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SUMMARY



An attempt has been made to develop the genetics of

Micrococcus radiodurans by analysing transformation and conjuga-

tion processes. The nature of the transformation process in

M. radiodurans was studied by investigatihg the effect of
various factors on the efficiency of transformation.

M. radiodurans can be transformed by exogenous DNA at a fre-

-6

quency of 10 without special treatment. The presence of glu-
cose or amino acids during growth or transformation had no sig-
nificant effect on the frequency. Treatment of recipient cells
with calcium chloride at the optimum concentration of 30 mM in-
creased the frequency of transformation up to1l0,000-fold for
: ' resistance
some markers, e.g. rifampicin). Magnesium and strontium ions
could not replace calé¢ium while zinc ions completely inhibited
transformation. The efficiency of transformation was also
affected by thé pH, pH 7.0 being the most effective with CaC12-
treated cells. The minimum time required for phenotypic ex-

- ’ resistance
pression varied with different markers, e.g. for acriflavin)and

resistance
streptomycinjit was 35 and 170 minutes respectively. To obtain
the maximum number of transformants further incubation was ne-
cessary before the addition of antibiotics. This time also varied

for different markers.,

The high frequency of transformation obtained using the new

protocol enabled studies on genetic linkage to be started. Four

linked pairs of markers were identified, kanI-glyA, kan2-ts4,

tyvrA-rnaA and trpB-stsI.

In order to study conjugation in M. radiodurans, crosses
were performed in an attempt to transfer plasmids with known sex

factor activity such as RP4 and pJH2 from Escherichia coli and

Streptococcus faecalis respectively to M. radiocdurans. Although

0



these R factors transfer between other gram-negative and gram-
positive bacteria respectively, crosses between E. coli or

S. faecalis and M. radiodurans were unsuccessful in demonstrat- .

ing plasmid transfer. Because M. radiodurans is able to undergo

transformation at a high frequency, attempts were made to trans-

fer pure plasmid DNA of RP4 and pJH4 into M. radiodurans. No

transformants were obtained which had the phenotype conferred
in their normal host by either plasmid DNA when transformed to

M. radiodurans although some evidence was obtained that RP4 DNA

entered M. radiodurans.




INTRODUCTION



PART I

. Development of Competence




1.

Micrococcus radiodurans is a red-pigmented bacterium which

has a high level of resistance to ultraviolet (U.V.) and ioniz-
ing radiations (Anderson et al., 1956; Duggan et al., 1959).
Prior to 1956, vegetative bacteria were thought to be relatively
sensitive to radiation and spores to be relatively resistant. In
1956, during studies on the effect of gamma (y) radiation on the
sterilization of meat, spoilage occurred in irradiated meat énd

M. radiodurans was isolated in pure culture (Anderson et al.,

1956). M. radiodurans was subsequently shown to be approxi-

mately 0.05 to 0.1% of the total microbial population of the un-
irradiated meat. A culture of this non-spore forming micro-
coccus was sﬂown to survive a y-ray dose of 4 x 106 roentgen
equivalent physical (rep) in ground meat and tryptone; glucose,
yeast extract (TGY) broth and up to 6 x 106 rep on TGY agar.

M. radiodurans represents a single species closely related to

Micrococcus roseus ATCC 19172 (Davis et al., 1963),

Micrococcus rubens tetragenus ATCC 186, Micrococcus

radiophilus (Lewis, 1971) and Micrococcus radioproteolyticus
(Kobatake et al., 1973) having similar morphology, cell wall

structure and radio resistance.

M. radiodurans is relatively large with a spherical shape

of diameter 1.5 - 3 um. It occurs in broth as tetrads, pairs or
occasionally as single cells. Besides its unusual resistance to
radiation, it has an unusual cell wall structure, The wall con-
tains relatively large amounts of 1lipid and lipoprotein similar
to that found in gram-negative bacteria. The cell wall muco-
peptide contains ornithine, lysine,'gggg—diaminopimelic acid
and an unidentified amino acid (Work, 1964). This cell

wall composition causes variable gram stains in the bacteria.



In the early. stages of growth, it stains gram-positive and in
other stages is gram-variable.

M. radiodurans grows well in TGY broth and on agar at 30°C

colonies visible to the naked eye appear after 48 hours incuba-
tion. At 370C in TGY broth, the bacteria aggregate to form
large clumps and cannot be used for quantitative studies. No
growth occurs at 450C. Vigorous aeration on a rotary shaker
accelerates the growth of the bacteria. Sodium chloride at a
final concentration of 2% inhibits the growth of cultures in
TGY broth (Anderson et _al., 1956).

The extremely high radiation resistance of M. radiodurans

to the lethal action of ionizing and ultraviolet radiation
(Anderson et al., 1956; Duggan et al., 1959) has been attributed
to pigmentation (Kilburn et al., 1958),'to fhe presence of
mercapto alkylémine (Anderson et al,, 1956) and to multiceliular—
ity (Stapleton, 1960). However, because of its high level of
resistance.to the lethal action of ionizing and ultraviolet ra-
diation and also to chemical agents which damage DNA, such as
N-methyl-N'-nitro-N-nitrosoguanidine (Moseley, 1967), nitrous
acid and hydroxylamine (Sweet and Moseley, 1976), it is be-
lieved that this micro-organism has very efficiené excision re-
pair mechanisms (Béling and Setlow, 1966) and a post-replication

recombination repair mechanism (Moseley and Mattingley, 1971).

The discovery of genetic transformation in M, radiodurans

(Moseley and Setlow, 1968) was the beginning of an attempt to
develop an experimental genetic system. Although the fre-

quency of transformation was not as- high as in other transform-

ation systems, e.g. Diplococcus pneumoniae, the process of

transformation provided a useful tool for studyihg repair
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mechanisms. However, transformation is not the best method for
genetic mapping since only small regions of the chromosome are
transferred and to develop a genetic map, there is a need to
transfer larger portions of the genome to allow mapping over
larger areas. The most suitable method for tranéferring large

parts of the genome is conjugation.

Transformation

The pathogenic effects of capsulate Diplococcus pneumoniae
on mice led Griffith to the discovery of transformatioﬁ and to
the idea of a transforming principle which he thought might be a
protein (Griffith, 1928). Avery, Macleod and MacCarty (1944)

identified the chemical nature of transforming principle and

concluded that DNA is a carrier of hereditary information.
In 1957, Hotchkiss showed that DNA extracted from a peni-

cillin-resistant strain of D. pneumoniae could be transformed

into the penicillin-sensitive strain of this bacterium. The
discovery that drug-sensitive bacteria could be transformed to
drug-resistance by exogenous DNA meant that the efficiency of
transformation could be measured.

Most information on t;ansformation has come from studies
on the transformation of antibiotic-sgnsitive bacteria to anti-

biotic-resistance in bacteria such as Diplococcus pneumoniae,

Haemophilus influenzae and Bacillus subtilis (Alexander and

Leidy, 1951; Spizizen, 1958). Since Escherichia coli is the

most thoroughly studied micré-oréanism, thé development of a
transformation system in this bacterium is of great interest
(Cosloy and Oishi, 1973).

A transformation system is useful not only as an aid to

genetic analysis in bacteria, but also as a2 test for



characterizing the mechanism of recombination and integration
(Notani and Setlow, 1974). Transformation is also useful for in-
vestigating the action of UV light and other DNA damaging agents
so that the development of a transformation system in

M. radiodurans by Moseley and Setlow (1968) was useful in the

study of extreme resistance to radiation damage.

The Development of Competence

Before a bacterial cell is able to take up transforming DNA
and incorporate it into its genome, the cell must be in a cer-
tain physiological state known as competence. Competence has
been defined as the capacity of the cell to undergé transforma-
tion (Tomasz, 1966).

The occurrence of this physiological state in some species
depends on the presence of a competence factor (CF) which en--
ables non-competent bacteria to tAke up DNA and become trans-

formed (Tomasz, 1966). This factor loses activity on treatment

with profeaées. In D, pneumoniae, the CF has a molecular weight
of about 10,000 (Tomasz and Mosser, 1966) and in a group H

strain of Streptococcus the molecular weight is about 5,000

(Leonard and Cole, 1972; Ranhand et al., 1971). The CF may be
free in the medium or bound to the cell. It is possible to pre-

pare CF from D, pneumoniae or S. sanguis (Kohoutové ef al., 1968;

Ranhand et al., 1971). These authors showed that highly purified
preparation of the CF contains a high proportion of basic amino
acids and could be obtained from culture supernatant fluids,

The addition of competence factor to related species resulted in
increased frequencies of transformation. A mutant of

D. pneumoniae has been isolated which does not require CF for

competence since it has an ability to become competent in the



presence of trypsin (Lacks and Greenberg, 1973).
Competence can be induced in different ways for different

bacteria. For instance, in H. influenzae and B. subtilis, com-

petence involves subjecting cultures to conditions that might
be expected to cause drastic changes in cell physiclogy, such
as near-stationary growth, deprivation of oxygen or a change
from a rich to a minimal medium (Goodgal and Herriot, 1961;
Spencer and Herriot, 1965; Anagnostopoulos and Spizizen,
1961). However, these situations do not induce competence in

all bacteria. In some, such as M. radiodurans and Neisseria

species, competence is not associated with any particular
stage of growth (Moseley and Setlow, 1968; Catlin, 1960).
However, with most transformable bacteria, the duration of com-

petence is limited to a small part of the growth cycle, e.g.

B. subtilis becomes competent at an early stage during spore

formation (Young and Spizizen, 1961) and H. influenzae at the

end of exponential phase growth (Alexander and Leidy, 1953).

In ﬁ. influenzae, however, when the cdmpetent culture was cen-
trifﬁged, washed and resuspended in saline, the bacteria lost
80 to 90% of their capacity to undergo transformation (Goodgal
and Herriot; 196}). This observation shows that there might be
a factor in, or on the cell which was important fér transforma-
tion and which is removed by washing. Goodgal and Herriot
(1961) also concluded that transformation is not restricted to
a genetically distinct portion of the transforming population
and that competence is not due to genetic factors. This does
not méan thét competence is not genetically cdntrolled, but
places a restriction on the probable frequency of cells with

different potential competence in a given culture.



Environmental Factors

Competence is also affected by factors other than compe-
tence factors and the growth stage, e.g. pH, media, salt concen-
trations and temperature. Some compounds which are capable of
stimulating competence in some bacteria are inhibitors in others.
For instance, valine is an inhibitor of transformation in

H. influenzae, while acting as a stimulator in B. subtilis and

D. pneumoniae (Spencer and Herriot, 1965; Wilson and Bott, 1968;

Tomasz and Mosser, 1966). Thus the development of a competent
stage is different from system to system.

Role of the Cell Wall in the Development of Competence

In a competent cell DNA penetrates through the cell wall
to bind to the membrane, both reactions requiring an energy
source (Strauss, 1976). However, removal of the cell wall by
the action of lysozyme after expoéure to radioactive DNA indica-
ted that each ﬁNA molecule binds to the cell surface (Miller et
al., 1967 reported in Notani and Setlow, 1974). In competent

B. subtilis, cells which were subjected to complete removal of

the cell wall before exposure to transforming DNA, gave no trans-
formants, whilst part removal of the wall prior to exposure to
DNA stimulated the uptake of transformingvDNA (Wil'son and Bott,
1970).

Also aﬁ important factor in the development of competence is

the composition of the cell wall. For example, in B. subtilis

competence has also been correlated with an increased level of
galactosamine in the cell wall, while poorly transformable strains
of this bacterium have an excess amount of gluqqse in the cell
wall (Young, 1965).

Effect of Glucose

An effect of glucose has been observed in other
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transformation systems. In Azotobacter vinelandii, although glu-

cose shift-down was not effective in inducing competence, shift-
ing glucose-grown wild type cells to a medium containing 0.2%
B-hydroxybutyrate induced competence (Page and Sadoff, 1976), .
These authors also observed that the addition of 0.1 mM cyclic
adenosine 3',5'-monophosphate (c-AMP) to a non-competent culture
in early exponential phase growth resulted in a slower growth
rate ana the immediate induction of competence with a transforma-
tion frequency at least 1,000-fold greater than before the addi-
tion of c-AMP.

Effect of Divalent Cations

The requirement for divalent cations for the uptake of DNA
in several transformation and transfection systems in bacteria

such as D. pneumoniae and-E. coli have been investigated (Fox

and Hotchkiss, 1957; Oishi and Cosloy, 1972; Cosloy and Oishi,
1973; Cohen et _al., 1972). Although the presence of divalent

. 2+ 2+ . . .
cations, such as Mg and Ca increase the irreversible uptake
of DNA, genetic transformation can also be inhibited by such

cations. 1In competent D. pneumoniae conversion of the cell-

associated DNA to a nuclease-resistant form requires calcium

ions (Seto and Tomasz, 1976). Transformation of competent

D. pneumoniae is inhibited by a divalent cation chelating agent
such as ethylenediaminetetia acetate (EDTA), this inhibition be-
ing overcome by the addition of calcium, but not magnesium ions
(Seto and Tomasz, 1974; 1976). Although normal culture growth
. 2+ 2+ .
does not seem to require Ca ', the presence of Ca is necessary
for transformation and transfection in many bacteria. The con-
. 2+ . . . . '
centration of Ca is important. The optimal concentration of

2+ . s . :
Ca required for transformation and transfection of E. coli
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K12 is 30 mM (Oishi and Cosloy, 1972; Cosloy and Oishi, 1973),

while in D. pneumoniae and A. vinelandii maximum concentrations

of 5 mM and 0.29 mM respectively are required (Seto and Tomasz,
1976; Page and Sadoff, 1976). However, in all these systeﬁs
when the conceﬁtration of Ca2+ ions wa§ increased to a higher
level, some inhibition was observed. Increasing the concentra-

. 2+ . 1 . .
tion of Ca to 1 M in E. coli, and in D. pneumoniae and

. s . ' . 2+
A. vinelandii increasing the concentrations of Ca to 10 and
2.32 mM respectively, reduced the transformation frequency. Al-
2+ . . .
though the presence of Mg M ions is required for growth and for

. . : 2+
activation to competence of D. pneumoniae and Ca ions cannot

. . 2+ . .
replace this requirement, Mg ions have no effect in stimulat-

ing transformation in this bacterium (Seto and Tomasz, 1976).

. . 2+
On the other hand, A. vinelandii requires Mg * ions, both for
growth and for stimulating competence (Page and Sadoff, 1976),

Effect of pH on Competence

The effect of pH on the development of competence has been

investigated in many bacteria, e.g. B. subtilis, H. influenzae,

S. sanguis and Neisseria gonorrhoeae (Young and Spizizen, 1963;

Barnhart and Herriot, 1963; Ranhand, 1976; Biswas et al.,
1977). The pH optima for transformation and for DNA binding

varies for different bacteria. In D. pneumoniae cells do not

develop competence below pH 7.0, the competence factor not being
synthesised at pH 6.8 (Tomasz, 1966). S. sanquis can develop
competence at pH 7.0, but not at pH 6.5, although once compet-
ence has been achieved maximum transformation occurs at pH 6.5
(Ranhand, 1976). 1In S. sanguis two'pH optima are observed for
transformation which are dependent on the buffer. In phosphate

the optimum is pH 7.5, whereas in Tris the pH optimum is 7.0
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(Schlissel and Sword, 1966; Ranhand, 1976). In N. gonorrhoeae

in Tris hydrochloride, the pH optimum for transformation is 7.5.
Transformation frequency falls sharply at pH values below 7.0
and above 8.0 (Biswas et al., 1977).

Mechanism of Nuclejc Acid Uptake by Recipient Cells

The efficiency of uptake of transforming DNA in a popula-
tion of bacteria depends on thé size of the DNA as well as the
number of competent bacteria. Non-competent cells compete with
competent cells in binding transforming DNA to the extent that
this can cause some double-strand breaks to occur in the DNA,

as observed in B, subtilis (Cahn and Fox, 1968; Haseltine and

Fox, 1971). It seems likely that DNA suffers double-strand
nucleolytic cleavage and loses biological activity. When compe-
tent bacteria are exposed to DNA, the latter is sensitive to

the actioﬁ of SNase. Transforming DNA can be taken up by the
recipient bacteria and become resistant to DNase (Gabor and
Hotchkiss, 1966).

Although in D. pneumoniae competent bacteria can take up

foreign DNA such as calf thymus DNA as well as homologus DNA

(Hotchkiss, 1954), other bacteria such as B. subtilis take up

E. coli DNA with less efficiency than B. subtilis DNA (Bodmer
and Ganesan, 1964). This observation indicates that there may
be discrimination against foreign DNA at the cell surface of
sdme bacterial spécies.

The size of the transforming fragments is predetermined by
the degree to which the chromosomal DNA is broken down during
extraction from the donor bacteria and subsequent purification.
There is a lower limit to the size of douﬁle stranded homologous

DNA required for transformation (Cato and Guild, 1068). 1In
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D. pneumoniac transformation is a linear fgnction of intracellu-
lar donor DNA length, extrapolating to zero at about 7.7 x 104
daltons (Morrison and Guild, 1972). Single-stranded DNA has an
efficiency of less than 1% of native DNA in transforming |

D. pneumoniae (Miao and Guild, 1970).

Shortly after uptake the double-stranded donor DNA is de-
natured or degraded to a single-stranded form which in

D. pneumoniae js believed to be an intermediate (Lacks, 1962;

Fox and Allen, 1964). 1In H. influenzae, a single-stranded donor

DNA intermediate has not been detected (Notani and Goodgal,
1966), although after uptake of transforming DNA, 10 to 15% of
the donor DNA is sensitive to S1 endonuclease, which degrades
only single-stranded DNA (Leclerc and Setlow, 1974). In

B. subtilis, a four-stranded DNA is postulated to be an inter-

mediate (Kohnlien and Hutchison, 1976). The incorporation of
transforming DNA into the recipient chromosome requires a recom-
bination event so that genetic transformation offers certain ad-
vantages over other methods of genetic exchange in that donor
DNA can be re-extracted from recipients and examined both with
respect to its physico-chemical aspects and its bjological acti-
vity (Fox and Hotchkiss, 1960; Venema et al., 1965).

Transformation as a Function of DNA Concentration

Saturating Level

There is a linear relationship between the number of
bacteria transformed for a éingle marker and the amount of DNA
irreversibly bound by the cell, indicating that a single DNA
molecule can produce a transformed cell (Lermaﬁ and Tolmach,

1957). Populations of recipient D. pneumoniae and H. influenzae

were exposed to different concentrations of DNA between 1 and



1,000 pg/ml. For concentrations up to 100 gg/ml the number of
transformants were propértional to the DNA concentration. At a
concentration of 100 pg/ml, it was estimated that there were
about 10 molecules of DNA per bacterium. Above this concentra-
tion, the number of transformants was constant and the system
was said to be saturated (Goodgal and Herriot, 1957; Lerman
and Tomach, 1957; Schaeffer, 1958).

