification processes
might result in changes in quantity of DNA. Such
changes, many authors argue, could be subject to
selection, although the point at which selection
begins to act, and its subsequent intensity,is a
matter of some debate.

Cavalier-Smith (1978) points out a strong
positive correlation between C-value and cell-size
and also length of mitotic and meiotic cycles.
Consequently there appears to be an inverse
correlation between C-value and growth rate, and
hence between C-value and development time. He
concludes that C-values are highly adaptive and
controlled by a balance of selective forces. If
this is true then presumably any changes in DNA
content - by amplification or deletion of sequences -
will not be selectively neutral. That C-value
determines the range of life-cycle types that
plants can display in particular environments has
also been stated by Bennett (1977, 1982), while
Grime & Mowforth (1982) pfesent evidence that
genome size is related to life-cycle type in British
flora.

The effect that nuclear DNA has upon the

phenotype of an individual as a result of its quantity
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has been termed "nucleotypic" (Bennett 1977), a
term that describes non-genic characters that
affect phenotype by bulk rather than by informa-
tional content. Nucleotypic effects are apparently
not confined fo the effects upon cell size or
development rate. Bennett (1982) suggests that
nucleotypic effects can determine chromosome
architecture and spatial ordering of haploid
chromosome sets.

The disposition of a chromosome in the haploid
genome Appears to be determined by the size of its
arms (which in turn is determined by the arms DNA
content), arms of similar length assoclating in a
predictable fashion in interphase nuclei (Bennett,
op.cit., Heslop-Harrison and Bennett, 1983 a & b).
This differs from previous chromosome recognition
models in that it predicts that associations are
due to the quantity of DNA on each arm and not to

the nature of the sequences therein.
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Differences in C-values between Allium
species may be due to selection acting upon the
nucleotype. If chromosome association is
required for the correct behaviour of chromosomes
during mitosis for example it might be predicted
that an optimal configuration will be maintained
by selection. If the configuration is determined
by relative arm lengths then, if the chromosomes
of a haploid set were to gain DNA by whatever
mechanism, they might be expected to gain it in
a concerted fashion so as to maintain the optimal
configuration.

An amplification event in one chromosome
might result in selection favouring a similar
event in an associating chfomosome of the haploid
set. If the sequence subject to amplification is
of little consequence then different segments
might be amplified at each amplification event, a
situation which could explain the large differences,
between speclies, in the nafure of moderately
repetitive famillies.

The problems associated with work on Allium
species makes this a difficult hypothesis to test;
the taxonomy of the genus is somewhat ambiguous and
phylogenetic relationships between species are not
at all clear. Furthermore the difficulty in

distinguishing between many of the chromosomes of
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the complements of many Allium species (see
figures &4 & 5 ) renders association studies
somewhat difficult. There is some evidence that
there are associations between the chromosomes

of a haploid set in the genome of A. sativum,

associations being between chromosome arms of
similar size (G. Butler pers.comm.) but analysis
of the data is as yet incomplete.

In the context of the nucleotypic effects
of DNA mass, it is interesting to speculate on
the constraints (if any) to DNA accumulation within
a genome. The rather strong selective constraints
envisaged by Cavalier-Smith (1978) were described
earlier, as were the constraints imposed by the
contribution of DNA quantity to chromosome dis-
position(Bennett, 1982).

In some situations where DNA accumulation
during evolution appears to have occurred, DNA
amounts within related species appear to be dis-
continuously distributed.

In Lathyrus species ‘for example, DNA-content
values are clustered into groups separated by
intervals of about & pg, a situation also found
to exist in the Allium genera (Narayan, 1982).

This might represent a series of steady states
into which species must fall, qua&tum changes being
responsible for species evolving into higher states.

The addition of DNA during evolution of the
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- Lathyrus speclies appears to be approximately
equal on all chromosomes of each complement
(Narayan and Durrant, 1983) with the result
that there is constancy in chromosome number,
chromosome shape, karyotype and in the ratio of
repetitive to non-repetitive DNA during evolution,
DNA changes in Allium species also appear to be
widely distributed between chromosomes (Jones and
Rees, 1969). Evidence of a similar situation in
the animal kingdom comes from some aﬁphibian
species. The karyotypes of 26 Plethodon specles
are identical except for the amount of DNA per
haploid set (Macgregor, 1982), suggesting that
chromosomes have grown in size due to the
accumulation of DNA, in a balanced, proportional
manner. ‘'Karyotype selection' may, in such a way,
be responsible for the present day physical
organisation of DNA sequences in the genomes of
different species. There may well be constraints
upon changes in genome organisation during
evolution, but which factors determine such
constraints are not clear.