Phenotypic Expression

Phenotypic éxpression of most transformational events is
due to resultant changes in enzyme activities., 1In

D. pneumoniae, the time of expression of the gene responsible

for the production of amylomaltose is the same time as that re-
quiréd for incorporation of the geﬁe (Lacks and Hotchkiss, i960).
The time for antibiotic resistance markers to bé expressed is
longer, e.g. 90 minutes for erythromycin resistance and 120
minutes for streptomycin resistance (Butler and Smiley, 1970).
One reésén-for the difference is the dominant and recessive
nature of the genes involved. Thus genes conferring proto-
trophy to an auxotrophic recipient are dominant (Lacks and
.Hotchkiss, 1960) and resistance to antibiotics is generally re-
cessive to sensitivity (Lederberg, 1949; Hayes, 1970; Austin
et al., 1971). | |

Aim of Project: To Develop Competence

The aim of this study was to analyse the transformation

process in M. radiodurans. Specifically, attempts were made to

increase the frequency of transformation. Many mutants have

been isolated in M. radiodurans with defective DNA repair

(Moseley, 1967; Moseley and Copland, 1975), but lack of gene-

tic analysis has restricted a further understanding of them. A



high frequency of transformation would enable further studies
to be made of this problem in future. Since transformation is
a product of information transfer of donor DNA through compli-
cated cellular processes which start at the uptake of DNA and
end at the completion of recombination, it was reasonable to
investigate factors which could affect any of these processes

and hence affect the efficiency of transformation.



PART 1II

The Establishmen‘c of Linkage bv Transformation




Discovery of Linkaage Groups

Morgan's investigation led him to the physical basis of the
chromosome as a linkage group (from Strickberger, 1972). He
found that the number of 1linkage grdups in Drosophila correspon-
ded to the number of chromosomes in the somatic cells of this
organism. ‘

Although in the first half of the 20th century, genetic
studies were mainly concerned with higher organisms, such as
Drosophila, and Zea mays, genetic linkage by transformation
started with the study of Hotchkiss and Marmur (1954) in bacteria,.

They investigated by transformation a number of mutant characters

of D. pneumoniae and discovered that genes responsible for strep-

tomycin resistance and mannitol fermentation were strongly linked.

This was shown by extracting DNA from a streptomycin-resistant,

mannitol-fermenting donor (strr mtl+) D. pneumoniae and transform-
ing a strain which was streptomyéin-sensitive and unable to fer-
ment manﬁitol (§££? and mtl ). Most transformants received both
donor cha£acters, i.e. str’ and mtl+, indicating that the genes
were usually on the same molecule of DNA.

When they transformed the same recipient with DNA carrying
the two markers (EEE? and_gglj), but extracted from two donors
each carrying only one of the genes, so that each marker had to
be on separate DNA molecules, there was no evidence of linkage.
Thus the transfer of genetic markers located on a molecule of DNA
provides a mechanism by which clbsely linked genetic. loci may be
ordered in a segmental map. Consequently, when a pair of genes
shows an appreciaﬁle degree of joint transformation, it points

directly to their genetic contiguity,

Use of Transformation in Constructing a Chromosome Map



In D. pneumoniae following the first reports of linkage

(Hotchkiss and Marmur, 1954; Ravin, 1966, reported in Butler
and Nicholas, 1973), the construction of a chromosome map by
searching for linkage groups involving antibiotic markers has
been carried cut (Butlexr and Nicholas, 1973; Butler and

Smiley, 1973). Thus the genes responsible for erythromycin énd
tetracyéline resistance are co-transformable and the gene res-
ponsible for streptomycin resistance is situated between the

two. Since streptomycin resistance is known to be closely
iinked to mannitol fermentation, the four markers are in a link-
age group. In this way, a map can be built up. Such procedures_

have estéblished linkage in many bacterial species, e.g. Bacillus

subtilis and Staphvlococcus aureus (Anagnostopoulos and Crawford,
1961; Pattee, 1975; 1976).

Assessment of Linkage

Three criteria can be used for linkage:-

1. The Appearance of the DNA Dilution Curve

There is a linear relationship between the number of bacteria
transformed for a single marker and the amount of DNA irreversibly
bound by the cell (Lerman and Tolmach, 1957; Goodgal and Herriot,
1957). Thus each transformant is the result of an interaction be-
tween a single molecule of DNA With'a recipient bacterium
(Hotchkiss, 1957 reported in Hayes, 1970; Goodgal and Herriot,
1957). Therefore, if the frequency of single transformants is
1% for each marker, then bofh markers, if unlinked, would be ex-
pected to be transformed into the same recipient bacterium at a
frequency of 0.01% (1% x i%) assuming all the population to be
capable of taking up DNA. When the DNA concentration is reduced,

the frequency of double transformants for unlinked markers falls



more rapidly than those due to linked markers and the shapes of
the dilution curves are quite different for the two situations.
In the case of very closely linked markers, the frequency of
both single and double transformants is in direct proportion to
the reduction in the DNA concentration. When there is linkage
between genes in bacterial transformation, it means that the two
genes concerned are frequently situated on the same piece of
transforming DNA. Conversely, unlinked genes are those which
occur only on different molecules of DNA and double transform-
ants obtained from such DNA preparations must be de;ived by the
integration of two separate molecules of DNA resulting from in-
dependent events. The avoidance of shearing of the DNA in its
prgparation is important for the investigation of linkage

(Kelly and Priqhard, 1965), since if care is taken to prevent
excessive shearing, markers which appear unlinked in normal pre-
paration can be shown to be linked.

2. Frequency of Double Transformants Among Clones Selected for

Only One of the Markers (Clonal Analysis)

A useful assessment for the degree of linkage is the number
of élones (colonies) selected for only one of the markers which
aiso carry the second, unselected marker. The assessment of link-
age is independent of the number of competent bacteria. It has

been used in both cultures of D, pneumoniae which were highly com-

petent and B. subtilis which were not (Fox and Hotchkiss, 1957;

Nester and Stocker, 1963; Butler and Nicholas, 1973; Cahn and
Fox, 1968).

3. The Values of Co-Transfer and Linkage Indices

The linkage relationship can be expressed numerically as a

co-transfer index (Nester and Lederberg, 1961) or as a linkage
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index (Butler and Nicholas, 1973). The co-transfer index com-
pares the frequency of double transformants with the total num-

ber of recombinant genotypes measured by the transformation

studies. It is defined as AT :g T AR (Formula 1). The experi-

mental value obtained for genotype A consists of both single (Ab)

and double (AB) transformants.

Thus, A

1]

Ab + AB - Equation 1.

1]

Similarly, B =.aB + AB - Equation 2,

Substituting Equations°l and 2 into Formula 1 gives:-

AB

Co-transfer index = K—:jgjjjag.

In this method, very close linkage gives an index almost equal to
1 whereas unlinked markers give values approaching zero. Thus,
as the numerical value decreases, so does the closeness of the

markers being considered.
‘ A x B
AB °

values approaching zero are indicative of very close linkage

The linkage index is defined as Using this method,

and a value of 1 indicates no linkage. Although this formula is

used in studies on D. pneumoniae where the fraction of the

bacteria which are competent is taken into account (Butler and
Nicholas, 1973), it can also be used for other bacteria, e.g.

M. radiodurans, where the percentage of competence is not known.

E-methyl—ﬁ'-nitro-E—nitrosoquanidine (NTG) as a Mutagenic Agent

for the Investigation of Linkage

NTG is a powerful mutagen under conditions of high survival
in E. coli (Mandel and Greenberg, 1960; Cerdi-Olmedo and Hanawalt,
1968) and in other biological systems. Treatment with NTG provi-
des an approach to the study of the'chromosome map and to the
pattern of replication (CefdéFOlmedo et al., 1968). Comparisog

of mutagenesis ‘in exponentially growing cells and in cellswith
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completed rounds of DNA synthesis (resting phase) gave a five-
fold difference in the numbers of mutants obtained. This
suggested that 80% of the mutants are induced in the vicinity
of the replication fork (Cerdé-Olmedo et al., 1968) and that
many of such mutations are linked (Guerola and Ingraham, 1971;

Metzer and Schurman, 1974).

M. radiodurans, which is generally very resistant to muta-

tion by other mutagens can be mutated by NTG (Sweet and
Moseley, 1976). NTG would seem useful, therefére, for causing
multiple mutations at the replication fork so that any double
mutations isolated would.-have a high brobability of being mu-
tant in closely linked genes.

Aim of Project: 7To Determine Linkage

The reason for carrying out this study was to isolate
double mutantsﬂinduced by the action of NTG and to determine,
by transformation, whether the mutations were linked or not.
The identification of such linked genes would be the beginning
of a long study in which linkage groups would be identified

and finally a map of the chromosome established.



PART III

Transfer of Plasmids
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Plasmids

A plasmid is defined as a covalently-closed circular ele-
ment of DNA which is physically separated from tﬁe chromosome of
the cell and is able to be perpetuated stably in this condition
{Silver and Ozeki, 1962; Watanabe, 1963; Clowes, 1903; 1972),
This definition therefore includes all plasmid DNA such as the
sex factor F, R factors, Col factoré and P1 prophage but wbuld
exclude lambda prophage or the DNA of abortive transductants
(Burton and Sinsheimer, 1965; Fiers and Sinsheimer, 1962;

- Clowes, 1972).

During the past few years, investigation of an increasing
number of bacterial properties suggested that they were con-
trolled by plasmids and not by the chromosome. An important
trait determined by certain bacterial plasmids, e.g. the F fac-
tor, some Col factors and some resistance factors, is the abi-
lity to promote gene transfer. The genetic material transfer-
red can include, as well as the plasmid, other plasmid or
chromosomal DNA (Clowes, 1972).

Resistance Transfer Factors (RTFs)

Resistance transfexr factors are defined as a ,group of plas-
mids that carry genetic information for resiétance to antibio-
tics and/or other antibacterial drugs. They weie first isolated
in a large number of strains of Shigella in Japan which showed
multiple resistance to streptomycin, chloramphenicol, tetra-
cycline and sulphonamide (w;tanébe, 1963; 1964). The multiple
resistance was transferable to sensitive bacteria, not only

among Shigella strains, but also among Enterobacteriaceae as a

whole and also to species such as Vibrio cholerae and

Pseudomonas, by cell to cell contact (Watanabe, 1963; Meynell,
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Meynell and Datta, 1968; Cohen and Miller, 1970; Haapala and
Falkow, 1971). The transferable plasmids are divided into two
general groups, the F, or sex factor-like plasmids and the I or
ColI bp9 type. The drug resistance factors Rl to R6 and some
Col factors such as ColV and ColI k94 are all F-type plasmids.
They can produce on the surface of their hosts pili that agglu-
tinate with F pilus-specific antiserum and they ad§orb F-
specific phage (Meynell et al., 1968; Novick, 1969; Watanabe,
1971; Brinton, 1971; Curtiss, 1969),

Class P R-Factors

Among a group of R factors studied in E. coli, a minority
of the fi plasmids, including RP4, do not appear to produce

either F or I pili (Lawn et al., 1967). This group of R factors

derived from Pseudomonas aeruginosa S8, which is highly resis-
tant to cqrbenicillin, has been studied in E. coli (Lowbury et
al., 1969; Black and Girdwood, 1969; Holloway and Richmond,
1973; Grinsted et al., 1972). RP4 and RP1l, which are thought

to be identical, can be transferred from P, aeruaginosa to other

gram-negative bacteria such as E, coli, Salmonella typhimurium,

Klebsiella aerogenes, Rhizobium leguminosarum and Agrobacterium

tumefaciens (Olsen and Gonzaler, 1974; Hedges et al., 1975;

Olsen and Wright, 1976; ~Chakrabarty, 1976). RP4 is also trans-

missible by conjugation from E. coli to Chromobacterium

violaceum D254, Rhizobium trifolii 24G and Rhizocbium meliloti

-6
at an efficiency of 10 and to P, aeruginosa PAO2 with a fre-

-3
quency of 2.3 x 10 (Datta et al., 1971). Although it can be
transferred with 100% efficiency among E. coli Ki2 strains, trans-

fer of RP4 to Agrobacterium tumefaciens B® occurred with very

low efficiency (10-8 to 10—9), while no other R-factors could be



introduced into this organism (Datta ct_al., 1971).

Existence of Plasmids in Gram-Positive Bacteria

The presence of plasmids has also been studied in gram-

positive bacteria, such as Staphylococcus spp., Streptococcus

Spp., Bacillus megaterium and Micrococcus luteus (Novick, 1969;

Ehrlich, 1977; Lee and Davidson, 1970). Although the presence

of R factors among Streptococcus strains has been demonstrated

(Toala et al.,1969; Dunney et al., 1973; Clewell et _al., 1974;

Cords et al.,1974), recent investigations of §. faecalis have

shown the presence of R factors capable of promoting their own
transfer (Jacob and Hobbs, 1974; Dunney and Clewell, 1975).

For example, in §. faecalis var. zymogenes (strain JH1), the

6
transferable plasmid of molecular weight 50 x 10 determining
high levels of resistance to kanamycin, neomycin, erythromycin

and tetracycline, can be transferred to other strains of

S. faecalis (Jacob and Hobbs, 1974).

The molecular weight of the S. faecalis chromosome is

estimated to be 1.47 x 109 (Back et al.,1970) and the molecular
weight of the plasmids pJH1 and pJH4 to be 50 x 106 and 38 x

106 respectively (Jacob and Hobbs, 1974). Assuming that the
specific radioactivity of closed circular and chromosomal DNA
is the same, the amount of plasmid DNA isolated expressed as a
percentage of isolated chromosome, gave values_ranging between
2.6 and 6.6% corresponding to between 0.43 and 1.1 copies per
chromosome (Jacob and Hobbs; 19?4). This value is approximately
the same as for RP4 (Holloway and Richmond, 1973; Grinsted et
al., 1972; Saunders and Grinsted, 19%2);

R-Factor-Mediated Resistance to UV

Plasmids such as some Col factors, several enteric R-



factors and also the scx factor F may confer increased resistance
to the lethal effects of Uv irradiation on bacteria such as

E. coli, Salmonella typhimurium and Pseudomonas aeruginosa

(Howarth, 1965; 1966; Drabble and Stocker, 1968; Marsh and
Smith, 1969; Krishnapillai, 1975; Macphee, 1973). Some R-

factors such as pPL1l and PMGZ in P. aeruginosa confer pro-

tection against the lethal effects of UV- and y-irradiation,
methyl methanesulphonate and m—methyl-ﬁ'-nitro—y-nitrosoguani-
ding treatment while increasing the susceptibility of the host
to the mutagenic effects of these agents (Lehrbach et al.
1977).

Incompatibility of Plasmids

Incompatibility involving the sex factor F was first re-
ported by Scaife and Gross (1962), who introduced F'-lac into an
Hfr §train of E. coli K12 and observed that F'-lac was unstable
and could not establish itself in the bProgeny and therefore was
lost. R élésmids belonging to the same incompatibility group,
dsignated group H in E. coli K12, displace the F factor from

E. coli K12 f~ (Smith et al, , 1973). Incompatlbility is explained

as a property exhibited by isogenic plasmids for thpsafunctions
such as the maintenance genes which are essential for autonomy
(Jacob et al., 1963; Novick, 1969; Datta and Hedges, 1971). 1n
this case, incompatibility among isogenicAplasmids can be due to
a limitation of a single plasmid membiane site leading to compe-
tition for this site, so that onl& one of two isogenic plasmids

can attach and be stably inherited. For example, in S, faecalis,

plasmid PJHL cannot stably exist in the same cell as the plasmid
6
of 6.1 x 10 molecular weight (Jacob and Hobbs, 1974). Thus

these two plasmids belong to the same incompatibility group.
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Incompatibility is also observed among plasmids which are not
isogenic such as ColVv2, K94 and F in E. coli K12 (Macfarren and
Clowes, 1967). So the loss of plasmid DNA when transferred to
another strain can be the result of the presence of incompatible
plasmids within the same host.

Transforming Plasmid DNA

The availability of a system for the genetic transformation
of host bacteria by purified R-factor DNA enables a study to be
made of important aspects of R-factor biology. The transforma-
tion of plasmid DNA is observed in both gram-negative and gram-
positive bacteria (Cohen et _al., 1972; LeBlanc and Hassell,
1976 Ehrliéh, 1977). It does not require the integration of

the transforming DNA into the chromosome since the plasmid DNA
replicates autonomously,

In E. coli K12, although attempts to transform the cell
with chromosomal DNA were unsuccessful, cells were capable of
taking up phage and plasmid DNA (Mandel and Higa, 1970; Cohen
et al.,, 1972). The capability of E. coli cells to take up phage
or plasmid DNA is due to the covalent circularity of these DNAs
which is required for its biological activity in the host.
Closed.circular and open circular forms of plasmid DNA have equal
transforming ability, but sonication of the R-factor DNA to
smaller fragments or denaturétion of the DNA destroys its abil-
ity to transform E. coli (Cohenvgz_gl” 1972). Although most
studies have been restricted to those plasmids that express
easily-selected or identifiable properties, such as antibiotic
resistance, colicin immunity or con3u9a1 fertiiity, transforma- -
tion using plasmid DNA is necessary for analysing non-self-

transmissible plasmids. For example, the R-factor 219, a non-
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transmissible plasmid carrying tetracycline (Tc) resistance in
E. coli (Embden and Cohen, 1973), was tranéformed into E., coli
minicells, which enables a study to be_made of the mechanism of
plasmid-borne tetracycline resistance (Embden and Cohen, 1973).
Also, the non-transmissible tétracycline and chloramphenicol
resistance plasmids pTl127 and pCl94 from S. aureus can be trans-

formed into B. subtilis (Ehrlich, 1977). In contrast, when a

plasmid from S. faecalis was transformed into S. sanguis, it

was observed that some of the plasmid was rapidly converted to

a linear form in the new host cell (LeBlanc and Hassell, 1976).
Although the reason for the instability of some of the circular
DNA during transformation is not knéwn, it seems possible that
this is due to specific nuclease activity. However, transforma-
tion is a simple procedure that permits selection of any plasmid
replicon capabie of being transforﬁed into relevant bacteria.

Restriction and Modification Mechanism

Identification of the enzymes involved in the restriction
‘and modification mechanism came from the experimental work of
Arber and Dussoix (1962). A generai concept is that two en-
zymes, an endonuclease and a DNA-methylase, are responsible for
the restriction and modification of DNA (Fujimoto et al., 1965;
Gold and Hurwitz, 1963; Boyer, 1971) and that the unique speci-
ficity of a restriction and modification mechanism is geﬁerally
controlled either by chromosomal alleles or occasionally by pias-
mids. The investigation of‘resfriction and modification enzymes
has been mainly in gram-negatives, e.g. E. coli strains which
have at least 6 and possibly 7 different host épecificities
(Arber and Morse, 1965; Bannister, 1970; Lark and Arber, 1§70).

Similar mechanisms of restriction and modification have been



reported in gram-positive bacteria, e.g. Staphylococcus sp. and

Streptococcus cremoris (Rowntree, 1956; Collins, 1956)., It is

important to be aware that restriction mechanisms may well
operate against an introduced plasmid.

Isolation of Plasmid DNA

The physical analysis of plasmid structure has been carried
out using two different techniques. The first includes various
forms of ultracentrifugal analysis, notably isopycnic density
gradient centrifugation in CsCl, by which macromolecules are
separated according to their density, and zone sedimentation in
preformed gradients, usually of sucrose, where the macromolecules
are separatedlaccording to their shape and molecular weight,

The second technique has been electron microscopy, which has en-
abled estimations of the size and configuration of plasmid DNA
molecules from bentrifugation experiments to be verified by di-
direct observation.

For genetic and physical analysis of plaémid DNA, pure
ﬁomogenous plasmid DNA is required,

A method of plasmid DNA extraction used by Helinski et al.
(1971 ) and Bazaral and Helinski (1968) consists first of the
formation of sphaeroplasts by the addition to the bacteria of a
mixture of lysozyme, ribonuclease and EDTA in sucrose followed
by lysis with an ionic detergent such as sodium lauryl sarco-
sinate. Protein can be removed by_extraction with buffered
phenol and the phenol removed by dialysis. In an improved me-
thoa, gentler lysis was accomplished with a non-ionic detergent,
i.e. Brij 58, in the presence of sodium deoxycholate so that
chromosomal DNA remained attached to a cellular component dur-

ing low speed centrifugation and most of the plasmid DNA remained
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in the supernatant fluid (Godson and Sinsheimer, 1967; Clewell
and Helinski, 1969). The supernate from such lysed prepara-
tions 1is termed cleared lysate and has been extensively used
for separation of plasmid DNA.

Guerry et al. (1973) used a method for preparing cleared
lysates in which high molecular weight chromosomal DNA is selec-
tively precipitated from crude lysates by the presence of
sodium dodecyl sulphate and a high concentration of sqdium chlor-
ide. Another method for the separation of plasmid DNA from the
bulk of chromosomal DNA, is to subject the DNA to shearing
forces, so that the chromosomal DNA is fragmented and the cova-
lent closed circular (ccc) DNA which has smaller size is left in-
tact (Fiers and Sinsheimer, 1962). Shearing is also possible by'
drawing the DNA through a.fine-needle syringe (Bazaral and
Helinski,'19685 after exposing the DNA to a high temperaturé or
high pH. Under these conditions, the hydrogen bonds between
the two strands of the DNA duplex are broken and the strands of
. the linear (chromosomal) DNA are separated by denaturation,
while the ccc (plasmid) DNA is left interlocked.

These techniques for purification of plasmid DNA depend on
the covalently closed circular nature of plasmid DNA and its con-
sequent resistance to denaturation (Helinski and Clewell, 1971).

Centrifugation of lysates of plasmid—ﬁearing strains on
alkaliné sucrose gradient has also been used for purifying plas-
mid DNA (Freifelder, 1968).- Undér these conditions, ccc DNA
sediments faster than denatured DNA.

Early experiments separating plasmid DNA by virtue of its
difference in base ratio from host DNA (Cohen and Millexr, 1969;

Nisioka et al., 1969) consiétently indicated molecules with
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super-coiled ccc structure. The super-coiling of closed circular
DNA enabled it to be separated from nicked duplex or from

linear duplex DNA (e.g. chromosomal fragments) by the technique
of dye-buoyant density centrifugation. This depends on iso-
pycnic density gradient centrifugation in CsCl in the presence
of an acridine dye (Bauer and Vinograd, 1968; Strim et al.,
1967). ~ Acridine derivatives, in particular ethidium bromide,
are believed to intercalate into polynucleotide chains, becoming
inserted Between adjacent bases (Waring, 1968; Bauer and
Vinograd, 1968). The effect is first to diminish the super-
coiling of closed circular DNA (ccc), so that as the amount of
dye per molecule is increased, the super-coiling decreases and

a relaxed circle is formed. When the amount of dye is further
increased, the relaxed form becomes super-coiled in the opposite
direction (Radioff et al,, 1967). However, intercalation of
ethidium bromide into ccc DNA is limited because of the restric-
tion of the rotation of the two strands about each other, due to
the absence of a free end of rotation. Thus, in the presence of
ethidium bromide, the extension of ccc DNA is less than that of
the linear DNA forms, and its density is thus lowered to a
lesser extent. Hence, in ethidium bromide, the ccc form is
denser and can be separated from fhe other linear forms even in
the absence of anyﬂdifferences in base ratio (Radloff et al.,
1967). However, these methods can be used only with the small
volumes of bacterial culturés. |

A method has recently been developed by Humphreys et al.

(1975) for the isolation of large quantities of plasmid DNA
which is independent of the molecular weight of the plasmids. A

low concentration of polyefhylene glycol 6000 (PEG) (10% w/v)



27.

is used to precipitate the DNA from the clecared lysate. The PEG

is removed by the addition of a high concentration of CsCl. How-
ever, up to 50% of the plasmid DNA can be lost at this stage.

The remaining DNA can be subjected to dye buoyant density gradi-

ent centrifugation.

Aim of Project: To Transfer a Plasmid

The aim was to transfer a well-characterized plasmid DNA

such as RP4 or pJHl into M. radiodurans either by conjugation or

transformation. Thére have been no reports of plasmid transfer
from Enterobacteriaceae to any gram-positive bacteria since these
studies were started. RP4 is not only a plasmid with three
readily selectable antibiotic resistance markers, but can be

transferred from E. coli to Rhizobium spp. and Agrobacterium

(Datta et al., 1971). Additionally, members of the same compati-

bility group as RP4 promote chromosomal transfer in P. aeruginosa,

R. leguminosarum and E. coli (Stanisich and Holloway, 1971;

Beringer and Hopwood, 1976; Jacob et al., 1977).

Plasmids pJHl and pJH4 are also capable of bringing about
conjugation between strains of streptococci. These plasmids
were used in order to optimize the chance of getting

M. radiodurans strain containing a plasmid species, because of

closer morphological relationship between the two strains.



MATERIALS AND METHODS



Bacterial Strains

The bacterial strains used, their relevant phenotypes and

are
sources)listed in Tables 1, 2 and 3,

Inhibitory Concentration of Antibiotics

Sensitive and resistant strains of Micrococcus radiodurans,

Escherichia coli and Streptococcus faecalis have different le-

vels of sensitivity and resistance to antibiotics and other °
growth inhibitors. The minimum inhibitory concentrations (MIC)
are also shown in Tables 1, 2 and 3,

Maintenance of Cultures

Strains of M. radiodurans were maintained on TGY agar

plates or stabs. Strains of E. coli and S. faecalis were main-

tained on nutrient agar (NA) plates or stabs. All strains were
o
kept at 4 C.

Complex Media

IGY medium was used for most experiments with M, radiodurans

and contained: Bactotryptone (Difco), S.g; Glucose, 1 g;
Yeast extract (Difco), 3 g; Distilled water té 1 1. TGY agar
was made by solidifying this medium with 15 g Bacto agar per 1.
TY medium contained Yeast extract (Difco), 3 g; Bacto-
tryptone (Difco), 5 g; Distilled water to 1 1.
Nutrient broth (NB), used as a rich medium for E. coli and

S. faecalis contained Oxoid nutrient broth No. 2, 25 g; Distil-

led water to 1 1. Nutrient agar (NA) was made by solidifying
this medium with 15 g Bactoagar (Difco) per 1.

L-broth (LB) used during the transformation procedure for
E. coli contained Bactotryptone (Difco), 10 g; Yeast extract
(Difco), 5 g; NaCl, 10 g; Distilled water to 1 1.

Minimal Media




Minimum inhibitory concentrations (pg/ml) of antibiotics

Table 1:

Strains of Micrococcus radiodurans

Strain Relevant Kan Rif Acr Str Tet Ery Pen MTC Source
Phenotype
wild Prototrophic, <5 < <1 <1 <0.5 <1 a1 <0.5 B.E.B.
type sensitive to ' Moseley
antibiotics
302 Prototrophic, | <5 @ a a 0.5 a a <0.02 B.E.B.
highly mut- Moseley
able by alky-
lating agents
KRASE Prototrophic, 30 2100 5 200 25 25 <1 <0.5 B.E.B.
resistant to Moseley
some anti-
biotics
A .
Rif Prototrophic, <5 >100 a a 0.5 a el <0.5 By this
resistant to thesis
rifampicin

The minimum inhibitory concentration (MIC) of artibiotics for M. radiodurans were obtained on TGY

plates containing varying concentrations of antibiotics.

Abbreviations: Kan =
= tetracycline; Ezry

kanamycin;
erythromycin;

Rif

rifampicin;

Pen = penicillin;

= acriflavin;

Str

MIC = mitomycin C.

= streptomycin; Tet

‘62



Table 2:

Strains of Escherichia coli

Minimum inhibitory concentrations (ug/ml) of antibiotics

Rele-

Chromosomal

+ . Plasmid Borne Resistance Mole- Paren-
Strain vin Resistance Plasmid | cular tal Source
Pheno- Weight | Strain
type :
Nal Str Pen Kan Tet
J5-3 pro-met 50 - >1000 >25 >20 RP4 406x K12 B.E.B,
10 * Moseley
‘W1103 thy-trp - - >1000 >25 >20 RP4 4O6x K12 B.E.B.
10 Moseley
w1106 arg - 50 <5 <5 2 - - K12 R.W.
North
no55n met - - <5 <5 22/ - - K12 W.J.
Brammar

Minimum inhibitory concentration of antibiotics shown by bacteria growing on complete medium
(E._coli K12 data from Beringer (1973)).

Abbreviations:

Tet =

¥ = Datta et al.

Growth requirements: pro

= arginine.

Nal
tetracycline.

= naladixic acid; Str

(1971).

Proline;

met =

Methionine;

streptomycin;

thy

= penicillin;

Thymine;

trp =

Tryptophan;

Kan = kanamycin;

arg

‘o€



Table 3: Strains of Streptococcus faecalis

Minimum inhibitory concentrations (pug/ml) of antibiotics

Rele- Chrowosomal Plasmid Borne Resistance Mole-
. vant Resistance Plas- Refer-
Strain h mid cular ence Source
Pheno- Weight '
type
Fus Rif Gen Kan Stx Nm Tet Ery
’ Jacob &
JH1-2 thy 4 1.25 80 40000 10000 | >40000 320 5000 pJH1 506x Hobbs A.E.
. ! . b
. 10 1074 Jacob
JH2-14 | thy - 1280 80 >65536 | 65536 | 365536 None 4096 pJH4 256x Jacob & | A.E.
‘ 10 Hobbs, Jacob
_ 1974
JH2 -2 thy 256 1280 20 40 40 80 1.25 0.125 ‘ - - A.E.
e Jacob

Minimum inhibitory concentration of antibiotics
urine multodisks.

(Data from Jacob and Hobbs, 1974).

.

Fus = fusidic acid; Rif =
Tet = tetracyclin;

rifampicin; Gen = gentamycin;
Ery = erythromycin.

Abbreviations:
mycin; Nm = neomycin;

Growth requirements: thy = thymine,

shown. by bacteria growing on lysed blood plates using Oxoid

Kan = kanamycin; Str = strepto-



Minimal Medium for M. radiodurans

This medium was developed for M. radiodurans by Miss Diana

Sweet (personal communication}. The basal medium contained:
Glucose, 2 g; Ménosodium glutamate, 2 g; Tris(hydroxymethyl)-
aminomethane, 2 g; Ammonium acetate, 1 g; Distilled water to
11. To this 1 ml of each solution A, B, C and D and 2 ml of
solution E were added. These solutions were made up as follo&s

and could be stored at 4°c until required.

A: Potassium acetate 20 g
Magnesium acetate, 4,H20 ‘ ' 20 g
Sodium acetéte 0.5 g
Calcium chloride, Hzo ' 0.5 g
H20 (disti}led) ' 100 ml

.B: Ammonium phosphate 8.7 g
Ammonium sulphate . 2.0g
H2O (distilled) 100 ml

C, Vitamins:

Nicotinic acid _ 50 mg
Vitamin Bl (aneurine HCl) 50 mg
Biotin ' 1 mg
Vitamin B12 (cyanocoﬁalamin) 0.1 mg
HZO (distilled) 100 ml

D, Trace Elements:
Boric acid : 50 mg

Manganese acetate, 4 H20 50 mg
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Zinc acetate, ZIHZO 40 mg
Ferric chloride, 6 1,0 20 mg
Ammonium molybdate VI A 15 mg
Potassium jodide 10 mg
Cupric acetate HZO 10 mg
Citric acid H2O 100 mg
HZO (distilled) 1oo'm1

E, Amino Acids:

L-cysteine | . 1200 mg
L-methionine 800 mg
L-1lysine monohydrochloride 915 mg
L-histidine 955 mg
H,0 (distilled) 100 ml

"The pH of the medium was adjusted to 7.8 by adding glacial
acetic acid. The medium was then autoclaved. Minimal agar was
made by adding 15 g Bactoagar per 1,

M. radiodurans minimal medium was supplemented when neces-

sary as follows:-

.

Individual amino acids as required 100 pg/ml
Pyridoxin _ 100 pg/ml
Adenine and uracil 50 pg/mi

Minimal Medium for E. coli

Medium M9 was used and contained the following:-

Na,HPO, . 2 H,0 | E 79
KH, PO, : _ 3 g
NacC1l ‘ ' . 0.5 g
NH,C1 : 1g

CaCl, . 0.011 g



! .2 '

MgSO4 o 7 ”20 0.25 ¢
. Glucose 2 g
H20 (distilled) 11

PH was adjusted to 7.0.
Glucose was made as a 20% solution and autoclaved separately.

E. coli M9 medium was supplemented as follows:-

Proline 100 pug/ml
Methionine ’ 100 pg/ml
Thymine 2 or

0.5 pg/ml

Agar media were distributed as 100 or 200 ml amounts in
flasks and aﬁtoclaved (éee below). Before use, the agar was mel-
ted in either an autoclave for 10 minutes or in a boiling water
bath, cooled to 470C.and supplemented as needed before pouring
plates.

Sterilization

Sterilization of media was by autoclaving at 15 1b for 15
minutes. Tryptophan, tyrosine, methionine, pyridoxine and vita-
mins and antibiotics were sterilized by filtration. Other amino
acids and growth factors were autoclaved. Antibiotics.were made
up as fresh solutions. Most antibiotics and antimicrobial com-
pounds were soluble in water. However, rifampicin was dissolved
in dimethyl sulphoxide at a concentration of 50 mg/ml and erythro-
mycin was suspended in water and a few drops of HCl added until
it dissolved.

Buffers
Standard Saline-Citrate (SSC) contained:-
NaC1l ‘ 9 g (0.15 M)

Na, citrate ' 4 g (0.015 M)



HZO (distilled) 11
pH adjusted to 7.0.

Phosphate buffer contained:

4.73
NaZHPO4 g

: 4.5
KH, PO, g
'Hzo (distilled) 11
PH = 7.0.

Sodium phosphate buffer contained;

Na,HPO, 17.7 g (0.1 M)
NaH2P04 15.6 g (0.1 M)
HZO (distilled) _ 11

PH = 7.0.

Ethylenediaminetetra-acetic acid (EDTA) was used as 93.06 g
in 1 1 distilled water (0.25 M); pH adjusted to 8.0.

TES buffer contained:

Tris ~ 6.05 g (0.05 M)

EDTA :  1.86 g (0.005 M)
NaCl 2.92 g (0.05 M)

H20 (distilled) | 11

PH adjusted to 8.0. o _ .

Measurement of Bacterial Growth

Liquid cultures of bacteria were grown in 50 ml amounts of
medium in 250 ml Erlenmeyer flasks and their turbidity measured
in a nephelometer.(Evans Electroselenium Ltd.; Halsfead) with an
orange filter. A plot of tﬁrbidity against time allowed the
growth rate to be measured. A culture having a turbidity of 0.30

was equal to 1.0 x 108 viable units M. radiodurans/ml, 5.0 x 1O8

viable units E. coli/ml or 1.0 x 109 viable units S. faecalis/ml.

Preparation of Transforminq‘DNA from M, radiodurans
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A fully grown culture of a strain of M. radiodurans was cen-

trifuged in an MSE Mistral 6L at 3000 r.p.m. for 30 minutes. The
bacteria were washed in 50 ml SSC, resuspended in 40 ml butanol-
saturated phosphate buffer and left at room temperature for one
hour. This treatment removes lipoprotein from the cell wall
which protects the mucopolysaccharide from the action of lyso-
zyme (Driedger and Grayston, 1970). The bacteria were centri—
fuged in an MSE high speed 18 for 10 minutes at 10,000 r.p.m.,
washed and resuspended in 40 ml SSC. Lysozyme at 1 mg/ml in SSC
buffer was prepared just before‘adding to the mixture to a final
concentration of 20 mg/ml. The mixture was incubated at,37OC
for 15 to 30 ﬁinutes or until a small sample (0.5 ml) lysed on
addition of 0.05 ml of sodium dodecyl sulphate (SDS). The
bacteria were lysed by the addition of 20% SDS in water to a
final concentra;ion of 2%. The flask was swirled until the mix-
kture was completely lysed. .DNA was then purified by the method
©f Marmur (1961). Five ml sodium perchlorate (70.25 g NaCl0,.H,0
and 4.4 g NaCl in 100 ml distilled water) for each 20 ml of 1y-
sate was added and an equal volume of chloroform : isocamyl alco-
hol mixture (24 : 1) was added for deproteinization. The mixture
was shaken by hand vigorously for 30 minutes before being centri-
fuged at 18,000 r.p.m. in an MSE high speed 18 for 35 minutes.
The mixture separated into two 1ayérs with an interface protein
layer. The aqueous top layer contained DNA and RNA. The top
layer was removed carefully to avoid shearing the DNA. The re-
moval of the aqueous layer was not'allowed.to disturb the bottom
chloroform layer. Thé nucleic acid Was precipifated by pouring
the aqueous component carefully into 1.7 times its volume of abso-

lute alcohol. The nucleic acids were wound onto clean glass rods,
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left to dry at room temperature (when the nucleic acids change
from a white to a clear appearance), resuspended in a minimum
volume (2 to 3 ml) of SSC and dissolved by shaking gently at
37° or by being left overnight at 4OC.

For further purification, RNase (10 mg/ml) was added to a
final concentration of 1 mg/ml and the preparation left shaking
at 37°c for 1 hour. An equal volume of chloroform : isoamyl
alcohoi was added and the mixture shaken for 10 minutes. It was
centrifuged at 18,000 r.p.m. for 30 minutes, the aqueous layer
removed and the DNA precipitated as before. Finally, the DNA
was dissolved in 2 to 3 ml of SSC and kept at 4°c for use,

Procedure for Transformation

Development of a New Method for Transformation

The transformation procedure used initially was that of
Moseley and Mat%ingly (1971), but a new procedure was devised
during the course of this work, which will be described in more
detail in the Results section.

For all the transformation studies, an overnight culture of

M. radiodurans in TGY medium was diluted into 20 ml of fresh TGY

in a 250 ml conical flask and incubated with aeratjion at BOOC to
give an exponential culture with approximately 3 x 108 viable
units/ml. Ten ml of the culture was centrifuged at 3,000 r.p.m.
for 5 minutes, resuspended in 5 ml of fresh pre-warmed TGY

(held at 30°C) and 1.8 ml of 0.1 M cacl, solution. 0.30 ml
amounts of this culture were.theﬁ added to 0.05 ml amounts of
transforming DNA in sterile test tubes. The mixtures werelshaken
gently in a water bath at 30°C for 2 hours and appropriately dilu-
ted with TGY, TY or minimal medium, Oné ml of’the sample Qas

plated into 10 ml agar, which was melted and cooled in the water
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bath to about 46°C before mixing with the bacteria. The plates
were then incubated at 30°C for expression of the transformed
marker and overlaid with 10 ml of the same melted TGY agar con-
taining the antibiotics or antibacterial compounds, The plates
were incubated at 300C for between 2 to 3 days or until trans-
formant colonies were countable.