The variation in the repetitive sequence
component of genomes, in the nature of the repeat
families and their number, might be determined by

the capacity of a particular genome to generate

repeated sequences (or to be 'infected' by them)
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and the capacity of a genome to tolerate such
change. Bouchard (1982) argues that a combination
of such factors will determine the physical
organisation of a particular genome.

In this model plant genomes would be examples
of genomes possessing a high level of predisposition
to the generation of repeated sequences, in addition
to possessing a high tolerance to accumulation of
DNA sequences. Such a situation would be expected
to lead to a large genome dominated by a rather
heterogeneous moderately repetitive sequence
component. Such an organisation 1Is typical of
a large number of plant genomes, including those
of Allium species.

If, in a number of genera, karyotypes are
maintained by some force so that the only gross
difference between specles is that of DNA amount,
does this imply that DNA accumulation can contribute
to speciation events, either as a consequence of
_the increase in quantity or of the change in

sequences?
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REPETITIVE DNA & THE EVOLUTION OF SPECIES

Progress in studies relating to the molecular
organisation of eukaryotic genomes has raised the
question of whether changes in the repetitive
sequence DNA components of chromosomes can be
causative agents in the phenomenon of speciation,
described by Fincham (1983) as "the most interesting
but also the most inaccessible area of evolutionary
study «..".

While it is wildely accepted that the key feature
in speclation is the attainment of reproductive
isolation, such an attainment may be due to any one
of many initial factors, or indeed probably to a com-
bination of several. Such factors are classically
considered to be for example prezygotic mechanisms
such as isolation (e.g. ecological, temporal,
ethological, mechanical) or post-zygotic mechanisms
such as hybrid inviability or sterility.

Speciation is often accompanied by a number of
genetic and cytogenetic changes. Distinct but
related species often show differences in alleles
as detected by gel electrophoresis. At a higher
level, they very commonly show differences in
karyotype; this may be in the form of a change in
chromosome number, major structural changes such as
translocations, fusions and inversions within a

chromosome complement, a change in DNA amount of, in
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the case of many p1$nt species, polyploidisation.
Changes in karyotype have clearly occurred during
the evolution of Allium species as described earlier.

All the aforementioned have been implicated as
causative agents in speciation but whether this is
indeed the case or whether such changes have merely
accumulated following the speciation event is not
clear. Nor 1s it easily testable despite the fact
that different components of the eukaryotic genome
can now be isolated and examined in some detail.
Separating the causative and associative events
of speciation will necessarily remain frustratingly
difficﬁlt as all studies must be retrospective.

The discovery and characterisation of repetitive
sequence components from a wide range of organisms
has permitted the evolutionary history of many such
sequences to be proposed, some of which were discussed
earlier. Both the rate of sequence turnover and the
magnitude of its effects upon the physical structure
of a genome were unsuspected when the majority
of the classical models of speciation were proposed.
Consequently with its diséovery came many attempts to
incorporate the behaviour of repetitive sequences into
evolutionary theory.

On the premise that the component of the genome
which is most different between two species is a

probable source of the initial speciation event, much
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early work focussed upon satellite DNA. The
quantity, relatively homogeneous nature and very
localised distribution of satellite DNA sequences
within a genome suggested a role in meiotic pairing.
If so, the species specific organisational patterns
and the apparent quantitative and qualitative changes
over short evolutionary periods would seem to imply
an evolutionary role for satellite DNA sequences in
the creation of mating-barriers (Fry and Salser,1977).
A failure to demonstrate a role in meiotic pairing
for these sequences has however rather invalidated
this argument.

Hatch et al. (1976) claim that a satellite
component of Dipodomys species is responsible for
major chromosomal rearrangements and can_thus be
involved as a speciation-inducing agent. Again
the case remains unproven.

A review of the available literature at the time
has been presented by John and Miklos (1979) in which
they conclude that there is no evidence implicating
satellite DNA in speciation events. Data published
since that time lend support to this (Miklos and
Gili, 1981 ), White (1982) concluding ..."on
present evidence we should exclude changes in
satellite DNA as primary causes of speciation ...".