Divalent Cation

. 2 .
All divalent cations apart from Ca * were used at 0.1 M in

transformation studies in M. radiodurans. These were MgCl

2
SrCl2 and ZnC12. Thé final concentration in assay tubes was
0.035 M,
Dilution Curve
A standard DNA preparation was diluted with SSC to 3 x 10_1,

10-1, 3 x 10-2, 10_2 and 3 x 10—3. 0.3 ml of a competent cul-

ture prepared &ith 0.1 M CaCl2 (0.035 M in assay tube) was added
to 0.05 ml of each dilution of DNA. After incubation for 2
hours, the bacteria were plated in triplicate in TGY agar and
left for expression time. When the double mutant was used, full
expression was allowed for the gene having the longest expres-
sion time. The top layer containing a single or two antibiotics
for selecting single or double transformants was added and the
plates Were incubated for 4 days before colonies were counted.

Clonal Analysis

When it was not possible to select double transformants,
i.e. temperature-sensitive énd Auxotrophic markers, clones of
single transformants were tested for the presence of a second
marker. A large number of each trahsformaﬁt was analysed for
the transfer of the second marker and the frequencies of each

transformant class were caléulated.



39,

The frequency of all transformant types at the varying con-
centrations of bNA were compared using the linkage index
(Butler and Nicholas, 1973) and co-transfer index (Nester and
Lederberg, 1961 ) methods.

Minimum Time for Uptake of DNA in M. radiodurans

Cultures of M. radiodurans (0.3 ml) were exposed to 0.05 ml

amounts of transforming DNA for increasing periods of time (6 -
90 minutes) before 0.05 ml DNase (2.5 mg/ml) was added to in-
activate the DNA. Samples were appropriately diluted and plated.
Colonies were counted after 3 days.

Expression Times

Competent bacteria were exposed to transforming DNA for 90

-minutes and diluted appropriately. A 1 ml sample was mixed with TGY

agar in several plates and the plates incubated from O to 8 hours.
: TGY

Every hour, the plates were overlaid withfagar containing the

appropriate antibiotic or antibacterial compound. All the

plates were incubated for 3 days before transformant colonies

were counted. For the expression of prototrophy, transformants

were allowed to express in TGY medium. After 90 minutes incuba-

tion of the bacteria ané tiansforming DNA, the culture was dilu-

ted tenfold with TGY and incubated with shaking at 30°%. After

O to 5 hours, the culture was suitably diluted and 0.1 ml of the

culture plated on the surface of the minimal medium. For the

double mutants, plates were incubated at 39°¢ for temperature

sensitivity, and for the auxotrophs plates were incubated at

300C. After 4 days, the number of single and double transform-

ants was counted, and transformatioﬁ frequency for each class

calculated.

Mutagenesis of Bacteria
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The procedure uscd was based on mutagenesis by N-methyl-N'-
nitro—ﬂ—nitrosoguénidine (NTG). To enhance the mutation fre-
quency, an exponential culture of turbidity 0.30, was centri-
fuged and the bacteria washed and resuspended in phosphate buf-
fer at pH = 5.7. NTG was added to a final concentration of 100
pg/ml and the bacterial suspension incubated for 30 minutes at
300C. The bacteria from 1 ml of culture were washed twice, resus-
pended in 20 ml fresh TGY and incubated at 30°C until growth
reached a turbidity of OfSO. To isolate auxotrophs, the culture
was diluted appropriately and 0.1 ml samples spread on TGY plates
to give about 80 to 100 colonies per plate. Plates were incuba-
ted at 30°C for 2 days. To identify the auxotrophic mutants the
colonies were replicated onto minimal and TGY agars. The master
plates were kept at 4OC and replicates incubated for 3 days at BOOC.
All possiblé a;xotrophs were picked from the master plates.

The putative auxotrophs were tested for growth requirements
by plating each on a series of 12 supplemented minimal plates,
using the method of Holliday (1956),.

For selecting antibiotic resistant mutants, 0.1 ml amounts
of the culture were spfead on TGY agar plates containing appro-
priate antibiotics. Colonies which grew on antibiotic plates
were isolated and plated on TGY containing varying amounts of

antibiotic to ascertain their levels of resistance.

Test for Temperature-Sensitivity

Auxotrophic and antibiotic-resistant mutants were grown on
TGY to 108 viable ﬁnits/ml, diluted to give 103 viable units/ml,
plated, incubated to give colonies,'and the colonies replicated

onto 2 TGY plates. One plate was incubated at 30°C and the

o c s s
other at 39 C (permissive amd restrictive temperatures
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respectively) for 2 days. Colonies which grew at BOOC, but not
at 39OC were selected as double mutants,

Incorporation of Radiocactively-Labelled Compounds into Bacteria

DNA, RNA and protein biosynfhesis were studied by following
the incorporation of [6-3H] thymidine (BHTdR) (specific activity
25 Ci/mmol), [5,6—3H] uridine (3HU) (specific activity 46 Ci/
mmbl) and L-[4,5-3H] leucine (specific activity 57 Ci/mmol) res-
pectively into trichloroacetic acid (TCA) insoluble material.

The temperature-sensitive mutants were grown in TGY to a
turbidity of 0.10 and an appropriate radioactive compound (10
pCi) added to 0.2 ml of the culture.

To measﬁre synthesis, two cultures were incubated at 30°C
for 30 minutes before 1 tube was removed and incubated at the
restrictive temperature. The amount of radioactivity in the
TCA-insoluble Eraction of the bacteria was measured as a function
of time by the method of Bollum (1959). Ten pl of culture was
placed onto a Whatman No. 1 filter disc, diamefer 1.8 cm. When
the liquid was absorbed by the paper, the disc was immersed in
cold 5% TCA. After all the samples had been taken, the discs
were left in 5% TCA on Yice for 10 minutes and washed twice ﬁith
fresh cold TCA. All the procedures were carried out in ice.

The discs were then washed twice in absolute alcohol to remove
the TCA and spread on polyethylene backed absorbent paper to dry
at room temperature. Each disc was placed in a scintillation
vial and 5 ml of toluene-baéed liquid scintillant‘NE 233
(Nuclear Enterprises, Edinburgh, Scotland) added to each vial.
The amount of radioactivity on each disc was measured in‘a
Packard Tricarb Liquid Scintillation Spéctrometer.

U.V. Irradiation
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All the strains were U.V.-irradiated to test their level of
sensitivity or. resistance compared with the wild type. Mutants
were streaked on TGY plates and irradiated with a Hanovia

germicidal 'lamp (model 12) for varying times from 2 to 15 minutes.

Crosses of M. radiodurans with E. coli and S. faecalis

Several R- factors were received in bacterial strains and

were used as donors in crosses with M. radiodurans. These R-fac-

tors, their host strain and the relevant phenotype conferred on
the host are summarized in Tables 2 and 3.

Technigues of Conjugation

Crosses between strains were carried out using two differ-
ent methods.

1. In Liquid Media

Cultures of the donor and recipient were prepared by static
overnight incubation at 37°C in nutrient broth for E. coli or

S. faecalis and at 30°C in TGY for M. radiodurans, followed by a

tenfold aiiution into f;esh broth 4 té 6 hours befdre crossing.

0.5 ml of donor was mixed with 4.5 ml of recipient and incubated
for 90 minutes at 3OOC or 37OC. The ﬁixture was suitably diluted
and plated on selective media.

-

For crosses between M, radiodurans and E. coli carrying RP4,

transconjugants were selected on 100 pg/ml rifampicin and 25
pg/ml kanamycin or 100 pg/ml rifampicin and 5 pg/ml tetracycline
or 100 pg/ml rifampicin and 10 pg/ml penicillin. Cultures were
also suitably diluted aﬂd plated-on TGY agar for the viable |
counts of the donor and recipient.

Crosses between M. radiodurans and S. faecalis strain JH1-2

carrying pJHl1 were performed in liquid media as above. To se-

lect transconjugants, TGY agar plates were used containing 100
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pg/ml rifampicin and 25 pg/ml kanamycin or 100 pg/ml rifam-
picin and 20 pg/ml erythromycin and/or 100 pg/ml rifampicin and
20 pg/ml streptomycin or 5 pg/ml tetracycline.

Crosses between E, coli J5-3 and W1106 and S. faecalis

JH1-2 and JH?-Z were also performed to test the frequency of
transconjugants obtained.

To select the transconjugants of E. coli, a culture was:
plated con 25 pg/ml kanamycin and 50 pg/ml nalidixic acid. To
show that colonies which were growing on kanamycin were not
W1i103 which had mutated to kanamycin-resistance, colonies were
tested for the acquisition of the other antibiotic resistances
present on the plasmid.

To select the transconjugants of S, faecalis, a culture

was plated on 200 pg/ml tetracycline together with 200 ug/ml
kanamycin. Colonies were then tested for the acquisition of
resistance to the other two antibiotics.

2, On Membrane Filters

Cﬁltures of the donor and recipient were preparéd as des-
cribed. 0.5 ml of donor and 4.5 ml of recipient were mixed and
2 ml taken up into a sterile polypropylene s&ringe. The mix-
ture was passed through a sterile Millipore-Swinnex-25 filter.
The filter membrane to which the bacteria were attached was
placed on an NA plate and incﬁbated for 24 hours at 37°C. The
filter membranes were then removed and washed in 5 ml broth.
The suspension was suitably'dilﬁted and plated on selectiQe

media.

Transfer of Resistance Factor by Transformation

Plasmid DNA extracted from E. coli J5-3, W1103 and

S. faecalis JH1-2 and JH2-14 was used to transform
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M. radiodurans and E. coli. "'655",

Isolation and Purification of RP4 DNA from E. coli

Preparation of the Cleared Lysate

E. coli J5-3 containing the resistance plasmid RP4 was
grown at 30°C to 10° cells/ml in 1 litre of M9 medium, supple-
mented With 100 pg/ml of proline and methionine, in an orbital
inéubator. The bacteria were then quickly chilled and harves-
ted by centrifugation at 4% at 2,500 r.p.m., for 1 hour in an
MSE Mistral 6L or 10,000 r.p.m, for 15 minutes in an MSE High
Speed 18. The pellet was kept in ice and washed in 500 ml of
sodium phosphate buffer pH 7.0. The suspension was centrifuged
at 10,000 r.p.m. for 10 minutes and the pellet resuspended in
33 ml ice cold sucrose solution (25% sucrose in 0.05 M Tris
PH 8.0). Fifteen ml freshly prepared lysozyme (5 mg/ml in 0.25
M Tris pH 8.0):was added and the solution shaken gently to mix
the contents. After 5 minutes at ice temperature 13.5 ml of
cold EDTA (0.25 M pH 8.0) was added and the mixture left in ice
for another 10 minutes with occasional swirling. Fifty-four ml
of lysis mixture (1% Brij 58, 0.4% sodium deoxycholate, 0.0625
M EDTA in 0.05 M Tris, pH 8.0) was added and immediately mixed
gen?ly. The mixture was left for 10 minutes or until it
cleared.

The lysate was transferred into 50 ml polyprbpylehe MSE
tubes, centrifuged at 18,000 r.p;m. for 35 minutes at 4OC and
the supernatant carefully poured off into a measuring cylinder.
The resulting cleared lyséte was kept frozen until used.

Concentratinag the DNA

To concentrate the DNA present in the cleared lysate, the

method of Humphrey et al. (1975) was used. To the cleared
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lysate (usually about 110 ml at this stage), 3.2 g sodium chlor-
ide was added (molarity of 0.5) and after the sodium chloride
was dissolved, 11 g polyethylene glycol 6000 (PEG) was added.
The mixture was then left to allow the PEG to dissolve (the PEG
comes in very large flakes and was ground with a mortar and

pestle before adding to the cleared lysate).

The mixture was left overnight at 4°¢c to precipitate the
DNA. The precipitate was centrifuged at 3,000 r.p.m. for 5
minutes, the supernatant poured off and the flocculent precipi-
tate dissolved in 2 ml of TES buffer. This was made up to 3.8
g by adding distilled H2O.

Dve-Buovant Densitv Centrifugation

Caesium chloride (5.2 g) was added to give a molarity of
7.7. This molarity of CsCl removed the PEG, which appeared as
a layer on the;top of the liquid, after centrifugation at
2,000 r.p.m. for 2 minutes; Ethidium bromide (0.3 ml of 10
mg/ml in TES buffer) was added to a final concentration of 500
pg/ml. The refractive index was adjusted usiné a refractometer
(Bellingham and Stanley) to 1.3925 (density 1.625 g/cm3) by add-

ing distilled H20. The mixture was then transferred into two

5.5 polycarbonate tubes (MSE). The tubes were éentrifuged at
33,000 r.p.m. (average 95,000 g) for 60 hours at 18°C in the
Superspeed 65,000 MSE centrifuge.

Two bands were formed in the middle of the tubes, separated
by a distance of approximately 5 mm. The lower band was cova-
lently closed circular plasmid DNA and the upper band was linear
plasmid and chromosomal DNA.

The lower band was removed carefully using a 2 ml dispos-

able syringe with a 19 gauge needle inserted through the side of
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the tube and dialysed against 10 ml Dowex 50 W-X in 50 ml TES
buffer for 24 hours. The resin of the Dowex was pre-washed with
2 M HC1 followed by 1 M NaOH to convert to the Na® form.

The DNA was finally dialysed against SSC buffer and trans-
ferred into small vials and kept at 4°c to be used.

Isolation of Plasmid DNA from S, faecalis

S. faecalis was grown in 1 litre of TGY at 300C with aera-

tion until the stationary phase was reached (about 109 bacteria/
ml). The bacteria were harvested, washed twice in TES buffei pH
8.0 at 4°C. The pellet was fésuspended in 30 ml of TES buffer
containing 100 mg of sucrose/ml and the bacteria lysed using the
method of Basaral and Helinski (1968) as modified by Jacob and

Hobbs (1974) for use with S. faecalis. The mixture was left in

ice for 5 minutes and 30 ml of TES buffer containing 100 mg of
sucrose/ml and{2 mg of lysozyme/ml was added. The mixture was
incubateq for 30 minutes at 37°C and cooled for 5 minutes in ice.
The bacteria were lysed by the addition of 30 ml sodium lauryi
sarcosin;te (SLS,'2.4% in water) and the mixture gently and
rapidly mixed until it cleared. The lysate was passed through
an 18-gauge needle 6 to 7 times to shear the chromosomal DNA
while stirring slowly on a magnetic stirrer. Sodium hydroxide
(1N) was added until the pH of the lysate was raised to be-
tween 12.1 and 12.4 (LeBlanc and Hassell, 1976). Stirring was
continued for 10 minutes and the pH quickly lowergd to 8.5 by
the addition of 2 M Tris—hyarocﬂloride pH 7.0 (Currier and
Nester, 1976). NaCl and PEG were added as before, the precipi-
tate dissolved in TES buffer and made up to.9 ml.

Dye-Buoyant Density Centrifugation

The gradient was prepared by adding 8.9 g CsCl to 9 ml of
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the sample in TES buffer. Ethidium bromide was added to a final
concentration of 300 pug/ml and the refractive index adjusted.to
1.3867 using the refractometer. The mixture was transferred to
a 10 ml polycarbonate MSE tube and centrifuged at 35,000 r.p.m,
(average 90,000 g) in an MSE 10 x 10 ml fixed angle rotor for 60
hours.

The plamid band was collected and dialysed.

Procedure for Isolation of Possible Plasmid DNA from

M. radiodurans

Micrococcus radiodurans was grown in 1 litre of TGY and

lysed as previously described, The lysate was passed through an
18-gauge needle 10 to 12 times to shear the chromosomal DNA. Be-
cause it was difficult to prepare a cleared lysate by centrifuga-
tion, PEG precipitation of the normal lysate was carried out as

described befo;e and caesium chloride and ethidium bromide added

as for S, faecalis. The refractive index was adjusted to

1.3867 and centrifugation carried out at 33,000 r.p.m. in 5.5 ml
polycarbonate tubes (MSE) for 60 hours.

Preparation of Radioactively-Labelled Plasmid DNA fxrom E., coli

for Transformation ’ .

For radioactive labelling of the plasmid DNA, E. coli W1103
was used. An overnight culture of W1103 in NB was inoculated
into 500 ml M9 medium containing 1 mCi of [6—3H] thymidine and
supplemented with 100 and 0.5 wg/ml of tryptophan and thymine
respectively. The culture was incubated overnight at 37OC and
centrifuged at 10,000 r.p.m. for 10 minutes at 4OC.

The pellet was washed in cold éodium phosphate buffer and
resuspegded into 100 ml of cold sucrose solution.

The lysis of the bacteria was exactly as described for
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E. coli J5-3, as was the preparation of the plasmid DNA.

Small samples (100 or 10 pl) were removed at each stage of
the preparation and assayed for radioactive counts in the TCA-
insoluble material.

Preparation of Radioactively-Labelled Plasmid DNA of

M. radiodurans

. 3 c e .
For the incorporation of [6-"H] thymidine into putative

plasmid DNA, an overnight culture of M. radiodurans was inocula-

ted into 50 ml of TGY containing 100 uCi of [6—3H] thymidine.
The culture was incubated at 300C for 18 hours. Lysis of the
bacteria has been described previously. To shear fhe chromoso-
mal.DNA, the lysate was passed through an 18-gauge needle 6 or 7
times while being stirred slowly on a magnetic stirrer. The
procedure for banding plasmid DNA was as described.
After'cenérifugation, the tube was pierced and 10-drop
fractions collected on a filter paper strip. The paper was
dried, wéshed.in ice-cold 5% TCA and alcohol and the activity of
each fraction measuréd in a Packard Tricarb Liquid Scintilla-

tion Spectrometer.

Iransformation of M. radiodurans by Plasmid'DNA

Purified plasmid DNA from E. coli and S. faecalis was incu-

bated with M. radiodurans using the new method developed for

transformation as described.

For selecting possible transformants of M. radiodurans con-
taining RP4 DNA, 25, 25 and 10 pé/ml of tetracycline, kanamycin,
and penicillin were used respectively. The antibiotics were al-
ways used singly and not in combination.

For. selecting possible transformants containing S. faecalis

plasmid DNA, 25, 25, 10 and 100 pg/ml of kanamycin, erythromycin,
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tetracycline and streptomycin were used respectively.

Assay for the Biological Activity of RP4 DNA

Plasmid DNA extracted from E. coli J5-3 and W1103 was
transformed inté E. coli strain "655" using the method of
Cosloy and Oishi (1973).

Bacteria were inoculated into 20 ml of L-broth and incuba-
ted in a water bath at 37°C with aeration. The culture was
then diluted 20 to 50 times or to a turbidity of 0.04 and incu-
bated at 37°C in a conical flask until it reached 10° cells/ml.
The culture was immediately chilled in ice and 10 ml of the
culture'centrifuged at 10,000 r.p.m, for 10 minutes at 4°c.

The pellet was resuspended in 10 ml cold 0.1 M MgCl washed

2’

and resuspended in 5 ml cold 0.1 M CaCl, and kept in ice for 20

2
minutes. The bacteria were then centrifuged, resuspended in
0.25 ml cold 0.1 M CaCl2 and 0.1 ml SSC buffer. To this, 10 pl
of the plasmid DNA preparation wa§ added. The mixture was then
incubated at 42°C for 2 minutes and placed in ice for 20 minutes,
diluted with 2.7 ml of L-broth (10 times dilution) and incubated
for 3 hours to allow expression time. 0.1 ml samples were
pléted on selective media each containing 25, 25,'100 pg/ml of
tetracyéline, kanamycin and penicillin respectively in TGY agar

one at a time. Plates were incubated for 48 hours at 370C and

transformant colonies counted.



RESULTS



PART I

Transformation Studies in M. radiodurans



Effect of Nutritional and Physioloaical Factors on the Frequency

of Transformation of Micrococcus radiodurans

Glucose:

M. radiodurans was grown in TY medium with glucose at O,

O.i,,l and 5 mg/ml. The bacteria were centrifuged and resuspen-
ded in 5 ml of ﬁedia containing the same concentration of glu-
cose. To 0.3 ml samples of these cultures,'0.0S ml DNA was
added.

The presence or absence of glucose in the growth medium had
no significant effect on either growth or transformation. Doubl-
ing time of the cultures was 80 minutes and the frequencies of

. . 2+ -
transformation in the presence of Ca were between 1.7 x 10 3

and 2.5 x 10‘3.

Amino Acids:

M. radiodurans needs four amino acids, L-cysteine, L-

methionine, L-lysine and L-histidine for growth in minimal me-
dium (Diané Sweet, personal communication). These and other
amino acids, including tryptophan, arginine, alanine, tyrosine
and glutamic acid were added individually to minimal or TGY me-
dium to test their effect on transformation. They, had no effect
in increasing the transformation frequency, although arginine
reduced it by between 1.5 and 2-fold.

Divalent Cations:

The influence of the salts of 4 divalent cations, MgClz,

CaClz, SrC12 and ZnCl2 during transformation of M. radiodurans
was investigated.

Exponential cultures of M. radicdurans grown in TGY or TY

medium were centrifuged and resuspended in half the volume of

the same medium plus 0.03 M cation. Small volumes (0.3 ml) of



each were exposed to 0.05 ml of transforming DNA. The frequency
of transformation was compared with that obtained in the absence
of any factors.

The frequency of transformation was increased several hun-
dred to several thousand—fola, depending on the marker used, by
the presence of CaC12, The highest frequency obtained was with
the rifampicin marker in which 2 to 3% of the bacteria were
transformed. The lowest frequency of transformants (0.01%) was
obtained using kanamycin resistance as the marker. Comparing
‘the number of transformants with and without treatment with
CaCl2 showed a 10,000-fold increase in rifampicin resistance
and 1,000-fold in kanamycin resistance. An increase was obser-
ved with all markers tested (Table 4).

To determine the concentration of CaCl, which gives the

2

maximum transformation frequency, cells of M, radiodurans were

treated with concentrations of CaCl2 ranging between 0 and 0.3 M
during exposure to transforming DNA. The maximum frequency of
transformation was obtained when cells were exposed to 0.03 M
CaCl2 during transformation (Table 5).

Othex .Divalent Cations:

»

The divalent cations M92+ and Sr2+ did not increase the
freqﬁency of transformation. . In fact, an+ completely inhibi-
ted transformation,
pH:

Bacteria were grown in.TGY ﬁedium, centrifuged and resus-
pended in TGY at pH 5.7, 7.0 or 8.0. CaCl2 was added to a con-
centration of 0.03 M and the bacteria exposed to transforming
DNA.

The markers used were acriflavin and rifampicin resistance.




Effect of 0.03 M CaCl, in TGY and TY Medium on the Frequency of

Table 4:
Transformation of M. radiodurans
cacCl ' .
Growth Additisn Frequency of Transformation
Medium to Assay
Tube Kan Rif Acr Stx Ery 'Aux
- -6 - - - -
TGY - 1.5 x 10 7 3.0 x 10 5.0 x 10 7 2.0 x 10 7 1.0 x 10 6 2.0 x 10 6
- -2 . - - - -
4 TGY + 1.0 x 10 4 2.5 x 10 1.5 x 10 3 1.5 x 10 4 3.0 x 10 4 2,0x 10 3
-7 -6 -7 -7 -6 -6
TY - 1.5 x 10 1.5 x 10 8.0 x 10 2.1 x 10 1.0 x 10 2.5 x 10
TY + 1.5 x 100% | 3.0 x 1072 1.5 x102 | 2.0 x 107 3.0x10%|2.5 x 107>

Markers used in this assay to select the transformants were:

acriflavin (Acr); erythromycin (Ery);

streptomycin (Str);

kanamycin (Kan);
and adenine-requiring auxotroph (Aux).

rifampicin (Rif);

L
\e]



53.

Table 5: Effect of the

Concentration of CacCl

on the Frequency of Transformation in M. radiodurans

Final Concentration of

Frequency of gransformation

~Added CaCl2 (M) x 10
0.3 8
0.25 9
0.15 75
01675 75
0.03 190
0.025 90
0.0iS 20
0.003 10
0 0.1

2.5 pg/ml acriflavin was used to

select the transformants.
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The frequencies of transformation for the acriflavin marker
-4 -3 -3
were 1.5 x 10 at pH 5.7, 3.5 x 10 at pH 7.0 and 2 x 10 at
pH 8.0. For the rifampicin marker the frequencies of transforma-
. -4 -3 -3
tion were 2 x 10 at pH 5.7, 4.5 x 10 at pH 7.0 and 3.8 x 10
at pH 8.0. The results indicated that at pH 7.0 more transform-

ants were obtained than at the other two pH values.

-Time Required for the Uptake of Transforming DNA

As a control for this experiment, 0.03 ml of 3 mg DNase/

ml was added to 0.3 ml of the bacterial culture and 0.05 ml DNA
added to this mixture.

To several other tubes each containing.0.3 ml of the cul-
ture,vDNA was édded and then DNase added from 2 seconds to 90
minutes later to inactivate the tranéforming DNA. All the tubes
were then incubated to 90 minutes at 30°C. One ml of each
sample was mixeé with 10 ml TGY agar and incubated for expression
of the markers used.

The minimum time for the uptake of transforﬁing DNA was 2.5
minutes for both acriflavin and rifampicin resistance markers.
The frequencies of transformation at 2.5 minutes for acriflavin
and rifampicin resistance markers were 1 x 10_7 and 1.2 .x 10_7
respectively. The ﬁumber of transformants then increased up to
90 minutes, in 20 minutes 30% of the final number of transformants

being obtained (Fig. 1).

Time Required for Phenotypic Expression

- The acriflavin and strebtomycin markers were used for
measuring the.time required for these markers to be phenotypi-
cally expressed.

M. radiodurans was grown in TGY medium. O0.05 ml DNA was

added to several tubes containing 0.3 ml of culture treated with
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Fig. 1: Frequency of transformation as a function of the time
of incubation of recipient bacteria with DNA. Cells were incu-
bated wifh DNA from 2 to 90 minutes, inactivated with DNase

and after this time é and 4 hours incubation allowed for ex-
pression of acriflavin and rifampicin markers respectively.

The frequencies of transformation obtained after 90 minutes

.

were 8.2 x 10 for acriflavin (C)) and 4.1 x 10 3 for rifam-

picin. (D).



56.

1
20

100
1

PaYyopas A pwixpw sjubwiojsuply jo abnjuadiag

o

Time of exposure to DN A (min)



CaClz._ DNase was added after 20 minutes and the culture incuba-
ted for a further 10 minntes. A large number of samples were
TGY ’

each mixed with 10 mllagar in a plate and incubated at BOOC to
allow for éxpression for 5 minutes to 3 hours before a top layer
of acriflavin agar was added or from 30 minutes to 6 hours be-
fore streptomycin agar was added. Colonies were counted after
incubation for 4 days and ;he number of transformants as a func-
tion of the expression time allowed plotted (Fig. 2).

For acriflavin resistance, the minimum time required for
phenotypic expression was 15 minutes after exposure to DNA for
20 minutés, i.e. 35 minutes. The frequency of transformation
at this time was 1.6 x 10~/ and after a full expression time of
200 minutes, i.e. 180 minutes incubation after 20 minutés ex-
posure to DNA, the frequency was 2.2 x 10-5. Comparing these
two frequencie; indicates that 0.7% of the final number of
transformants were obtained in 35 minutes.

The minimum time required for phenotypic expression of
streptomycin resistance was 170 minutes (20 + 150). The fre-
quency of transformation at this time wés 8.0 x 10—7. After an
expression time of 7 hours; the frequency of transformation was
2.5 x 10-5, which indicates that 3% of the final number of trans-
formants were expressed in 170 minutes (Fig. 2).

Expression Time Required for Maximum Transformation Fregquencies

An exponentially growing culture of M, radiodurans was cen-

trifuged, resuspended in TGY containing 0.03 M CaCl2 and exposed
to KRASE DNA. After 2 hours incubation at 30°C to allow maximum
uptake of DNA by the cell, 1 ml amodnts of the transformed cul-

ture were mixed with 10 ml amounts of aéar in several plates and

the plates incubated from O to 8 hours. Every hour, a'top layer
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minimum
Fig. 2: )\ Time required for phenotypic expression of acriflavin

( () and streptomycin ( ) resistance. DNA was added to

cells for 20 minutes, DNase was added for 10 minutes, samples

. - -2 .
diluted 10 1 and/or 10 ~. Maximum number of transformants ob-
tained. for acriflavin (200 minutes) was 1,080, and for strepto-

mycin (440 minutes) was 1,250,
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containing an appropriate concentration of antibiotic was added
and further incubation was carried out at BOOC for between 3 to
4 days for the formatioq of colonies. In the case of auxo-
trophic markers, selection of the prototrophs in TGY was not
possible, so the transformed culture was diluted 10 times in
TGY and each sample was washed in minimal medium and plated on
minimal agar to score the prototrophs; The results (Fig. 3)
showed that the number of transformants increased with the time
at which selection was applied until a maximum level was
reached. Table 6 shows the time for the maximum expression of
each marker. Nutritional markers gave maximum values rapidly
while'streptoﬁycin resistance needed an expression time of 7 to

8 hours to reach the maximum value.
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maximum _
Fig 3: Time required for) phenotypic expression of markers.

Markers: kanamycin @ , rifampicin 00 , acriflavin A ,

streptomycin © and erythromycin (Q resistance and prototro-

: +
phy tIXp A .
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Table 6: Time Required Before Applying Selection
for Maximum Phenotypic Expression of Markers

Selécted Markers

Time to Reach Maximum
Expression (hr)

+

Adenine
+

Tryptophan
Acriflavin resistance
Rifampicin "
Erythromycin "
Kanamycin "

Streptomycin "

1 -2
1 -2
2 -3
4 - 5
4 - 5
>7




PART 1II

Linkage Studies
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Linkage Studies

The high transformation frequencies for individual markers

resulting from treatment of M. radiodurans with CaCl2 made it

possible to attempt to find evidence of genetic linkage as the
first step in constructing a map.

. In transformation studies evidence for linkage is obtained
by showing that molecules of transforming DNA which are quite
small compared with the whole chromosome carry two or more indi-
vidual genes on the same molecule. Since NIG causes multiple
mutations near the replicating fork (Cerd5201medo et _al., 1968),
it is reasonable to suppose that a high proportion of double mu-
tants, obtained following NTG mutagenesis, should be linkedi
The criteria used for linkage were based on:-

.a) The appearance of the dilution curve in which the numbers
of single and éouble transformants are plotted as a function of
the transforming DNA concentration. Double events, requiring
two individual DNA molecules to give rise to double transfor-
mants of unlinked genes, should become very rare as the DNA con-
centration is reduced. Hence the number of such transformants
will fall off more steeply than those due to linked genes which
require only a single DNA molecule carrying both genes (Butler
and Nicholas, 1973).

b) Calculation of the co-transfer index of Nester and Lederberg
(1961) and the linkage index of Butler and Nicholas (1973) from‘
the results.

c) The clonal analysis of double transformants.

Isolation of Double Mutants

All auxotrophs isolated were tested on minimal medium supple-

mented with different growth factors to detect those mutants.
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which had a double auxotrophic requirement. Antibiotic—resis-
tant mutants were tested for auxotrophy by streaking the
colonies on minimal medium. The number of auxotfophs detected
after mutagenesis of the wild type with NTG was 3% of the sur-
viving population. Mutants resistant to kanamycin, rifampicin,
streptomycin, erythromycin and spectinomycin comprised 0.5% of
the population, the majority being spectinomycin-resistant.

Auxotrophs and antibiotic-resistant mutants were plated at
permissive (3OOC) and restrictive (390C) temperatures. Nine-
teen out of 500 auxotrophic or antibiotic-resistant mutants (c.
4%) did not grow at 39°C.

All double mutants were tested for possible linkage between
markers. Evidence was obtained for linkage of two genes in each
of 4 such mutants and is shown below, together with a descrip-
tion of each strain. |

1. Mutant ST9, which is Temperature-Sensitive and Requires

Tyrosine for Growth

This mutant required 100 pg/ml of tyrosine for growth and
was temperature sensitive, being unable to grow at the restric-
tive temperature (39OC) on TGY agar or minimal meqium supplemen-
ted with tyrosine.

It was transformed with DNA extracted from the wild type and
transformants selected for either prototrophy or temperature-~
resistance or both.

Evidence from the dilution.curves, co-transfer and linkage
indices and clonal analysis showed that about 2.6% of the DNA
molecules which carry the gene involved in tyrosine synthesis
also carry the gene for temperature resistance.

Y

Dilution Curves
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The standard DNA concentration was 500 pg/ml and dilutions
were made to 150, 50, 15, 5 and 1.5 pg/ml. Small volumes (0.3
ml) of competent cultures of ST9 were transformed with constant
volumes of DNA (0.05 ml) and transformants selected. With stan-
dard DNA the frequency of single transformants to protofrOphy
and temperature-resistance were 1,2 x 10_3 and 1.3 x 10_3 res-
pectively and the frequency of double transforman£s 1.4 x 10*4.
The spontaneous frequency of temperature-resistant mutants was
2 x 10-8. When célls were plated on unsupplemented minimal me-
dium, no spontaneous mutation was observed. The dilution curve

and linkage relationships are shown in Fig. 4 and Table 7.

Eight hundred and fifty colonies of tyr+ transformants, ob-

tained from transformation of ST9 with DNA from the wild type,
were tested at the restrictive temperature (390C) and 22 of them
grew giving a vglue of 2.6% linkage between the genes.

Calculation of Linkage Indices

The degree of linkage of two genes (tyr and ts) can be ex-
pressed as a co-transfer index (Nester and Lederberg, 1961) or
as a linkage index (Butler and Nicholas, 1973)., The values of
linkage and co-transfer indices for standard DNA are 0.011 and
0.059 respectively. The values for lower concentrations of DNA
are shown in Table 7. The linkage relationship of two markers
(tyx and ts), their frequency and the percentage'of linkage at
varying concentrations of DNA and by clonal analysis for pairs
of markers are summarized in‘Tables 7 and 12.

Measurement of DNA, RNA and Protein Synthesis in Mutant ST9

Cultures of the temperature sensitive mutant ST9 and the
wild type were grown in TGY. The uptake of [3H] thymidine,

3 . o L . .
[ H] uridine and [BH] leucine into TCA-insoluble material as an



67.

Fig. 4: Dilution curves resulting from transforming mutant STO
(tyr and ts) with DNA from the wild type. Selected transform-

ants: ty_'r+(@ ), ts” ( O)and tyr and ts+( ).‘
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Table 7: The Frequencies of Transformation for Single and Double Transformants
at Varying Concentrations of DNA ’
Wt DNA ) Frequengy Frequency ~Freque2c1gs Linkage Co-Transfer Clonal
Concentration of tyr of ts of tyxr ts .
/ml f t T formants | Transformants Index Index Analysis
pg/m Transformants ransforma Co-trans-
—formant
No. Tested
-3 -3 -4
500 1.2 x 10 1.3 x 10 1.4 x 10 0.011 0.05 5
. 150
-4 -4 -5
150. 9 x 10 8.5 x 10 7.5 x 10 0.010 0.04 4
150
-4 -4 -5
50 8.5 x 10 7.8 x 10 1.3 x 10 0.051 0.008 5
. 150
-4 -4 -6
15 1.3 x 10 ~ 1.1 x 10 9.5 x 10 0.0015 0.04 4
. 150
-5 -5 -6 .
5 8.1 x 10 7.8 x 10 1.5 x 10 0.004 0.01 2
150
-6 -6 -8
1.5 2.9 x 10 1.8 x 10 5 x 10 0.0001 0.01 2
100

The values for

the linkage and co-transfer indices were calculated from the data.

‘69



70.

indication of DNA, RNA and protein synthesis respectively was
measured. All the cultures were incubated ét 30°C for 30 minu-
tes then shifted to 390C and the uptake of the radioactive com-
pounds followed. When the temperature was raised to 390C, the
synthesis of RNA ceasedzftef a short period of time (60 minutes),
but synthesis of DNA and protein céntinued (Fig. 5 and 0).

2. Mutant ST12, which Requires Tryptophan and is Temperature-

Sensitive

This mutant required 100 pg/ml tryptophan. Pyridoxin could
substitute for tmptophan at SOOC, but not at 39°C. Clonal analy-
sis of 800 colonies of the mutant by streaking them onto plates
containing an£hranilic acid, indole, tryptophan or pyridoxin
showed good growth on trybtophan or pyridoxin, but no growth on
anthranilic acid or indole. It is probable that the biochemical
block has occu;red in the tryptophan pathway between indole and
tfyptophan where pyridoxal phosphate is required as a cofactor.
Mutant ST12 grew well in TGY or minimal medium supplemented with
tryptophan or pyridoxin at 3OOC.

The mutant was also temperature sensitive for some unknown
feaction in which folic acid satisfies a requirement. -Thus the"
presence of folic acid enabled the strain to grow at the restric-
tive temperature (39OC). The spontaneous mutation frequency to
temperature resistance was 2.5 x 10?7. The dilution curve, co-
transfer and linkage indices and‘clonal analysis of transformants
indicated a very close linkage oanbout 84% between the genes re-
quired for tryptophan synthesis and temberature resistance.

Dilution Curve

The mutant was transformed with varying concentrations of

DNA from the wild type and single and double transformants
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Fig. 5: Uptake of [?H] thymidine at 30°C ( & ) and 39% (&),
3 o o o 3 .

[°H] uridine at 30°C ( © ) and 39°C ( O ) and [TH] leucine at
30°c (8 ) and 39°¢ ( O ) into the TCA-insoluble fraction of

mutant ST9 as a function of time. The temperature was raised

to 390C after 30 minutes at BOOC and is indicated by the arrow.
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Fig. 6: Uptake of [BH} uridine
into the TCA-insoluble fraction
RNA synthesis. The temperature

minutes at BOOC as indicated by

73.

at 30°C (O ) and 39°C ( ¢ )
of mutant ST9 as a measure of
was raised to 39°C after 30

the arrow.
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selected in the same manner as described for mutant ST9.
With standard DNA (500 pg/ml), the transformation frequen-

-3
cies obtained for the two single markers were 1.5 x 10 and

1.8 x 10-3, whilst the frequéncy of double transformants was
1.2 x 10-3. These frequencies and the curves obtained with vary-
ing concentrations of DNA indicates very close linkage between
two markers (Fig. 7, Table 8).