Attention has more recently been turned towards

the moderately repetitive DNA sequence component of
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the eukaryotic genome, the characteristics and
evolutionary behaviour of which were outlined
earlier (see Chapters 1, 8 and 9). |

The Effects of moderately repetitive sequences,
or perhaps more particularly the effects of their
'turnover', upon a genome and thelir role in the
establishment of barriers to gene exchange between
populations remain somewhat speculative.

There is now howevera well documented example
in which repeated DNA sequences have been directly
implicated as the cause of reproductive isolation

between certain Drosophila strains, the phenomenon

being 'hybrid dysgenesis', the mechanism the so-

called P-M system. Certain strains of Drosophila
when interbred produce progeny that are dysgenic,
displaying traits such as sterility and high rates
of recombination, mutation and chromosome abberations.
Many of the mutations are unstable, there being a
high rate of reversion to wild-type. It has been
demonstrated (Rubin et al., 1982) that such dysgenic
traits are due to the insertion and precise excision
of transposable 'P-elements', the activation of such
elements being dependent upon the cytoplasmic
background of the chromosomes harbouring them. In

a cytoplasmic P background such elements appear to
be stable, transposition being repressed. In an M

cytotype however P-elements,of which there are about
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30 dispersed throughout the D.melanogaster genome

for example, become de-repressed and highly unstable,
'Contamination' of chromosomes by P-elements appears
to be rather rapid suggesting that the hybrid ster-
ility caused by ;he dysgenic effects of the P-M
system might result in the reproductive isolation

of populations Qeographically isolated for as little
as 10 years (Rubin et al., op cit.). Rose &

Doolittle (1983) have named this transposable element
dependent model of speciation the "genomic disease"
model. Although the presence of such dysgenic
systems with associated pleiotropic genetic effects

in organisms other than Drosophila has yet to be

demonstrated, the existence of transposable-element
like sequences in a wide range of other species
(see Introduction) might be taken to imply that the
'genomic disease' model of speciation could apply
to a number of natural situations. .

In addition to 'genomic disease', Rose & Doolittle
(1983) identify two further models of speciation
involving repetitive sequences.

The first, 'mechanical genome incompatibility’
does not require the activation of transposable
elements, merely requiring that alterations in the
organisation of repetitive sequences, perhaps by
amplification or homogenisation, affect chromosome
interactions. A failure of chromosomes to pair during
meiosis could lead to meiotic non-disjunction during

the formation of gametes, resulting in post-zygotic
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reproductive isolation. It might be hypothesised
that such a situation could occur as a result of
gross structural differences between chromosomes,
which in turn might result from massive amplification
of sequences 1In one of the two interacting genomes
only. The situation is however not as simple as this
as pairing has been observed between homeologous
chromosomes which differ considerably in length and
DNA content. An example from the Allium species is

in the hybrids produced by an A. cepa x A. fistulosum

cross (Jones & Rees,‘1969). Loops and overlaps occur
in bivalents as a result of the chromosome volume
(and DNA content) of the A. cepa complement being

some 30% larger than that of the A.fistulOsum

complement. A similar situation has been described
in some Lolium species hybrids in which homeologous
chromosomes are capable of complete and effective
pairing despite large differences in the DNA content
of each complement (Seal and Rees, 1982).

On the other hand some good species have been
observed to possess what appear to be visibly
identical chromosomes to those of a related specles,
for example the homosequential specles of Hawaiian

Drosophila (Carlson et al., 1969).

Such examples suggest that meiotic chromosome
pairing is determined by a small number of sites

within the chromosome, a subset of the sequences
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resident within. Consequently, an alteration in
copy number or in the sequence of DNA at such sites
as a result of repetitive sequence turnover would
also lead to disruption of pairing. Stebbings (1982)
has referred to such changes as 'submicroscopic
structural differences' and states that "the origin
of the majority of plant species is assocliated

with chromosomal répatterning".

Nor need only meiotic mechanisms be affected
by alterations to chromosome interactions. Inter-
actions between non homologous chromosomes of a
haploid set in somatic nuclei have been reported
in plants and animals (Bennett,1982; Manuelidis,
1982, Heslop-Harrison and Bennett, 1983 a,b ),
associations apparently occurring between similarly
sized arms of chromosomes.

If one chromosome complement were to experience
amplification and/or redistribution on a scale large
enough to disrupt such associations in a hybrid,
the fitness of a hybrid individual might be affected.
In this way a potential speciation-promoting mechanism
can be invoked. Again, the problem of separating
cause and effect prevents the conclusions that
repetitive sequences are alone responsible for
chromosome incompatibility.