The values for the co-transfer and linkage indices were
0.6 and 0.0022 for standard DNA respectively.

Clonal analysis of 800 colonies of transformants selected
for prototrophy showed that 672 (84%) were also carrying the
* temperature-resistance gene.

All the results for mutant ST12 are summarized in Table 8
and 12.

3. Mutant STl} which is Kanamvycin Resistant and Requires

Glycine for Growth

This strain was isolated as a mutant resistant to 30 pg/ml
kanamycin. It waé also an auxotroph requiring 100 pg/ml of gly-
cine for growth, After transformation of ST1 with DNA extracted
from the wild type, transformants were selected for prototrophy
and tested for their sensitivity to kanamycin. The wild type
was also transformed with DNA from ST1, kanamyciﬁ—resistant
transformants selected and these tested for auxotrophy.

Dilution Curves

Mutant ST1 was transforﬁed &ith various concentrations of
wild type DNA as described previously. Selection, of course,
could only be made fér pfototrophic‘transformaﬁts. Such trans-
formants occurred at a frequency of 3 x 10-4 for the standard

-7 :
DNA and 6 x 10 for the lowest concentration (1.5 pg/ml) (Fig.
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Table 8: The Frequencies of Transformation for Single and Double Transformants
at vVarious Concentrations of Transforming DNA
Wt DNA ' Frequengy of Frequengy of Frequincy+of Linkage Co-Transfer Clona}
Concentration trp ts trp ts Index Index Analysis
pug/ml Transformants | Transformants | Transformants Co-Trans-
formants
No. Tested
-3 -3 -3
500 1.8 x 10 1.5 x 10 1.2 x 10 0.0022 0.6 171
200
-3 -3 -4
150 1.1 x 10 1.1 x 10 9 x 10 0.0013 0.7 159
_ 200
-4 -4, -4 '
50 8 x 10 8.2 x 10 6.2 x 10 0.0010 0.6 180
200
-4 -4 -4
15 2.5 x 10 2.1 x 10 1.8 x 10 0.0002 0.6 80
100
-5 -5 -5
5 5 x 10 2.6 x 10 1 x 10 0.0001 0.1 82
' 100
-6 -6 -7
1.5 2.5 x 10 1.2 x 10 6.5 x 10 0.000005 0.2 -

The vélues for

linkage and co-transfer indices were

calculated from the data.

‘8L
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8, Table 9 and 12.

The frequency of double transformants was determined by clo-
nal analysis of the single transformants. Clonal analysis was
made of 1,000 colonies of single transformants. The transform-
ants were obtained both from transforming STl with wild type DNA
and selecting for prototrophy and transforming wild type with ST1
DNA and selecting for kanamycin resistance. Forty of the 1,000

colonies possessed both characters, indicating that 4% of the DNA
molecules which carry the gene for.kanamycin sensitivity also
carry a gene involved in glycine synthesis. The results are
shown in Table 9 and 12. Because it was not possible to select
double transformants, values for the co-transfer and linkage in-
dices could not be calculated.

4, Mutant ST5, which is- Kanamycin Resistant and Temperature

Sensitive for Growth

This mutant was resistant to kanamycin at concentrations up
to 50 pg/ml. Transformation of ST5 with varying concentrations
of wild type DNA and clonal analysis of temperature-resistant
transformants, and transformation of the wild type with varying
concentrations of STl DNA and clonal anaiysis of @ransformants
showed 10% linkage between genes for kanamycin sensitivity and
temperature resistance.

Dilution Curves

Transformants selected for temperature resistance occurred
at a frequency of 6.5 x 1074 fof standard DNA and 2.5 x 10™° for
the lowesg concentration of DNA (1.5-ug/m1) @ig. 9 and Table 10).

Transformants selected for kanamycin resiéiance occurrad at

-5 -
a frequency of 3 x 10 for standard DNA and 1 x 10 7 for the

dilution of 5 pg/ml.
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Fig. 8: Dilution curves, resulting from transforming mutant ST1
(ljé_llr, gly) with DNA from the wild type. Selected transformants
Care: gly’ (© ).
The number of double transformants was calculated from clo-
nal anaiysis of the prototrophic transformants for kanamycin

sensitivity ( O ).
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Table 9:

Mutant ST1.

Frequencies of Single Transformants Selected for

Kanamycin Resistance or Prototrophy in Appropriate Experiments, at Various
Concentrations of DNA

Clonal Analysis

Clonal Analysis

ST1 DNA Frequen%y‘of Wt DNA Frequengy of
Concentration kan Co-Transformants Concentration gly Co-Transformants
pg/ml Transformants No. Tested pg/ml Transformants No. Tested
-4 -4
500 3 x 10 4 500 9.4 x 10 6
110 120
-5 -4
150 1.5 x 10 5 150 2,1 x 10 4
110 110
-6 -5
50 - 5 x 10 5 50 8.2 x 10 4
110 110
-6 -5
15 2.1 x 10 4 15 2.1 x 10 4
110 110
-6 . -6
5 1 x 10 5 5 x 10 4
110
- -6
1.5 6 x 10 7 1.5 1.5 x 10

The number of double transformants determined by clonal analysis is shown.

‘28
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Of 500 single transformants to temperature resistance, 55

were also sensitive to kanamycin and of 500 single transform-
ants to kanamycin resistance, 45 were also temperature sensi-
tive. The average value obtained from clénal analysis indicated
10% linkage between the two genes (Table 10 and Table 12),

Values of the cé-transfer and linkage indices could not be
calculated.

Measurement of DNA, RNA and Protein Synthesis in STS

The mutant was incubated at BOOC for 30 minutes in fhe pre-
sence of [3H] thymidine, [3H] uridine or [3H] leucine and then
shifted to 39°C and the uptake of radiocactivity into TCA-insol-
uble material was followed as before. Although synthesis of
DNA, RNA and protein did not stop immediately after raising the
cultures to the restriétive temperature, all ceased after vary-
ing times (Fig: 10). It is not clear what the primary cause of
the defect was which caused the mutant to be temperature sensi-
tive (Fig. 10). |

Ilv Mutants

Among auxotrophs which were tested for double growth re-
quirements, 5 out of 100 required both isoleucine ,and valine.
These mutants were grown in TGY broth, diluted and platea on
minimal medium supplemented with either isoleucine or valine.
Three hundred colonies of each were tested for the second re-
quirement. All the colonies required both isoleucine and
.valine. . |

Unlinked Markers

Varying dilutions of DNA extracted from the KRASE strain of

M. radiodurans, having two unlinked markers (resistance to 50

and 5 pg/ml of rifampicin and acriflavin respectively) were used
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Fig. 9: Dilution curves, resulting from transforming ST5 mutant
(gégr, ts) with wild type DNA. Transformants are: ts” (©)
and ts' and gégs ({O0).

The number of double transformants was calculated from_clo—
nal analyéis of the temperature resistance transformants for

kanamycin sensitivity ( O ).
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Table 10: Mutant ST5. Frequencies of Single Transformants Selected for
Kanamycin Resistance or Temperature Resistance in Appropriate Experiments,
at Various Concentrations of DNA

ST5 DNA Frequen%y of Clonal Analysis Wt DNA Frequengy of Clonal Analysis
Concentration kan Co-Transformants Concentrations ts Co-Transformants
pg/ml Transformants No. Tested ng/ml Transformants No. Tested

-4 -4
500 1.5 x 10 20 500 6.5 x 10 16
200 110

. -5 : -4
150 8 x 10 15 150 2.1 x 10 13
200 110

-5 . -5
50 3 x 10 10 50 8 x 10 15
100 110

-6 <5
15 7.5 x 10 - 15 2 x 10 8
' 110

-6 -6
5 1.5 x 10 - 5 5.5 x 10 3
60

- -6

1.5 4.5 x 10 7 . - 1.5 2.5 x 10
The number of double transformants determined by clonal analysis is shown,

98
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Fig. 10: Uptake of [-H] thymidine at 30° (4 ) and 39° (&),
[3H] uridine at 3005( O ) and 39° ( ® ) and [3H] leucine at 30°
(O ) and 30° ( @ ) into TCA-insoluble fraction of ST5 mutant
as a measure of DNA, RNA and protein synthesis. The temperature
was raised to 390C after 30 minutes at‘ BOOC as indicated by the

arrow,
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to transform a wild type rccipient. Transformants were wslected
which were resistant to eitheerr both antibiotics.

The freéuency of rifampicin-resistant transformants was 3
x 107> and for acriflavin resistance was 1.3 x 107> with concen-
trations of 500 pg DNA/ml, whilst for double transformants the
frequency obtained was 4 x 10-6. The number of double transform-
ants fell off rapidly as the DNA concentration decreased (Fig.
11), until at the lowest concentrations (1.5 and 5 pg/ml) no
double transformants were obtained.

Clonal analysis was carried out on 200 colonies of each
single transformant to detect if they had been co-transformed
with tﬁe other marker. No double transformantsawere detected.

The values of co-transfer and linkage indices of these two
unlinked genes for standard DNA are 0.9 and 0.0009 respectively
(Table 11). Tﬁese values are compared with linked markers in

Table 12f

Relationship of Two Kanamycin Resistance Mutants

The two mutants ST1 and ST5 were both selected as kanamycin
resistant and shown to be linked to an auxotroph and temperature
sensitive gene respectively. Since these two mutants had dif-
ferent levels of resistance, it was necessary to determine
whether these two mutants were alleles of the same gene. If
they were, then the gene involved in glycine synthesis and the
gene producing a temperature sensitive product would also be lin-
ked.

DNA extracted ffom ST5 was used to transform mutaﬁt ST1 and
transformants selected for prototroﬁhy.

Five hundred of these were streaked onto TGY plates and in-

o

cubated at the restrictive temperature to detect any temperature
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Fig. 11: Dilution curves, resulting from transforming the wild
type strain with DNA from the KRASE strain. Selected transform-

ants: rif" (® ), acr® (O ) and rif" and acr® (B )
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Table 11: The Frequencies of Transformation for Single and Double Transformants
as a Function of the Concentration of Transforming DNA
Clonal
KRASE DNA Frequency to Frequency to Frequencies Linkage Co-Transferx Analysis
Concentration Acr® Rif" r o .. Index Index Co-Trans-
pHg/ml —= — Rif" and Acx formants
No. Tested
-3 -3 -6
500 1.3 x 10 3 x 10 4 x 10 0.9 0.0009 0
A 100
‘ : -4 -4 -7
150 8.5 x 10 9.2 x 10 7.2 x 10 1.0 0.0004 . 0
, 100
-4 -4 -7
50 2.5 x 10 3.1 x 10 1.5 x 10 0.5 0.0002 0
50
-5 -5 -8
15 5.8 x 10 6.9 x 10 1 x 10 0.4 0.00005 0
50
5 1.1 x 107° 2.3 x 107° - - - -
-6 -6
1.5 5 x 10 - - - -

o)
=
N
e
(@]

The values for

linkage and co-transfer indices were

calculated from the data.

‘26



Table 12: Percentage Linkage of Markers as Determined by Clonal Analysis
and the Values of Linkage and Co-Transfer Indices where Appropriate

Recipient

DNA Standard

% of Linkage by
Clonal Analysis

Linkage Index

Co-Transfer Index

ST9 (tyr 1ts)
ST12 (trp ts)
STl (kan® gly~
X
ST5 (kan t

Wt (rifs acrs)

£§-+
£§+
) Wt (kan gly )
£§+
o

KRASE (xi acr”

)

2.5

85

4.0

10

0]

0.01

0.0022

0.0001

.

TEO
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sensitive clones. Among 500 colonies, none were temperature
sensitive.

U.V. Sensitivity of the Mutants

Mutants were streaked on TGY plates and irradiated with
2
doses of 675, 1350 and 2250 J/m~ . All mutants had the same le-

vel of resistance as the wild type.



PART 1III

Transfer of Plasmids




Plasmid

Although there is no report of plasmid transfer from mem-
bers of the Enterobacteriaceae to any gram-positive bacterium, or

Micrococcus radiodurans, a group of plasmids with known resis-

tance factor activity was tested in crosses with M. radiodurans.

The first-plasmid used was RP4, which has both a wide host
range and carries three selectable antibiotic resistance markers.

As a control, crosses were first carried out between strains
of E, coli in order to measure the frequency of transfer of the
plasmid under conditions where it is known to transfer. Crosses
were made between the donor J5-3 Nalr, carrying RP4 which con-
fers resistance to kanamycin, tetracycline and penicillin and
the recipient W1106 Strr, which carries a chromosomal gene res-
ponsible for streptomycin resistance. Crosses were performed
both in liquid ‘and on solid media.

Crosses Between Strains of Escherichia coli in Liquid Medium

The first crosses were carried out in NB or TGY as descri-
bed in the Materials and Methods section. After each CYXoss,
dilutions of donér, recipient and donor/recipient mixture were
plated on antibiotic-free medium and on selective medium. After
24 hours of incubation viable counts of donors, recipients and
R” recipients were determined. The crosses carried out in NB or
TGY had a frequency of transfer varying from 1074 to0 1072 per
recipient plated (Table 13). Transfer was observed in all donor/
recipient conjugation experimenté.

All putative RY recipiénts (W1106) selected for kanamycin
were plated on NA or TGY agar containing 100 pg/ml penicillin or

25 pug/ml tetracycline to test the clones selected on one antibio-

tic for resistance to the other antibiotics carried by the



plasmid. Since transfer occurred in liquid medium, it seemed
that this was a useful mating procedure to use.

Crosses Between Strains of E. coli on Plates

To improve the frequency of transfer, crosses were perfor-
med between J5-3 Nalr and w1106 Stfr on a fiiter disc on an agar
plate. Donor and recipient were mixed and passed through a fil-
ter as described in Materials and Methods. The transfer of RP4
was then followed. Fifty per cent of the recipients received

RP4 and became R+. The frequencies of transfer resulting from

two different crosses are summarized in Table 13.
No differences in frequencies were observed when crosses
were made in TGY or NB.

Crxosses Between Strains of Streptococcus faecalis

Crosses were performed between JH1-2, carrying plasmid
pJH1, as donortand JH2-2 as recipient on a filter disc on a NA
plate. 4 x 109 recipients were mixed with 109 donors and trans-
conjugants were selected on a plate containing kanamycin and
fifampicin. 0.05% of the recipients received the plasmid. The
frequency was lower than that observed in crosses between
strains of E. coli. All transconjugants obtained .on plates con-
taining kanamycin were tested for resistance to other antibio-
tics (streptomycin, tetracycline and penicillin) carried by the
plasmid.

Crosses Between M. radiodurans_and E. coli or S. faecalis

. x . . .
E. coli J5-3 Nal carrying RP4 was crossed with one strain

of M. radiodurans resistant to rifampicin (Rif ) on a filter
disc on TGY agar plates. 1In five crosses performed, the number
of recipient cells in the mixture was between 9 to 12 x 108/m1.

and the number of donor cells about 109/m1.
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Table 13: Transfer of the R-Factor RP4 in Strains
of E. coli
Kan (25) Stx (50) Kan (25) +
pg/ml pHg/ml Str (50) Frequency
Strains pg/ml of Trans-
of E. coli : conjugants
pex
Number of Number of Number of Recipient
Cells/ml. Cells/ Transconju-
ml gants/ml
J5-3 Nal® 5 x 10° 0 _
donor
Y
W1103 Stx 8
recipient o 3.5 x 10 -
Cross be- - 1.3 x 10° 2 x 10° 1.5 x 1073
tween J5-3
and W1106
in broth
Cross be- - 1.3 x 10° 7  x 10’ 5.4 x 1071

tween J5-3
and Wi1i106
on plates
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After dincubation, the mixture was diluted and 109 recipients
plated on plates containing individual antibiotics to which RP4
cﬁnfers resistance. In all five experiments, no colonies were
detected on any of the antibiotic plates. The data indicate that
the frequency of transconjugants was less than 1 x 10-9 in each

cCXxoss.

Crosses between M. radiodurans (Rifr) and S. faecalis (JH1-2)
were car;ied out with the same method described above. The number
of recipients plated on selected media bontaining individual anti-
biotics was 10° cells/plate. In three crosses performed, no
transconjugants were obtained, which indicates that the frequency

9

of conjugation is again less than 10 .

Transformation of M, radiodurans with Plasmid DNA

The usefulness of transfcrming bacteria with purified plas-

mid DNA has been demonstrated among transformable strains of

E. coli and S. faecalis (Cohen et al., 1972; LeBlanc and Hassell,

1976). It seemed reasonable, therefore, to attempt to transform

M. radiodurans using purified plasmid DNA,.

Purification of Plasmid- DNA

Purified RP4 DNA was prepared from E. coli J5-3 using the -
methods of both Cohen and Miller (1969, 1970) and Humphreys et al.
(1975). | |

The method of Humphreys and his co-workers using polyethyl-
ene glycol 6000 (PEG) for the preparation of large quantities of
piaémid DNA was successful (Plafe 1). One litre of culture con-
taining 10° cells/ml was used for plasmid DNA preparafion. If
one copy of RP4 with a molecular weight of 4 x 107 (Datta et al.,
1971;' Barth and Grinter, 1974) is present in each cell of E. coli,

the amount of RP4 DNA presént in one litre of culture is
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approximately ©7 ug.

In the method of Humphreys et al. (1975), assuming that all
the plasmid DNA was precipitated with PEG, 67 pg of plasmid DNA
would be present in the centrifuge tube. In fact, from one
litre of culfure 44 pg plasmid DNA was recovered and the plasmid'
band was clearly visible (Plate 1B).

In the method of Cohen, PEG precipitation was not used and
the amount of DNA in the gradient was much less (3.5 pg DNA/
tube), so the plasmid band was not visible (Plate 1A).

Isolation of Radiocactively-Labelled Plasmid DNA

Although radioactive labelling of DNA was unnecessary in
large scale preparation since the plasmid band was clearly vis-
ible in the gradieht (Plate 1B), for further studies on trans-
formation and estimation of the loss of DNA during preparation,
plasmid DNA waé labelled.

For the incorporation of [3H] thymidine for labelling
E. coli, strain W1103 (R ) was used, which had a requirement for
5 pg/ml of thymine and 100 pg/ml of tryptophan for growth, Fér
transferrxing the plasmid from strain J5-3 containing RP4 into
strain W1103, crosses_were>performed using a filter method be-
tween donor and recipient. Clones of transconjugants were RP4+,
thy  and trp” which were then used for labelling purposes.