The third model of molecular speciation is

different from the previous two in that it requires
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that at least some of the repetitive DNA

. sequences involved are functional. The"genome
resetting' model (Rose and Doolittle , 1983) suggests
that changes in the position and sequence of
repetitive elements,which are themselves regulatory
elements for genes for example,could grossly

affect gene regulation and development. If some
repetitive sequences do function in a way suggested
by Britten and Davidson (1969), reprogramming of
development and differentiation leading to speciation
might be the result of changes in the physical
organisation of such sequences.

The evidence for the involvement of specific
repetitive DNA sequences in the regulation of gene
expression is, however, not strong. This merely
enforces the view that before any conclusions
regarding the role of repetitive DNA sequences in
speciation can be drawn, much more needs to be
known regarding the function of such sequences and
their effect upon chromosome architecture and
interactions.

There is clearly a large proportion of many
eukaryotic genomes consisting of sequences whose
rate of change of frequency and/or organisation
is dramatically different from the rate of change
determined for nucleotide substitution in protein

coding sequences.
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There is possibly therefore great potential
within non-genic sequences for the relatively
rapid generation of genetic diversity, particularly
if, as seems likely, the reorganisation of
repetitive elements can have pleiotropic effects,
unlike a nucleotide substitution which may onlf
affect a single gene.

Rapid, dramatic, temporally irregular events
being responsible for . macro-mutations which may
result in speciation events is by no means a new
concept. Aliuded to by Goldschmidt (1940) it is
an idea expanded more recently by Gould and Eldridge
(1977) in their 'punctuated equilibria' model and
by Stanley (1979) in his 'rectangular evolution'
model. The problem with such evolutionary models
is that very special circumstances have to be invoked
in order to explain the initial survival of a
grossly novel phenotype in the population of
origin,

Data relating to the evolutionary history and
present day organisation of repetitive DNA
families in eukaryotes may be of relevance at
this point.

Dover et al. (1982) have proposed that the
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gradual homogenisation of a family of sequences
could result in a synchronous change in the genomes
of individuals in a sexually reproducing population;
they would be subjected to a ‘cohesive mode of
evolution'. If the process were sufficiently slow,
no significant increase in variance and therefore

no significant change in relative fitness between
individuals within a population would occur as a
result of the homogenisation process.

If changes in the sequence of repetitive DNA
families were to affect in some way the reproductive
or general biology of the organism, then it is
proposed that an effective reproductive barrier might
be built up between those organisms carrying the
fixed variant sequence and those not. The concerted
spread of sequences through one population might in
fact only be evidenced upon hybridisation with a
second population from which the fixed sequences were
absent. Hybrid dysgenesis might be the immediate
result of such a cross, being replaced dr complemented
perhaps by further barriers to reproduction. Barriers
such as adaptive morphological or allelic differences
could subsequently result §n an irrevocable speciation
event.

The significance of molecular drive as a mode
of speciation would presumably depend upon the nature
of the sequences undergoing homogenisation, their effect

upon the organism, and the rate at which the
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homogenisation mechanism operated; herein lies
sufficient as yet inaccessible data to maintain
lively argument between proponents and opponents
of the theory.

One mechanism of speciation is not in doubt.
Polyploidisation, a macromutational event almost
exclusive to plant species can result in the
establishment of a separate specles in a single
generation and is clearly documented in a vast number
of plant genera, including Allium (see Table 1 ).

One of the best documented examples 1is in the
phylogeny of wheat, an allohexaploid derived from -
three diploid genomes (summarised by Rees and Jones,
1977). Polyploidisation (either autopolyploidisation
or allo polyploidisation) can be considered a special
case in that there is no differential replication of
a particular component of the genome but the effects
of an increase in DNA content might be similar to
those considered earlier for amplified repetitive
sequence components.

In conclusion, despite the fact that repetitive
sequence turnover in the eukaryotic genome 1is an
apparently common phenomenon, it has yet to be
adequately incorporated into evolutionary theory.
Until causative and associative effects can be
separated it is difficult to know where to look for

evidence. With the discovery of repetitive sequence
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turnover and the realisation of its implications ...
"it is now much more difficult ..." as White (1982)
concludes ..."to formulate universal laws or

principles with regard to any evolutionary process ..."