Strain Wi1103 (RP4+, tﬁy_, trp_j was tested for growth and
uptake of labelled thymine in M9 minimal medium supplemented with
100 pug/ml of tryptophan and varying concentrations of thymine.
This experiment was used to determine the lowest concentration of
thymine which allows the maximum incbrporation of [3H] thymidine
in this strain. . Several tubes, each containing 1 ml of M9 medium

supplemented with 5 pCi of [6—3H] thymidine, 100 pg/ml of
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Plate 1: Tubes A and B containing plasmid and chromosomal DNA.
Tube A: Prepared without using PEG precipitation. No bands
visible. |

Tube B: Prepared by PEG precipitation, showing two visible
bands. The upper band contains chromosomal DNA and the lower

band plasmid DNA.
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tryptophan and increasing concentrations of thymine were incuba-
ted with an overnight culture of strain W1103. (Before incuba-

tion, 10 ml of the culture was washed with an unsupplemented M9

medium to remove all the residual thymine. )

The cultures were grown by shaking them in a water bath at
$7OC for 18 hours. The turbidity of the cultures was measured
by nephelometry and indicated the minimum concentration of thy-
mine required for growth. 0.5 pg/ml of thymine was shown to be
adequate for the growth of the culture (Table 14). A sample
(100 pl) of each culture was removed to a paper disc and the
amount of radioactivity on each disc was measured after washing
in 5% ice-cold TCA. Table 14 shows the amount of incorporation

3 .
of [ H] thymidine with varying concentrations of thymine.

Ampunt of Labelled Plasmid DNA Obtained

To measuré the amount of DNA present at each stage of pre-
paration, 500 ml of medium containing 1 mCi [3H] thymidine, 0.5
Qg/ml thymihe and 100 pg/ml tryptophan was inoculated with
E. coli w1103 (RP4+, thy , trp ) and incubated for 18 hours.
The culture was grown to 109 cells/ml, the bacteria harvested
and lysed as described. The DNA was precipitated with PEG and
subjected to CsCl density gradient centrifugation (Plate 2).
The radioactivity in the TCA-soluble and -insoluble fractions
of samples taken during the preparation was meaéured. The per-.
centége loss of TCA-insoluble counts was then calculated as a
fraction of the starting material (Table 15)."

The specific activity of the blasmid DNA in this prepara-
tion was 2.8 x 10° cpm/jug. |

It seemed that extract;ng plasmid DNA using isopropanol for

removing the ethidium bromide, reduced the biological activity
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. 3
Table 14: Growth, and Incorporation of [“H] Thymidine
into E. coli W1103, Grown in Supplemented Medium
Containing Different Concentrations of Thymine

Concentration of
Thymine pg/ml

Turbidity After
18 Hr of Growth

TCA-Insoluble
Counts/100 min/ul

o) 0 2463
0.2 0 8203
0.5 120 67680
1.0 110 49567
2.0 .80 19263
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Plate 2: The radioactively-labelled preparation of RP4 using
PEG precipitation. The upper band is chromosomal DNA and the

lower band plasmid DNA.



Table 15: Amount of Labelled DNA Obtained at Each Stage During Preparation

Counts per
. Total Amount of
Sample Minute per Volume (ml) Total Count Incorporation
Volume (pl)
- 8 )
Total culture after bacterial growth. 60174/100 500 3.01 x 10 )
TCA-soluble material )
g 74%
. 7
Supernate after centrifuging out the 15624/100 500 7.81 x 10 )
bacteria . : ’ )
)
Total culture. TCA-insoluble counts 44550/100 500 2.23 x 108 100%
(chromosomal and plasmid DNA)
Cleared lysate (plasmid DNA and some 24723/100 110 2.72 x 107 12%
fraction of chromosomal DNA)
Polyethylene glycol precipitated DNA 112014/10 1.5 1.68 x 107 8.0%
The amount of DNA obtained in gradient 43523/10 4 ' 1.74 X 107 8.0%
after removal of PEG
Plasmid DNA (covalent closed circular) 30508/1 0.4 1.22 x 107 5.5%

‘0T
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of the DNA. So ethidium bromide was removed by dialysing the DNA
against Dowex and buffer.

Isolation of Plasmid DNA from S. faecalis

To isolate plasmid DNA from S. faecalis, strain JH2-14, con-

taining the plasmid pJH4 was lysed by a method of Currier and
Nester (1976). The lysate was passed through an 1§—gauge needle,
in order to shear the chromosomal DNA. The pH was raised to 12.4
and immediately reduced to 8.0, as described before. The bNA
was then concentratedAby PEG precipitation and subjected to CsCl
density gradient centrifugation;

The method for obtaining a cleared lysate was not very
" satisfactory so PEG precipitation was performed on both lysate
and cleared lysate in two different experiments.

In the process of isolating the pJH4 plasmid DNA, the plas-
mid molecules were at a position very close to the chromosomal
DNA. Although two bands were observed, it was difficult to re-
move thevplasmid band without it being contamihated with chromo-

somal DNA.

Plasmid Analysis in M. radiodurans

Preliminary experiments were carried out to determine if

wild type M. radiodurans already harboured extrachromosomal DNA.

Cultu;es were incubated for 18 hours in the presence of
[3H] thymidine. The use of a thymine requiring strain was deeméd
unnecessary since the incorporation of [3H] thymidine occurs to
the same extent in both wild tyﬁe and thy strains (Moseley, per-
sonal communication). Cell lysis was carried out as described in
Materials and Methods. The lysate was passed through an 18-
gauge needle in order to shear chromosomal DNA (Currier and

Nester, 1976). The method for obtaining a cleared lysate by high
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speed centtifugation was unsuccessful, so PEG was added to the

lysate to precipitatéAthe DNA. To separate possible plasmid DNA

from the bulk of chromosomal DNA, the precipitate was subjected

to CsCl density gradient centrifugation in the presence of ethi-

dium bromide. Only a single wide band was observed (Plate 3).
Also, to detect the presence of any plasmid DNA in

M. radiodurans, a lysate of bacteria prelabelled with [3H] tﬁy—

midine was subjected to CsCi density gradient centrifugation
without prior PEG precipitation. The DNA was centrifuged and
fractions collected and counted for radioactivity. In one ex-
periment, one major peak (A) and one minor peak (B) were obser-
ved (Fig. 12); Peak (B) was not detected in another experiment.
This observation suggested that the minor peak was an artifact
and it seemed unnecessary to investigate it further.

These results suggest that M, radiodurans_contained no

native plasmids or, if it did, they did not behave in a manner

typical of plasmids in E, coli and S. faecalis.

The advantage of using PEG precipitation was to concentrate
DNA from a large volume of culture, which proved successful for
the E. coli strain. This method was unsuitable for isolating

plasmid DNA from S. faecalis or M. radiodurans.

ITransformation of Plasmid DNA into Bacteria

In the study of the transformation of R-factors into

M. radiodurans, it was necessary to test the biological activity
of the R-factors.

Iransformation of E. coli "655'"' with RP4 DNA

Experiments were performed in which purified plasmid DNA
. = +
from E. coli J5-3 or Wi103 (RP4 ) extract was added to competent

E. coli "655" as described.
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Plate 3: Tube A, B, C and D containing 250, 167, 50 and 25 ug

DNA from M. radiodurans respectively.
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In all cxperiments a constant volume of 5 pi of transform-
ing DNA with concentrations of 110 or 140 pg DNA/ml was added
to 0.3 ml of bacterial culture and transformants selected on

agar plates containing tetracycline or kanamycin., The frequency

- -6
of transformation was between 10 > and 10 (Table 16). All
transformants were resistant to penicillin.

Attempted Transformation of M. radiodurans with RP4 DNA

A culture of wild type M. radiodurans treated with CaCl

2

as described before was exposed to RP4 DNA. The transformation
procedure was exactly the same as for chromosomal DNA except a
longer expression time was employed in two experiments. It was
thought that expression of the plasmid DNA in transformed

bacteria ﬁight require more extensive incubation in antibiotic-

free medium than was used in E. coli. The concentration of DNA

used varied between 110 and 140 pg/ml and the biological acti-
vity of the ﬁNAS<was tested previously in E. coli. After eéch
transformation, the cultu?e was diluted ten times in TGY and
the celis wefe allowed a long expression time. Agaf plates con-
taining varying concentrations of each individual antibiotic,
i.e. kanamycin, tetracycliné and penicillin were used to select
for transformants. O.1 ml amounts of the transformed culture
(about 109 cells/ml) were plated on ten TGY plates containing
indiviaual antibiotics but no antibiotic resistant transformants
were obtained. Under these conditioné, the frequency of trans-
°

formation was less than 1 x 10 .

Since M. radiodurans lacks natural biomethylated bases

(Schein et al., 1972), it might be that the wild type can recog-

nise and excise methylated bases. The RP4 DNA was prepared from

N

E. coli K12 which possesses a restriction and modification system
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Table 16: Transformation of E. coli "655" with RP4
Plasmid DNA
No of Transformants
Source and per 10~ Dilution Frequency Resistance
Concen- per Plate to 100 ug/
tration ' of Tra?s‘ ml
formation . .
of plas- Penicillin
mid DNA tet . kan
25 pg/ml 25 pg/ml
-6

DNA from - 52 47 5 x 10 +
J5-3 (RP4)

(110 pg/ml)
Labelled 61 51 1.5 x 107> +
DNA from

W1103 (RP4)
110 pg/ml)
-5

DNA from 60 , 59 1.1 x 10 +
J5-3 (RP4). : . :
(from
Dr. W.
Brammar )

(140 pg/ml)
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(Arber and Dussoix, 1962).Thus the plasmids are likely to have methy-
lated bases and the failure to observe transformants of wild

type M. radiodurans might be due to degradation of the DNA

caused by the presence of methvlated bases.

Strain 302, a mutant of M. radiodurans which is probably

deficient in excision of some alkylated bases (Tempest and
Moseley, 1977) was used as a recipient on the assumption that it
would not excise the methylated bases and the plasmids would re-
main intact.
Transformation of 302 witthP4 DNA with the same concentra-
tion of DNA and the same number of cells gave no transformants
9

and thus the number of transformants must be less than 1 in 10

cells.

Measurement of Radioactivity of Transforming DNA
Since there was no bioclogical evidence for the transforma-

tion of M. radiodurans with RP4, wild type and strain 302 were

5 .
exposed to ["H] labelled RP4.

Thirty ul of [3H] RP4 with a specific activity of 2.8 x 10°
cpm/pg DNA was mixed with 0.3 ml of culture. For the control, 2

ml of a culture of M, radibdurans was heated at 709C for 10 minu-

tes to kill the bacteria. 0.2 ml of heated bacterial culture
was mixed with 20 pl of plasmid DNA. Cultures were incubated for
2 hours. Three mg/ml of Dﬁaselwas added to inactivate the DNA
not taken up. Cultures were washed 3 times with SSC buffer,
Several samples of each culture were placed on discs and the
amount of radioactivity in TCA-insoluble material was measured.
The aﬁount of the uptake of laﬁelled RP4 after transforma-

tion of M. radiodurans and E. coli was compared. The bacteria

were exposed to labelled RP4 DNA and the radiocactivity followed.
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<

The amount of radioactivity incorporated for each treatment
is shown in Table 17. The data show that both strains of

M. radiodurans take up plasmid DNA into DNase resistant state

as well as E. coli.

Attempted Transformation of M. radiodurans with S. faecalis

Plasmid DNA

Experiments were performed in which partially purified plas-

mid DNA from S. faecalis strain JH2-14 (pJH4) was added to

M. radiodurans as described before. After a 2 hour incubation

period, a long expression time (8 hours) in the antibiotic-free
medium was performed to allow putative transformants to express.

0.1 ml of culture (109 cells/ml) was plated on a total of
20 agar plates containing the individual antibiotics kanamycin,
streptomycin, erythromycin and tetracycline. The plates were
incubated for 62days.

Since no colonies appeared on any antibiotic plates, the

8

frequency of transformation must be less than 1 x 10 per

plate. This plasmid was not tested in S. faecalis for biologi-

cal activity.
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Table 17: Uptake of Labelled RP4 into TCA-Soluble and
Insoluble Fraction of Wild Type and Strain 302 of

Blank

M, radiodurans and E. coli ("655")
Total Counts
Samples per Minute TCA Insoluble Counts
(100 pl) (TCA-Insoluble per Minute
+ Soluble)
E. coli "655u 410 403
treated with
DNase
M, radiodurans 773 641
(Wt) treated
with DNase
302 treated 705 690
with DNase
M. radiodurans 39 33
heated cells
treated with .
DNase
26 26
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PART I

Transformation

e



Transformation is the simplest known form of sexuality and
is an.important tool for investigating the genetics of

M. radiodurans. Transformation experiments following the pro-

cedure reported by Moseley and Setlow (1968), gave relatively.

low frequencies of transformants compared with transformation
systems in other.micro—organisms. Transformable bacteria ac-
qdire the ability to take up DNA in response to specific envirqn—
mental alterations. Some changes in the e;vironment of cells of

M. radiodurans exposed to DNA were successful in increasing the

frequency of transformation, while others made no difference or
were inhibitory. The experiments presented in this study have

revealed several unique aspects of the genetic transformation

system in M. rédiodqrans.

The environmental chgﬁges studied were based on published
transformation ‘experiments in other micro-organisms. For example,
elimination or increasing the amount of glucose frqm TGY medium

'

did not have any effect either on frequency of transformation or

the growth rate of M. radiodurans. -Although the result is simi-

lar to that obtained with A. vinelandii when grown in complete

‘medium, it is in contrast with those obtained with B. subtilis,
where competence has been correlated with a decreased level of

glucose in the cell wall resulting from growth in a glucose-free

medium (Page and Sadoff, 1976; Young, 1965). | R

It was thought that some amino acids might stimulate compe-

« T

. ) ) . - S
tence in M. radiodurans, as they do in other systems. Thus com-

petence in B. subtilis is stimulated by the presence of histidine,

arginine or tryptophan (Bott and Wilson, 1967). However, none of

the amino acids used stimulated competence in M. radiodurans. 1In

fact, the presence of 50 or 100 Hg/ml arginine in the assay tubes

P

P
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reduced the number of transformants by a factor of two. The in-
hibitory effect of 100 pg/ml of arginine in transformation has

been reported in B. subtilis and H. influenzae (Espinosa et al.,

1976; Spencer and Herriot, 1965). The dramatic inhibition of

competencé (300-fold) by arginine in B. subtilis in a chemostat

is due to interference with an early stage of transformation,
siﬁce arginine-grown bacteria only bind abqgt 15% of the amount
of DNA that is bound by comparable bacteria grown without argi-
nine (Espinosa et al., 1976). Although the inhibitory effect of

arginine on transformation of M. radiodurans is not known, it is

possible that arginine blocks the production of a competence-

stimulating activity in M. radiodurans by a similar mechanism to

B. subtilis.

Although the uptake of DNA into a DNase-sensitive state is
the first step in the transformation process (Tomasz, 1969) it

is quickly followed by a DNase-resistant state which in several

L]
: 2
s Mg * or other divalent

v 5
transformation systems requires Ca *
cations (Tomasz, 1969; Young and Spizizen, 1963). Thus the

effect of these and other cations on transformation in

M. radiodurans was studied. Experiments using recjipient

‘M. radiodurans cells which had been treated with various concen-

trations of CaCl2 showed the optimum concentration to be approxi-

mately 0.03 M. When CaC12'was added to a final concentration of

<

0.03 M, the frequency of transformation increased up to 10,000
times forxséme éarkefé, e.g; rifampicin ré;isiagce,ha;d ué to
1,000 times for other markers, e.g. kanamycin resistance. In
the case of the rifampicin resistance marker, the frequency of

transformants obtained was as high as 3%. Calcium ions have a

similar effect on other bacteria such as E. coli, D. pneumoniae
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and S. aurcus (ManQel and Higa, 1970; Fox and Hotchkiss, 1957;
Thompson and Pattee, 1977). |

Although it is not known how Ca2+ ions increase the fre-
quency of transformation, several lines of evid?nce suggest that
they affect the permeability of the cell wali to DNA and facili-
tate the transport of DNA. Although a precise description of
how changes in the cell wall affect the development of competence

requires further genetical and biochemical evidence, there are

some indications. For instance, phage DNA or bacterial DNA can

be taken up by E. coli or S. aureus in the presence of ‘a compa-
tible helper phage (Mandel, 1967; Kaiser and Hogness, 1960).
Although the helper phage alters the cell wall permeability, it
appears to play several other rles such as protecting the trans-
forming DNA from intracellular DNA-inactivation process and pro-
viding cohesiveé ends for the transfecting DNA in E. coli
(Thomﬁson and Patee, 1977; Kaiser and Inman, 1965; Epstein and

. . L]
Mahler, 1968). However, E. coli and S. aureus can be transfected

or transformed in the absence of helper phage, but, in these
cases, the presence of Ca2+ ions is necessary. Thus it is poss-
ible that Ca2+ ioné affect the frequency of transformation of
bacteria in the éame way as helper phage does.

. . 2 .
Although the biochemical nature of the Ca ¥ stimulated step

in M. radiodurans is not known, it may be effective in the con-

version of cell-bound DNA to a form resistant to added nuclease
and this préceéé is probably due to the franébo;t ofJDNA '
through tﬁe cell membrane. But it would not appear to involve
inactivation of any exo- and/or endonuclease responsible for de-
grading incoming DNA, since Ca2+ ions have no effect on crude

or dialysed pneumococcal exo- or endonuclease (Seto and Tomasz,
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1976). It is also possible that the presence of 0.03 M CaCl2

may neutralize the negativelcharge of the cell surface or may
partially dissociate the membrane structure in the cell. Al-

though in M. radiodurans 0.03 M CaCl

2 is necessary to increase

the number of transformants, the latter is markedly decreased
by-lower or higher concentrations of CaC12. This effect is
similar to that in E. coli K12, where the ?ptimal concentration
of CaCl2 is also 0.03 M (Cosloy and Oishi3 1973). Other salts
éf divalent cations such as MgCl2 and SrCl2 did not stimulate

an increase in the transformation frequency. This is similar

to the situation in D. pneumoniae, where magnesium ions cannot

replace calcium in stimulating the uptake of DNA into a
nuclease-resistant form (Seto and Tomasz, 1976). 1In fact, in

. 2+ .
D. pneumoniae, Mg ions cause the loss of cell-bound DNA into

. the medium wher; it is degraded. Both of these processes are
catalyzed by a surface-located nuclease which requires magnesium
ions (Laéké et al., 1974).

ZnCl2 at the non-lethal concentration of 0.03 M, completely
inhibited transformation, but it is not known whether it affects
the uptake of DNA or has an inhibitory effect on growth. How-

3 2+
M Zn ions during mating blocks the

ever, the presence of 10~
formation of mating pairs of E. coli by acting on the F pili of
the male (Caro andechnos, 1966; Ou and Anderson, 1972),

whilst it produces more recombinants if the F E. coli is
treated bef;re Iﬁating° It séems that an+ treatment éffects the

ability of females to attach to males by increasing the area of

lipopolysaccharide on the cell surface which is believed to con-

tain the receptor site of the female for mating (Lancaster et al,

1965; Ou, 1973).

)
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Effect of pH

In the transformation of M. radiodurans without using CaClZ,
some increase in transformation freéuency was observed when the
pH was lowered in the assay tubes from. 7.0 to 5.7 (Moseley,
personal communication). When the effect of PH on CaCl, treated
cells was investigated in this study, the maximum frequency ob-

tained was at pH 7.0.

-

In S. sanguis, although cells bind CF at PH values 5.5 and
6.0, DNA was optimally bound to cells in a DNase-resistant form

at pH values between 7.0 and 8.5 (Ranhand, 1976). Also, in

D. pneumoniae, CF is synthesised at PH 7.0, but not 6.8 (Tomasz

and Mosser, 1966). However, the effect of pH on the transforma-

tion of M, radiodurans may be the same as in these micro-
organisms and possibly is due to the nature of DNA binding pro-
tein and/or the-negative charge on the DNA molecules.

Uptake and Expression of Transforming DNA

~

Following various periods of incubation of M. radiodurans
with transforming DNA with subsequent DNase treatment of the mix-
ture, the uptake of DNA did not extrapolate linearly to zero at
zero time, but exhibited a lag of 2.5 minutes. This 1a§ period

is observed to be only a few seconds in H. influenzae and one

minute in B. subtilis (Stuy and Stern, 1964; Levine and Strauss,

1965). The reason for the -different times of uptake of DNA in

M. radiodurans and other micro-organisms is not known.

Kinetic measurements of the interaction between cells and
radioactively labelled DNA to produce transformants has given
estimates for the average number of uptake sites per cell in some

bacteria, e.g. 30 to 80 in D. pneumoniae (Fox and Hotchkiss,

1957), 2 to & in H. influenzae (Stuy and Stern, 1964) and 20 to

L
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50 in B. subtilis (Singh, 1972). Thus, a high number of binding

sites does not necessarily lead to a faster uptake of DNA.
These observations indicate that the relatively slow uptake of

DNA by M. radiodurans need not reflect a low number of DNA bind-

ing sites.
Expression
The time of expression for each marker varied in

M. radiodurans. The minimum time required for expression was

measured only for acriflaviﬁ and streptomycin resistance markers.
In these experiments, the bacteria were allowed 20 minutes of in-
cubation with DNA and the minimum phenotypic expression time
then was measured. The first acriflavin resistant transformants
were detected when acriflavin was added at 35 minutes and the
first streptomycin resistant transformants when streptomycin was
added at 170 minutes. The time o maximum expression was measu-
red for all the markers. When wild type DNA was used to trans-
form alaniﬁe and tyrosine requirihg auxotrophs to prototrophy,
alperiod of only one hour was required for phenotypic expression
of these auxotrophic markers at a maximum frequency. This is
expected, since the wild type gene product will be effective in

the presence of the mutant alleles, as in D. pneumoniae (Lacks

and Hotchkiss, 1960). 1In contrast, most antibiotic resistant
markers especially resistance to erythromycin, kanamycin and

streptomycin are the result of alteration to the ribosomal sub-
unit and are recessive to sénsitivity because for a mutant cell
to be detected, most, if not all, of the ribosomes must be of
the mutant type, (Nomura, 1970; Funatsu and Wittman, 1972;
Apirion and Schlessinger, 1969;. Tanaka et al., 1968; Hanson

and Corcoran, 1969). Thus in M. radiodurans, the time required
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for the maximum frequency of phenotypic expression for these
three markers was 5, 6 and 8 hours respectively. The recessive/
dominant relationships with regard to rifampicin and acriflavin

resistance are less clear in M. radiodurans. In E. coli, all .

known rifampicin resistance mutations are due to alterations in
the subunit structure of DNA-dependent RNA polymerase (Ezekiel

and Hutchin, 1968) and mutations are recessive (Austin et al.,

1971). Although the nature of the biochemical defect in the

rifampicin resistant mutant of M. radiodurans is not known, the

mutant lesion may not reside in an RNA polymerase subunit,
since the maximum phenotypic expression for this marker occurs
between 3 to 4 hours and 50% of the transformants are obtained

after one hour (Moseley, personal communication).
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The high frequency of transformation obtained by treating

M. radiodurans cells with CaCl2 enabled a study of linkage to
be made.

To analyse linkage in any ofganism necessitates the isola-
tion and at least partial identification of mutants. NIG is the

only mutagen known to be capable of mutating wild type

M. radiodurans significantly (Sweet and Moseley, 1974; 1976}.
To begin the construction of a chromosomal map, a search for
linked markers was made.

Four pairs of linked genes trpBl-sts, kanl-tsd4, kan2-glvA

and tyrA-rnaA were identified. However, the map position of one
pair with ;esbect to any of the other pairs could not be deter-
mined. ' The frequency of transformation obtained in this study
is high enough to give co-transformation of two unlinked markers

r

R o
(xif and acr ).

Characterization and Designation of Mutations

Temperature Sensitive Mutants

The three temperature sensitive mutants isolated in this
study were unable to grow at 390C and could be distinguished
from each other by the natﬁre of their defects. The defects in
these strains were probably single mutations since they could
be transformed to temperature resistance with wild type DNA at
frequencies associated with the transformation of a single

marker.

~

The mutation leading to temperature sensitivity (ts4) of
mutant ST5 was not clear since DNA, RNA and protein synthesis
all became defective when the temperature was increased. The

nature of the defect is unknown, but it could be, for example,

in the cell membrane which is associated with the synthesis of
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DNA, RNA and_protein.

Strain ST9 has a mutation in rnaA causing RNA synthesis to
be temperature sensitive. RNA synthesis is inhibited at 390C,
but cessation is not immediate and synthesis continues for up
to 30 minutes after the increase in temperature. It is possible
that either promoter binding or the assembly of the polymerase
is affected by the high temperature. -

The gene responsible for the temperature sensitivity of.
mutant ST12 is a starvation temperature sensitive gene (sts).
Although folic acid provides conditions for growth of this mu-
tant at 390C, the nature of the defect is not clear.

Auxotrophic Mutants

Three auxotrophic markers involved in three of the linked

pairs of genes (trpBl-sts, tvrA-rnaA, kanl-glvA) were isolated.

The tryptéphan requiring mutant could grow well on either
tryptophan or pyridoxin. Pyridoxal thSphate is a co-enzyme in
a va;iety of reactions involved in the éynthésis of many amino
acids. In tryptophan synthesis pyridoxal phosphate is involved
in the convertion of indole glycerol phosphate to tryptophan, a
.reaction catalyzed by tryﬁtophan synthetase. Since ;his mutant
does not grow on anthranilic acid or indole glycerol phosphate,
it seems that the lesion resides in tryptophan synthetase.

The biosynthesis of tryptophan via anthranilic acid is
shown in F%g. 13. The step affected by that mutation is indi-
cated. Following the nomenclatuie used for E. coli, ;his gene
is designated trpRl.

Tyrosine arises from prephenic>acid (Pittard and Wallace,
19066 iaylor and Thoman, 1564) which is a branch point for the

synthesis of phenylalanine and tyrosine by separate pathways;

e
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Since mutant ST9 requires tyrosine, but not phenyalanine, the
mutation is probably in the pathway between prephenic acid and

tyrosine where ptephenate dehydrogenase acts in the terminal

branched pathway. This effect is similar to tyrA of E. coli-

(Pittard and Wallace, 1966; Taylor and Trotter, 1967),.

. Similarly, the gene which is mutated in STl and causing a
glycine requirement is designated glyA. Because serine is the
precursor of glycine and STl does not grow on serine, it is pro-
bable that the lesion resides in serine hydoxymethyl transfer-
ase which catalyses the reaction converting serine to glycine
(Pittard and Wallace, 1966). |

The enzymes of the common isoleucine-valine biosynthetic
pathway are coded by four qlosely-linked genes in the Entero-
bacteriaceae (Pittard et al., 1963; Ramakrishnam and Adelberg,’

1965). 1In M. radiodurans, the routes for synthesis of valine,

leucine and isoleucine are also closely related and all arise
through a common pathway. If any one of these amino acids is
not present in the medium, the enzymes specified by these genes
are derepressed. Linkage betwéen éenes responsible for iso-
leucine and valine biosynthesis and the four linked groups was
not determined. |

Kanamycin Resistant Mutants

Strain ST1 and ST5 were isolated as kanamycin resistant mu-
tants. Since these two mutations are involved in two linkage

groups (kanl-glyA, kan2-ts4), the question arose of whether the

two mutations are in the same gene. Evidence suggests that this
was not the case. When DNA extracted from mutant ST5 (kan2-ts4) .
- Ve

was used to transform mutant ST1 (kanl-glyA) none out of 500

prototrophic transformants carried the gene responsible for
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temperature sensitivity. If the mutations were in the same gene
and glvA and ts4 mutations were on either side of the kanamycin
resistance gene then 0.4% of prototroph transformants would carry
thé gene responsible for temperature sensitivity. Since
statistically insignificant numbers of transformants were tested,
the data cannot rule out the possibility that the two mutations -
are in the same gene. But since the two mutants have different
levels of resistance to kanamycin, this may reflect their dif-
ferent locatibns. Kanamycin resistant mutanté of E. coli have
an altered ribosome subunit (Apirion and Schlessinger, 1969;
Gale et al., 1972). No reconstitution experiments have been re-
ported to see if mutations causing kanamycin resistance affect
the 30S or 50S subunit. Since kanamycin causes miscoding in
extracts of sensitive but .not resistant E. coli (Tanaka et al.,
1967) and the agility of drugs such as kanamycin to cause miscod-
ing varies markedly with the drug/ribosome ratio,_it may be that
. this compound-interacts at multiple sites on the ribosome. This
would explain the difficulty of obtaining single-step ribosomal
mutants of high resistance to this drug.

While the orientation of four pairs of linked-genes relative

to the replication origin has not been determined and the entire

question of the overall organisation of the M. radiodurans‘genome
reﬁains unclear, the linkage reported here is presumed to re-
present part of the chromosomal Qrganisatioh rather than extra-
chromosomal. Since of the genes studied six were necessary for
the survival of the cell it is unlikely that these would be loca—
ted on extrachromosomal molecules. -The two kanamycin resistance

mutations are linked to two essential genes and thus they must

also be chromosomal,



PART III

Transfer of Plasmids to M. radiodurans
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The reason for this study was to extend the methodology for

the genetic analysis of M. radiodurans. The two strains used in

crosses with M. radiadurans were E. coli J5-3 containing RP4 and

S. faecalis JH1-2 containing plasmid pJH1, gram negative and éram '
positive bacteria respectively. The choice of plasmid and mating
conditions used was a personal one, there being no precedent,
The criterion for transfer of the plasmid had to be the expression
of its genes, which allowed the selection of recipients. There-
fore, for the experiments to be considered successful, the plas-
mid had not only to be transferred, but also to be expressed in
the new host. |

Although crosses between §trains of E. coli in liquid media
were successful and plasmid transfer occurred at a frequency of
107 , Crosses Eerformed on plates were even more successful,

yielding up to 50% transconjugants carrying RP4. Thus crosses

between M. radiodurans and E. coli were made on plates to give

maximum cell to cell contact. However, such crosses gave no in-

dication of RP4 having been transferred from E. coli to

M. radiodurans. Recipient cells have several specific roles in
gene transmission during cénjugation. These functional roles
are postulated to be (1) specific-union formation which is medi-
ated by donor pili; (2) effective-union formation; (3) DNA
transfer; (4) stable inhefitance of an extrachromosomal plasmid
(establishment and maintenance) (Brinton, 1971; Curtiss, 1969).
The failure to observe transfer of RP4 may be due'to failure at

any one of the above steps. It is possible that the special wall

Structure of M. radiodurans which is neither gram-negative nor
gram-positive (Work, 1964) might be the reason for the failure

to observe any conjugational transfer. Thus although it is the

e
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unique structure of the donor pilus which forms a specific union

(Cu, 1973), it follows that M. radiodurans must have a specific

receptor for the pilus tip if trénsfer of the plasmid is to
occur.

Whenever RP4 is transferred between bacteria of different
species, the frequency of transfer is very much lower than when
transfer is between bacteria of the same species, e.g. RP4 can

be transferred between strains of P. aeruginosa at a frequency

of 10_5, but when transferred from P. aeruginosa S8 to a strain

7

of E. coli or Proteus mirabilis, the frequency is 1078 ana 10°

respectively. Having been transferred, the host, M. radiodurans,
might have difficulty in maintaining it. Thus Saunders and
Grinsted (1972) observed that RP4 is not maintained in E. coli

_J5-3 on transfer from P. aeruginosa S8 unless appropriate drug

selection is applied immediately, but is maintained without such
treatment in other strains of E. coli. However, the reason for
the differences is not known. The failure to observe conjuga-

tional transfer to M. radiodurans may thus be due to either an

extremely low frequency of transfer (less than 10"9 for instance)
or to an inability to maintain the plasmid. ‘

Although strain JH1-2 of S. faecalis was used as a gram-

positive bacterium with a closer morphological relationship to

cross with M. radiodurans, there were no transconjugants. The

reasons for failure to observe transconjugants could be the same

as with the cross between E. coli and M. radiodurans.

Transforming Plasmid DNA in M. radiodurans

Since M. radiodurans is capable of undergoing transformation
at a high frequency, an attempt to transform a plasmid into

M. radiodurans was made using purified plasmid DNA. The choice
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of plasmid DNAs used in developing a plasmid transformation sys-

tem in M. radiodurans was based on three criteria: (1) the

plasmid could be readily purified and transformed into other
species; (g) its physical properties in the native host were
well characterized; (3) it carried markers which could easily
be.selected; These criteria were satisfied by the plasmids RP4
and pJH2. -

Although Cohen et al. (1972) obtained a maximum transforma-
tion efficiency of 10"6 with purified R-factor among strains of
E. coli, partly purified RP4 can be transformed into Rhizobium
trifolii with a much higher frequency of about 1.3 x 10_4
(O'Gara and Dﬁnican, 1973). Apart from RP4, plasmid pJH4 from
S. faecalis can also be transformed into S$. sanguis at a fre-

quency of 1.8 x 107 (LeBlanc and Hassell, 1976).

Purification of Plasmid DNA

Although the preparation of plasmid DNA in this study is
based cn the techniques devised inArecént years for purification
of plasmid DNA, partly purified plasmid DNA can also be used for
transformation. For example, partly purified RP4 DNA can be

transformed into Rhizobium trifolii with the same efficiency as

purified DNA (O'Gara and Dunican, 1973) and S._aureus can be
transformed wifh DNA preparation from phenol extracts of crude
lysates from S. aureus 8325 (Lindberg et al., 1972). The reason -
for using purified plasmid DNA in this study was to maximize the
chance of getting a transformant with plasmid DNA by eliminating
competition with chromosomal DNA.A Although the amount of R-factor
DNA in E. coli is 1.3% of the total.DNA present (Barth and

Grinter, 1974), the preparation of putative RP4 plasmid DNA in

this study comprised 5% of total DNA. -This amount is higher

Bt



130.

than expected and is»almost certainly due to contamination of
the plasmid form by chromosomal DNA. The method of preparing
cleared 1lysates in which high molecular weight chromosomal DNA
is selectively centrifuged from crude lysates of plasmid-
bearing sfrains is applicable to many species of bacteria
(Guerry et al., 1973). Cleared lysates ordinarily contain less
than 1% of the chromosomal DNA and 60 to 90% of the plasmid DNA

originally present in the cell.

Attempted Transformation of Plasmid DNA into M. radiodurans

An attempt was made to transform both RP4 and pJH2 plasmid

DNAs into M. radiodurans, Although RP4 can be expressed immedi-
ately after transformation (Cohen et al., 1972) and-pJH2 ex-
presses itself within 2 hours (LeBlanc and Hassell, 1976), a
long expression, time was allowed before selection for the plas-
mid markers was applied. Using 4 different preparations of RP4
DNA of knownbiological activity and similarly 2 pJH2 DNA pre-
.paratiohs of unknown'biological activity, no transformants were

obtained in M. radiodurans. It was possible that this result

could have been due to degradation of the plasmid DNA by re-

-

striction enzymes which identify and degrade foreign DNA.. Al-

though the reaction of wild type M. radiodurans towards foreign

DNA is not known, it seemed reasonable to attempt to transform

plasmid DNAs into strain 302 of M. radiodurans which is defective

in either N=glycosidase or endonuclease activity towards alkyla-

ted DNA (Tempest and Moseley, 1977). Since M. radiodurans has no

natural biomethylated bases (Schein et al., 1972), it might be
that the bacteria can excise/any methylated base which has been
chemically or naturally produced. Plasmid RP4 which has come

from an E. coli strain that has naturally methylated bases as a
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part of a modification and restriction system (Arber and Morse,

1965; Bannister, 1970) would contain such bases. M. radiodurans

may attempt to repair the methylated bases in RP4 and degrade the
DNA. However, strain 302 did not yield any transformants contain-

ing either plasmids (RP4 or pJH4).

- Since neither the wild type nor strain 302 of M. radiodurans
gave any transformants, it was possible tHat plasmid DNA was not
taken up by the strains. However, when radioactively labelled
and biologically active RP4 was transformed into E. coli and in-

cubated with strains of M. radiodurans, 0.04% of the label

appeared in E. coli and 0.07% in M. radiodurans. The DNA
did not appear to be degraded to TCA-soluble material. How-
ever, no transformants were obtained. The reason that RP4 DNA

does not yield, any transformants in M. radiodurans could be one

of the following.
(1) There is not a specific attachment site for RP4., Since the
presence of labelled RP4 was followed only for up to 2 hours in

M. radiodurans, it might be that the DNA is degraded or excluded

from the cell after this time.

(2) M. radiodurans may harbour a plasmid which is incompatible

with RP4 so that RP4 is excluded.
(3) Expression of the plasmid DNA is repressed because either

the transcriptional machinery of M. radiodurans is unable to

transcribe .RP4 DNA or the gene products are unable to. produce
their phenotypic effect.

(4) M. radiodurans with RP4 present might produce plasmid-borne

gene products able to produce their phenotype, but unable to sup-
port replication of the plasmid. This would lead to unilinear

inheritance of the plasmid DNA. Such a situation has been
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described by LeBlanc and Hassell (1970) where, after transforming

a plasmid DNA extracted from S. faecalis into S. sanguis, tetra-

cycline resistant transformants could not be selected. This is
analogous to the fate of DNA in abortive transduction (Stocker,
1956; Lederberg, 1956). However, microscopical observations

indicated no small slow growing colonies of M. radiodurans.

Analysis of Putative Plasmid DNA in M. radiodurans

It is possible that M. radiodurans could harbour a plasmid(s)
with unknown phenotype similar to that described in

Rhodopseudomonas spheroides (Saunders et al., 1976). Apart from

its unusually high resistance to U.V. radiation, there was no

particular reason to relate any known phenotype of M. radiodurans

to the presence of a plasmid.
To isolate putative cryptic plasmid, a cleared lysate was

made, but it contained no DNA, This is also observed in

Rhizobium trifolii which contains a large plasmid of 130 to‘4OO
x 106 MW (Dunican and Tierny, 1974; Tshitenée et al., 1975;

Nuti et al., 1977). Failure to detect the large plasmid seemed
to involve the stable attachment of this plasmid to membrane;
PEG precipitation of whole lysates also gave no indication of any
plasmid DNA.

The presence of a cryptic plasmid cannot be excluded. If it
had a high molecular weight, it might act like chromosomal DNA
and remain attached to the membrane during the low speed centri-
fugation. Alte¥natively, if the plasmid was much 1es; than 1% of
the size of the chromosome, it would be difficult either to visu-

alise it in an-ethidium bromide CsCl gradient or to detect it as

a peak of radioactivity in an excess of chromosomal DNA.

e e
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