CHAPTER 11

CONCLUSIONS AND SPECULATIONS
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CONCLUSIONS AND SPECULATIONS

Species of the genus Allium would seem to be
good material upon which to base investigations
relating to the nature of differences between
specles in repetitive DNA sequence components. Clearly
a large proportion of some Allium genomes comprises
repetitive sequences and there is considerable varia-
tion in C-values between even rather closely related
species (see Table 1).

The nature of the organisation of repetitive DNA
sequences in plant genomes has been the subject of
surprisingly few investigations; the majority of these
have focussed upon tandemly organised heterochromatic
DNA. The work presented here forms part of the initial
investigations into the organisation of Allium genomes
and into the nature of the differences between such

genomes.

The satellite component of A. vineale discussed

in Chapter 7 is, along with that reported by A.James

and S. Barnes (pers.comm.), the first report of satellite
DNA in any Allium species. In addition however data

is presented which represents one of the first attempts
_ to characterise an apparently non-tandemly organised DNA
sequence family in a plant genome. Members of this
B1000 family appear to be interspersed with other

repetitive sequences in the genome of A. sativum,

probably as part of larger repetitive elements which

are somewhat heterogeneous in sequence, have a
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reiteration frequency of at least 104 and do not
appear to be abundantly transcribed. In these
respects Bl000 members appear to conform to the
"definition of LINE sequences as discussed earlier
(page 26 ). Sequences sharing some homology with

a representative cloned Bl1000 member are detectable
in the genomes of many other Allium species; thelir
reiteration frequency and/or sequence divergence

is however very variable, as is in many cases their
organisation.

The organisation of Bl1000 members at the
nucleotide level is in all species clearly rather
complex. Hybridisation of the cloned member to
digested total DNA of several species results in
a number of discrete bands of a variety of intensitles,
none of which seem to bear any simple numerical
relationship in size with any others (Chapters 4, and 6).
The majority of the explanatlons for the present day
organisation of eukaryotic interspersed sequences,
(reviewed in Chapter 8), could be applied, at this
early stage in the story, to the B1000 sequence
family. It iIs impossible to say yet whether such
sequences, or more particularly the elements containing
them, are capable of transposition; their distribution
however could be interpreted as suggesting this.
Amplification of unit sequences certainly seems to

have been part of the evolutionary history of the 81000



165.

family. Presumably the bands of hybridisation
mentioned above are a result of relatively recent
amplification events - a segment of DNA containing

at least part of an ancestral B1000 sequence might

be amplified and subsequently accumulate mutations
with time. The loss of homology with increasing
number of mutations would explain the absence of
hybridisation to the smear of diverged sequences at
higher stringencies in figure 24 for example.
Transposition and reamplification events would add to
the complexity of the situation, as would any process
of homogenisation. The data obtained so far is too
complex to enable the contribution of such phenomena
to be clearly established.

A study of the organisation of fragments other
than of length 1050 bp to which B1000 hybridises might
shed some light upon the evolutionary history of the
family. Preliminary results using a cloned 2.9 kb

A. sativum DNA fragment, one of the fragments in the

2.9kb band highlighted by B1000 in Bam HI digest
of total DNA (see figure 6) confirm the complexity of
the situation.
Figure 33 shows an autoradiograph resulting from
the hybridisation of this 2.9 kb probe to various digests

of A. sativum and A. vineale DNA. In the Bam HI digests,

a band of 2.9 kb is highlighted, the length of the
probe sequence. In addition there is, as with the 81000
probe, hybridisation to other discrete bands both larger

and smaller than the probe length, and to a background



FIGURE 33

Total DNA from A. sativum (A.s.) and

A. vineale (A.v.) digested with (a) Bam HI

(b) Eco RI and (c¢) Hind III, fractionated,
Southern blotted and hybridised with
32p nick-translated 2.9 kb DNA from an

A. sativum Bam HI digest (see figure é6(a)).

The size of some of the major bands of

hybridisation in the A. sativum Bam HI

digest are marked in base pairs.
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smear. Among these bands is one of length 1050 bp
in the Bam HI digest, presumably fragments related
to the original B1000 probe.

As with the Bl1000 probe, the hybridisation
patterns are different between the two species.
There are however bands highlighted by the 2.9 kb
probe which are not highlighted by B1000 (see figures
21, 22 and 23) - these being presumably due to
repetitive sequences in the larger probe that are
unrelated to Bl00O. The situation is clearly rather
complex. The elucidation of the nucleotide organisation
in a number of larger B1000-related DNA fragments

might simplify it.

The fact that sequences related to the A. sativum

B1000 probe can be detected in all other Allium specles
so far examined suggests its presence in a progenitor
species. Is this evidence of its maintenance through-
out evolution and of a possible function? A degree
of sequence maintenance throughout recent evolutionary
history, as seems to be the case with for example P-DNA
of Lilium (Friedman et al., 1982) would perhaps suggest
a sequence specific function. There is however no such
sequence maintenance within the bulk of Bl000 sequences,
there apparently being a great deal of sequence diver- .
gence both between and within species (Chapters 5
and 6).

Does the genomic organisation of B1l000 in the

different species provide any clues as to the
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evolutionary history of the family? Clearly there
are differences between species in those sequences
in which B1000 family members are embedded; this is
.evidenced by the.differences between specles,
albeit sometimes minor, in the patterns of hybridisa-
tion in for example figures 21, 22 and 23. It is
interesting to speculate (and practically impossible
to test) that such differences are the causative
agénts in the speciation events themselves (see
Chapter 10). More likely though is that the mainten-
ance of a sequence organisation like that of A.sativum
in some specles and the reorganisation in others
probably reflects the stochastic mechanisms of
repetitive sequence turnover to which Allium genomes
have been and are presently being subjected.

Closely related species, only relatively recently
diverged, might be expected to possess similar

organisations of Bl000. This seems to be true in the

cases of, for example, A. babingtonii and A. porrum.

Any differences are presumably due to reorganisation
events (such as reamplification) subsequent to the

species in question diverging from the A. sativum

line of descent. Such events might be of relatively

large magnitude, as seems to be the situation with

A. vineale for example.

The further separated from A. sativum a species,

the more might its Bl000-related sequences be diverged

from the cloned Bl1000 representative probe, as a
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result of the accumulation of mutations along both
lines of descent or as a result perhaps of the
homogenisation'of di?ferent variants in each
species (if indeed such a process operates). Thus
B1000-related sequences from the more distantly
related species such as the cepa group not

surprisingly display a large degree of sequence

divergence from those of A. sativum.

Although more evidence is required, 1t seems
that if the majority of Bl00O0 family members do
perform a function in the gehome, it is presumably
not sequence related. More likely however is that
the B1000 family is merely part of the bulk of
repetitive sequences which are subject to selection
as a result of their nucleotypic effects (see
Chapter 9).

Clearly, future work could proceed along many
lines. Isolation of B1000-containing clones from
a MAor cosmid vector library would be the first
step In establishing whether a large conservgd
LINE element does exist. Sequencing of such elements
might subsequently give clues as to their origin,
although the apparently large degree of hetero-
geneity might render sequence relationships hard
to establish. Detection of transcription of such
elements might be indicative of the existence of
transposable elements although if only a small subset

are transcriptionally active this might not prove

€easy.
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At a higher level it would be interesting
to establish whether B1000 family members are clustered
in the chromosome complements of Allium species; if
so functions in chromosome recognition might be
invoked. Such a study would be particularly interesting
if metaphase chromosome association could be established;
loéalisation of B1000 family members in particular
segments might be indicative of a nucleotypic role
such as ; 'balancing' of the chromosome arms in a
complement by amplification of DNA.

There has been a neglect of the plant kingdom
in detalled genome organisation studies. It would
be foolish to assume that plant genomes are any less
complex than those of animals but perhaps not un-
reasonable to imagine that they are in many ways
different in their organisation and functioning.
The work presenfed here represents the early stages
of investigations into the organisation of specific
repetitive-DNA sequence families in species of the
genus Allium.

Progress in the characterisation of repeated
DNA sequences of eukaryotic genomes has in the last
decade been considerable. The prospects for such
investigations are perhaps best encapsulated by
Bouchard (1982):

"It is quite conceivable that some new and
unforeseen observations or the accumulation of

enough detailed genome organisation and specific
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sequence information will again reveal aspects
of unity and simplicity underlying the apparent
diversity which now seems to characterise
moderately repetitive DNA in evolution.

"At present, however, it seems equally likely
that further analyses will reveal more diversity ....
it may well be that in considering moderately
repetitive DNA, we confront a ﬁolnt at which the
unity 6f biochemistry and the diversity of organic

evolution meet ...".
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